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Preface to ”Classical Swine Fever”

With several currently prevalent swine diseases, classical swine fever (CSF), one of the most

ancient swine diseases, has been almost forgotten. However, by no means is our fight against CSF

over. On the contrary, its ghost still lingers, waiting for an opportunity to show itself. For example,

in the year 2018 the reemergence of CSF in previously CSF-free areas caused significant economic

losses in a short period. Moreover, it still sporadically or endemically appears in many corners

of the world, causing lingering little-noticed but significant economic loss. Over the past 20 years,

the advances in the CSF field have been more focused on the molecular, biological, or intracellular

aspects of the CSF virus, with few advances in diagnostics and vaccines. Those veterinary colleagues

that have not abandoned the old ship find it difficult to compete for grants and find academic

conferences lonely. In the year 2018, the reemergence of CSF facilitated an opportunity, offered by the

journal Pathogens (MDPI), to gather together colleagues to speak on CSF at the animal, population,

and molecular levels, relating to the disease aspects of CSF. Certainly, the articles collected in this book

do not cover the whole CSF situation worldwide. For example, we do not hear from Eastern Europe,

Southern America, or Africa. In particular, we are curious to hear how those CSF-free areas maintain

their CSF-free status. Despite these limitations, we hope that this book will provide useful references

for our colleagues, whether you are in a CSF-free or CSF-affected part of the world, and whether you

are a policy maker, practicing veterinarian, or laboratory scientist.

Fun-In Wang, Chia-Yi Chang

Editors

ix





pathogens

Editorial

Classical Swine Fever: A Truly Classical
Swine Disease

Fun-In Wang 1,* and Chia-Yi Chang 2

1 School of Veterinary Medicine, National Taiwan University, No. 1, Section 4, Roosevelt Road,
Taipei 10617, Taiwan
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Recent reemergence of classical swine fever (CSF) in previous CSF-free areas reminds the veterinary
community of this old disease. At this difficult period, Pathogens has the timely honor to present a
Special Issue on Classical Swine Fever collecting 14 publications. Readers can find that perhaps few
swine diseases have such a comparable ancient history as CSF [1], and few have such a versatile capability
in affecting so many body systems [1] via horizontal [2,3] as well as vertical [4,5] transmissions. And few
have so many clinical forms expressed, ranging from acute to chronic, atypical to congenital, etc. [1,4].

The CSF world has been quiet for almost 20 years [6]. It was until the year 2018, when a
reemergence from previously CSF-free Japan [2,3] raised our attention. The reemergence was largely
attributed to the virus hidden in wild boar populations and transmitted, by direct or indirect contact, to
neighboring domestic herds. The spread of CSF followed the migration paths of wild boars. The same
concern also goes to wild boar populations residing in the demilitarized zone of Korea [7]. The spatial
distance between each CSF notification was about 23 km, the widest radius of outbreak cluster was
20 km [2], and each outbreak cluster lasted 98–124 days [2]. The se data provide a scientific basis on
how far and how long the control measure should be imposed. Monitoring the antigen and antibody
in wild boars will provide warning for neighboring domestic pigs in those particular settings [3,7].

The threat from CSF remains. The continual application of newer technologies, such as next
generation sequencing coupled with meta-analysis, point-of-care diagnosis [8,9], as well as the continual
development of more specific and sensitive diagnostics [8,10] and vaccine [9] testify for its potential
threat. Even when a country has been CSF-free, monitoring for the risk of reemergence is necessary.
Viremia is a key step in CSF pathogenesis and serum remains a preferred testing sample for detecting
the antibody, antigen, or nucleic acid. Thus, serum itself may become a vehicle of disease spread [11],
not only for CSF virus (CSFV) but also for others such as porcine reproductive and respiratory syndrome
virus (PRRSV) [12], so that inactivation of viruses while not disturbing antibody detection is key to
prevent such risk [11].

Vaccination has been practiced for years with success. The question is: is the currently used
modified live virus (MLV) vaccine really as safe as we thought [5,13]? The MLVs were developed years
ago and their degrees of attenuation were characterized by traditional methods. MLVs are favored
for its induction of cell-mediated immunity, which is not possible by killed or subunit vaccines [14].
A recent outbreak, which occurred in a previously CSF-free island carrying MLV vaccination, led to a
later study showing that the employed MLV can cause viremia and cross the placenta to piglets [5,13].
This reminds us of the need to recharacterize the MLV using more recent technologies, such as
reverse-transcription polymerase chain reaction, to meet the OIE (The World Organization for Animal
Health) standards [15]. MLV has the further disadvantage of overloading the immune system, when
multiple infections with various viral and bacterial pathogens, such as PRRSV, occur regularly in the

Pathogens 2020, 9, 745; doi:10.3390/pathogens9090745 www.mdpi.com/journal/pathogens1
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field [12]. Thus “more is not necessarily better” for a busy immune system, wherein killed or subunit
CSF vaccines are suitable [12].

Colleagues in the CSF world are familiar with a recent “virus shift” from genotype 3 to genotype
2 in the field. We now know that genotype 2.1 has an in vivo replication advantage of 1.5–3 log over
that of genotype 3.4, which partially explains the virus shift observed in the field [16], although other
mechanisms are certainly involved. The detection of “virus shift” is benefited by the phylogenetic
analysis, which is useful to trace the origin of the outbreak of the virus. It is found that most CSFVs
circulating in North Vietnam belong to subgenotype 2.1c [17], similar to those strains circulating in the
geographically proximal Southern China. This ruled out a possible outbreak derived from an unsafe
MLV vaccine [5,13] applied.

The transplacental transmission and congenital form of CSF is always a concern, since it is
a potential source of persistent infection in the herd. In deed, experimentally infecting sows at
mid-gestation showed newborn viremic piglets launching CD8+-T cell and interferon (IFN) -alpha
responses to CSFV [4], and fast and solid immunity for sows is required for prevention of congenital
viral persistence. The versatility of CSFV in causing disease culminates in its ability to manipulate
several biological processes, namely apoptosis, autophagy, and mitophagy, and pyroptosis for its
own advantage [18]. These pathogeneses cannot be detected by routine diagnostic procedures [8,15],
and further molecular characterization is required.

The CSF is a truly classical swine disease that will continue to pose a threat to pig production.
Our fight against CSF is far from over, and it deserves our continual attention.

Funding: This research received no external funding

Conflicts of Interest: The authors declare no conflict of interest
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Abstract: Since September 2018, nearly 900 notifications of classical swine fever (CSF) have been
reported in Gifu Prefecture (Japan) affecting domestic pig and wild boar by the end of August
2019. To determine the epidemiological characteristics of its spread, a spatio-temporal analysis was
performed using actual field data on the current epidemic. The spatial study, based on standard
deviational ellipses of official CSF notifications, showed that the disease likely spread to the northeast
part of the prefecture. A maximum significant spatial association estimated between CSF notifications
was 23 km by the multi-distance spatial cluster analysis. A space-time permutation analysis identified
two significant clusters with an approximate radius of 12 and 20 km and 124 and 98 days of duration,
respectively. When the area of the identified clusters was overlaid on a map of habitat quality,
approximately 82% and 75% of CSF notifications, respectively, were found in areas with potential
contact between pigs and wild boar. The obtained results provide information on the current CSF
epidemic, which is mainly driven by wild boar cases with sporadic outbreaks on domestic pig farms.
These findings will help implement control measures in Gifu Prefecture.

Keywords: classical swine fever; spatio-temporal analysis; wild boar; transboundary diseases

1. Introduction

Classical swine fever (CSF) is caused by infection with the CSF virus (CSFV), which belongs to the
genus Pestivirus, family Flaviviridae. CSF is described by the World Organisation for Animal Health as a
highly contagious febrile disease with potential for high mortality that causes enormous economic loss
in the pig industry worldwide [1]. CSFV is a positive-sense, single-stranded RNA virus with a genome
of approximately 12.3 kb, comprising one large open reading frame that encodes a polyprotein and
flanked by 5’-untranslated region (5’-UTR) and 3’-untranslated region [2]. During virus replication,
the polyprotein is processed by cellular and viral proteases into four structural and nine nonstructural
proteins [2]. Outbreaks of CSF have been reported over the past decade in Asia (Bhutan, Cambodia,
China, India, Indonesia, the Republic of Korea, Lao PDR, Mongolia, Myanmar, Nepal, the Philippines,
Thailand, Timor-Leste, and Vietnam), Europe (Latvia, Lithuania, the Russian Federation, Serbia, and

Pathogens 2019, 8, 206; doi:10.3390/pathogens8040206 www.mdpi.com/journal/pathogens5
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Ukraine), Africa (Madagascar), the Caribbean (the Dominican Republic, Guatemala, and Haiti), and
Latin America (Bolivia, Colombia, Ecuador, and Peru) [3]. Based on the amino acid sequence of the
5’-UTR and E2, which is one of the structural region of the protein, CSFVs are classified into three
genotypes (1, 2, and 3) and several subgenotypes (1.1–1.4, 2.1–2.3, and 3.1–3.4) [4,5]. The virulence of
CSFV is categorized via a clinical score into highly virulent, moderately virulent, low virulent, and
avirulent [6,7]. Although the CSFV genotype 2.1b isolated from the Republic of Korea was highly
virulent, the same genotype isolated in Mongolia was moderately virulent [8,9]. Moreover, the recently
classified CSFV genotype 2.1d from China was moderately virulent compared to different variants and
antigenicity from field strains identified in China in the past [10].

No notifications of CSF were reported in Japan since 1992, and the country had an 11-year stretch
of CSF-free status defined by the OIE Terrestrial Animal Health Code since 2007. However, CSF
reemerged in Japan in September 2018 in Gifu Prefecture, which is located in the central part of the
main island of Japan. Phylogenetic analysis revealed that the CSFV strain isolated in Japan in 2018
showed the highest identity in the complete E2 gene sequence with Chinese strains isolated between
2011 and 2015 and in the partial 5’-UTR sequence with strains isolated in China and Mongolia in 2014
and 2015 [11].

By the end of August 2019, a total of 39 CSFV outbreaks on pig farms in four prefectures and
1,071 cases in wild boar in seven prefectures have been reported [12]. Despite the implementation of
intensive responses, including movement bans of domestic pigs, surveillance, and oral immunization
of wild boar, new notifications of CSF cases in both wild boar and domestic pigs were being reported
continually [13]. This might indicate that the pathogenic viruses were widely prevalent and persisted in
wildlife around the affected area. As the Eurasian wild boar is also susceptible to CSFV, the circulation
and persistence of CSFV among food animals and wildlife makes it difficult to carry out effective
control measures for eradicating it in affected areas. Due to contact with infected animals and feeds
contaminated with contagious pathogens in garbage dumped on the human sphere, naïve wild boar
populations are often infected with CSFV [8,14–24]. Before the 1990s, CSF cases in wild boar were rare
concerns as infection was detected rapidly due to the high virulence of circulating strains. However,
disease detection appears delayed in the current epidemic due to infection with more moderately
virulent strains [25]. As a consequence, there have been serious outbreaks of CSF in the wild boar
population in Germany. During an outbreak of CSF in Germany from 1993 to 1998, an epidemiological
field investigation confirmed that 59% of the primary cases in domestic pigs could be attributed to either
direct or indirect contact with infected wild boar [17]. Virus characteristics and population size can both
be considered critical factors for the persistence of CSFV, especially in wild boar populations [25]. It has
been suggested that CSFV would be self-limiting within one year in populations of 2000 wild boar,
whereas it will persist and become endemic in a larger population [26]. In addition, the population
density of wild boar also has been suggested as being a potential factor for the persistence of CSF
because more frequent turnover occurs in dense populations, which provides faster renewal of
susceptible piglets that increases the chance that the virus will persist in the population [25]. Once the
contagious viruses are transmitted to wildlife, specific control measures for wild boar will be needed
to eradicate CSF in the affected area and to contain it more effectively.

The present study conducted a spatio-temporal analysis to obtain epidemiological information on
current epidemics of CSF in Japan. Based on the official CSF reports on domestic pig farms and wild
boar, notified in Gifu Prefecture from September 2018 to June 2019, we assessed the direction of the
spread of the disease and identified areas with high densities of notifications. In addition, to identify
spatio-temporal aggregation of notifications and to characterize land cover vegetation in areas of
disease aggregation, a clustering analysis was conducted, and obtained clusters were then overlapped
with quality habitat map. The obtained information can be used to develop more effective disease
control measures for application in both domestic pigs and wild boar.
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2. Results

2.1. Standard Deviational Ellipse Analysis

A standard deviational ellipse analysis was applied to describe the directional trend and dispersion
of CSF notifications in the study area throughout the study period. The study covered the period
between September 2018 and June 2019, which was divided into three stages (September–December,
January–March, and April–June). Figure 1 illustrates standard deviational ellipses and CSF notifications
between September 2018 and June 2019 (Figure 1). To indicate the potential explanation for the
directional trend of the CSF outbreaks, the ellipses were overlaid on a map of snowfall area in Gifu
Prefecture obtained from the National Land Information Division, Ministry of Land, Infrastructure,
Transport and Tourism [27]. The findings showed that CSF notifications appeared to move northeast
while spreading along the border of the snowfall area.

 

Figure 1. Directional distribution of classical swine fever (CSF) notifications from September 2018 to
June 2019. Standard deviational ellipses (SDEs) identified between September and December 2018,
between January and March 2019, and between April and June 2019. Ellipses were overlaid with CSF
notifications distinguishing domestic pig (DP) (square) and wild boar (WB) (circle). Ellipses with
centroids were combined to indicate the directional trend of the CSF outbreaks.

2.2. Multi-Distance Spatial Cluster Analysis

The multi-distance spatial cluster analysis was applied to explore the maximum distance between
cases of CSF notifications. The results indicated that 23 km was the maximum distance of the significant
spatial association between CSF notifications in Gifu Prefecture. The obtained maximum distance was
used in the subsequent analyses.
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2.3. Kernel Density Estimation Analysis

The kernel density estimation analysis was applied to describe the spatial distribution of the
CSF notifications. The analysis showed that the highest density of CSF notifications was located in
the southern part of Gifu Prefecture (Figure 2) with further expansion to the east. Among the 16
CSF-positive farms, 37.5% were located in areas with very high or high density of notifications, 31.25%
in areas of medium density and 31.25% in areas of low density. Moreover, most of the non-affected
domestic farms were located in areas with very low density of notifications (80%), followed by areas
with low density (20%). The analysis revealed that CSF-positive farms were located in areas with higher
density of notifications, whereas the non-affected farms tended to locate in areas with low density.

 

Figure 2. Density of CSF notifications in Gifu Prefecture. The heat map illustrates the estimated kernel
density of CSF notifications (notifications/km2) from very high (red) to very low (transparent). Each
coloured area indicates the density of CSF notifications per square kilometer: very high (>0.400), high
(0.300–0.399), medium (0.200–0.299), low (0.100–0.199), and very low (<0.100). The highest density
of CSF notifications was located in the southern part of Gifu Prefecture. A very low density of CSF
notifications was located in other areas of the prefecture. Locations of pig farms not affected by CSF are
represented by crosses.

2.4. Space-Time Cluster Analysis

The space-time permutation analysis was applied to analyze the space-time patterns of the CSF
notifications. The analysis identified two significant space-time clusters (P < 0.05) in Gifu Prefecture
during the study period. Cluster 1, which had a radius of 12.12 km, covered 9 September 2018 to 13
January 2019, and contained 83 notifications, including 4 outbreaks on domestic pig farms. Cluster 2
had a radius of 19.79 km, spanning the period from 11 February 2019 to 19 May 2019, and contained
198 notifications, including three outbreaks in domestic pigs (Table 1).
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Table 1. Observed and expected notifications, duration, start and end dates, and radius of each
space-time cluster detected (P < 0.05) in CSF notifications in Gifu Prefecture.

Cluster
Observed

Notifications
Expected

Notifications
Duration

(Days)
Start Date End Date Radius (km)

1 83 17.34 124 2018/9/9 2019/1/13 12.12
2 198 131.87 98 2019/2/11 2019/5/19 19.79

2.5. Quality of Available Habitat (QAH) Within Space-Time Cluster Area

In order to characterize the land cover vegetation within two significant space-time clusters, the
clusters were overlaid with a QAH map. The results showed different patterns between cluster 1
and cluster 2 (Figure 3). In cluster 1, 50.6% of CSF notifications were reported in areas at QAH 1,
while 31.3% were reported in areas at QAH 1.5, and 18.1% were reported in areas at QAH 2 (Table 2).
In cluster 2, 22.7% of CSF notifications were reported in areas at QAH 1, 52.5% were reported in areas
at QAH 1.5, 2.5% were reported in areas at QAH 1.75, and 22.2% were reported in areas at QAH 2
(Table 2).

 
Figure 3. Locations of the significant space-time clusters of CSF. Notifications: (P < 0.05) in Gifu
Prefecture overlaid on a map of the quality of available habitat (QAH) levels for wild boar. Graduated
colors indicate the quality of habitat availability from darker colors (areas with better quality of habitat
availability) to lighter colors (areas with worse quality of habitat availability).

The CSF notifications within clusters 1 and 2 occurred within habitats that included rainfed
croplands (QAH 1), a closed (>40%) needle-leaved evergreen forest (>5 m) (QAH 1.5), a mosaic of
cropland (50%–70%) and vegetation (grassland/shrubland/forest) (20%–50%) (QAH 1.75), a mosaic of
vegetation (grassland/shrubland/forest) (50%–70%) and cropland (20%–50%) (QAH 2), closed (>40%)
broadleaved deciduous forest (>5 m) (QAH 2), and closed to open (>15%) mixed broadleaved and
needle-leaved forest (>5 m) (QAH 2).
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Although different patterns of land cover vegetation were observed between clusters 1 and 2,
nearly 50% of CSF notifications within cluster 1 and more than 75% within cluster 2 were notified in
QAH 1.5–2, which provides the greatest opportunities for food and shelter for wild boar.

Table 2. Quality of availability habitats (QAH) of CSF notifications within the two identified
space-time clusters.

QAH
Category

Land Cover
Cluster 1 Cluster 2

DP (n) WB (n)
Total (n)

(%)
DP (n) WB (n)

Total (n)
(%)

1.0 Rainfed croplands 4 38 42 (50.6) 0 45 45 (22.7)
1.5 Closed (>40%) needleleaved evergreen forest (>5m) 0 26 26 (31.3) 3 101 104 (52.5)

1.75 Mosaic cropland (50–70%)/vegetation
(grassland/shrubland/forest) (20–50%) 0 0 0 (0.0) 0 5 5 (2.5)

2.0 Mosaic vegetation (grassland/shrubland/forest)
(50–70%)/cropland (20–50%) 0 0 0 (0.0) 0 14 14 (7.1)

2.0 Closed (>40%) broadleaved deciduous forest (>5m) 0 1 1 (1.2) 0 0 0 (0.0)

2.0 Closed to open (>15%) mixed broadleaved and
needleleaved forest (>5m) 0 14 14 (16.9) 0 30 30 (15.2)

Total 4 79 83 (100.0) 195 198 (100.0)

DP: domestic pig. WB: wild boar. n: the number of notifications.

3. Discussion

From 2018 until August 2019, all notifications of CSF outbreaks in Japan have been made in Gifu
Prefecture as well as in the surrounding four prefectures. A total of 1110 notifications had been reported
so far, with 1071 affecting wild boar and 39 affecting domestic pig farms. The continuous notification
of CSF in the area might have been attributed to wide spread of the virus within wild boar populations
favored by free animal movements, as well as to the emergence of epidemiologically related domestic
pig farms. To prevent the disease spreading in wild boar, control measures including (i) fencing to
restrict animal movements, (ii) hunting activities for active monitoring and to reduce susceptible
populations, and (iii) disseminating baits for oral immunization, were implemented. However, the
efficacy of these strategies has not been confirmed. Therefore, we conducted a spatio-temporal analysis
to obtain epidemiological information of the spread of CSF in Gifu Prefecture. Results from this
analysis could help to increase our understanding of the current CSF epidemic and to contribute
strategies for the containment of the disease in domestic pigs and wild boar.

Japan is an island country that has achieved the status of freedom from several contagious animal
diseases by implementing adequate control measures that take advantage of the country’s geography.
Nevertheless, Japan has imported outbreaks of contagious animal diseases from neighboring countries.
In 2010, there was an outbreak of foot-and-mouth disease (FMD) in Miyazaki Prefecture in the southern
part of Japan, which caused extensive losses in animal husbandry. According to the high degree of
sequence homology between an original virus isolated in Japan and viruses that were circulating
widely in East Asia, it was suspected that the FMD virus might have been introduced via movement of
people or commodities from East Asia [28]. The high homology of genetic sequences between the CSF
virus isolated in Japan and viruses prevailing in China suggests that the infectious CSF virus may have
been introduced from China. Potential factors that could have contributed to disease introduction
include easy access from the international airport to the affected area, which has regular and direct
flights from China, and the relatively high population density of Chinese people in the affected area.

In the present study, standard deviational ellipse analysis was conducted to measure the standard
distance of CSF notifications. Shifting the centroids of identified ellipses indicated that the disease
notification has spread in a northeast direction. Overlaying the three identified ellipses with a map
of snowfall area in Gifu Prefecture revealed that the disease spread along the border of the snowfall
area. In the south of Gifu Prefecture, there is a widespread area of flat land with field crops or animal
farms, residential areas, and forests surrounded by mountains to the north. As suggested by other
authors [29,30], wild boar do not move to the snowfall or high mountain areas. Therefore, mountains
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could have acted as an effective geographical barrier to limit wild boar movements and guide the
direction of the spread of CSF.

Another concern regarding the spread of the disease is the potential for it to jump to remote
areas. During the epidemic, CSFV infections were confirmed on seven farms that were geographically
distant from, but epidemiologically linked, to the farms affected by CSFV (i.e., run by the same owner,
supported by the same husbandry company, etc.) [13]. Given the potential for transmission of the virus
between pigs on any farms or from wild boar near that farm, the epidemiologically related farms may
further expand the spread of disease. This “disordered” spread of disease could affect the accuracy of
spatio-temporal analysis by overestimating the maximum distance of significant spatial association
between notifications. During the FMD epidemic in Miyazaki, the disease was confirmed 70 km away
from the zone of movement restriction, which could have been caused by vehicle transportation [28].
Unexpected occurrences of disease in epidemiologically related farms would require reviewing farm
biosecurity measures, as well as disease monitoring protocols.

In the present study, the results of the multi-distance spatial cluster analysis revealed that the
maximum distance of relationship between CSF notifications was 23 km. Because of the small number
of CSF outbreaks on domestic pig farms, we estimated the maximum distance of the relationship
between notifications of domestic pigs and wild boar. This assumption could have influenced our
estimated distance resulting in overestimation due to long distance spread observed on domestic pig
farms. Nevertheless, similar approaches have studied another transboundary animal disease, African
swine fever (ASF), which shares hosts and most of the transmission mechanisms with CSF [31–33].
When comparing our results with other studies, the estimated distance (23 km) was similar to that
obtained for notifications of ASF in domestic pigs (15 km) and wild boar (25 km) in Sardinia [32].
This finding may be useful for setting the range of effective surveillance and control zones in the
affected area.

The application of cluster analysis to identify areas with significant spatio-temporal aggregation
of the ASF outbreaks in Sardinia from 2004 to 2013 indicated four clusters, the largest of which had a
radius of 30 km [33]. This does not correspond with the results of another report that identified one
cluster with a radius of 3 km in the same area [32]. As discussed in Iglesias et al., methodological
differences could have led to the discrepancy [32]. In present study, because of the small number of
CSF outbreaks in pig farms, we could not identify the maximum distance for the relationship between
notifications of CSF in pigs alone, but we were able to do it by considering pigs and wild boar together.
The discordance between the findings of the two spatio-temporal analyses in Sardinia may suggest
that by using mixed data for two species in the present study, we may have overestimated the distance
of the spread of disease compared to true distance of transmission in each of the two species. However,
we believe that this uncertainty would be acceptable for setting the monitoring area with high efficacy.
Thus, these findings may be useful for setting the range of an effective surveillance and control zone.

Data on wild boar cases consisted of animals found dead and/or captured during surveillance
activities. Many of wild boar were captured during active surveillance activities by setting traps and
conducting hunting activities. Considering that most of the reported wild boar cases were located close
to human habitats, the wild boar capture area may have been biased. Therefore, the disease could be
wider spread in the area than what has been reported in official notifications, and the identified clusters
could have had a shorter radius. Ideally, active virologic surveys should be intensively implemented
to decrease the reporting biases by providing more samples to detect low levels of prevalence [34,35].
The Gifu Animal Health Administration has authorized hunting activities to reduce the number of
susceptible, as well as potentially infected, individuals. Hunters are a critical group for implementing
population control and proper disposal of wild boar carcasses.

According to the investigative report of the affected farms, there were some factors that might
have increased the risk of CSFV introduction into affected farms, including (i) improper preparedness
against invasion of wild or small animals into farms; (ii) imperfect clothing and boot changes in
farms and pig pens, or disinfection of those materials; and (iii) inadequate vehicle disinfection [13].
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To prevent contact among each of the hosts, in addition to raising awareness of disease among farmers
and hunters, it is important to improve biosecurity measures in pig farms against CSFV as well as
other infectious diseases.

Finally, we analyzed the QAH level of areas within the two identified clusters to characterize land
cover vegetation in areas of disease aggregation. According to Bosch et al., a QAH 1 level corresponded
to suitable areas for food or shelter for wild boar (mainly agricultural landscapes) [36]. In cluster
1, 50.6% of CSF notifications were reported in areas at QAH 1, whereas in cluster 2, 22.7% of CSF
notifications were reported in areas at QAH 1. Considering that frequent direct and indirect contact is
likely to occur between both hosts, contagious viruses in wild boar could be transmitted to pigs in the
farms due to insufficient biosecurity in the affected farms since wild boar was the suspected source of
infection on 80% of affected domestic pig farms in Gifu Prefecture during the studied epidemic [13,35].
On the other hand, almost 50% of CSF notifications within cluster 1 and over 75% within cluster 2
were associated with QAH 1.5–2, which mainly corresponded to natural landscapes. These natural
areas provided the greatest opportunities for food and shelter for wild boar. In the case of ASF,
it has been reported that wild boar can transmit the disease efficiently at local levels within their
own population [32,36]. Furthermore, De la Torre et al. suggested that the spread of ASF in Europe
was driven by contact between animals from different populations that moved short distances [37].
Although ASF is caused by another virus, given that wild boar play an important role in both diseases,
it is plausible to assume that CSF also could have expanded through contact between individual wild
boar. Therefore, it would be critical to control wild boar populations and manage wild boar carcasses
adequately from the environment to reduce habitat contamination.

Interestingly, the QAH map could also identify routes of CSF introduction or spread, mediated
by wild boar, through vegetation or travel corridors. Travel corridors are either unbroken vegetation
corridors or patches of habitat that enable animals to travel securely from one habitat to another [36].
These patches of habitat and vegetation corridors could be used as strategic points of vaccination
where oral baits could be placed. In Gifu Prefecture, the vegetation is composed mainly of broadleaved
evergreen and broadleaved deciduous forests, which provide suitable habitat for wild boar [38,39].
Given that the composition of the vegetation in Gifu Prefecture is common throughout Japan, it is
likely that the disease could spread similarly to other prefectures.

It should be noted that vegetation types and wild boar behavior could vary among geographical
features. For example, mountains usually have gentle slopes in Germany, whereas Japanese mountains
tend to have precipitous slopes [40]. These topographical differences may require different approaches
for control of wild boar populations.

Almost one year has passed since the first notification of the CSF outbreak in Japan, and the spread
of the disease has been confirmed mainly in wild boar. Fortunately, CSF outbreaks on domestic pig
farms have been limited. Nevertheless, the potential risk of CSF introduction on farms could be high
due to limited biosecurity, high number of wild boar cases in the area, and difficulties in implementing
disease control measures in wildlife [13]. The results from this study provide information on the current
epidemic, which may help improve current approaches for controlling CSF in Japan. Information on
the direction and distance of disease spread could help with the implementation of control measures
by modifying the area for control and surveillance zones or identifying specific locations for increasing
efforts of oral immunization.

Given the potential risk of the ASF introduction from neighboring countries, we should summarize
and disseminate the lessons learned from the current CSF outbreak to achieve the protection of ASF
invasion or rapid containment of its occurrence even if it occurred.
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4. Material and Methods

4.1. Data and Data Sources

Epidemiological data for the periods from 9 September 2018 to 25 June 2019 were provided by the
Gifu Prefectural Government, which provided the dates and coordinates (latitude and longitude) of
the notifications of CSF in domestic pigs and wild boar. A total of 743 CSF notifications, 16 outbreaks
on domestic pig farms, and 727 cases in wild boar were confirmed by RT-PCR and/or ELISA tests in the
laboratory [13]. As we focused on local transmission of CSFV, notifications of CSF in slaughterhouses
or in facilities through which CSF-affected pigs had been transported were removed from the current
study. Notifications of CSF in wild boar reported on the same day and location were regarded as
one case.

4.2. Standard Deviational Ellipse Analysis

Standard deviational ellipse (SDE) analysis is a tool that provides the orientation and shape of a
distribution, as well as its location, and dispersion or concentration of the data [41]. It requires a single
point that is used to define the standard deviational ellipse. The analysis was conducted to describe the
trend and spatial characteristics of CSF notifications in the study area in ArcGIS 10.6.1 software (ESRI
Inc., Redlands, CA, USA) following an approach similar to Fonseca et al. and Lu et al. [42,43]. The ratio
(R) of the long and short axes was used to identify the degree of clustering (R > 1) or dispersion (R =
1) [42,43]. To analyze temporal changes of CSF notifications, the study period was divided into three
stages—(i) September to December 2018 (four months), (ii) January to March 2019 (three months), and
(iii) April to June 2019 (three months).

4.3. Multi-Distance Spatial Cluster Analysis

A multi-distance spatial cluster analysis tool in ArcGIS software version 10.6.1 was used to
identify the maximum distance of the relationships between CSF notifications according to the guide
on the manufacture’s website [44]. In brief, the tool uses a common transformation of Ripley’s k
function, wherein the expected result with a random set of events is equal to the input distance.
The transformation L(d) is given by the following formula:

L(d) =

√√
A
∑N

i=1
∑N

j=1, j�1 k(i, j)

πN(N − 1)

where A is the area, N is the number of events, d is the distance, and k(i, j) is the weight, in which it is 1
when the distance between i and j is less than or equal to d and it is 0 when the distance between i
and j is greater than d. To analyze the spatial pattern of CSF notifications, Observed K values were
compared to the Expected K values of a completely random spatial distribution of CSF notifications
with 999 simulations, which is equal to confidence levels of 99.9%.

The Diff K values contain the Observed K values minus the Expected K values. In the present
analysis, the Expected K values that yield the highest Diff K values were applied as the maximum
distance for relationships between notifications of CSF outbreaks in Gifu Prefecture.

4.4. Kernel Density Estimation Analysis

Kernel density estimation is a non-parametric estimator for describing the spatial extent of a series
of events [45]. In the current study, the kernel density tool was applied to explore the influence of the
CSF notifications in the study area by calculating the density of CSF notifications in ArcGIS 10.6.1.
A radius of 23 km based on results obtained from Ripley’s k function, was applied as the maximum
distance for significant spatial association between CSF notifications. Kernel density estimation was
divided into five categories according to the equal interval method.
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4.5. Space-Time Cluster Analysis

A space-time permutation technique was applied to examine the presence of space-time clusters in
Gifu Prefecture. The upper limit on the geographical size of the cluster was set as 23 km, the minimum
time aggregation as seven days, and the maximum temporal cluster size as 50% of the total study
period (default setting) [32]. A Monte Carlo process was implemented using 999 replications to test
for the presence of candidate clusters (P < 0.05). Analyses were conducted in SaTScan software v9.6
(Kulldorff, Boston, MA, USA) [46].

4.6. QAH Within Space-Time Cluster Area

CSF notifications within significant space-time clusters were overlaid on a QAH map to characterize
land cover vegetation in areas of disease aggregation. The QAH map developed by Bosch et al. [36] is a
cartographic tool previously suggested as a potential tool for managing African swine fever. Briefly, it is
a standardized distribution map based on global land cover vegetation (GLOBCOVER) that quantifies
QAH for wild boar [47]. The QAH map provides seven levels of QAH, namely (i) 0, “absent”; (ii) 0.1,
“unsuitable”; (iii) 0.5, “worst suitable area”; (iv) 1, “suitable areas for food or shelter”; (v) 1.5, “suitable
areas for food and shelter, but used mainly for one or the other”; (vi) 1.75, “suitable areas for food and
shelter, but mainly used for food”; and (vii) 2, “suitable areas for both food and shelter.” In addition,
the QAH map also differentiates between landscapes such as natural (mainly QAHs 2 and 1.5) and
agricultural landscapes (QAHs 1.75 and 1), among others.
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Abstract: The prolongation of the classic swine fever (CSF) outbreak in Japan in 2018 was highly
associated with the persistence and widespread of the CSF virus (CSFV) in the wild boar population.
To investigate the dynamics of the CSF outbreak in wild boar, spatiotemporal analyses were performed.
The positive rate of CSFV in wild boar fluctuated dramatically from March to June 2019, but finally
stabilized at approximately 10%. The Euclidean distance from the initial CSF notified farm to the
farthest infected wild boar of the day constantly increased over time since the initial outbreak except
in the cases reported from Gunma and Saitama prefectures. The two-month-period prevalence,
estimated using integrated nested Laplace approximation, reached >80% in half of the infected areas
in March–April 2019. The area affected continued to expand despite the period prevalence decreasing
up to October 2019. A large difference in the shapes of standard deviational ellipses and in the
location of their centroids when including or excluding cases in Gunma and Saitama prefectures
indicates that infections there were unlikely to have been caused simply by wild boar activities, and
anthropogenic factors were likely involved. The emergence of concurrent space–time clusters in these
areas after July 2019 indicated that CSF outbreaks were scattered by this point in time. The results
of this epidemiological analysis help explain the dynamics of the spread of CSF and will aid in the
implementation of control measures, including bait vaccination.

Keywords: classical swine fever; Japan; space–time analysis; wild boar

1. Introduction

Classical swine fever (CSF) is a highly contagious disease causing a multisystemic infection in
domestic and wild pigs. CSF is distributed worldwide and causes enormous economic losses in
husbandry due to its high virulence in domestic pigs [1]. The causative agent of CSF is the CSF virus
(CSFV), which belongs to the genus Pestivirus and the family Flaviviridae. CSFV exhibits a variety
of disease modes in host animals with infections that may be acute, subacute, chronic, late-onset, or
asymptomatic. It is known that disease severity depends on the virulence of the CSFV, age and species
of a host animal, and status of individual or herd immunity. CSFVs with moderate virulence have
recently been isolated in Mongolia and China [2,3].
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Japan once achieved the elimination of CSF through the application of the attenuated CSFV
vaccine [4]. Since 1992, no notifications of CSF had been reported, and Japan was designated as
a CSF-free country by the World Organisation for Animal Health (OIE) in 2007 [4]. However, in
September 2018, CSF reemerged in Gifu Prefecture, and despite strenuous control efforts, the outbreak
was not successfully contained. Detection and culling and movement restriction, which are all basic
control measures for CSF outbreaks in domestic pigs, were implemented. However, due to the wider
spread of the disease, the government decided to apply preventive vaccination in domestic pigs in
the affected prefectures in October 2019 to inhibit further CSF spread. The current CSF outbreaks
were indicated to be driven by the circulation of a CSFV with a moderate pathogenicity that most
closely matched in identity in two regions of CSFVs recently isolated in China and Mongolia, thereby
further complicating the outbreak situation [4,5]. A high proportion of dead wild boars found in the
affected areas were positive for CSFV infection, even in the early phase of the current CSF outbreak [6].
For this reason, prefectural offices in and around the affected area decided to implement an intensive
program to capture wild boar for CSFV testing and to erect fencing to control wild boar movements.
Moreover, due to the further spread of CSF from the prefectures affected, the Japanese government
decided to apply oral bait vaccination in selected areas of the affected prefectures in three seasons of
2019. The initial batch of bait was disseminated twice between March and May 2019 in two prefectures
(Aichi and Gifu). The second batch of bait was disseminated twice (in most prefectures) between
July and September 2019 in nine prefectures (Gifu, Aichi, Mie, Fukui, Nagano, Toyama, Ishikawa,
Shizuoka, and Shiga). Despite the control measures targeting wild boar, the trend of CSF infection was
not terminated. As of the end of November 2019, there were 50 CSF outbreaks in pig farms, leading to
the death of approximately 120,000 animals in seven prefectures, along with 1470 cases in wild boar in
12 prefectures [6,7].

One year after the initial CSF notification, the lack of success in controlling the outbreak is
concerning. To provide another perspective that could be of assistance, we investigated the dynamics
of CSF spread in wild boar by analyzing the transmission pattern of CSFV in wild boar temporally
and spatially. The identification of CSF cases which were unlikely to have been transmitted via
wild boar would suggest important opportunities for biosecurity measures in farms and a disease
containment strategy.

2. Results

2.1. Temporal Trend of CSF Cases in Wild Boar

From September 2018 to the middle of November 2019, a total of 6,594 wild boars, including 826
dead and 5768 captured animals were tested for CSF infection (Figure 1). After the utilization of bait
vaccination, no wild boars positive for a CSFV strain used for the oral vaccine were reported. During
the early phase of the CSF outbreak, from the initial notification to the end of 2018, in which cases were
limited in two prefectures, the positive rates ranged mostly between 10% and 20%. The fluctuation
was larger in the first half of 2019 and, especially between March and June 2019, the ratio increased to
between 40% and 60%. However, as the number of tested animals increased, the CSFV-positive rates
decreased gradually to approximately 10% in the second half of 2019.
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Figure 1. Positive rates of classical swine fever virus (CSFV) in wild boar. Results for CSFV antigen
detection in wild boar in 12 prefectures were combined. Solid line: CSFV-positive rates in total animals
tested in each week. Dashed line: CSFV-positive rates in animals captured in each week. Bar chart:
The number of dead and captured wild boars tested in each week.

2.2. Distance of CSF Cases in Wild Boar from the Initial Outbreak Point

In general, the direct distance between the locations of the initial CSF notification and cases in
wild boar increased proportionally with time (Figure 2). However, many of the notifications reported
in the second half of 2019 did not correspond with the general trend, with those from Saitama and
Gunma prefectures in particular appearing unexpectedly distant from the initial location in a rather
short time.

Figure 2. Distances of CSF cases in wild boar from the initial case over time.

For each case of CSF notified in wild boar, the distance from the initial CSF case and time since the
initial case was plotted.
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2.3. Spatial Change of CSF Period Prevalence Over Time

The two-month-period prevalence showed the first peak around the area of the initial farm case
in November–December 2018 (Figure 3A). The mean period prevalence in 10 infected municipalities
was 32.5% (median = 21.2%, 95% credible interval: CI of median posterior = 9.0%–42.0%), and distinct
high period-prevalence was observed in two municipalities: 90.0% (95% CI: 68.0%–99.7%) and 81.6%
(95% CI: 40.7%–99.7%). The expanded infected areas (19 municipalities) had moderate homogeneous
prevalence, with mean, median, and interquartile ranges of period-prevalence estimates at 44.0%,
45.0%, and 44.9%–45.1%, respectively, in January–February 2019 (Figure 3B). The prevalence reached
over 80% in half of the infected areas (11 of 22 municipalities) in March–April 2019 (Figure 3C).
The mean, median, and interquartile ranges of the estimates were 73.7%, 79.3%, and 59.0%–88.4%,
and the 95% CI of median posterior was 52.7%–95.5%. As the infected areas continued to expand, the
period prevalence began to reduce until the end of the period of observation in September–October
2019 (72 municipalities maximum, Figure 3D–F). The mean, median, and interquartile ranges of the
period prevalence estimates in September–October 2019 were 27.4%, 24.8%, and 15.7%–35.4%. In this
period, the disease in wild boar was detected in remote municipalities (not contiguous with the existing
infected area) in Saitama and Gunma, as well as in Shizuoka prefecture (Figure 3F).

Figure 3. Spatial change of two-month-period prevalence of CSF in wild boar.
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The intensity of the red color indicates the estimated two-month-prevalence of CSF in wild boar at
the municipality level, with an intensity of 1.0 indicating a prevalence of 100%. A: November–December
2018, B: January–February 2019, C: March–April 2019, D: May–June 2019, E: July–August 2019, F:
September–October 2019.

2.4. Standard Deviational Ellipse Analysis

Standard deviational ellipses (SDEs) for the three phases were overlaid on a map with CSF-positive
notifications to illustrate the directional trends and dispersion of CSF notifications (Figure 4).
The position of the centroids of the ellipses in the two early phases did not differ on the map,
whereas the centroid of the third ellipse was positioned approximately 100 km away from the other two
and toward the northeast. The forms of the ellipses for the second and third periods, excluding disease
notifications in Gunma and Saitama prefectures, differed from those that included these notifications.
The centroids of the ellipses for the second and third periods, excluding the notifications in the two
eastern provinces, were located relatively close to the centroid for the first period.

Figure 4. Spatiotemporal distribution of classical swine fever notifications from April to November 2019.

Standard deviational ellipses for three time periods (April–June 2019, July–September 2019,
October–November 2019). Ellipses and their centroids (green and pink plus signs) were overlaid with
CSF notifications distinguishing domestic pig (white square) and wild boar (dot) cases. Black dot:
CSF notification of wild boar in September 2018–March 2019, green dot: April–June 2019, blue dot:
July–September 2019, red dot: October–November 2019. For the last two periods, standard deviational
ellipses that exclude the notification data in Gunma and Saitama prefectures are shown.

2.5. Space–Time Cluster Analysis

A total of 13 significant space–time clusters were identified from the CSF notification dataset by
space–time permutation analysis based on the 26-km upper limit on cluster size set in the software
(Figure 5). Clusters 1 and 2 equate to the periods September 2018 to February 2019 and February to
June 2019, respectively, and their timings did not overlap (Table 1). However, after June 2019, several
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clusters appeared concurrently in different areas with the disease scattered widely, including in the
two eastern provinces. Compared to Cluster 1, the radii of the clusters identified after June 2019 were
greater but the durations were shorter, indicating that the disease was being disseminated rapidly and
widely even within the cluster areas. The habitats of each of the 13 clusters were visually assessed with
the guide of Global Map Specifications [8]. Most of the areas in the clusters comprised several types of
forests and croplands.

Figure 5. Locations of the significant space–time clusters of CSF.

Table 1. Details of each space-time cluster detected (p < 0.05) in CSF notification.

Cluster
Duration

(Days)
Start Date End Date Radius (km) Main Land Covers *

1 148 2018/9/9 2019/2/4 12.53 Closed shrublands, Cropland/Natural
vegetation mosaic

2 132 2019/2/12 2019/6/24 24.41 Mixed forest

3 69 2019/6/25 2019/9/2 24.33 Mixed forest, Deciduous broadleaf forest,
Cropland/Natural vegetation mosaic

4 48 2019/7/2 2019/8/19 22.88 Mixed forest, Deciduous broadleaf forest

5 48 2019/7/16 2019/9/2 24.89 Cropland/Natural vegetation mosaic,
Mixed forest

6 13 2019/9/3 2019/9/16 16.59 Deciduous broadleaf forest
7 27 2019/9/3 2019/9/30 15.11 Mixed forest, Deciduous broadleaf forest

8 55 2019/9/3 2019/10/28 16.99 Closed shrublands, Mixed forest,
Croplands

9 20 2019/9/3 2019/9/23 13.30 Cropland/Natural vegetation mosaic,
Mixed forest

10 41 2019/10/1 2019/11/11 21.87 Closed shrublands, Croplands,
Mixed forest

11 27 2019/10/1 2019/10/28 21.46 Croplands, Deciduous broadleaf forest
12 20 2019/10/15 2019/11/4 11.61 Water bodies, Croplands, Mixed forest
13 20 2019/10/15 2019/11/4 6.52 Mixed forest

*: Types of main land covers in the cluster were visually assessed with Global Map Version 1.2.1 Specifications [8]
and sorted in descending order of types.

During the study period, from September 2018 to November 2019, 13 significant clusters were
observed in or around the disease notification area. Detailed information for each cluster is given in
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Table 1. Yellow squares indicate the locations of CSF-positive farms. Red circles indicate the locations
of CSFV-positive wild boar either captured or found dead.

3. Discussion

At the time of writing, November 2019, more than one year has passed since the initial CSF
notification in September 2018, and the outbreak has still not been terminated. In this period, 46 CSF
outbreaks in pig farms were reported with approximately 120,000 killed animals, but the wild boar
population was considered to play a critical role in the spread of the disease. Disease notifications
were concentrated at locations near the initial cases in the early phase of the current outbreaks and
then became more widespread over time. The results from the present study indicate that the disease
could have spread via the movement of wild boar to nearby contiguous areas was confirmed from
spring 2019 onward through spatial changes in period prevalence. The risk of CSFV infection at a farm
located at a 5-km distance from a CSFV-positive wild boar within 28 days was estimated at more than
5% in Hayama et al. [9]. It is noteworthy that the disease became dispersed to remote municipalities
in Gunma and Saitama prefectures (areas that were not contiguous with the main outbreak), which
was unexpected given the occurrence and spread patterns of CSFV in wild boar. In the SDE analysis,
this unexpected dispersion of CSFV to two distant prefectures was demonstrated by a shift in the
centroids and shape distortion of the ellipses between October and November 2019. In the Gunma
and Saitama area, the first CSFV infection was confirmed in a pig farm before the detection of CSF
cases in wild boar. Given the epidemiological situation, as well as the results of the epidemiological
analysis in the present study, it seems likely that CSF jumped to Gunma and Saitama prefectures
by factors other than transmission by wild boar without being detected. The phylogenetic analysis
also supports that the CSFVs isolated in the current outbreak indicated that the CSFV isolated in the
first farm in Saitama prefecture was most close to the strain isolated in Aichi prefecture, which was
adjacent to neither the Gunma nor Saitama prefecture [6]. At this time, no epidemiological relevance
between the CSF positive farms in these two prefectures and ones in other prefectures, including
the introduction of potentially infected pigs, have been revealed. The spontaneous introduction of
infectious pathogens by the movement of fomites, including humans and vehicles from the high-risk
areas, might be a possible pathway of the CSF jump. Though the details will be revealed in the
further epidemiological investigation, these would be associated with poor biosecurity measures
in farms to introduce the contagious pathogens, or with low compliance in wild boar trapping to
acquire the pathogens. Poor biosecurity measures in farms, including imperfect change of clothes
and shoes and incomplete disinfection, as well as imperfect installation of fencing with large mesh
that allow small animals passing, could also contribute to the introduction of the pathogen agent
inside the farm. Furthermore, when wild boars are trapped for sample collection for laboratory
diagnosis, adequate hygienic sampling and animal transportation, as well as intensive disinfection of
clothes, equipment, and environment around the captured animal, are critical to minimize the level
of contamination of the environment in order to prevent secondary infections in wild boar during
capturing activities. Biosecurity measures in farms and wildlife management activities against CSFV
should be reviewed to prevent careless facilitation of transmissions in both and between domestic pig
and wild boar populations.

Since the 1990s, wild boar has been recognized as an important reservoir of CSFV due to a
change in pathogenicity from high to moderate virulence in wild boar as well as domestic pigs.
Transmission routes of CSFV are comparable in wild boar and domestic pigs, and occur either through
direct contact between diseased animals or indirectly via feces, food, and carcasses [10]. During the
1993–1998 CSF outbreak in Germany, an indirect transmission of CSFV to domestic pigs from wild
boar was indicated [11]. The infection of wild boar with moderately virulent CSFV enables a more
effective transmission to other animals, and once a CSFV with moderate virulence crosses into the
wild boar population, the disease becomes prevalent and persistent among unmonitored populations.
It was also reported that CSFV tended to persist and become endemic for years in larger wildlife
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populations [12]. As population size and density are considered crucial factors for CSFV survival in
wild boar populations [13], much effort has been focused toward population management, including
hunting and trapping. However, it has also been demonstrated that a depopulation strategy is not
effective for CSF control in wildlife because of the low probability of achieving depopulation to the
desired low level, high uncertainty in the estimation of the number of wild boar, and low acceptability
for depopulation among hunters [14]. Furthermore, hunting has been reported to play a negative role
in CSF control in wild boar because excessive hunting pressure might increase population turnover,
enabling the maintenance of pathogens among younger naïve animals and causing population mixing,
leading to more frequent contact among animals. Delivery of bait vaccines has been considered effective
as a control measure to limit CSF spread in wildlife by decreasing the proportion of susceptible animals.
Although prophylactic vaccination is banned in Europe, the application of preventive vaccination
is allowed in domestic pigs and wild boar if the spread of disease appears to be uncontrollable [10].
Bait vaccines for wild boar were employed during CSF outbreaks in Germany and France [15,16].
The estimations of the ideal vaccination rate in wild boar for the control of CSF were reported as 41%
using a deterministic model, or from 9% to 52% using a stochastic model based on an outbreak of CSF
in Pakistan [17,18].

Bait vaccination with the commercial vaccine (Pestiporc, Oral, IDT Biologika GmbH,
Dessau-Rosslau, Germany) for wild boar was utilized twice between March and May 2019 in selected
areas in Aichi and Gifu prefectures where CSF positive cases were found [19]. Oral vaccination of wild
boar is an effective tool to decrease the number of susceptible animals against CSFV in the affected area
with relatively low costs. Oral mass vaccination of wild boar against CSF has been conducted since the
late 1990s in some European countries [14]. Thirty or forty baits each were delivered at 660 (in March)
and 1,011 (April to May) locations, respectively, in these two prefectures. The overall bait collection rate
after five days was 41.4%, and wild boar bite-mark traces were observed in approximately 25% of the
remaining collected baits. On this basis, it was estimated that the intake rate of bait vaccine in the wild
boar population was, at maximum, approximately 70%. The positive rate for CSFV antibodies increased
from 50% before baiting to 70% after baiting within the vaccinated area in Aichi prefecture and from
40% to 62% in Gifu prefecture. However, care needs to be taken for a comparative interpretation of the
effectiveness of the vaccination in two prefectures due to differences in the diagnosis and sampling
methods (personal communication). The results of the spatial change of CSF period prevalence in
wild boar in May–June 2019 when there was an expansion in the area of CSFV-positive wild boar
demonstrated that the oral vaccination program was not able to prevent the spread of CSF, but worked
on reducing prevalence in heavily affected areas. According to the results of the present study, CSFV
might have been circulating at the early phase of the outbreak (from the initial case to April 2019)
among wild boar in a limited area (Figure 3). From January to April 2019, the disease did not spread to
a wider area, but was transmitted to more sensitive animals inside the existing area, resulting in CSFV
infection of over 80% of the wild boar. Because the movement of wild boar is restricted mainly by
snowfall in winter, and most Japanese wild boar (Sus scrofa leucomystax) breed piglet in April-June,
especially in May, it would have been necessary to complete bait vaccination in the affected areas
no later than May 2019 when the CSFV spread further by the movement of the wild boar [20–22].
In addition, comprehensive guideline for the vaccination of wild boar against CSFV at a national level,
describing the methods of sample size calculation, sampling, and diagnosis for the evaluation, should
be established. Since decreasing the sensitive wild boar to prevalent CSFV is so critical to achieving the
containment of a CSF outbreak in domestic pigs, the development of an effective vaccination strategy
for wildlife with practical and effective guidelines and adequate implementation should be highly
prioritized. The sampling and diagnostic strategies for CSFV detection in wild boar are currently
varied among prefectures. The lack of unified comprehensive guideline might also influence the
interpretation of the results of CSFV detection from wild boar, like the cases in the Shizuoka prefecture.
Though in Figure 5, all the CSF cases in wild boar in Shizuoka prefectures were geographically isolated
and clustered, it seems likely that the CSF was transmitted to the Shizuoka prefecture by wild boar.
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This is because, in Figure 1, the CSF cases in wild boar in Shizuoka prefecture mostly corresponded
with the associations between the direct distance from the location of the initial CSF notification and
cases in wild boar. Sampling and diagnostic bias would conceal the dynamics of disease spread by
expressing “non-positive” results.

4. Conclusions

CSFV infection in domestic pigs was continuously notified in Japan since September 2018 and
spread more widely mainly through wild boar movement. The implementation of effective control
measures in wildlife, such as bait vaccination under a well-planned strategy and the involvement of
a surveillance program using hunting or a capture scheme, is essential for successful containment.
Though biosecurity measures were strengthened at pig farms to prevent CSF introduction, unexpected
outbreaks occurred in pig farms in areas where the wild boar were unlikely to have been infected with
CSFV. The current control measures both for domestic pigs and wild boar should be intensively reviewed.

5. Materials and Methods

5.1. Data and Data Sources

Epidemiological data of CSF notification and reverse transcription polymerase chain reaction
(RT-PCR) test results of CSFV detection in domestic pigs and wild boar between September 9, 2018,
and November 15, 2019, were collected from the websites of 15 prefectures. In Japan, the RT-PCR
based on the Vilcek et al., using a positive control of the attenuated CSFV strain GPE−, is performed in
Livestock Hygiene Service Centers under the direction of the National Institute of Animal Hygiene
as one of the diagnostics of CSFV detection [23,24]. The coordinates (latitude and longitude) of the
CSF notifications were obtained from the website of the OIE [7]. A total of 1418 CSF notifications,
48 outbreaks on domestic pig farms, and 1370 cases in wild boar were confirmed during this period [7],
as well as 5324 wild boars that were negative for CSFV infection. As we focused on the local spread of
CSFV, notifications of CSF by slaughtering or in facilities through which CSF-affected pigs had been
transported were not included in the present study.

5.2. Temporal Trend and Linear Distance of CSF Cases in Wild Boar from the Initial Case

The dates and locations of CSFV detection from both dead-found and captured wild boars were
used to investigate the relationship between the time elapsed and distance from the location of the
initial CSF notification in the domestic pig farm to each of the CSF cases in wild boar. The dates and
locations of wild boars tested for CSFV, including those produced negative results, were used for
the calculation of weekly positive rates of CSFV among both dead-found and captured animals, and
among only captured animals, respectively, to describe the temporal trend of CSF positive rates in wild
boar in expanding infected areas.

5.3. Description of Spatial Change of CSF Prevalence Over Time

Two-month-period wild boar diagnostic positive and negative results based on PCR tests were
aggregated at the municipality level for the period between September 2018 and October 2019, and
the period prevalence in each administrative unit was estimated using an integrated nested Laplace
approximation (INLA) with zero-inflated binomial errors using the package R-INLA in the statistics
software R version 3.6.1 (R Core Team, 2019) [25]. Intrinsic conditional autoregression (CAR) was
selected to deal with spatial autocorrelation, based on the lowest value of deviance information criteria
among the latent models in R-INLA.

5.4. SDE Analysis

SDE analysis was performed to describe the trend and spatial characteristics of CSF notifications
in the study area using ArcGIS v10.6.1 software (ESRI Inc., Redlands, CA, USA). This provided the
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orientation and shape of a distribution, and dispersion of the diseases in domestic pigs and wild
boar, following an approach similar to those in previous studies [5,26,27]. The ratio of the long and
short ellipse axes was used to identify the degree of clustering or dispersion. To analyze the temporal
changes in CSF notifications since July 2019, the study period was divided into three phases: (i) April
to June 2019, (ii) July to September 2019, and (iii) October to November 2019.

5.5. Multi-Distance Spatial Cluster Analysis and Space–Time Cluster Analysis

A multi-distance spatial cluster analysis tool in ArcGIS v10.6.1 was used to identify the maximum
distance of the relationships between CSF notifications by applying the common transformation
of Ripley’s K function. Detailed information on the method for calculating the maximum distance
of relationships, which yielded the highest Diff K value, was described in a previous study [5].
A space–time permutation technique was applied to examine the presence of space–time clusters in
the area affected by CSF. The upper limit on the geographical size of the cluster was set to 26 km, the
minimum time aggregation to seven days, and the maximum temporal cluster size to 50% of the total
study period (default setting) [28]. A Monte Carlo process was implemented using 999 replications to
test for the presence of candidate clusters (p < 0.05). Analyses were conducted in SaTScan software
v9.6 (Kulldorff, Boston, MA, USA) [29]. The habitat of each cluster was visually assessed with the
guide of Global Map Specifications to assess the pattern of land cover in the cluster identified [8].
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Abstract: Classical swine fever virus (CSFV) induces trans-placental transmission and congenital
viral persistence; however, the available information is not updated. Three groups of sows were
infected at mid-gestation with either a high, moderate or low virulence CSFV strains. Foetuses from
sows infected with high or low virulence strain were obtained before delivery and piglets from sows
infected with the moderate virulence strain were studied for 32 days after birth. The low virulence
strain generated lower CSFV RNA load and the lowest proportion of trans-placental transmission.
Severe lesions and mummifications were observed in foetuses infected with the high virulence strain.
Sows infected with the moderately virulence strain showed stillbirths and mummifications, one of
them delivered live piglets, all CSFV persistently infected. Efficient trans-placental transmission
was detected in sows infected with the high and moderate virulence strain. The trans-placental
transmission occurred before the onset of antibody response, which started at 14 days after infection in
these sows and was influenced by replication efficacy of the infecting strain. Fast and solid immunity
after sow vaccination is required for prevention of congenital viral persistence. An increase in the
CD8+ T-cell subset and IFN-alpha response was found in viremic foetuses, or in those that showed
higher viral replication in tissue, showing the CSFV recognition capacity by the foetal immune system
after trans-placental infection.

Keywords: classical swine fever; virulence; trans-placental transmission; persistent congenital
infection; foetal immune response; classical swine fever virus; replication; sows

1. Introduction

Classical swine fever virus (CSFV) is one of the most relevant viruses in the Pestivirus genus,
being the causative agent of classical swine fever (CSF), a highly impactful disease for the porcine
industry worldwide [1]. The capacity of pestiviruses to generate persistent infection by trans-placental
transmission has already been described [2–6]. Particularly, low virulence CSFV strains have been
related to the development of congenital viral persistence in their offspring when infection of the
sows occurs between 50 and 90 days of gestation [1–5]. Piglets that develop this form of infection
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are born infected, showing high viral replication and shedding in the absence of specific antibody
response [3,4,7]. This type of viral persistence has been explained by the immunotolerance mechanism,
due to a lack of CSFV recognition by the immature immune system of the foetus [5].

CSF still remains endemic in countries in Asia, the Caribbean, and Central and South America [1].
Previous studies have demonstrated the evolutionary capacity of CSFV towards less virulent strains in
endemic situations under inefficient vaccination programs [8,9]. In this type of scenario, a recent study
showed that CSF persistence was the predominant form, favoring virus prevalence and hampering the
control tools [10].

CSFV also has the ability to generate viral persistence after postnatal infection, although unlike the
congenital persistence forms, the generation of postnatal persistence has been associated with the CSFV
moderate virulence strains [11,12]. Previous studies have also shown that moderate virulence strains
are widely distributed [13–15]. In this regard, the strain of CSFV that recently caused an epidemic in
Japan after 26 years has been characterised to be of moderate virulence [16,17].

Despite the known capacity of CSFV to be transmitted by the trans-placental route and to induce
persistent congenital infection, few scientific works have dealt with the immunopathogenesis of this
form of the disease, especially from a virus–host interaction standpoint. Considering this background,
the aim of this work is to evaluate the capacity of CSFV strains with different virulence degrees to infect
pregnant sows and its relation with the vertical transmission by trans-placental infection of fetuses.
Likewise, the implication of the virulence degree in the generation of CSFV congenital persistent
infection is also assessed. The levels of viral replication, as well as the immune response, in terms of
cytokine production and changes in immune system cell populations were evaluated in foetuses and
piglets from the infected sows.

2. Results

2.1. Clinical Evaluation of Sows Infected with Pinar del Rio (PdR) vs. Margarita CSFV Strains

In the first experiment, aiming to determine the capacity of CSFV strains of different virulence
levels to induce trans-placental infection, two groups of pregnant sows were inoculated with CSFV at
74 days of gestation. Group A (Sows 1 and 2) was infected with the highly virulent CSFV Margarita
strain, while Group B (Sows 3 and 4) were inoculated with the low virulence PdR strain. Clinical signs
were recorded daily by a trained veterinarian in a blinded manner.

After inoculation, both CSFV Margarita-infected sows (Group A) showed anorexia and apathy
between 6 and 11 days post-infection (dpi). Subsequently, Sow 2 started to eat normally, whereas
the clinical condition of Sow 1 deteriorated progressively, showing constipation/diarrhoea, some
peaks of fever, evident weight loss, and, eventually, weakness of the hindquarters. This animal was
euthanised at 17 dpi (91 days of gestation) for animal welfare reasons, while the remaining sows were
euthanised at 22 dpi (96 days of gestation). Both Margarita infected sows showed similar lesions at
necropsy, consisting of petechiae in the kidneys, stomach, and intestine, and, in the case of Sow 1, also
in the urinary bladder. Conversely, Sows 3 and 4, inoculated with the PdR strain, remained healthy
throughout the study, and no lesions related to CSFV infection were found at necropsy.

2.2. CSFV RNA Level Detected in Sows after Infection with Margarita or PdR Strains

CSFV RNA was evaluated by reverse transcription-quantitative PCR (RT-qPCR) [18] in serum
samples collected weekly and tissue samples collected at necropsy. The RNA load was characterised as
high, moderate or low in accordance with the cycle threshold (Ct) value, as described in the materials
and methods section. The CSFV RNA load detected in sera oscillated from moderate to low load (Ct
value from 28 to 35) regardless of the virulence degree of the strain used to infect the sows. The RNA
was detected at 8 dpi in all the animals in Group A and B (infected with Margarita or PdR strains,
respectively). However, at 14 dpi, and until the end of the experiment, samples from the two animals
in Group B and from Sow 2 (Group A) were negative (Figure 1A). Notably, only Sow 1 infected with
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the CSFV Margarita strain was positive at 14 dpi and at the time of euthanasia (17 dpi), although with
low RNA load (Ct value 34).

Figure 1. Classical swine fever virus (CSFV) RNA detection by RT-qPCR in sow samples. (A) RNA
levels detected in sera at different times post-infection. (B) RNA levels detected in tissues from sows
infected with either the CSFV Margarita (black symbols) or PdR strain (grey symbols). Cycle threshold
(Ct) values over 42 (dotted line) were considered as negative. Asterisk indicates the animal that was
euthanised at 17 dpi.

In the tissue samples, the CSFV RNA load detected in the tonsils samples was similar in both
experimental groups, with Ct value around 27 (moderate RNA load). The viral RNA load in Peyer’s
patch samples was also similar for both groups, with the exception of Sow 4 (PdR infected), which was
negative (Figure 1B).
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2.3. The High Virulence CSFV Strain Margarita Elicited Faster and Higher Humoral Response than PdR Strain
in the Infected Sows

Specific anti-E2 and neutralising antibodies were evaluated weekly in sera by ELISA and
neutralisation peroxidase linked assay (NPLA) [19], respectively. Anti-E2 antibodies were detected in
both of the CSFV Margarita-infected sows (Group A) at 14 dpi and at the time of euthanasia. In Group
B, infected with the PdR strain, only one animal showed anti-E2 antibodies at 22 dpi (Figure 2A).

Figure 2. Immune response of sows after CSFV infection. (A) CSFV specific anti-E2 antibody response
against the E2 glycoprotein detected by ELISA (in blocking %), values above 40% (dotted line) being
considered as positive. (B) Interferon alpha (IFN-α) response in serum determined by ELISA test from
sows infected with either the CSFV Margarita (black symbols) or PdR strain (grey symbols). The IFN-α
concentration in sera is expressed as units/mL. Asterisk indicates the animal that was euthanised at
17 dpi.

Similarly, both of the Margarita-infected sows showed neutralising antibody titers by NPLA assay
starting at 14 dpi, which increased at 17 and 22 dpi for Sows 1 and 2, respectively. In the case of PdR
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infected sows, neutralising antibody response was only detected in Sow 3 at 22dpi, while sow 4 did
not show neutralising antibodies throughout the whole trial (Table 1).

Table 1. Neutralising antibody response in sows after CSFV infection.

Time after CSFV Infection

Sow ID 0 dpi 8 dpi 14 dpi 22 dpi

Margarita
infection group

1 0 0 1:640 1:1280 *
2 0 0 1:320 1:960

PdR infection
group

3 0 0 0 1:60
4 0 0 0 0

* sample taken at 17 dpi.

2.4. IFN-α and IFN-γ Response in Sows Infected with High or Low Virulence CSFV Strains

Interferon alpha (IFN-α) and interferon gamma (IFN-γ) were evaluated by ELISA test in sera
from sows at different time-points after infection. IFN-α was detected in the sera of all the sows from
Groups A and B at 4 and 8 dpi. Notably, the highest levels were registered in sows from Group A (Sows
1 and 2) at 4 dpi (Figure 2B). For IFN-γ, no detectable levels in sera were found in either experimental
group after infection.

2.5. Evaluation of the Foetuses from CSFV Infected Sows at Necropsy

Foetuses from the CSFV Margarita-infected sows showed internal haemorrhages in tonsil, intestine,
kidneys, lymph nodes and spleen. Furthermore, four of the foetuses from Sow 1 and three foetuses
from Sow 2 had generalised haemorrhagic lesions in the skin (data not shown). Additionally, one
mummified foetus was found in both of them. Conversely, foetuses from Sows 3 and 4, inoculated
with the PdR low virulence strain, showed no lesions at necropsy.

2.6. Vertical Transmission and CSFV Replication in the Foetuses

Following hysterectomy, serum and tissue samples were collected from all the foetuses, about
two weeks before the expected delivery day, in order to determine CSFV transmission from sows to
their foetuses. All the foetuses from Group A were RT-qPCR positive with high CSFV RNA load (Ct
values between 15.67 and 23) in the majority of sera, tonsil, spleen and thymus samples (see Table 2).
In the different organs, the mean Ct value ranged from 17.28 to 20.33 for foetuses from Sows 1 and 2,
respectively. By contrast, only 3 out of 13 (23%) foetuses from each of the PdR-infected sows were
positive in sera by RT-qPCR, ranging from high to low RNA load (Table 2). However, after analysis
by RT-qPCR of tonsil, spleen and thymus samples, the number CSFV positive foetuses increased to
11 out of 13 (Sow 3) and 9 out of 13 (Sow 4), respectively, with high to low CSFV RNA load in the
positive tissues.

2.7. Immune Response in the Foetuses from CSFV-Infected Sows

Absence of CSFV specific humoral response was found in sera from all the foetuses in the study.
However, IFN-γ levels were detected only in serum sample of five out of the 13 foetuses from the
Sow 1 (infected with Margarita strain), in values ranging between 23.2 and 130.9 pg/ml. In addition,
detectable levels of IFN-α were also registered in 11 samples in foetuses from both Margarita-infected
sows (Table 3). Interestingly, foetuses from sows infected with the low virulence strain (PdR) showed
higher levels of IFN-α (between 100 to 200 units/ml). Notably, the positive values were found in the
foetuses that were CSFV RNA positive for the four samples analysed or in those that showed the
higher CSFV RNA load in the tissue samples (Tables 2 and 3). Finally, detectable levels of soluble
CD163 (sCD163) were found in foetal sera samples from both experimental groups, being about 10
times higher the concentration in samples from Group A (Figure 3).
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Table 2. Detection of CSFV RNA in foetuses from sows infected with CSFV Margarita or PdR strains.

Margarita
Infection Group A

CSFV RT-qPCR (Ct Value)
PdR Infection

Group B
CSFV RT-qPCR (Ct Value)

Foetus ID Serum Tonsil Spleen Thymus Foetus ID Serum Tonsil Spleen Thymus

Foetus from Sow 1 Foetus from Sow 3
1 19.65 18.52 17.91 16.54 1 Undet. Undet. 34.65 Undet.
2 23.13 20.61 19.56 25.86 2 Undet. Undet. Undet. Undet.
3 20.40 21.96 19.11 15.70 3 Undet. 32.73 29.94 35.45
4 21.35 26.58 18.95 16.85 4 Undet. Undet. 32.44 Undet.
5 18.48 19.69 17.00 19.18 5 Undet. Undet. 37.43 Undet.
6 17.65 19.59 16.14 15.92 6 Undet. 35.32 33.82 Undet.
7 18.71 20.53 16.59 16.46 7 22.42 22.75 15.86 17.69
8 23.23 19.92 17.75 15.56 8 Undet. 36.67 Undet. Undet.
9 18.73 16.13 16.24 14.70 9 Undet. Undet. Undet. Undet.
10 19.55 18.78 16.85 17.31 10 Undet. 36.60 34.56 Undet.
11 20.56 23.52 18.45 17.18 11 24.76 23.18 18.30 21.15
12 17.58 18.05 16.62 16.31 12 32.36 23.37 23.68 24.85
13 17.27 18.61 16.62 16.37 13 Undet. 33.91 31.51 36.33

Mean 19.72 20.33 17.49 17.28 Mean 38.50 37.19 33.28 36.33

Desvest 2.05 2.72 1.22 2.92 Desvest 7.16 5.88 9.89 9.02

Foetus from Sow 2 Foetus from Sow 4
1 20.30 25.16 17.84 20.28 1 Undet. Undet. Undet. Undet.
2 18.68 17.92 17.44 15.79 2 28.26 28.36 18.37 21.79
3 18.50 19.28 17.43 16.95 3 Undet. 35.01 28.32 28.24
4 27.06 28.74 25.01 24.94 4 Undet. 34.59 36.29 Undet.
5 18.94 16.87 17.36 15.70 5 Undet. Undet. Undet. 36.54
6 19.51 18.93 17.44 16.78 6 Undet. Undet. Undet. Undet.
7 16.81 18.01 16.93 16.78 7 Undet. Undet. Undet. Undet.
8 16.60 17.25 23.57 17.51 8 Undet. Undet. Undet. 36.58
9 18.65 18.36 16.47 16.85 9 Undet. Undet. Undet. Undet.
10 20.67 22.67 17.22 16.97 10 Undet. Undet. 34.36 Undet.
11 16.91 18.37 17.26 16.92 11 34.54 29.63 26.51 25.84
12 16.94 18.37 18.96 17.66 12 Undet. 36.52 Undet. Undet.
13 15.67 16.88 16.41 16.26 13 21.52 20.59 18.58 18.32

Mean 18.75 19.30 18.46 17.43 Mean 38.87 36.88 35.16 36.70

Desvest 2.99 3.34 2.81 2.44 Desvest 6.69 7.01 9.21 8.55

Undet: undetectable, negative sample.

Table 3. IFN-α levels in foetal serum.

Margarita Infection Group A PdR Infection Group B

Foetus ID IFN-α Foetus ID IFN-α

Foetus from Sow 1 Foetus from Sow 3
1 48.5 1 0.0
2 0.0 2 0.0
3 0.0 3 60.3

4 237.7 4 0.0
5 0.0 5 0.0
6 18.7 6 0.0
7 0.0 7 116.7

8 0.0 8 0.0
9 0.0 9 0.0
10 31.3 10 0.0
11 0.0 11 102.7

12 8.0 12 209.6

13 0.0 13 0.0
Foetus from Sow 2 Foetus from Sow 4

1 0.0 1 0.0
2 25.5 2 227.8

3 26.7 3 239.5

4 49.3 4 0.0
5 0.0 5 0.0
6 0.0 6 0.0
7 0.0 7 0.0
8 14.3 8 0.0
9 0.0 9 0.0
10 12.2 10 0.0
11 43.2 11 173.4

12 0.0 12 0.0
13 0.0 13 126.9
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Figure 3. sCD163 levels in foetal sera. Foetuses from sows infected with either the Margarita (black
bars) or PdR (white bars) CSFV strains are represented. Results are expressed as the equivalent number
of copies of CD163 transfected cells.

2.8. Phenotypical Profile in Foetal PBMCs after CSFV Infection

Samples from whole blood were obtained from three foetuses in each infected group, and
peripheral blood mononuclear cells (PBMCs) were isolated. Flow cytometry analysis was performed
to study the phenotypical profile in these cells. The PBMCs analysed corresponded with foetuses that
showed CSFV RNA levels in serum samples. Additionally, PBMCs of three foetuses from uninfected
sows, from the same farm of origin, were also analysed to use as reference, uninfected controls.
The CD4+ T-cell subset ranged from 4% to 16% of PBMC from the Margarita infected foetuses (Group
A), showing a reduction in two out of three samples analysed with values below 5% (Figure 4). This
cell population ranged from 14% to 17% in the three foetal PBMC tested from Group B, while a wider
range was detected in the PBMC from naïve samples (from 11% to 38%). By contrast, the CD8+ T-cells
were increased in the CSFV infected foetuses, with percentages between 29% and 56% in Group A, and
20% to 27% in Group B (infected with PdR strain), whereas it was always below 15% for the naïve
samples (Figure 4).

2.9. Infection with the CSFV Moderately Virulent Strain: Clinical Signs and CSFV Replication in Sows

In the second experiment, in order to evaluate the capacity of a CSFV moderately virulent strain
to induce trans-placental infection and congenital viral persistence, two pregnant sows (Sows 5 and 6)
were inoculated with the Catalonia 01 (Cat01) strain. As in Experiment 1, the infection was carried out
at 74 days of gestation, and a trained veterinarian recorded clinical signs daily.

The Cat01 infected sows did not show any clinical signs after inoculation. However, at 34 dpi (108
days of gestation), Sow 6 went into early labour and gave birth to eight stillbirths and two live piglets.
All the stillbirths showed haemorrhagic lesions, whereas the live piglets were very weak and had to be
euthanised on the same day for ethical reasons. The sow was also euthanised at this time. Both Cat01
infected sows were CSFV RNA positive in sera, and rectal and nasal swabs at 7dpi. The CSFV RNA
load was low in all the samples, with Ct values ranging from 31 to 37. Afterwards, both sows cleared
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the virus, only Sow 6 was positive in rectal swab at 28 dpi, although at low RNA concentration (Ct
35.59) (data not shown).

Figure 4. Comparative expression of the CD4+ and CD8+ T-cell subsets in PBMCs from uninfected
foetuses (white dots), foetuses infected with the Margarita (black dots), or the PdR (grey dots)
CSFV strain.

2.10. Vertical Transmission and Congenital Viral Persistence Generated by the Moderate Virulence CSFV Strain

At 114 days of gestation, Sow 5 gave birth to eight live piglets and six stillbirths, the live animals
were active and fed normally from the mother immediately after birth. During the seven days after
farrowing, two piglets were found dead in the pen, having being crushed by the sow, whereas no
clinical signs were registered in the remaining six animals (Piglets 1 to 6). Piglets 1, 3, and 5 remained
clinically healthy during the 32 days of the trial. Meanwhile, the other three piglets (Piglets 2, 4, and 6)
developed sporadic fever peaks (below 41 ºC) from day 10 until the end of the study. Piglet 6 developed
mild polyarthritis from day 10, and Piglets 2 and 4 at days 30 and 23, respectively. Notably, at the time
of euthanasia, the piglets weighed around 8.5 kg and continued to show normal feeding behaviour.

On the day of birth, the piglets were positive by RT-qPCR with high CSFV RNA load (Ct values
about 23) in the rectal swab samples (Table 4). Despite the absence of CSF specific clinical signs, a high
CSFV RNA load (Ct value about 20) was detected in all the serum samples during the study, indicating
a permanent viremia in the piglets during the trial (Table 4). In parallel, high and permanent excretion
in nasal and rectal swabs was found in all the sampling time points during the 32 days after birth.
The Ct values increased in the majority of animals throughout the trial, reaching Ct values around 22
and 24 in nasal and rectal swabs (Table 4).
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2.11. Immune Response Generated by the Moderately CSFV Strain in Sows and Their Litters

After infection, Sow 6 developed CSFV specific humoral response at 14 dpi, while Sow 5 was
positive at 21 dpi, with blocking percentage values of 42% and 60%, respectively, which increased
throughout the study. Neutralising antibody response appeared at 21 dpi on Sow 5 (titre 1:120),
and at 14 dpi in Sow 6 (titre 1:20), and increased, reaching titres of 1:160 in both sows by 28 dpi.
Nevertheless, none of the piglets showed an antibody response either by ELISA or NPLA during
the 32 days after birth. Interestingly, IFN-α was detected in the sera from 4 piglets at 8 and 15 days
post-birth (dpb) (Figure 5A). On the other hand, alterations in the CD4+ and CD8+ T-cell subsets from
Cat01-infected piglets were found in the analysed PBMC from persistently infected piglets. While the
T-CD4+ population did not exceed 5% in the uninfected, age-matched piglets, these cells ranged from
4% to 16% in persistently infected animals. On the other hand, the CD8+ cell subset was increased
(about 50%) in the infected animals, being between 9.6 and 23.5% in the uninfected animals (Figure 5B).

Figure 5. IFN-α levels and phenotypic profile in peripheral blood mononuclear cells (PBMCs) from
CSFV congenital persistently infected piglets. (A) Concentration of IFN-α in sera expressed as units/mL
from CSFV persistently infected piglets at 7 dpb (grey bars) and 15 dpb (white bars). (B) Comparative
expression of the T-CD4+ and T-CD8+ cell subsets in PBMCs from uninfected piglets (white dots) and
piglets infected with the Cat01strain (grey dots).
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3. Discussion

CSF congenital persistent infection was described several decades ago; however, some aspects
regarding the generation of this form of the disease remain to be elucidated, and the available
information is not up to date [4,6]. In the present work, three groups of sows were infected with either
the Margarita, Cat01, or PdR CSFV strains. Each of these strains hav been previously characterised as
of high, moderate, and low virulence, respectively [20–22]. In accordance with previous studies, the
infection was carried out at 74 days of gestation, a time-point in which persistent congenital infection
can be generated [4]. The capacity for trans-placental transmission and induction of foetal immune
response was compared side by side between the high and low virulence strains (Figures 1 and 2,
Tables 1 and 2). In accordance with previous data found in piglets, the highly virulent CSFV Margarita
strain induced high serum IFN-α levels in sows over a short period of time [23]. By contrast, the IFN-α
response induced by the low virulence PdR strain was lower, although it lasted one week longer. This
supports the role of high replication rates for the previously described exacerbated innate immune
response in the host after infection with highly virulent CSFV strains. This may explain the differences
in pathogenesis between the sows from these two groups, with more severe lesions and an inability
to clear the virus in the Margarita-infected sows, compared with the clinically healthy status and
low replication of the PdR-infected ones. Trans-placental transmission was more efficient with the
highly virulent Margarita strain, and high viral RNA load was detected in sera and tissues from the
foetuses in this group. Conversely, a small proportion of the foetuses from the PdR infected sows were
viraemic with high viral replication in organs, while the majority of them were either non-infected or
only showed low viral RNA in tissues. Despite the immune response developed, mainly in Margarita
infected sows, CSFV crossed the trans-placental barrier from the sows to their foetuses (Tables 1 and 2,
Figure 2). In agreement with previously described data, the high replication rate found in sows infected
with a highly virulent CSFV strain may explain the activation of neutralising antibody response in
these animals. However, taking into account that the onset of the antibody response in the sows was
after two weeks, it is likely that the generation of trans-placental transmission took place during the
first week after infection. Considering the previously described data, in order to avoid trans-placental
transmission, it is necessary that effective neutralising antibody response be already present at the
moment of infection, with titres of at least 1/320 [24].

Mummifications and haemorrhagic lesions were found in the Margarita infected foetuses. Probably,
these animals would have died during the perinatal period. On the contrary, neither mummifications
nor macroscopic lesions were observed in the PdR infected foetuses, even in those that showed viremia
and high levels of viral replication in organs. It is very well known that sows transmit passive immunity
to CSFV to the litters via colostrum [25,26]. These maternally derived antibodies (MDA) protect piglets
against disease, including CSF, during their firsts weeks of life [15,25,26]. Considering that, in the
case that the piglets had been born, the low immunity generated in the sows after infection with the
low virulence PdR strain would result in an inefficient transmission of MDA to these litters. There
might be major consequences to this situation since the suboptimal level of MDA would favour the
infection of the non-infected piglets by their congenital persistently infected littermates and lead to
chronic or postnatal persistent infection [10,11]. Recently, it was reported that the lack of maternal
immunity led to a high prevalence of CSFV persistently infected piglets in an endemic scenario [10].
Notably, the CSFV persistently infected piglets have been proven to be refractory to vaccination [10,27].
This complex situation may lead to a vicious circle, which greatly impairs control programs of regions
where CSF persistent infections are occurring.

In the case of infection carried out with the moderately virulent CSFV Cat01 strain, early labour in
one of the infected sows and mummification and stillbirths in both of them were detected. Interestingly,
both Cat01 infected sows developed a CSFV neutralising antibody response. However, the viral
trans-placental transmission was not impaired, and all the piglets that were born alive in one of the
Cat01 infected litters developed persistent congenital infection. These piglets showed normal weight
gain, according to standards [28], despite being infected and excreting high viral load with a lack of
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CSFV specific antibody response [1,5,6]. Interestingly, the level of viral replication was comparable,
or even higher than those found in the foetuses from sows infected with the high virulence strain
(Tables 2 and 4). This finding suggests an immunomodulatory capacity of the moderate virulence
CSFV strains in the interaction with the host. Previous data showed the efficacy of this type of CSFV
strain to also generate persistent postnatal infection [11,27]. Similar to persistent postnatal infection,
low levels of IFN-α were found during congenital viral persistence, despite the high viral replication,
pointing towards immunosuppressive regulation. Similar mechanisms might be taking place during
the establishment of congenital or postnatal viral persistence. Recently, myeloid-derived suppressor
cell populations have been determined to play a relevant role in the generation of CSFV postnatal
persistence infection [29]. It cannot be discarded that these cell subsets are playing a role during the
establishment of CSFV congenital persistent infection, considering that they have been found in cord
blood and during neonatal stages in humans [30,31]. On the other hand, a low CD4/CD8 ratio has
been reported as a marker for dysregulation of the immune response [32–35]. An increase in the CD8+

T-cell population, resulting in a low CD4/CD8 ratio, has been reported in CSFV postnatal persistently
infected animals [12]. In the present study, an increase in the CD8+ T-cell subset was observed in the
PBMC of infected foetuses and piglets from all the experimental groups. This finding may indicate
that immunosuppressive mechanisms are also taking place in animals after trans-placental infection
by CSFV.

Activation of innate immunity, evidenced by the IFN-α and IFN-γ levels detected in sera, was
found in the foetuses and piglets regardless of the infecting strain and the maturity level of the immune
system (Table 3 and Figure 5). Type I interferon response activates the innate immunity after viral
infection by playing an antiviral and immunomodulatory role. CSFV has the capacity to induce high
levels of IFN-α response in pigs, being associated with disease severity and viral replication in the
infected animals [36]. The highest IFN-α response was found in the viraemic foetuses or in those
that showed higher viral replication in organs from the group infected with the low virulence PdR
strain. Notably, the capacity of the PdR strain for high and prolonged IFN-α activation in piglets has
been associated with an uninterrupted 36-uridine sequence found in the 3′ untranslated region of the
CSFV genome [23]. Activation of IFN-α response in ruminant and human foetuses, following infection
with bovine viral diarrhoea and Zika virus, respectively, has been described, and it may support the
results obtained in this study [37,38]. Thus, the immunotolerance mechanism that was previously
associated with the development of CSF congenital persistent form [1,5] is a complex immunologic
phenomenon, and further studies may explain this mechanism and its relation with the establishment
of viral persistence.

Previous reports have shown that the levels of sCD163 can be increased as a result of tissue
damage during acute infection with highly pathogenic viruses, such as the African swine fever virus
(ASFV) [39,40]. In addition, increased IFN-γ levels have also been found as part of the cytokine storm
phenomenon responsible for the pathogenesis of ASFV [39–41]. In agreement with the haemorrhagic
lesions and levels of viral replication found in foetuses infected with the high virulence CSFV Margarita
strain, it is likely that the increase of IFN-γ and sCD163 may be associated with the exacerbated immune
response in the host after infection, leading to cellular homeostasis imbalance and tissue damage.

Taken together, our results show that the infecting CSFV strain capacity for viral replication
influences its efficacy for trans-placental transmission and the establishment of persistent infection.
Likewise, the CSFV strain with a moderate virulence degree proved to be very efficient in generating
CSFV congenital persistent infection following trans-placental transmission. Our results indicate
that trans-placental infection took place very fast before the neutralising antibody response could be
generated in sows. Therefore, vaccines against CSFV indicated for pregnant sows must induce fast
and strong immunity to guarantee the viral protection of their offspring against this type of infection.

On the other hand, the foetal immune system is able to recognise the virus and generate immune
response after trans-placental infection. Further studies are needed to elucidate the mechanisms by
which the specific immune response against CSFV is being impaired, following the initial recognition
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of the pathogen. To the best of our knowledge, this is the first report showing the foetal immune
response after CSFV infection.

4. Materials and Methods

4.1. Cells and Viruses

Production of the viral strains was carried out by infecting susceptible cells with viral suspensions
in 2% pestivirus-free foetal bovine serum using the porcine kidney cell line PK-15 (ATCC CCL 33,
Middlesex, England), cultured in Eagle’s minimum essential medium supplemented with 5% foetal
calf serum. Following the infection, cells were incubated at 37 °C in 5% CO2, and after 72 h, the
virus was harvested. Peroxidase-linked assay (PLA) [42] was used for viral titration following the
statistical methods described by Reed and Muench [43]. The CSFV PdR and the Margarita strains, both
belonging to the 1.4 subgenotype [44,45], have been characterised as low and high virulence strains,
respectively [20,21]. The Cat01 strain, which belongs to subgenotype 2.3, was selected as a moderate
virulence prototype [22].

4.2. Experimental Design

Six pregnant sows (Landrace) of 68 days of gestation, from a commercial farm, were housed in the
biosafety level 3 (BSL3) animal facility at CReSA (Barcelona, Spain). The animals were purchased from
pestivirus-free farms, and they were also checked for antibodies against CSFV before arriving at the
CReSA facilities. Animals were numbered from one to six and distributed in three groups (from A to
C), each group in a separate box with standard facilities for pregnant sows. In accordance with the
previously established methodology to evaluate the capacity of CSFV for trans-placental transmission,
two sows were included in each experimental group [24,46]. After five days of acclimatisation period
(74 days of gestation), Sows 1 and 2 (Group A) were inoculated with the CSFV Margarita strain, Sows 3
and 4 (Group B) with the PdR strain and Sows 5 and 6 (Group C) with the Cat01 strain. The viral dose
for all the inocula was 105 TCID 50 per animal, and the inoculation was carried out by intramuscular
injection in the neck [22,24,47]. After infection, a trained veterinarian recorded clinical signs daily in a
blinded manner. Two experiments were carried out, Experiment 1 included Groups A and B, while
Experiment 2 included the Group C sows.

In Experiment 1 of the trial, serum and nasal and rectal swab samples were collected on the day of
infection and at 4, 8, 14, and 22 dpi, which corresponded with days 74, 78, 82, 88 and 96 of gestation,
respectively. At this time, the sows were euthanised, following the accepted procedures accordingly
with the European Directive 2010/63/EU. Whole blood in EDTA was obtained in the day of infection
and before euthanasia for ex vivo collection of PBMCs. After necropsy, tissue samples from tonsil
and Peyer’s patch were collected [24]. In parallel, the foetuses from all gilts were obtained, following
procedures previously described to avoid foetal distress [24,48]. All foetuses were subjected to an
exhaustive necropsy in which the presence of macroscopic lesions in different organs was evaluated [49].
Sera and whole blood samples and tissues (tonsil, spleen, and thymus) were collected from 13 foetuses
per each sow.

In Experiment 2, sera samples were collected on the day of infection and at 7, 14, 21, and 28 dpi
(days 81, 87, 95, and 102 of pregnancy, respectively). At farrowing, rectal swabs were collected from all
piglets. Sows were kept with their litters for 21 days, and, after removal of the sow, piglets were fed an
age-appropriate diet (StartRite, Cargill, Spain) until the end of the trial. The handling of the piglets
was performed following previously described protocols [11].

Serum and nasal and rectal swabs were collected from piglets at 7, 15, 23, 27, and 32 dpb. At this
time, whole blood samples were collected and piglets were euthanised following procedures according
to the European Directive, using a pentobarbital overdose of 60–100 mg/kg of weight, administered
via the jugular vein. In addition, sows and piglets were euthanised before the end of the trial if they
presented clinical signs compatible with severe CSF or exhibited prostration behaviour, in accordance
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with previous studies [22]. The experiment was approved by the Ethics Committee for Animal
Experiments of the Autonomous University of Barcelona (UAB), according to existing Spanish and
European regulations.

4.3. Detection of CSFV RNA

The NucleoSpin RNA isolation kit (Macherey-Nagel, Düren, Germany) was used in order to
extract RNA from sera and nasal and rectal swab samples, as well as from organ samples, following
the protocol provided by the manufacturer. In all cases, a final volume of 50 μL of RNA was extracted
from an initial sample volume of 150 μL. The detection of viral RNA was carried out by a previously
described RT-qPCR assay [18], validated in our laboratory for the detection of CSFV RNA in sera,
nasal, and rectal swabs and tissue samples [11,22]. Samples were considered positive when the Ct
values were equal to or less than 42. In addition, using the Ct value, samples were determined to have
either high (Ct value below 23), moderate (between 23 and 28), or low (Ct value above 28) CSFV RNA
load, as previously described [23,50]. Samples in which fluorescence was undetectable (Undet) were
considered negative.

4.4. Determination of E2-Specific and Neutralising Antibodies

CSFV E2-specific antibodies were evaluated in sera from sows, foetuses, and piglets, using a
commercial ELISA kit (IDEXX Laboratories, Liebfeld, Switzerland). Positive results were considered
when the blocking percentage was≥40%, following the manufacturer’s recommendations. Additionally,
neutralising antibodies against the respective infecting strain were determined using an NPLA assay [19];
thus, animals from Groups A, B, and C were evaluated for neutralising antibodies against the Margarita,
PdR, and Cat01 strain, respectively. The neutralising antibody titres were expressed as the reciprocal
dilution of serum that neutralised 100 TCID of 50% of the culture replicates.

4.5. IFN-α ELISA Test in Serum Samples

IFN-α concentration was determined in sera from foetuses and sows from Groups A and B,
as well as piglets from Group C at 7 and 15 dpb, using a previously described in-house ELISA
test [11,51]. Briefly, plates were coated overnight with an anti-IFN-α monoclonal antibody (K9 clone,
PBL Biomedical Laboratories, Piscataway, New Jersey, USA). After washing, 50 μl of serum samples
and serial dilutions of IFN-α recombinant protein (PBL Biomedical Laboratories) were plated by
duplicate and incubated for 1 hour at 37 ºC. Afterwards, plates were washed, and a biotinylated
anti-IFN-α antibody was added (F17 clone, PBL Biomedical Laboratories). Following an incubation
of 1 hour at 37 ◦C, the plates were washed, and streptavidin-HRP was added. Finally, after a 30
minute incubation, 3,3′,5,5′-tetramethylbenzidine (TMB) was used for revealing the technique, using
H2SO4 1N as a stop solution. Plates were read at 450 nm, and cytokine concentrations (units/ml) were
determined using a regression line built with the optical densities of the cytokine standards used in
the test.

4.6. ELISA Detection of IFN-γ and sCD163

IFN-γ and sCD163 were analysed in sera from foetuses and sows from Groups A and B. Commercial
ELISA test was used for detection of IFN-γ (IFN-γ ELISA Kit, Porcine, Life Technologies), following the
manufacturer’s instructions and the results were expressed as picograms per millilitre (pg/ml). Finally,
a formerly described ELISA using lysates from CD163 transfected CHO cells as standard was used
to quantify sCD163 [39,52]. Results were expressed as the equivalent numbers of CD163-transfected
CHO cells (ENC).
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4.7. PBMCs Collection and Flow Cytometry Assay

PBMCs were obtained from whole blood collected at the time of necropsy from three animals
of each group in Experiments 1 and 2 of the trial, previously characterised by RT-qPCR. Cells were
separated by density-gradient centrifugation with Histopaque 1077 (Sigma-Aldrich St. Louis, MO,
USA), followed by osmotic shock in order to eliminate the remaining red blood cells. The number and
viability of the PBMCs were determined by staining with Trypan Blue [21]. Additionally, thymocytes
were obtained from three uninfected foetuses, and whole blood samples were also collected from three
uninfected foetuses and piglets at the same time of gestation/days after birth as the foetuses from
Experiment 1 or the piglets from Experiment 2, respectively.

The phenotypic profile of PBMCs from foetuses and piglets was evaluated by flow cytometry.
Single staining was performed using the mAbs to porcine CD4 (74-12-4, IgG2b) Alexa Fluor 647
conjugate (BD Biosciences), and CD8-α (76-2-11, IgG2a) FITC-labelled (BD Biosciences, Franklin Lakes,
NJ, USA).

The staining protocols were performed as previously described [11,12]. After staining, cells were
filtered and passed in the cytometer (FACSAria IIu, BD Biosciences), with 10,000 cell events being
recorded for each sample. The cells were analysed by FACSDiva software, version 6.1.2 and the
results were expressed as the percentage of positive cells obtained for each staining, using irrelevant
isotype-matched mAbs as staining controls.
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Abstract: In Jeju island of South Korea, a classical swine fever (CSF) non-vaccinated region, many pig
farmers insisted on abortion and stillbirth in pregnant sows and high mortality of suckling/weaning
piglets by circulating CSF virus from 2014 to 2018. We investigated whether CSF viruses isolated from
pigs in Jeju Island (Jeju LOM) have recovered their pathogenicity by conducting experiments using
pregnant sows and specific pathogen-free (SPF) pigs. The CSF modified live LOM vaccine (MLV-LOM)
and Jeju LOM strains induced abortion and stillbirth in pregnant sows. Viral antigens were detected
in the organs of fetuses and stillborn piglets in the absence of specific pathological lesions associated
with the virulent CSF virus in both groups (MLV-LOM and Jeju LOM strain). However, antigen was
detected in one newborn piglet from a sow inoculated with a Jeju LOM strain, suggesting that it may
cause persistent infections in pigs. SPF pigs inoculated with the MLV-LOM or Jeju LOM strains were
asymptomatic, but virus antigen was detected in several organ and blood samples. Virus shedding
in both groups of animals was not detected in the feces or saliva until 21 days post inoculation.
The serum concentration of the three major cytokines, IFN-α, TNF-α, and IL-10, known to be related
to lymphocytopenia, were similar in both groups when the MLV-LOM or Jeju LOM strains were
inoculated into SPF pigs. In conclusion, Jeju LOM strains exhibited most of the characteristics of the
MLV-LOM in pigs and resulted in the same adverse effects as the MLV-LOM strain.

Keywords: CSFV; pathogenicity; MLV-LOM; SPF pig; Jeju LOM strain

1. Introduction

Classical swine fever virus (CSFV) is a small, enveloped virus with a positive-stranded RNA genome
of approximately 12.5 kb in size and contains a single, large, open reading frame that encodes a 3898
amino acid (aa) polyprotein [1]. Classical swine fever (CSF) is a devastating disease, causing substantial
economic losses through the death of valuable livestock. Major outbreak of CSF is now rare, but sporadic
epizootic incidents still occur frequently, causing chronic, atypical forms of the disease. Virulent CSFV
enters the host through the mucous membranes of the oral and nasal cavities, known to infect tonsil
cells and then spread into whole body using the circulation (blood and lymph) systems [2]. When CSFV
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infects pregnant sows, vertical transmission to the fetus was reported, which means CSFV may infect
the fetus via passing placental barrier and the affected fetus may carry persistent infection (PI) [2].
CSFV-infected sows, depending on the gestation stage, show mild clinical signs whereas infection may
result in mummification or absorption of fetuses and ends pregnancy with abortions or stillbirth [3–7].

Acute CSFV infection may result in high fever, leukopenia, thrombocytopenia, and hemorrhages
in various organs [8]. CSFV also caused multiple pathological lesions such as enlarged lymph nodes,
hemorrhages, and petechiae on the serosal and mucosal surfaces of many organs including the
lungs, kidneys, intestines, and urinary bladder [8]. Previous reports showed that acute CSF infection
induces a so-called cytokine storm by aberrant levels of type I interferon (IFN) and proinflammatory
mediators [8,9]. It has been shown that lymphocyte depletion is related to a strong IFN-α response [9]
and lymphocytopenia is closely associated with interleukin IL-1α, IL-6, and tumor necrosis factor
TNF-α responses [10]. Chronic CSFV infection known to cause pathological changes including atrophy
of the thymus, depletion of the lymphoid organs, necrosis, and ulceration of the small intestine,
colon, and ileocecal valve [8]. These clinical signs and lesions were also caused by many other swine
pathogens [8]. Various non-specific clinical signs and lesions among animals may be due to the host
factor and the virulence of the CSFV strain. In addition, age, breed and immune status of each animal
often play a role in the outcome of disease [11–13].

Use of a CSF-modified live LOM (Low virulence strain of Miyagi) vaccine (MLV-LOM) in pigs
in Korea since 1974 was shown to result in adverse effects, such as abortion and stillbirth, in naïve
pregnant sows that had not produced CSF antibody [14]. When the MLV-LOM was inoculated into
piglets already infected with immunosuppressive pathogens, the MLV-LOM induced vaccine-specific
antibodies without any adverse effects. [15]. However, the MLV-LOM remained in the pigs’ bodies
for a longer time, reflecting the possibility that virus shedding and transmission might occur [15].
A previous report showed that oral administration of the MLV-LOM can induce immunity in pigs. [16].

The Korean government maintains a MLV-LOM policy for CSF control on the mainland but not
on Jeju Island, where the MLV-LOM vaccine has not been used since 2000 [17]. In 2014, pregnant sows
on 20 Jeju Island pig farms were inoculated to commercial swine erysipelas vaccine mixed with the
MLV-LOM [17]. Administration of the vaccine was stopped immediately, but between 2015 and 2018,
pigs on an additional 91 farms were found to have been transmitted to the virus [17]. Jeju farmers
and some pig disease experts insisted on abortion and stillbirth of pregnant sows and high mortality
of suckling/weaning piglets by Jeju LOM strain [17]. Therefore, the safety of the MLV-LOM was
questioned and its reversion to pathogenicity suspected.

The main purpose of this study was to determine whether the Jeju LOM strains on Jeju Island
exhibited pathogenic properties when inoculated into pregnant sows and specific pathogen-free (SPF)
pigs. We also analyze the causes of MLV-LOM strain influx and spread in CSF non-vaccinated area.

2. Results

2.1. Viral Antigen Detection in Pregnant Pigs 3 Weeks Post Inoculation

One (no. 37-5952) of three pregnant sows in group 1 was autopsied three weeks post inoculation
(wpi) with strain JJ16LOM-YJK08 (Jeju LOM), and CSFV RNA was detected in the tonsils by qRT-PCR.
In addition, 17/20 (85%) fetuses of the same pregnant sow were positive for CSFV RNA by qRT-PCR
(Table 1). CSFV RNA was detected in the heart of a pregnant sow (no. 51-2104) in group 2, which was
inoculated with strain JJ16LOM-YYM02 (Jeju LOM), and 9/14 (64%) fetuses were CSFV RNA positive
(Table 1). In a pregnant sow (no. LI-5534) in group 3, inoculated with strain 16LOM-KM00 (MLV-LOM),
a tonsil sample was CSFV RNA positive, and 7/9 (78%) fetuses were positive for the CSFV RNA
(Table 1). No histologic preparations of the three pregnant sows revealed lesions associated with CSF.
Pathologic examination of the internal organs of 43 fetuses from the three sows showed no specific
lesions, and no viral antigen was detected by the immunohistochemical (IHC) assay.
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2.2. Pathogenicity in Pregnant Pigs and Their Piglets

In group 1, inoculated with strain JJ16LOM-YJK08 (Jeju LOM), and group 2, inoculated with strain
JJ16LOM-YYM02 (Jeju LOM), the total number of fetuses produced was 23 and 32, respectively. In
group 1, nine fetuses were mummified, 13 were stillborn, and one was a live birth; in group 2, 11 were
mummified, 15 were stillborn, and six were live births. The crown–rump (C-R) length range of fetuses
was 5.0–28.5 cm for group 1 and 6.5–30.0 cm for group 2 (Table 2). The total number of fetuses in
group 3 inoculated with strain 16LOM-KM00 (MLV-LOM) were 13, of which 12 were mummified
and one was a live birth. The C-R length of fetuses ranged from 11.5 to 28 cm (Table 2). CSFV RNA
detection in fetuses was 20/23 (86.9%) for group 1, 23/32 (71.8%) for group 2, and 12/13 (92.3%) for
group 3 samples by qRT-PCR (Table 2). When strains JJ16LOM-YJK08 and JJ16LOM-YYM02 were used
as inocula, CSFV RNA was detected in all samples (13/13 and 15/15, respectively) from stillborn fetuses,
and all 12 mummified fetuses in group 3 contained CSFV RNA (Table 2). In addition, one out of eight
live piglets tested from all groups (1–3) was CSFV RNA positive in organ samples (Table 2).

One weak-born piglet and one still-born fetus delivered from sow no. 34-5053 in group 1 exhibited
necrosis, hemorrhage, severe vacuolation, and perivascular cuffing in the white matter of cerebellum,
and one fetus also exhibited severe myocardial necrosis in the heart (Figure 1A,C). Three piglets from
sow no. 62-0093 in group 2 were identified as non-suppurative encephalitis with hemorrhage and
mineral deposition in the white matter of in the cerebellum. However, no specific lesions were observed
in fetuses in the other groups (3 and 4). By IHC staining, viral antigens were detected in the internal
organs group 1 weak born piglet and stillborn fetus (Figure 1B,D) and in the heart of one stillborn
group 2 fetus. Seroconversions for CSF neutralizing antibodies in pregnant pigs were on average 7 log

2 for group 1, 6.5 log 2 for group 2, and 7 log 2 for group 3, when measured 3 wpi, and 7 log 2, 9.5 log 2,
and 10 log 2 at delivery, respectively.

 
Figure 1. Severe vacuolation in the white matter of cerebellum of a weak born piglet (A); severe
myocardial necrosis in the heart of a weak born piglet (C); and expression of LOM antigens in cerebellum
(B) and heart (D) (A and C: H & E, × 200) and (B and D: IHC, × 200).
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2.3. Pathogenicity in SPF Pigs

The rectal temperatures of 22 SPF pigs did not exceed 40 ◦C until 14 days post inoculation
(Figure 2A). CSF neutralizing antibodies for SPF pigs at 14 days post inoculation (dpi) were on
average 5.9 log 2 for group 1 inoculated with strain JJ16LOM-YJK08 (Jeju LOM), 6.4 log 2 for group
2 inoculated with strain JJ16LOM-YJK08-F (Jeju LOM), and 6.0 log 2 for group 3 inoculated with
strain 16LOM-KO00 (MLV-LOM) (Figure 2B). In all groups, the neutralizing antibody titers showed
a significant seroconversion (p < 0.05) when compared with uninoculated control group 4 at 14 dpi
(Figure 2B). Virus-inoculated and uninoculated SPF pigs gained average weights of 2.02, 1.96, 2.22,
and 2.45 kg in groups 1, 2, 3, and 4, respectively, during the observation period (14 days; Figure 2C).
White blood cell (WBC) counts in the SPF pigs in groups 1, 2, 3, and 4 decreased to averages of 7142,
6300, 9868, and 13,400/μl at 4 dpi, respectively (Figure 2D). At 4 dpi, 6/10 SPF pigs (60%) in group 1
and 5/5 pigs (100%) in group 2 showed symptoms of temporary leukopenia (Figure 2D).

Figure 2. Changes in rectal temperature, neutralization antibodies, bodyweights, and white blood cell
counts of specific pathogen-free pigs inoculated with the JJ16LOM-YJK08 in G1, JJ16LOM-YJK-F in
G2, and 16LOM-KO00 in G3. Rectal temperature (A), neutralization antibodies (B), bodyweight (C),
and white blood cells (D). Bars represent the mean ± standard error (SE) during animal experiment
period. * p < 0.05 compared with neutralization antibody values among groups at 14 dpi (B).
Below dotted line indicate leukopenia (D).

2.4. Histopathogenic Lesions and Virus Shedding in SPF Pigs

For group 1 SPF pigs, CSFV RNA was detected in 6/10 (60%) blood samples at 7 dpi, 8/10 (80%) at
10 dpi, and 3/10 (30%) at 14 dpi by qRT-PCR (Table 3). For group 2 pigs, CSFV RNA was detected in
4/5 (80%) blood samples at 7 dpi, 5/5 (100%) at 10 dpi, and 2/5 (40%) at 14 dpi. For group 3 SPF pigs,
CSFV RNA was detected in only 2/5 (40%) blood samples tested at 10 dpi (Table 3). However, CSFV RNA
was not detected in the saliva or feces of any of the SPF pigs tested (Table 3).
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Table 3. Detection of classical swine fever virus (CSFV) RNA in specific pathogen-free (SPF) pigs
inoculated with the MLV-LOM or Jeju LOM strains.

Group Inoculum
Strain

No. of SPF
Pigs

Sample
No. of CSFV RNA Positive Pigs/No. of Pigs Tested

* DPI0 DPI2 DPI4 DPI7 DPI10 DPI14

G1 JJ16LOM-YJK08 10
Blood 0/10 0/10 0/10 ** 6/10 8/10 3/10

Nasal 0/10 0/10 0/10 0/10 0/10 0/10

Rectal 0/10 0/10 0/10 0/10 0/10 0/10

G2 JJ16LOM-YJK08-F 5
Blood 0/5 0/5 0/5 4/5 5/5 2/5

Nasal 0/5 0/5 0/5 0/5 0/5 0/5

Rectal 0/5 0/5 0/5 0/5 0/5 0/5

G3 16LOM-KM00 5
Blood 0/5 0/5 0/5 0/5 2/5 0/5

Nasal 0/5 0/5 0/5 0/5 0/5 0/5

Rectal 0/5 0/5 0/5 0/5 0/5 0/5

G4 Control 2
Blood 0/2 0/2 0/2 0/2 0/2 0/2

Nasal 0/2 0/2 0/2 0/2 0/2 0/2

Rectal 0/2 0/2 0/2 0/2 0/2 0/2

* DPI: days post-inoculation. ** CSFV RNA positive SPF pigs by the qRT-PCR.

By IHC staining, viral antigens were detected within the organs of 10 group 1 SPF pigs, specifically
in 7/10 (70%) tonsil, 1/10 (10%) spleen, 1/10 (10%) ileum, and 2/10 (20%) submandibular lymph node
samples (Figure 3, Table 4). In addition, SPF pigs in group 2 were positive in 3/5 (60%) tonsil samples
only, while samples from group 3 SPF pigs contained antigens in all samples, i.e., 5/5 (100%) tonsil
samples, 2/5 (40%) spleen samples, and 1/5 (20%) ileum sample (Table 4).

 
Figure 3. Immunohistochemical (IHC) results in SPF pigs. LOM antigens in the cryptal epithelium of
tonsil (A) and solitary mono-nuclear cells in lymph node (B). Magnification × 200.
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2.5. Cytokine Concentrations in SPF Pigs Inoculated with the MLV-LOM and Jeju LOM Strains

The concentrations of IFN-α in sera were similar in SPF pigs in groups 1 (JJ16LOM-YJK08) and 3
(16LOM-KO11) at 4 dpi, but the concentration was higher in group 1 pigs at 7 dpi (Figure 4A). IL-10
was higher in group 1(JJ16LOM-YJK08) and 2 (JJ16LOM-YJK08-F) SPF pigs (Figure 4B) at 7 dpi. In
addition, IL-1β concentrations were higher at 2 dpi in group 2 SPF pigs than in other groups (Figure 4C).
The remaining cytokines (TNF-α, IL-6, IL-8, IL-12p40, IFNγ, and IL-4) showed no significant differences
during the observation period between SPF pigs inoculated with the three strains (JJ16LOM-YJK08,
JJ16LOM-YJK08-F, and 16LOM-KO11) (Figures 4D and 5A–E).

Figure 4. Cytokine concentrations in serum of SPF pigs over time post-infection. IFN-α (A), IL-10 (B),
IL-1β (C), and TNF-α (D). Results are presented as mean ± standard deviation (SD) between 0 dpi and
14 dpi. Mock group is marked as the white column. G1 (JJ16LOM-YJK08), G2 (JJ16LOM-YJK08-F),
and G3 (16LOM-KO11) are marked light grey, dark grey, and black, respectively. * p < 0.05 (A).
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(A) (B) (C) 

  

 

(D) (E)  

Figure 5. Cytokine levels in post-infection sera in SPF pigs. IL-6 (A), IL-8 (B), IL-12p40 (C), IFN-γ
(D), and IL-4 (E). Results are presented as mean ± standard deviation (SD) between 0 dpi and 14 dpi.
Mock group is marked as a white column. G1 (JJ16LOM-YJK08), G2 (JJ16LOM-YJK08-F), and G3
(16LOM-KO11) are marked light grey, dark grey, and black, respectively.

3. Discussion

The immunogenicity of the CSF MLV-LOM in pregnant sows was found to be excellent,
but it was detected in some organs of their fetuses and sows, thus confirming that the MLV-LOM
can pass through the placenta and infect fetuses [14]. In addition, the occurrence of stillborn or
mummified fetuses suggests that the MLV-LOM may retain some pathogenicity in gestating pigs [14].
Interestingly, our results showed that the overall prevalence of infected fetuses was higher (92.3%) with
the MLV-LOM than with the Jeju LOM strains (71.8–86.9%) isolated from Jeju Island. Histopathological
examination revealed degeneration and necrosis of myocytes in the heart. Non-suppurative encephalitis
and multifocal mineralizations in the brain only occurred in 9.1% (5/55) of fetuses delivered from
sows inoculated with Jeju Island isolates. In addition, viral antigens were detected by the IHC test in
5.5% (3/55) of fetuses. One live piglet delivered from a sow inoculated with strain JJ16LOM-YJK08
exhibited severe vacuolar change with perivascular cuffing in cerebellum and myocardial degeneration,
and a large amount of antigen was expressed in internal parenchymal organs. If the piglet had not
been autopsied, it would have remained persistently infected and act as a carrier, steadily releasing
the antigen. It has been shown that CSF infection occurs between 50 and 70 days of pregnancy,
an immunotolerance phenomenon can be induced, and persistently infected offspring are born [3–7].
These piglets were healthy and survive for several months but die due to late onset form of CSF and
they also shed high viral loads, which are enough for transmission to other pigs [3–7]. Recent studies
have suggested that persistent infection can occur when newborn piglets are infected within the first 8
h of life, or even up to 48 h after birth [18,19].

In a previous report from 1990, safety tests with SPF pigs were conducted for the LOM-850 strain
(the original MLV-LOM) and the LOM-suri strain cloned from LOM-850 [20]. Gross findings in SPF
pigs inoculated with both strains were not observed, but all the groups showed mild lesions in the
lymph nodes and bladder [20]. At necropsy, 10 days after vaccination, the redness of the lymph nodes
was decreased, and bladder bleeding ceased [20]. In addition, IHC assay on SPF pigs at 21 days
after vaccination were normal. Overall, gross and pathological findings decreased with time after
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vaccination and returned to normal at 21 days after vaccination [20]. In this study, we observed no
specific clinical symptoms related to CSF in the pathogenicity tests on SPF pigs during the experimental
period. However, CSFV RNA was detected in lymphoid organs such as tonsils, lymph nodes, spleen,
and ileum, and showed a tendency to decrease in tissues with time post inoculation when assessed by
qRT-PCR. When samples of SPF pig lymphoid organs were tested using the IHC stain, no lesions of
lymphoid depletion, which are known to be characteristic of virulent CSFV infections, were observed.
There was no specific high-temperature reaction in SPF pigs observed in this study, but transient
leucopenia was observed in SPF pigs inoculated with strain JJ16LOM-JYK08 or JJ16LOM-JYK08-F at
4 dpi. However, the average WBC levels for these groups were 7142 and 6300/μ1, which were not very
low, and later, the WBC levels recovered.

Lymphocytopenia was well known as one of the typical characteristics of CSFV infections [8,21–23].
In general, lymphocytopenia, as well as blood coagulation disorder, are considered to be related
to the upregulation of inflammatory cytokines, chemokines, and adhesion factors [24,25]. IFN-α is
known to be involved in the induction of lymphocytopenia [9,10], and IL-10 is also known to related
to general immunosuppression [26,27]. The concentration of IFN-α was highest at 4 dpi after strain
LOM16-KO00 and JJ16LOM-YJK08 inoculation, but the difference between the two was not significant.
The concentration of IL-10 at 7 dpi was higher in SPF pigs inoculated with strain JJ16LOM-YJK08
or JJ16LOM-YJK08-F than in those inoculated with LOM16-KO00. The recent study showed that
TNF-α and IFN-α expressions in the sera of pigs infected with a moderately virulent CSFV increased,
whereas concentrations in pigs following inoculation of the vaccine C-strain remained normal [28].
Generally, TNF-α is believed to be involved in the inflammatory response [28]. It has been also
shown that an increase in TNF-α or IFN-α may induce the inflammatory response or apoptosis of
lymphocytes after virulent CSFV infection [28]. In addition, TNF-α has been considered, alongside
IL-1, IL-6, and IL-4, to be responsible for, among others, apoptosis in immune system cells, such
as macrophages [10,29,30] and dendritic cells in lymphoid organs [27]. Several previous reports
revealed that the increased expression of IL-8 after infection, without elucidation of its direct role
in CSFV pathogenesis [24,25,31]. Our results suggest that TNF-α, IL-4, IL-6, and IL-8 showed no
difference during the observation period between the three strains (JJ16LOM-YJK08, JJ16LOM-YJK08-F,
and 16LOM-KO11).

Cytokine concentrations were at their maximum 2–3 days earlier in pigs infected with CSFV
strains of moderate and high virulence when compared with those infected with a strain of low
virulence [28]. These findings suggest that the C-strain vaccine virus replicates very slowly in some
tissues, including tonsils, and therefore escape recognition by host antiviral responses. This slow virus
(CSF vaccine strain) replication may have resulted in avoiding the untimely over-expression of IFNs
and proinflammatory cytokines, and so indirectly protect immune cells and organs [28]. Based on
previous suggestions, we assume that the MLV-LOM strain may share similarities with the C-strain
vaccine virus because they are both live attenuated vaccine strains. In conclusion, the CSFV Jeju LOM
strains showed no pathogenicity in SPF pigs but exhibited similarly to the MLV-LOM. The Jeju LOM
strains produced similar adverse effects in the fetuses of pregnant sows to those of the MLV-LOM.
Therefore, we suggest that the Jeju LOM strains are not pathogenic revertants of the MLV-LOM.
Our epidemiologic results for CSFV (Jeju LOM) outbreak in Jeju from 2014 to 2018 indicated five major
factors that may cause severe damage by Jeju LOM strain in Jeju pig farms of CSF non-vaccinated area.
First, inoculation of MLV-LOM strain in pregnant sow (contraindication to vaccination policy); second,
no stamping out for first Jeju LOM inoculated pregnant sow and their offspring suckling piglets; third,
failure to clean and disinfect feces containing Jeju LOM strain in the pig farms; fourth, failure of
disease prevention between slaughterhouse and pig farm; fifth, quarantine failure between mainland
(South Korea) and Jeju island. Therefore, the MLV-LOM strain including Jeju LOM strain should never
be inoculated in pregnant pigs without anti-CSF antibody. We suggest that MLV-LOM should be
replaced quickly with CSF live marker vaccine with excellent safety and efficacy as a government CSF
preventive policy.
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4. Materials and Methods

4.1. Strains, Neutralization Antibody, IHC, and qRT-PCR

The MLV-LOM used was strain 16LOM-KM00. Three Jeju LOM isolates from Jeju Island were
designated as strains JJ16LOM-YJK08, JJ16LOM-YJK08-F, and JJ16LOM-YYM02 [17]. A serum
neutralization peroxidase-linked antibody (NPLA) assay to detect anti-CSFV antibody and a CSFV
qRT-PCR and IHC to detect CSF antigen were analyzed using pig samples (serum and tissue) according
to the previous paper [17].

4.2. Pregnant Pigs Inoculated with MLV-LOM and Jeju LOM Strains

Ten pregnant sows (64–67 days of gestation) were divided into three groups, and were inoculated
with strain JJ16LOM-YJK08 (Jeju LOM) in group 1 (n = 3), strain JJ16LOM-YYM02 (Jeju LOM) in group
2 (n = 3), and strain 16LOM-KO00 (MLV-LOM) in group 3 (n = 3) with 103.5 TCID50/dose. Group 4
(n = 1) served as an uninoculated negative control. For groups 1–3, one pregnant sow from each
group was autopsied at 3 wpi, and the remaining sows and their offspring piglets were autopsied
after delivery. To investigate the presence of neutralizing antibodies, a NPLA was performed on the
serum of sows collected before inoculation, 3 wpi, and at delivery (7 wpi). At 3 wpi, autopsies of
pregnant sows and fetuses were tested for signs of CSF. At delivery, all piglets were examined for
farrowing and the presence of antigen in their fetuses. The organs of their piglets were subjected to
pathologic analysis.

4.3. SPF Pigs Inoculated with the MLV-LOM and Jeju LOM Strains

Twenty-two SPF pigs (on average 45–50 days old) were purchased from Optifarm company
(Osong, Korea) and divided into four groups to allow comparison of the relative pathogenicity of the Jeju
LOM and MLV-LOM. Group 1 animals (n = 10) were inoculated with strain JJ16LOM-YJK08 (Jeju LOM).
Those in group 2 (n = 5) were inoculated with strain JJ16LOM-YJK-F (Jeju LOM). Those in group 3
(n = 5) were inoculated with a commercial vaccine strain (16LOM-KO00) (MLV-LOM), and group
4 pigs (n = 2) were mock as a negative uninoculated control. Clinical symptoms in SPF pigs were
observed daily. Blood, saliva, and fecal swab samples were taken, and weight and temperature checks
were performed before inoculation and at 2, 4, 7, 10, and 14 dpi for virus detection, leukocyte counts,
weight and temperature changes, and seroconversion. At 14 dpi, five SPF pigs in group 1, five in group
3, and one in group 4 were autopsied to test for the presence of viruses within organs by qRT-PCR and
IHC assays, and to note any lesions in tissues. The remaining SPF pigs were autopsied and collected
samples (blood, saliva, and fecal) at 21 dpi.

4.4. Multiplex Immunoassay for SPF Pigs

The porcine cytokine and chemokine 9-plex Porcine ProcartaPlexTM Panel 1 (ThermoFisher
Scientific, Cat no. EPX090-60829-901) was used to detect nine cytokines and chemokines (IFN-α,
IFN-γ, TNF-α, IL-1β, IL-4, IL-6, IL-8, IL-10, and IL-12p40) in the sera from SPF pigs inoculated
with MLV-LOM (16LOM-KO11) and Jeju LOM strains (JJ16LOM-YJK08 and JJ16LOM-YJK08-F).
ProcartaPlex immunoassays are based on the principles of a sandwich ELISA, using two highly specific
antibodies binding to different epitopes of one protein to quantitate all protein targets simultaneously
using Luminex® 200TM (Luminex Co., TX, USA). In brief, serum fractions from blood collected
in EDTA-containing tubes were obtained after centrifugation at 1000× g for 10 min at 20–25 ◦C.
Magnetic beads were vortex-mixed for 30 s, 50 μl of the beads was added to each well, and then
pig-specific universal assay buffer and sample were each added in 25 μl volumes to the wells. The plates
were shaken at room temperature (RT) for 30 min, overnight at 4 ◦C in the dark, and then at RT for a
further 30 min. Beads were then washed twice. Detection Antibody mix (25 μl) was added to the beads,
and the beads were incubated with shaking at RT for 30 min and then washed twice. Streptavidin-PE
(50 μl) was then added, and the beads were incubated with shaking at RT for 30 min and washed
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twice. Reading buffer (120 μl) was added, and incubation continued with shaking at RT for 5 min.
The samples were read on Luminex® 200TM (Luminex Co., TX, USA).

4.5. Statistical Analysis

The data was analyzed by one-way ANOVA, which was followed by Tukey’s multiple-comparison
test using GraphPad Prism software (version 6.0). Results in groups are expressed as mean ± standard
error (SE) and significant difference (p < 0.05) are indicated by an asterisk.
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Abstract: There has been a rapid increase in the number of classical swine fever (CSF) sero-positive
wild boars captured near the demilitarized zone (DMZ), located the border with North Korea.
In 2015–2016, few CSFV-positive antibody boars were detected; however, the number has increased
steeply since 2017. Most occurred in the northern region of Gyeonggi before spreading slowly to
Gangwon (west to east) in 2018–2019. Multi-distance spatial cluster analysis provided an indirect
estimate of the time taken for CSFV to spread among wild boars: 46.7, 2.6, and 2.49 days/km.
The average CSF serum neutralization antibody titer was 4–10 (log 2), and CSFV Ab B-ELISA PI
values ranged from 65.5 to 111.5, regardless of the age and sex of wild boars. Full genome analysis
revealed that 16 CSFV strains isolated from wild boars between 2017 and 2019 were identical to
the YC16CS strain (sub-genotype 2.1d) isolated from an outbreak in breeding pigs near the border
with North Korea in 2016. The rapid increase in CSF in wild boars may be due to a continuously
circulating infection within hub area and increased population density. The distribution pattern of
CSFV in Korean wild boars moves from west to southeast, affected by external factors, including
small-scale hunting, geographical features and highways.

Keywords: CSFV; wild boar; antibody; transmission; E2

1. Introduction

Classical swine fever virus (CSFV) is a single-stranded RNA virus belonging to the genus pestivirus
(family, Flaviviridae). Classical swine fever (CSF) is one of the most important viral diseases affecting
domestic pigs and wild boars [1]. Wild boars are as susceptible to CSFV as domestic pigs; therefore,
eradication of CSF from wild boars is of epidemiologic value because it can prevent spread among
domestic animals [2]. In Germany, 59% of CSF cases in domestic pigs from 1993 to 1998 were transmitted
by direct or indirect contact with wild boars [3]. Over the last decades, several European Union (EU)
member states (including Germany, France, and Slovakia) were confronted with outbreaks among
wild boar; these outbreaks had a clear tendency to establish endemicity [4,5]. Following EU legislation,
surveillance was implemented to ensure that CSFV is not circulating and spreading within wild-boar
populations. At the beginning of a CSF outbreak, the antibody prevalence within a population is far
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below 5%, and it can be several months until the threshold of 5% is reached [5,6]. A previous study
suggests that a higher incidence of CSF among wild boars in a particular region is closely related to
the population density [7]. A high density of wild boars, particularly young wild boars, drives CSF
outbreaks [7]. Recently, CSF have been reported in Gifu Prefecture, affecting domestic pigs and wild
boars since September 2019 in Japan [8,9]. The current circulating CSFV in Japan was identified
moderate pathogenicity and most closely matched in nucleotide identity, with CSFVs recently isolated
in China and Mongolia [8]. A space–time permutation analysis in Japan showed virus transmission
spread (10.3 and 4.9 days/km) among wild boars in two significant clusters [9]. After overlaying of
a map of habitat quality, approximately 82% and 75% of CSF notifications in two clusters were found
in the areas with potential contact between pigs and wild boars [9]. Monitoring of CSF in 5620 Korean
wild boars captured between 2010 and 2014 identified only seven animals with CSFV and 23 animals
with CSFV antibodies [10]. CSFV (YC16CS strain) isolated from an outbreak in breeding pigs in the
north of Gyeonggi in 2016 shows a high genetic similarity and the same sub-genotype (2.1d) as the
CSFV (CW17WB) strain isolated from wild boars in 2017 [11]. The risk of CSFV transmission from
wild boars to breeding pigs is clear [11]. Therefore, we attempted to identify the reasons underlying
the rapid spread of CSF infection among wild boars to guide development of prevention measures.

2. Results

2.1. CSF Antibody Prevalence According to Province

Korean wild boars captured between 2016 and 2019 comprised 40.2% females, 48.2% males, and
11.6% unknown. Of these, 4.7% (132/2799) of females, 3.6% (123/3362) of males, and 2.3% (19/809) of
unknown animals were positive for CSFV antibodies (Table 1). With respect to age, 34.2% (2387/6970) of
captured boars were under 1 year old, and 39.7% (2771/6970) were 1–2 years old (Table 1). In addition,
2.1% (51/2387) of boars under 1 year old, 4.9% (136/2771) aged 1–2 years old, 6.1% (36/583) aged
2–3 years old, 8.6% (22/255) aged 3–4 years old, 4.2% (5/119) aged over 4 years, and 2.8% (24/855) of
indeterminate age were positive for CSFV antibodies (Table 1). The CSF sero-positive rates in Gyeonggi
(GG) increased continuously over the years: from 1.6% (5/302) in 2016 to 4.6% (6/129) in 2017, 9.2%
(9/97) in 2018, and 14.3% (65/453) in 2019, as did the rates in Gangwon (GW) (from 0.6% (1/148) in 2016
to 4.7% (12/251) in 2017, 16.5% (33/200) in 2018, and 21.2% (129/608) in 2019) (Table 2). The number of
CSF sero-positive wild boars of GW region in 2018 and 2019 was significantly different (p < 0.01 for
2018 and p < 0.001 for 2019), compared to that of other regions (Gyeongnam, Gyeongbuk, Jennam,
Jenbuk, Chungnam, Chungbuk, Jeju, and Unknown), using two-way analysis of variance (ANOVA)
with Bonferroni posttest (Table 2).

Table 1. CSF sero-positive, gender, and age of wild boars captured from 2016 to 2019.

Year
No. of APa

/No. of
CWBb

Gender Age (Months)

Male Female UKc 0–12 13–24 25–36 37–48 48–70 UKc

2016 7/1683 2/584 1/417 4/682 0/369 3/499 0/88 0/26 0/19 4/682

2017 20/1670 9/912 11/757 0/1 3/630 16/762 0/171 0/70 1/36 0/1

2018 47/1320 28/740 19/580 0/0 14/479 23/608 4/138 6/64 0/31 0/0

2019 200/2297 84/1126 101/1045 15/126 34/909 94/902 32/186 16/95 4/33 20/172

Total 3.9 d

(274/ 6970)

3.6
(123/
3362)

4.7
(132/
2799)

2.3
(19/
809)

2.1 (51/
2387)

4.9
(136/
2771)

6.1
(36/
583)

8.6 (22/
255)

4.2
(5/ 119)

2.8
(24/
855)

Numbers in parenthesis denote CSF antibody-positive animals. APa: antibody positive. CWBb: captured wild boar.
UKc: unknown. dPositive percentage (%) (No. of antibody positive/No. of wild boars tested).
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Table 2. CSF sero-positive and region in which wild boars were captured from 2016 to 2019.

Year
No. of APa

/No. of
CWBb

Percentage (%) for Region (No. of Antibody Positive/No. of Wild Boars Tested)

GW GG GN GB JN JB CN CB JJ UKc

2016 7/1683 0.6
(1/148)

1.6
(5/302)

0
(0/334)

0
(0/410)

0
(0/71)

0
(0/59)

0.3
(1/261)

0
(0/96)

0
(0/2)

0
(0/0)

2017 20/1670 4.7
(12/251)

4.6
(6/129)

0.5
(1/195)

0.3
(1/301)

0
(0/189)

0
(0/112)

0
(0/221)

0
(0/270)

0
(0/0)

0
(0/2)

2018 47/1320 16.5d

(33/200)
9.2

(9/97)
0.5

(1/196)
0.8

(2/237)
0

(0/150)
0

(0/97)
0

(0/172)
1.3

(2/149)
0

(0/22)
0

(0/0)

2019 200/2297 21.2e

(129/608)
14.3f

(65/453)
0.3

(1/292)
0.3

(1/275)
1.4

(1/69)
0

(0/71)
0.3

(1/289)
0.9

(2/203)
0

(0/37)
0

(0/0)

GW: Gangwon; GG: Gyeonggi; GN: Gyeongnam; GB, Gyeongbuk; JN: Jennam; JB: Jenbuk; CN: Chungnam; CB:
Chungbuk; JJ: Jeju. Numbers in parentheses denote CSF antibody-positive animals. APa: antibody positive. CWBb:
captured wild boar. UKc: unknown. dp < 0.01 and ep < 0.001: CSF sero-positive of GW region in 2018 and 2019 was
compared with other regions (GN, GB, JN, JB, CN, CB, JJ, and UK) in 2018 and 2019. fp < 0.05: CSF sero-positive of
GG region in 2019 was compared with other regions (GN, GB, JN, JB, CN, CB, JJ, and UK) in 2019.

2.2. Genetic Analysis of CSFVs Isolated from Wild Boars

Between 2017 and 2019, we isolated 16 CSFV strains from Korean wild boars: three (NYJ17WB01,
NYJ17WB02, and CW17WB) in 2017, two (YW18WB and IJ18WB) in 2018, and 11 (HC19WB, CC19WB01,
IJ19WB01, IJ19WB02, IJ19WB03, DH19WB01, PC19WB01, HC19WB02, HC19WB03, YP19WB02, and
YP19WB03) in 2019. Phylogenetic analysis revealed that all strains belonged to sub-genotype 2.1d
(Figure 1). The mean time of the most recent common ancestor (tMRCA) for the Korean wild-boar
CSFV strains was estimated to be 26.231 years ago (95% highest posterior density (HPD) interval,
22.1806–17.6393), with an effective sample size (ESS) of 276.3935 on the maximum clade credibility
(MCC) tree. The clock rate (×10−4 substitutions/site/year) was 6.19, with a 95% HPD interval of
5.2898–7.2025 (Figure 1). Genetic Analysis of the complete genomes of the 16 Korean strains isolated in
2017–2019 revealed 99.2%–99.5% identity. Analysis of complete E2 sequences among the 16 strains
revealed 98.4%–99.3% identity at the nucleotide (nt) level and 98.1%–99.5% identity at the amino acid
(aa) level. The 16 strains isolated in 2017–2019 were 95.3%–96.3% (nt) and 97.3%–98.7% (aa), similar
to the complete E2 gene of the YC11WB strain isolated from Korean wild boars in 2011; however,
they were 98.6%–99.8% (nt) and 98.9%–100% (aa), similar to the YC16CS strain isolated in 2016 from
Korean domestic pigs (Yeoncheon region).
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Figure 1. Phylogenetic analysis of the complete E2 gene sequence of 16 CSFV strains isolated from
Korean wild boars (2017–2019). Complete E2 gene sequences (n = 197) were obtained from the
NCBI GenBank database. Each dataset was simulated by using the following options: generation =
100,000,000; burn-in, 10%; and ESSs > 200. The confidence of the phylogenetic analysis-based timescale
by factor (1.0) is represented by the numbers above the nodes representing branch length (time).
Eighteen CSFV strains isolated from Korean wild boars (2011–2019) and two CSFV strains isolated
from domestic pigs (2003 and 2016) are marked by red and blue boxes, respectively.
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2.3. Space–Time Clusters

Space–time permutation analysis identified three significant space–time clusters (p < 0.05) across
South Korea (Table 3 and Figure 2A,C–E). Cluster I was in an area located in the northern part of
country (Pocheon), with a radius of 3.87 km in which five CSF sero-positive wild boars were captured
from 30th September 2017 to 29th March 2018 (Table 3 and Figure 2C). Two pig farms raise 1420 pigs
in Cluster I. Cluster II, about 4.45 km southeast from Cluster I, the 22 CSF antibody-positive cases
were detected within a 23.05 km (Gapyeong and Chuncheon) radius from 1st March 2019 to 29th
April 2019 (Table 3 and Figure 2D). The 103 pig farms raise 119,346 pigs in Cluster II. Cluster III,
which lies east of Cluster II, had a radius of 24.49 km (Hongcheon); 34 CSF sero-positive cases were
captured here from 30th December 2018 to 28th February 2019 (Table 3 and Figure 2E). The 49 pig
farms raise 54,690 pigs in Cluster III. Multi-distance spatial cluster analysis of the three Cluster regions
estimated that the transmission time for CSFV among wild boars was about 46.7 days/km for cluster I,
2.6 days/km for Cluster II, and 2.49 days/km for Cluster III. Areas harboring boars with high CSFV
antibody titers were also examined by using space–time permutation analysis (aggregate unit: one
month). The data revealed one significant space–time cluster (p < 0.05); from 11th January 2017 to 31th
October 2019, 107 cases were identified with high CSFV antibody titers within a 55.15 km (Cluster IV)
radius (Figure 2A,F). The mean titer inside and outside log2 transformation of the Cluster IV were 6.94
and 7.99 log2, respectively, and standard deviation is 1.62 log2. The 395 pig farms raise 641,541 pigs
in Cluster IV. Total of pig farms in Gangwon (n = 264) and Gyeonggi (n = 1249) is 1513 (Figure 2B).
The number of pigs is approximately 485,875 in Gangwon and 1,913,234 in Gyeonggi, respectively.
CSF antigen- and antibody-positive wild boars by year (2016–2019) were gradually expanded from
west to east (Figure 3A). CSFV-infected wild boars are predicted to move along the mountain range
(Figure 3B,C).

Table 3. Spatiotemporal cluster analysis of CSF antibody distribution in captured Korean wild boars.
Aggregate unit: one month.

Spatiotemporal Cluster Analysis of CSF Antibody
Distribution

Cluster I II III

Observed notifications 5 22 34
Expected notifications 0.35 6.84 11.59

Duration (days) 181 60 61
Start date 30/11/2017 01/03/2019 30/12/2018
End date 29/05/2018 29/04/2019 28/02/2019

Radius (km) 3.87 23.05 24.49
p-value 0.038 0.0018 <0.001
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Figure 2. Space–time cluster analysis of CSF antibody-positive cases and antibody titers in wild boars.
Positions of four clusters on the Korea map (A). Positions of pig farms (dark dot) and of CSF antibody
(blue dot) and CSF antigen (red star) from captured wild boars between 2016 and 2019 (B). Space–time
cluster analysis of CSF sero-positive wild boars was conducted, using SaTScan software (version 9.6),
with the minimum time aggregation set as one month. Three clusters are marked with black circles
(C: cluster I, D: cluster II, and E: cluster III). Space–time cluster analysis of CSF antibody titers was
conducted by using data from the cluster IV marked with a black circle (F). Images (C,D, E,F) are
marked dark dot (pig farm) and blue dot (CSF sero-positive wild boar). The nine regions (A) were as
follows: GW: Gangwon; GG: Gyeonggi; GN: Gyeongnam; GB, Gyeongbu; JN: Jennam; JB: Jenbuk; CN:
Chungnam; CB: Chungbuk; and JJ: Jeju.
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Figure 3. Predicted movements of CSFV-infected wild boars. Sites of capture of CSF antigen- and
antibody-positive wild boars by year (2016–2019) are marked by a red star and blue circle, respectively
(A). Expected routes and highways are marked by wild-boar pictures and blue lines (B). On the map of
Korea, consecutive high mountains are marked by green lines (C).

2.4. Relationship among CSF Sero-Positive and Age

From January 2016 to December 2019, 274 wild boars were confirmed as CSF sero-positive
(Figure 4). Age and antibody titer (calculated from the serum neutralization antibody test and CSFV
AB B-ELISA results) of CSFV-positive wild boars showed a close relationship (Figure 4). PI values for
all antibody-positive wild boars ranged from 65.5 to 111.5 in the antibody ELISA and from 4 to 10 log2

in the serum neutralization antibody test (Figure 4). In boars aged < 5 months, the SN titer ranged
from 6 to 7 log2, and that in wild boars aged 60 months ranged to 9.5 log2 (Figure 4).

Figure 4. Relationship between CSF sero-positive and wild-boar age. CSFV antibodies were measured
by PI value (≥ 40% positive and < 40% negative), using the CSFV Ab B-ELISA (black line) and titers
(log2), using the serum neutralization antibody test (red line). Data are expressed as the mean ± SD
(standard deviation).
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3. Discussion

To investigate the increase of CSF among wild boars in Korea, we mainly used CSF antibody
detection and consider that CSF sero-positive wild boars as CSFV affected animal. Two CSF sero-positive
wild boars were identified in wild boars from the Pocheon region, in the second half of 2016; since
then, the number of positive cases has increased rapidly, spreading from east to west, between 2017
and 2019. The temporal clustering of CSF infection in wild boars is consistent with animal movements
during the mating and breeding seasons, mainly late autumn and early spring (i.e., November and
March); this period involved increased contact between susceptible animals and infected hosts. In
addition, the radius of spatial–temporal clusters is heavily influenced by habitat fragmentation caused
by roads, railways, and pipelines [12]. The average CSF transmission time per km in Cluster I (Pocheon)
was 46.7 days, compared with 2.6 days for Cluster II (Gapyeong and Chuncheon) and 2.49 days for
Cluster III (Hongcheon). The differences are thought to be due to differences in wild-boar population
density. The population density of wild boars in Pocheon increased sharply from 0.8 in 2016 to 3.9
in 2017, after which the density in neighboring Gapyeong to the east increased from 1.1 in 2017 to
5.3 in 2018, and that in Chuncheon increased from 3.3 in 2017 to 6.7 in 2018 [13]. As the number
of wild boars within a certain habitat increased, CSF spread could be predicted indirectly based on
animal movements. Paju, Yeoncheon, and Cheorwon are adjacent to the demilitarized zone (DMZ),
meaning that North Korean wildlife can cross into these areas over the mountain range. Pocheon,
which lies just below these three regions, is a good wild-boar habitat and can act as a reservoir of
CSFV. The first CSF antigens were detected in wild boars from Yeoncheon and Pocheon in 2011; since
then, antibody-positive cases have been detected continuously within the area [10]. Interestingly, the
CSFV strain (YC16CS) isolated from a breeding pig farm in Yeoncheon in 2016 is genetically identical
to the 16 CSFV strains isolated from wild boars in 2017–2019 [11]. This suggested that CSFV could
be infected mutually between wild boars and breeding pigs [11]. The risk of spreading CSF from
wild boars to breeding pigs is much higher west region because more pig farms were present inside
Cluster II (west), rather than Cluster III, in the east region in this study. Generally, pig farms are
more concentrated in Northern Gyeonggi Province (Paju, Yeoncheon, Pocheon, etc.) than in Gangwon
province. Nevertheless, pig farms are also distributed in Hongcheon (Cluster III) and Chuncheon
(east of Cluster II), and the risk of spread from wild boars to breeding pigs was present. In Japan,
directional distribution of CSF notifications from September 2018 to June 2019 showed movement
toward the northeast direction [9]. The 16 CSFVs from Korean wild boars spread from west to east
between 2017 and 2019, and CSF sero-positive wild boars also showed similar pattern (west to east).
Interestingly, of the 18 CSFV strains belonging to sub-genotype 2.1d detected since 2011, the two strains
(YC11WB and PC11WB) identified in 2011 were slightly different from the 16 strains isolated between
2017 and 2019 [11]. This may be due to genetic mutations caused by self-circulating infection among
Korean wild boars over six years; however, it could be due to the crossing of other strains from North
Korea into the DMZ. A previous study suggested that the persistence of CSFV infection among wild
boars is due to a combination of virus characteristics (e.g., pathogenicity) and the size of the wild-boar
population [2]. It was known that, a small population (less than 2000) of wild boars would promote
self-limit on the spread of CSFV within one year, whereas CSFV tends to persist and become endemic
for years, in larger populations [7].

In September 2019, in South Korea, African swine fever virus (ASFV) was endemic in breeding
pigs; the cause of the disease was believed to be wild boars [14]. For CSFV, South Korean experts
also confirmed that the virus had spread from North Korean wild boars that had crossed the DMZ.
To control transmission of ASF from wild boars, the wire fences running west to east were installed
close to the DMZ, to prevent wild boars from crossing over. Between these two sets of wire fences,
large-scale hunting was carried out, using firearms. As a result, 306 cases of ASFV were identified,
with cases moving along the DMZ from west to east [14]. Because the Korean government began
a large-scale hunting policy at the end of 2019, to control wild boars and reduce the risk of ASF, we
expect that the number of CSFV antigen- and antibody-positive cases in 2020 will be less than that in
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2019; this will tell us whether mass wild-boar hunting is an effective control measure for CSFV. The
biggest obstacle to large-scale hunting in Korea is the inability to hunt in national parks. National
parks have the possibility to act as uncontrolled disease reservoirs; therefore, controlling disease with
different strategies, such as the installation of a protective fence in national parks, should be considered.

The effectiveness of using the hunting policy to control the disease spread was still controversial.
Several reports suggested that hunting wild boars has reduced CSF occurrence [6,15]. In 1997, CSF
was detected in wild boars in Northern Italy; therefore, the governments of Italy and Switzerland
began a joint program to capture wild boars, leading to a marked reduction in the incidence
CSF [6]. CSF sero-positive rates in these regions fell sharply, from 42.2% to 8.8%, suggesting no
CSFV transmission between wild boars [6]. However, a recent study suggested that intensifying
hunting or erecting fences has not been adequate for preventing disease spread or persistence [16]
and also suggested that oral mass vaccine (OMV) has proved to be effective in maintaining herd
immunity and achieving CSF control and it is the only available method for CSF eradication in large
forested areas [16]. The European Food Safety Authority (EFSA) suggests that the reduction of the
wild-boar population (targeted hunting of female wild boar) and carcass removal to stop the spread
of ASFV in the wild-boar population are more effective when applied preventively in the infected
area [17]. In order to decrease the spread of CSF among wild boars in Korea, we already try to
reduce the wild-boar population by large-scale hunting policy and can install a fence to delay the
transmission of CSF. In addition, CSF bait vaccine to maintain herd immunity will be sprayed in
Gangwon and Gyenggi province from 2020. The CSF bait vaccine with DIVA function was developed
to base the Flc-LOM-BErns vaccine strain [18]. Baiting of wild boars with the Flc-LOM-BErns vaccine
will induce production of anti-CSF E2 antibodies and anti-BVDV Erns antibodies simultaneously, but no
anti-CSF Erns antibodies [18], which make differential diagnosis of vaccinated animal from wild-type
CSFV-infected animal.

After CSFV spread from west to east, we expected it to descend south along the mountains.
We did not observe southward spread in 2018, although it did spread gradually in 2019. We suspect
that the main reason for this spread pattern is physical obstacles, e.g., major roads crossing from west to
east. The information obtained from wild-boar CSFV-surveillance studies will help to predict the path
of spread in wild boars and protect domestic pig farms from CSFV. Moreover, studying the pattern of
CSF occurrence in wild boars will be a valuable guide to predicting the route and direction of ASFV
spread to the south from the nearby DMZ.

In conclusion, a rapid increase of CSF sero-positive in Korean wild boars may result from the
circulating infections and increased population density within the hub area. In addition, the distribution
of the CSFV in wild boars gradually spread from the west to the southeast and was affected by obstacles,
such as small-scale hunting, geographical features, highways, and wire fences.

4. Materials and Methods

4.1. Sample Collection, RT-PCR, and Phylogenetic Analysis

From 2010, wild boars were hunted in co-operation with the Korean Pork Producers Association
and the Korean government, to satisfy the OIE requirements for surveillance of wild boars and
feral pigs in CSF-free countries. Blood samples were collected from 6970 wild boars hunted in nine
provinces (Gangwon, Gyeonggi, Gyeongnam, Gyeongbuk, Jennam, Jenbuk, Chungnam, Chungbuk,
and Jeju), in South Korea, between February 2016 and November 2019 (Table 1). Blood was collected in
heparinized tubes. Total RNA was extracted by using a micro-column-based RNeasy Mini kit (Qiagen,
CA, USA). The RT-PCR conditions and specific primers used to amplify the complete E2 gene have
been reported previously [11,19]. Complete E2 gene sequences for CSFVs were obtained from the
NCBI GenBank database and aligned by using the CLUSTAL X alignment program. A BEAST input
file was then generated, using BEAUti within the BEAST package v1.8.1 [20]. Rates of nucleotide
substitution per site and per year, and the tMRCA, were estimated by using a Bayesian MCMC
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approach. The exponential clock and expansion growth population model in the BEAST program was
used to obtain the best-fit evolutionary model, and the MCC tree was visualized by using Figtree
1.4 [21].

4.2. Spatiotemporal Cluster Analysis

Space–time permutation scan statistics [22] were calculated retrospectively, to identify the presence
of space–time clusters for geographical localities in which CSFV antibodies were detected in wild boars
(Sus scrofa); there were 274 sites from 1st January 2016 to 31th December 2019. Space–time cluster
analysis was conducted by using SaTScan software version 9.6 (Kulldor, Boston, MA, USA), with the
minimum time aggregation set at 1 month (accounting for the minimum duration of CSFV antibody
persistence), a maximum spatial cluster size set as 50% of the population at risk, and a maximum
spatial cluster size set as 50% of the total study period [9]. Test statistics were calculated for 999 Monte
Carlo replications, to identify candidate clusters with statistical significance (p = 0.05).

4.3. CSFV Ab B-ELISA and SN Tests

Serum samples from wild boars were tested in a CSFV E2 Antibody ELISA. The CSFV Ab B-ELISA
(BioNote Co. Cat. No. EB4413PO, Korea) is a competition ELISA designed to detect the E2 protein;
however, it also provides a PI value (≥40% positive and <40% negative). Serum neutralization (SN)
tests based on a neutralizing peroxidase-linked assay (NPLA) were performed to detect CSFV-specific
neutralizing antibodies. Briefly, PK-15 cells inoculated with CSFV were incubated for 72 h, at 37 ◦C/5%
CO2, with serum samples (serially diluted 2-fold). PK-15 cells were fixed in prechilled 80% acetone
and then reacted with a 3B6 monoclonal antibody specific for CSFV E2 3B6 (Median Diagnostics Co.,
South Korea). PK-15 cells were then stained, using a VECTOR kit (Vector Laboratories, Burlingame,
CA, USA), biotinylated anti-mouse IgG (H+L) (Cat. No. BA-9200), ABC solution (Cat. No. PK-4000),
and a DAB peroxidase substrate (Cat. No. SK-4100). Staining was observed under a microscope.

4.4. Statistical Analysis

All statistical analyses were performed by using GraphPad Prism software, version 6.0,
for Windows. Data were analyzed by using two-way analysis of variance (ANOVA) with
Bonferroni posttest.
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Abstract: Classical swine fever (CSF) is a highly contagious viral disease of pigs, including wild
boar. It is regarded as one of the major problems in the pig industry as it is still endemic in many
regions of the world and has the potential to cause devastating epidemics, particularly in countries
free of the disease. Rapid and reliable diagnosis is of utmost importance in the control of CSF. Since
clinical presentations of CSF are highly variable and may be confused with other viral diseases in
pigs, laboratory diagnosis is indispensable for an unambiguous diagnosis. On an international level,
well-established diagnostic tests of CSF such as virus isolation, fluorescent antibody test (FAT), antigen
capture antibody enzyme-linked immunosorbent assay (ELISA), reverse-transcription polymerase
chain reaction (RT-PCR), virus neutralization test (VNT), and antibody ELISA have been described in
detail in the OIE Terrestrial Manual. However, improved CSF diagnostic methods or alternatives
based on modern technologies have been developed in recent years. This review thus presents recent
advances in the diagnosis of CSF and future perspectives.

Keywords: classical swine fever; laboratory diagnosis; technologies; future perspectives

1. Introduction

Classical swine fever (CSF), a list-A disease classified by the World Organization for Animal Health
(OIE), is considered as a transboundary animal disease by the Food and Agriculture Organization of the
United Nations (FAO) [1]. The disease causes high morbidity and mortality in both feral and domestic
pigs and can result in significant economic losses to the swine industry worldwide [2]. Currently,
it is present in many countries in Asia, the Caribbean islands, Africa, and South and Central America
(Figure 1). It is most likely to be introduced to CSF-free countries through inadvertent or deliberate
importation of classical swine fever virus (CSFV) infected animals, animal products, and animal
feed [2,3].

Classical swine fever virus (CSFV) is the etiologic agent of CSF and belongs to the genus Pestivirus
in the Flaviviridae family [4]. The genome of CSFV is a positive single-strand RNA of about 12.3 kb.
It contains untranslated regions at 5′ and 3′ ends and a single large open reading frame (ORF). The ORF
codes four structural (C, Erns, E1, and E2) and eight nonstructural viral proteins (Npro, p7, NS2,
NS3, NS4A, NS4B, NS5A, and NS5B) [5,6]. Based on the nucleotide sequences of 5′-non-translated
region (5′-NTR) and glycoprotein E2, CSFVs are divided into three genotypes and 11 sub-genotypes
(1.1–1.4, 2.1–2.3, and 3.1–3.4) [7–9]. As reported, CSFV genotype 2.1 and genotype 2.3 caused the more
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recent outbreaks in Europe [10]. Sub-genotypes 1.1, 2.1, 2.2, and 2.3 are prevalent in Asia [11], while
sub-genotypes 3.1-3.4 are distributed in other separated geographic regions [1,12–14].

 

Figure 1. Global distribution of classical swine fever (CSF) epidemics, 2020. Map based on data from
CABI Invasive Species Compendium. Wallingford, UK: CAB International. Available online: www.
cabi.org/isc (accessed on 05292020). In addition, we also incorporated the most current CSF epidemic
information (disease present in Japan and Romania) from OIE, 2020. https://www.oie.int/animal-
health-in-the-world/official-disease-status/classical-swine-fever/map-of-csf-official-status/ Names of
countries with CSF are given in the map.

Traditional diagnostics for CSF include clinical signs, pathological findings, and antigen and
antibody detection [15]. Although unique clinical and pathological observations such as “button”
ulcers in the cecum and large intestine mucosa may be found exclusively in CSF, other clinical signs and
pathological findings in pigs infected with CSFV are highly variable and are often similar to that of other
viral diseases of pigs, such as African swine fever, pseudorabies, porcine dermatitis, and nephropathy
syndrome (PDNS), post-weaning multisystemic wasting syndrome (PMWS), thrombocytopenic
purpura, and various septicemic conditions [16]. Thus, laboratory diagnosis of CSF for detection of the
specific CSFV antigen and antibody is indispensable [15,16]. The well-established diagnostic methods
of CSF such as virus isolation, fluorescent antibody test (FAT), antigen capture antibody enzyme-linked
immunosorbent assay (ELISA), reverse-transcription polymerase chain reaction (RT-PCR), virus
neutralization test (VNT), and antibody ELISA (Table 1) have been widely used and well described in
the OIE Terrestrial Manual [17]. Recently developed techniques and alternatives have made significant
improvements in several key components of CSF diagnosis, including less sample and reagents
required, less effort and time needed, increased detection efficiency (multiplexing), ease of performing
and disposal, automation, and point of care (POC). This review provides an updated overview on
laboratory diagnosis of CSF and future perspectives.
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Table 1. Well-established CSF diagnostic methods and their application.

Method Application Advantages Disadvantages

Virus Isolation

Confirmation of clinical cases; Making
virus collections; May be used for
individual animal freedom from

infection prior to movement

“reference standard"; Very
sensitive; Indicates active

infection

Work intensive and
time consuming;

Requires specialized
microscope and

expertise

FAT 1 Confirmation of clinical cases
Quick and direct

visualization of antigens in
tissue

Requires specialized
equipment, expertise,
and confirmatory test

Antigen-capture
ELISA 2

Population infection-free status; May be
used for confirmation of clinical cases

Fast, does not require
specialized equipment and
suitable for herd screening

Low sensitivity;
Cross-reactivity with

other Pestiviruses

RT-PCR 3

Confirmation of clinical cases;
Prevalence of infection surveillance;

May be used for population or
individual animal freedom from

infection prior to movement

Fast, sensitive, and specific

Specialized equipment;
Possibility for false

negative results due to
sample degradation

VNT 4

Individual animal infection-free status
prior to movement; Prevalence of

infection-surveillance; Immune status in
individual animals or populations
post-vaccination; Confirmation of

clinical cases; May be used for
population freedom from infection

Gold standard for
sensitivity and specificity

Work intensive and
time consuming;

Requires specialized
microscope and

expertise

Antibody
ELISA

Population freedom from infection;
Individual animal freedom from

infection prior to movement; Prevalence
of infection-surveillance; Immune status

in individual animals or populations
post-vaccination

Fast, does not require
specialized equipment and
suitable for herd screening

Cross-reactivity with
other Pestiviruses

Note: Table adapted from Table 1 in 2019 OIE Terrestrial Manual [17]; 1 Fluorescent antibody test; 2 Enzyme-linked
immunosorbent assay; 3 Reverse-transcription polymerase chain reaction; 4 Virus neutralization test.

2. Antigen Detection

2.1. Virus Isolation

Virus isolation in cell culture is the oldest laboratory technique for detecting CSFV. Porcine
kidney cell lines (PK-15 and SK-6) are often used for isolation of CSFV [17]. However, the use of
other porcine cells including swine primary cells (pulmonary alveolar macrophages and peripheral
blood mononuclear cells) may enhance the chances of obtaining different CSFVs with different growth
characteristics. Since CSFV does not cause a cytopathic effect (CPE), the growth of CSFV in the cells is
usually visualized by using immunological technologies with fluorescent or horseradish peroxidase
(HRF)-conjugated antibodies [17–19].

The cell culture, virus propagation, and staining are labor intensive and time-consuming (weeks).
In addition, skilled and experienced personnel and adequate facilities are needed for cell culture,
handling CSFVs and accurate interpretation of the CPE. These disadvantages make virus isolation less
attractive for mass surveillance or rapid diagnosis. However, virus isolation is still considered the
“gold standard” for confirming CSF clinical cases and the only method for making virus collections
(Table 1).

2.2. Fluorescence Antibody Test (FAT)

FAT is the commonly used staining method for CSFV detection. It utilizes fluorescein isothiocyanate
(FITC) labeled antibodies to detect CSFV proteins in the slices of cryostat (frozen) tissues or fixed cells.
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Anti-CSFV gamma-globulins prepared from specific pathogen-free pigs are recommended to be used.
These globulins can ensure that most variant CSFVs will be captured. The differentiation of CSFV from
other pestiviruses in FAT positive samples, especially bovine viral diarrhea virus (BVDV) and border
disease virus (BDV), can be done using RT-PCR with genetic typing or virus isolation in cell culture
with specific monoclonal antibody (mAb) typing [17,19].

The main advantages of FAT are that it is relatively easy and rapid to perform and allows direct
visualization of the CSFVs in stained tissues. Therefore, it is useful for a first laboratory investigation
in suspected clinical cases (Table 1). Several FITC conjugated anti-CSFV antibodies (polyclonal or
monoclonal) for FAT are commercially available for research purposes, such as those from Creative
Diagnostics, Bioss Inc., Biorbyt LLC, and so on. However, FAT requires highly specialized equipment
(i.e., fluorescent microscope) and immunohistochemical staining expertise. It is only recommended to
be used in laboratories that have the expertise of performing this technique. The novel ViewRNA in
situ hybridization method can detect CSFV RNA directly in infected cells [20]. Using RNA in an in situ
hybridization method and specific probes of CSFV RNA, the relative location of CSFV RNA can be
visualized in PK15 cells. The sensitivity of this method was three to four orders of magnitude higher
than that of FAT. The specificity experiment showed that it was highly specific for CSFV (sub-genotypes
1.1, 2.1, 2.2, and 2.3) and without cross-reaction with other pestiviruses including BVDV, porcine
parvovirus (PPV), porcine pseudorabies virus (PRV), and porcine circovirus II (PCV-2). This assay has
the potential to be used for testing for CSFV in cells. However, it remains to be determined whether
this method can be used to detect CSFV in swine tissues and it is still expensive and is not commercially
available yet.

2.3. Antigen-Capture ELISA

Antigen-capture ELISA uses anti-CSFV antibodies on an ELISA plate to capture the CSFV
proteins [21]. It has been developed for the rapid screening of large numbers of pigs with clinical
suspicion of CSFV infection [15,17,21–23]. Commercial antigen-capture ELISA kits are available
from several commercial vendors including IDEXX Laboratories, Thermo Fisher Scientific, MEDIAN
Diagnostics, and so on. These kits are double-antibody-sandwich (DAS)-based ELISA for detecting
CSFV E2 or Erns protein in serum, blood, plasma, or tissue extracts (Table 2).

Antigen-capture ELISA is fast (provides results within 4 h), easy to perform, and does not require
specialized equipment. It can be applied at a herd level for confirmation of clinical cases or determining
infection-free population status (Table 1). However, its sensitivity and specificity are lower than most
of the other diagnostics, especially the real-time RT-PCR. It is not recommended for testing individual
animals and has been increasingly discouraged in recent years.
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2.4. Real-Time Reverse Transcription Polymerase Chain Reaction (Real-Time RT-PCR)

Real-time RT-PCR has now replaced the traditional RT-PCR and has become an essential tool
in the routine diagnosis of CSFV [24–26]. It is a suitable approach for confirmation of clinical cases
and prevalence of infection surveillance for CSF (Table 1). Several commercial real-time RT-PCR kits
are available for rapid and specific detection of CSFV RNA, including IDEXX RealPCR CSFV RNA
Mix, virotype® CSFV RT-PCR Kit, CSFV dtec-RT-qPCR Test, ADIAVET™ CSF REAL TIME, CSFV
genesig® Advanced and standard kits, and so on (Table 3). These kits use either SYBR green or TaqMan
probe to detect the accumulation of amplicon during the exponential phase of the reaction, which can
specifically and sensitively test the CSFV in serum, blood, plasma, viral culture, tissue, or swabs.

The disadvantages of real-time RT-PCR are its high cost and complexity due to simultaneous
thermal cycling and fluorescence detection, false positives caused by laboratory contamination from
polluted specimens or equipment, and false negatives caused by PCR inhibitors in the sample or
degraded RNA [27]. The improved real-time RT-PCRs and advanced alternatives have been designed to
help resolve these issues. One-step and automated RT-PCRs can reduce the risk of contamination [27–29].
The primer-probe energy transfer RT-PCR assay provides a higher specificity by analyzing the melting
curve following PCR amplification [30,31]. The loop-mediated isothermal amplification (LAMP) assay
can accumulate the CSFV amplicon under isothermal conditions [32–34]. The functionalized gold
nanoparticles were developed as nanoflare probes for rapid detection of CSFV without nucleic acid
amplification [35].

Multiplex real-time RT-PCR as a powerful technique has expanded exponentially in the diagnosis
of CSF in recent years. It is quite useful and convenient for quick and accurate detection of different
pathogens in mixed infections, which is common in swine production systems. Multiplex RT-PCR
assays for rapid detection and genotyping of CSFVs [36,37], simultaneous detection, and differentiation
of common swine viruses [38–41] have been developed. Additionally, multiplex combined
high-throughput molecular diagnostic platform, user-friendly electronic microarray, magnetoelastic
sensor, and microfluidic detection systems were developed as potential alternatives for detection and
surveillance of CSFV infection [42–46]. These assays can save considerable time and effort without
compromising robustness and sensitivity and can reduce the sample and reagent requirement as well.
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2.5. Next Generation Sequencing (NGS)

Next Generation Sequencing (NGS) is a highly sensitive method for generating sequence data and
exploring the genetic characters of infectious agents. It has been extensively applied to metagenomics
and whole-genome sequencing of infectious viral diseases of livestock [47,48]. By using NGS, researchers
found that there might be a long-term persistence of genotype 2.3 CSFV strains in wild boar in
Germany [49]. By analyzing NGS data of CSFV isolates of varying virulence in infected pigs, higher
quasispecies diversity and more nucleotide variability were found in viral samples from pigs infected
with the highly virulent isolates compared to samples of pigs infected with low and moderately
virulent isolates [50]. Evolutionary changes in virus populations following the challenge of naïve and
vaccinated pigs with the highly virulent CSFV strain were studied using the NGS technology and this
study found that vaccination imposes a strong selective pressure on CSF viruses that subsequently
replicate within the vaccinated animals [51].

The complete genome sequences obtained from NGS can provide detailed genetic information
for construction of reliable phylogenetic relationships of CSFVs for monitoring the evolution and
transmission patterns during field outbreaks or epidemics of CSF. One phylogenetic analysis using
58 CSFV complete genome sequences from different Asian countries indicated that the circulating
Indian CSFV strains belong to different branches of the 1.1 sub-genotype [52]. These data combined
those obtained from other different diagnostic tests can be used for meta-analysis of CSF prevalence,
which is important for the investigation of CSF prevalence in different regions [52].

Currently, most of the NGS platforms are expensive to establish and require highly skilled
molecular biologists and bioinformaticians. The implementation of NGS is still a challenge and cannot
be used as a routine test for disease diagnosis due to cost and the time required [47,48]. However, with
the novel and emerging sequencing technologies, cost-effective, user-friendly, and portable NGS will
be developed and will act as an effective tool for CSF control and prevention.

3. Antibody Detection

3.1. Virus Neutralization Test (VNT)

VNT is the gold standard for sensitivity and specificity of antibody detection methods. It can
be used for confirmation of clinical cases, prevalence of infection surveillance, evaluation of the
immune status post-vaccination, and the efficacy of CSF vaccines (Table 1) [53–55]. However, VNT is
a work-intensive and time-consuming procedure that requires cell culture and a high-containment
laboratory that can handle infectious CSF virus. In addition, it cannot be automated, thus it is not
suitable for mass analysis of samples [14,26,53–55].

More recently, alternatives have been developed to overcome the disadvantages of VNT.
A neutralizing mAb-based competitive ELISA (cELISA) with emphasis on the replacement of VNT for
C-strain post–vaccination monitoring was developed in our group. The test principle of this cELISA
is that the neutralizing mAb can compete with C-strain vaccine induced neutralizing antibodies in
pig serum to bind the capture antigen C-strain E2 protein. The established cELISA showed 100%
sensitivity (95% confidence interval: 94.87 to 100%) and 100% specificity (95% confidence interval:
100 to 100%) when testing C-strain VNT negative pig sera (n = 445) and C-strain VNT positive pig
sera (n = 70) and showed excellent agreement (Kappa = 0.957) with VNT when testing the pig sera
(n = 139) in parallel. The inhibition rate of serum samples in the cELISA is highly correlated with their
titers in VNT (r2 = 0.903, p < 0.001). The C-strain antibody can be tested in pigs as early as 7 days
post vaccination with the cELISA. This cELISA is a reliable, rapid, simple, safe, and cost-effective
tool for sero-monitoring of C-strain vaccination at a population level [56]. In addition, another group
developed a high-throughput VNT by using the recombinant CSFV possessing a small report tag and
luciferase system. As reported, the VNT titers of the serum can be determined tentatively at 2 days
post-infection (dpi) and are comparable to those obtained by conventional VNTs at 3 or 4 dpi. This
system allows CSF virus growth to be easily and rapidly monitored and enabled the rapid and easy
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determination of the VNT titer using a luminometer, which could be a powerful tool to replace the
conventional VNT as a high-throughput antibody test for CSFV infections [57].

3.2. Antibody ELISA

Antibody ELISA is the quickest, easiest, and most widely used technique for serological diagnosis
and epidemiological investigation of CSF. It is suitable for herd or individual animal CSFV infection
screening, prevalence of infection surveillance, and immune status checking in individual animals or
populations post-vaccination (Table 1). The E2 protein is crucial for inducing an immune response
in the host following CSFV infection [58]. Detection of E2 antibodies in the serum of animals is an
easy and reliable method for monitoring CSFV infection during and after outbreaks and for testing
coverage of immunization after vaccination [59–61].

Several commercial CSF antibody ELISA kits are available including those from Biocheck,
Boehringer Ingelheim, Cusabio Technology LLC, IDEXX Laboratories, ID VET, Indical Bioscience,
iNtRON Biotechnology, Median Diagnostics Inc., Thermo Fisher Scientific, and so on. Most of the
commercial kits are indirect, competitive, or blocking ELISAs based on the detection of envelop
glycoprotein E2 specific antibodies (Table 4). Limitations of these antibody ELISAs are lower specificity
(i.e., cross-reactions with BVDV, BDV, and other pestiviruses) and inability to discriminate animals
vaccinated with conventional attenuated vaccines or E2-based subunit vaccines.
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4. Differentiation of Infected from Vaccinated Animals (DIVA) Diagnostic Methods

4.1. Genetic DIVA

The rationale of genetic DIVA (differentiation of infected from vaccinated animals) is the
identification of genetic differences between vaccine strains and wild-type CSFVs. Both traditional
RT-PCR and real-time RT-PCR (single-plex or multiplex)-based CSF genetic DIVA systems have been
developed and evaluated [62–69]. Multiplex nested RT-PCR and real-time RT-PCR assays have been
developed for differential detection of wild-type virus from C-strain vaccine [62–68]. A one-step
RT-PCR using TaqMan minor-groove-binding (MGB) probes was developed to distinguish between
attenuated Korean LOM and wild-type strains of CSFV in Korea [69]. A simple RT-PCR based on
the T-rich insertions in CSFV genome was developed for rapid differentiation of wild-type and at
least three attenuated lapinized vaccine strains [70]. The modified genotype 1.1 (including C-strain)
real-time RT-PCR assay with a real-time RT-PCR assay that detects all known CSFV strains has been
successfully used to distinguish C-strain vaccine from the circulating field strains that do not belong to
genotype 1 [71].

The genetic DIVA approach facilitates a rapid and reliable differentiation of field virus infected
from live attenuated virus vaccinated domestic pigs and wild boars. It is especially useful for detection
of the infected animals that are incompletely protected by vaccination and will play a critical role for
making decisions prior to and during cessation of a control strategy that employs vaccination with
CSF live vaccines.

4.2. Serological DIVA

The ideal serological DIVA test has the ability to discriminate antibodies induced by CSFV infection
from the vaccine-derived antibodies, so it can rule out CSFV infected pigs from vaccinated pigs [72].
This can be obtained by detection of specific antibodies against antigens or epitopes that are modified
or lacking in a subunit or marker vaccine. It has been shown that antibodies to Erns can be used as an
indicator of CSFV infection in pigs and the Erns-based ELISA can be used as a companion diagnostic
test to identify CSFV-infected pigs vaccinated with the E2-based subunit or marker vaccines [73–76].
Currently, two Erns ELISAs are commercially available and have been evaluated as accompanying DIVA
diagnostic tools for E2 subunit vaccines, CP7_E2alf, or similar chimeric vaccines. One is prioCHECK
CSFV Erns (Thermo Fisher Scientific, Waltham, MA, USA); the other is pigtype CSFV Erns Ab (Indical
Bioscience, GMBH, Leipzig, Germany) (Table 4). Published data on their evaluations showed that
prioCHECK CSFV Erns has a sensitivity of 90–98% with sera from CSFV infected domestic pigs and a
specificity of 89–96% with sera from vaccinated domestic pigs [77]. In combination with the marker
vaccine “CP7_E2alf”, pigtype CSFV Erns Ab has a sensitivity of 90.2% and a specificity of 93.8% [78].
However, cross-reactivity with antibodies against other pestiviruses was observed for these two Erns

ELISAs [77,78]. Depending on the represented data, these two Erns ELISAs are recommended to be
used on a herd basis and not for diagnostic analysis on samples of single animals.

Additional approaches or alternatives are undergoing development or further optimization.
These include the multiplex microsphere immunoassay [79], which is capable of discrimination
within epitope-specific antibody populations [80] and the indirect Erns antibody ELISA with Pichia
pastoris-expressed Erns [81]. Recently, our research group successfully generated a mAb against Erns,
which can specifically recognize C-strain, but not react with wild-type CSFVs or other viruses in the
genus Pestivirus. A cELISA was developed in our group based on the strategy that the C-strain-specific
mAb will compete with the C-strain vaccine-induced antibodies in pig serum to bind the capture
antigen (C-strain Erns) [unpublished data]. Different from the CSFV neutralizing monoclonal anti-E2
antibody based cELISA for sero-monitoring of C-strain vaccination at a population level [56], this novel
anti-Erns mAb-based cELISA is a valuable tool for measuring and differentiating immune responses
to C-strain vaccination and/or infection in pigs. The data about the establishment and validation of
this C-strain specific cELISA will be published separately at a later date. In brief, suitable tools for
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serological DIVA are available. However, there is room for improvement, especially with respect to
cross-reactivity issues.

5. Point-of-Care (POC) Diagnostics

User-friendly, cost-effective, rapid, and reliable POC diagnostics (i.e., diagnosis of diseases directly
on-site) are indispensable tools for immediate decisions of effective and evidence-based disease control
strategies [82]. For example, dipstick tests are designed to use thin paper/plastic strips coated with
specific antiviral antibodies to detect viral antigens in serum and other body fluids. Lateral flow
assays (LFA) and microfluidic devices are two different and yet more complex technologies that
are also based on the biochemical interaction of antigen–antibody. The principles for these three
immunochromatographic assays are the same as sandwich ELISA and the major difference between
them is that the immunological reaction is carried out on different platforms for different assays. POC
studies in animal health management are rare compared to human and companion animal medicine.
The immunochromatographic assay-based kits including Antigen Rapid Test Kit (Ring Biotechnology
Co., Ltd., Beijing, China), LiliF™ CSFV antibody rapid test kit (iNtRON Biotechnology, Inc., Gyeonggi,
South Korea), and CSFV Antibodies Rapid Test Kit (Antibodies-online Inc., Limerick, PA, USA) are
commercially available for rapid testing of CSFV antigen or antibodies in the field. Laboratory-based
assays, including the loop-mediated isothermal amplification, combined with a lateral flow dipstick
assay [83], the immunochromatographic strip [84], and duplex lateral flow assay [85] have been
investigated as potential CSF POC tools as well.

POC diagnostics showed advantages in rapidity and portability, which are the most important
parameters considered by farmers and veterinarians [86]. It is foreseeable that as interests and
needs of stakeholders increase and new portable POC technologies emerge, novel and applicable
POC diagnostics will be developed for detection, control, and prevention of CSF in the field in the
near future.

6. Future Perspectives

Although commercial and in-house diagnostics (antigen detection and antibody detection) of
CSF are available, there is still room for improvement. The authors suggest that the following aspects
should be considered: (i) Continuously improving the sensitivity, specificity, costs, speed, automation,
and POC is necessary; (ii) Reference materials (serum bank, virus bank, and non-infectious molecular
standards) should be produced and be accessible for validation of the developed CSF diagnostics;
(iii) The development of DIVA diagnostics without cross-reaction with antibodies induced by other
pestiviruses is critical.

The other emerging infectious diseases, such as the spreading of African swine fever in Asia
and the ongoing pandemic of Coronavirus disease 2019 (COVID-19), may shift focus away from the
CSF [87,88]. However, as long as CSF exists, it will remain a continuous threat to the pig industry
worldwide. Therefore, international cooperation on surveillance and control of CSF becomes even
more crucial, both currently and in the future. Researchers should continue to work on developing
novel rapid and reliable diagnostics to facilitate the surveillance and control of CSF.
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Abstract: Classical swine fever (CSF) is an economically significant, multi-systemic, highly contagious
viral disease of swine world over. The disease is notifiable to the World Organization for Animal
Health (OIE) due to its enormous consequences on porcine health and the pig industry. In India,
the pig population is 9.06 million and contributes around 1.7% of the total livestock population.
The pig industry is not well organized and is mostly concentrated in the eastern and northeastern
states of the country (~40% of the country’s population). Since the first suspected CSF outbreak in
India during 1944, a large number of outbreaks have been reported across the country, and CSF has
acquired an endemic status. As of date, there is a scarcity of comprehensive information on CSF
from India. Therefore, in this review, we undertook a systematic review to compile and evaluate
the prevalence and genetic diversity of the CSF virus situation in the porcine population from India,
targeting particular virus genes sequence analysis, published reports on prevalence, pathology, and
updates on indigenous diagnostics and vaccines. The CSF virus (CSFV) is genetically diverse, and
at least three phylogenetic groups are circulating throughout the world. In India, though genotype
1.1 predominates, recently published reports point toward increasing evidence of co-circulation of
sub-genotype 2.2 followed by 2.1. Sequence identities and phylogenetic analysis of Indian CSFV
reveal high genetic divergence among circulating strains. In the meta-analysis random-effects model,
the estimated overall CSF prevalence was 35.4%, encompassing data from both antigen and antibody
tests, and region-wise sub-group analysis indicated variable incidence from 25% in the southern to
nearly 40% in the central zone, eastern, and northeastern regions. A country-wide immunization
approach, along with other control measures, has been implemented to reduce the disease incidence
and eliminate the virus in time to come.
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1. Introduction

Classical swine fever (CSF), also known as hog cholera or more commonly swine fever, is a
systemic, extremely contagious, and notifiable disease of viral origin affecting domestic and wild pigs [1].
The causative agent, the classical swine fever virus (CSFV), belongs to the genus Pestivirus in the family
Flaviviridae. This genus also contains Bovine viral diarrhea virus (BVDV-1, 2), Border disease virus,
Bungowannah virus, and HoBi-like virus. The disease was first reported in the year 1833 from the state
of Ohio in the United States, and thereafter, the virus was identified in 1904 [2]. The incubation period
in CSF disease varies between 3 and 10 days, and the course of the disease is influenced by the virulence
of the virus and the age of the animals. CSF is characterized by several clinicopathological signs such as
high fever (>40 ◦C), conjunctivitis, respiratory signs, constipation and/or diarrhea, skin hemorrhages,
lethargy, and neurological symptoms like convulsions, clumsy movements, and staggering gait of
infected animals. The disease in pregnant sows manifests abortions, stillbirths, mummified fetuses,
and malformations [3]. CSF can cause high mortalities and morbidities in porcine populations, inflicting
devastating economic losses and severely impacting the socio-economic conditions of pig farmers.
The disease spreads by direct contact between pigs or through contaminated feed (swill feeding) and
water, fomites, farm equipment, transport vehicle, and visitors. Moreover, the disease can also spread
through infected boar semen, artificial insemination, and/or coitus. A characteristic feature of CSFV in
infected pigs is noticeable immuno-suppression, including the depletion/reduction of B-lymphocytes
and T-lymphocytes [4].

Disease outbreaks at regular intervals in endemic geographical regions, as well as preventive
and vaccination costs to combat the virus, have great economic consequences, as the disease impacts
pig breeding, national and international trade of pigs, and pork production. Because the disease has
a tremendous impact on the pig industry, which ultimately affects the economy of both developed
and developing countries, CSF is notifiable to the OIE, the World Organization for Animal Health [5].
Along with informing the higher authorities, there must be some standard procedures on culling
methods of infected pig herds and biosecurity measures for the non-infected herds. The prohibition
of trading of any pork meat products from the CSF endemic country to the disease-free region is an
essential part of the strategy of control. The only effective measure to control/eradicate the disease is by
way of following the vaccination strategy with cell-culture-adapted live attenuated vaccine. To control
the disease, strict biosecurity guidelines and vaccination strategies have been adopted by many CSF
endemic countries as part of control programs. The systematic/disciplined implementation of the
vaccines, along with the coordinated control measures, could result in the eradication/elimination
of the disease from both domestic and wild boar (natural reservoir) population. The CSF vaccine’s
manufacturing relies on the procedures outlined in the OIE Manual of Diagnostic Tests and Vaccines for
Terrestrial Animals, ensuring the production of safe and effective vaccines [6]. The Chinese (C) strain
of the CSFV is a conventionally and frequently used strain for the manufacture of the vaccine globally.
The C-strain-based vaccines are acclaimed highly safe and effective against the disease [7]. Recently,
an indigenous CSFV isolate cell culture-based vaccine has also been developed in India. The CSF is
endemic in the country, and wide variations in its prevalence are noted since its first report in 1944.

In India, the pig population is 9.06 million and shares about 1.7% of the cumulative livestock data
as per the recent livestock census (20th national livestock census). Here, the pig population is mostly
concentrated in the northeastern (NE) states. The average number of pigs per household is around 4.03,
indicating that most of the piggery sector is maintained under a backyard condition. The number of
organized farms maintaining pigs in India is less than 5000, with 100 to 2000 pigs per farm. The recent
20th Livestock Census revealed that 90.27% of the pig population is in rural India and 9.73% of pig
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population is reared in urban settings. The first CSF case in India was reported during 1944 in northern
parts, Uttar Pradesh [8], trailed by outbreaks in West Bengal (eastern parts), and Andhra Pradesh
(southern parts) during 1951 and 1959, respectively. Subsequently, a report on CSF appeared from
central parts of the country, Maharashtra [9].

In this review, we intend to provide a systematic review of the prevalence and genetic diversity of
the CSF virus situation in the porcine population in India, targeting complete virus genome sequence
analysis, published reports on prevalence, pathology, and updates on indigenous diagnostics and
vaccines from an Indian perspective.

2. CSFV Genome and Classification

The CSFV is a member of the genus Pestivirus in the family Flaviviridae [5]. Recently, pestivirus
species are renamed and classified as Pestivirus A to K, like Bovine viral diarrhea virus (BVDV)-1
named as Pestivirus A, BVDV-2 as Pestivirus B, CSFV as Pestivirus C, and so on [10].

The CSFV genome comprises a single-stranded positive-sense RNA, of nearly 12.3 kb in length [11].
The genomic RNA is infectious because it is a positive sense and possesses a single open reading
frame (ORF) with a flanked non-translated region at both the ends of the genome (5′-UTR and 3′-UTR).
The ORF encodes a single polyprotein, and further downstream, processing of this polyprotein by
viral and cellular enzymes generates four structural (C, Erns, E1, and E2) and eight/nine non-structural
(Npro, p7, NS2-3, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) proteins [12,13].

3. Phylogenetic and Sequence Analysis of Indian CSFV Isolates

Three genomic locations (3′end of the NS5B polymerase gene (RdRp), 5′ untranslated region (5′UTR),
and E2 glycoprotein genes) are recognized to classify CSFV isolates as well as to know genetic relatedness
and phylogenetic tree placements. As of now, CSFV strains are categorized in three genotypes and
3–4 subgenotypes [14,15]: (i) Genotype 1: four subgenotypes (1.1/1.2/1.3/1.4), (ii) Genotype 2: three
subgenotypes (2.1/2.2/2.3), and (iii) genotype 3: four subgenotypes (3.1/3.2/3.3/3.4) [15,16]. Genotype
1 mainly contains historical strains of the virus that were retrieved globally and that contained the
in-use live-attenuated vaccine strains. Genotype 2 CSFVs have been spreading since the 1980s with
increasing prevalence and epidemic infections all over the world, along with two subgenotypes, namely
CSFV 2.1 and 2.2, where subgenotype 2.1 is further split into 2.1a and 2.1b [17–20]. Due to the high
genetic diversity among genotype 2, a few reports further suggest splitting of subgenotype 2.1 into
2.1a–2.1j [18,21]. The CSFV strains of genotype 3 are primarily found in different European and Asian
(Thailand, Taiwan, Japan, Korea) regions [17]. However, all these genotypes have been reported in
Asian countries [15,17].

3.1. CSFV Complete Genome Based Phylogenetic Analysis and Percent Similarity

We performed the phylogenetic and sequence distance analysis on 53 CSFV complete genome
sequences retrieved from different Asian countries, including 14 whole-genome sequences of CSFV
from India and representatives of other genotypes/subgenotypes from other countries. These sequences
were retrieved from NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and aligned using
ClustalW in MEGA 6.0 software (Phoenix, AZ, USA) (available online: http://www.megasoftware.net/).
Phylogenetic analysis was completed following the Maximum Likelihood method (1000 bootstrap
replicates) [21]. The pair-wise similarity among the nucleotide sequences was calculated, and for
aligning the sequences by the ClustalW program in high-speed Multiple Alignment using Fast Fourier
Transform (MAFFT) online software program from the EBI website was used (https://www.ebi.ac.uk/
Tools/msa/mafft/) [22].

In the phylogenetic analysis of complete genomes of the representative CSFV isolates of major
genotypes, two major clades were identified, one containing genotype 1 (1.1) and the other containing
genotype 2 (2.1 and 2.2) (Figure 1). Genetic divergence among the circulating Indian CSFV strains
was observed, which belongs to the subgenotype 1.1, and the results are evident in their phylogenetic
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clustering pattern. Indian CSFV 1.1 strains were distributed in different branches inside the 1.1 clade,
among which two strains (Accession no. EU857642 and MK405703) formed separate branching near
Chinese isolates whereas four strains (Accession no. KM262189, MN128600, MH734359, and KC503764)
from India clustered separately near a Thailand isolate. One Indian strain (Accession no. KY860615)
clustered alongside South Korean strains. In subgenotype 2.2, all the Indian CSFV strains appeared
distributed in several branches inside the same clade. One of the Indian CSFV strains from the state of
Haryana (Accession no. MK405702) appeared to be independent inside the clade 2.2. A single strain
of subgenotype 2.1 from India seemed to be divergent and appeared distantly from isolates of other
countries. Apart from genotypes circulating in India, the other reported genotypes worldwide (1.2,
1.3, 1.4, 2.3, 3.2, and 3.4) constituted their respective independent clades. It is significant to note that
the data set does not include two underrepresented genotypes (3.1 and 3.3) where searching of the
previous literature could not reveal any accession number associated with these two subgenotypes.

Previous CSFV detection and genotyping reports from India revealed the historical prevalence of
subgenotype 1.1 along with current increasing evidence and co-circulation of subgenotype 2.2 followed
by 2.1 [20]. Genotype 1 contains highly virulent strains and vaccine strains, whereas genotype 2 and 3
refer to the comparatively moderately virulent strains [15]. Therefore, the changing pattern may be
because of vaccine pressure [19]. The emergence of CSFV genotype 2 has already been documented in
other countries like Europe, China, and Taiwan [14,17,23]. Although in India, to date, genotype 1.1 is
most prevalent , analysis of genotype 2.2 has been done from a limited state only [24–27]. Therefore,
the hypothesis of switching of prevalent genotypes needs further studies [26,27]. The analysis of
archived sequences of Indian origin CSFV, partial or complete genome, also indicates the maximum
prevalence of genotype 1.1. Notably, the phylogenetic patterns retrieved targeting the full-length
(1119 bp) E2 gene of all CSFV isolates from India are similar to the whole genome-based phylogeny,
suggesting that either the whole CSFV genome or E2 gene-targeted phylogeny can be used for typing
and analysis of the circulating virus genotypes/subgenotypes.

As there are many Indian sequences available for CSFV 1.1 and 2.2, we have calculated the
nucleotide (nt) similarity within the Indian strains (Table 1). Whole genome-based nucleotide similarity
within Indian 1.1 strains was found to be between 92.075% and 96.38%, whereas it was between 83.425
and 84.99% within the whole genome of Indian 2.2 strains. The nucleotide identity of a single isolate
of subgenotype 2.1 from India was 90.84%, 91.33%, 90.13%, 91.83% and 90.88% with South Korean,
Mongolian, Vietnamese, Taiwanese and Japanese isolates, respectively. Whereas it ranged between
90.65% and 91.35% with Chinese isolates of 2.1 specificity.

3.2. Sequence Percent Homology Similarity Index of Other CSFV Gene Targets

The sequence percentage similarity of E2 and NS5B genes and 5′UTR between Indian isolates of
subgenotype 1.1, 2.1, and 2.2 is given in Table 1. The percentage similarity between Indian isolates of
subgenotype 1.1 is 89.2%–99.8% based on the E2 gene, 92%–99.8% based on NS5B gene, and 93.9%–98.2%
based on the 5′UTR (Table 1). The higher similarity (90.7%–99.8% at nucleotide levels) of the CSFV 1.1
strains to the South Korean strain is notable as of the geographic distance, and it could possibly be
due to the uses of the bovine kidney adapted CSFV vaccine imported from Korea. However, these
assumptions need further detailed investigations.

Whereas, Indian 2.2 subgenotype showed similarity between 95.9% and 98.4% for E2 gene, 92.6%
and 99.6% for NS5B gene, and 91% and 97.4% for 5′ UTR. As there was only a single isolate present for
2.1 subgenotype from India, its nucleotide percentage similarity was assessed with other countries
2.1 subgenotype isolates based on E2 and NS5B genes and 5′UTR. The Indian CSFV subgenotype
2.1 has shown highest similarity range of 84.2%-86.5% with Chinese CSFV strains, 89.3%–89.9% with
Taiwanese, and 88.7%–95% with Chinese strains for E2 and NS5B genes, and 5′UTR, respectively.
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Figure 1. Phylogenetic analysis of Asian classical swine fever virus (CSFV) strains based on the complete
genome. The different genotypes used in the current study are depicted in different color codes, and Indian
CSFV strains are designated in solid black dots. Phylogenetic analysis was achieved following the
Maximum Likelihood method (1000 bootstrap replicates) based on the General Time Reversible model in
MEGA 6 software (v 6.06, Phoenix, AZ, USA).
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Table 1. Nucleotide percent similarity based on whole genome, E2, NS5B genes, and 5′UTR of Indian
CSFV strains with isolates from different Asian countries.

CSFV Genotype Gene/Target Country Nt Similarity (%) India

CSFV 1.1

Whole Genome

India 92.07–96.38

China 94.8–98.16

South Korea 93.15–99.88

E2

India 89.2–99.8

China 90.1–97.5

South Korea 90.7–99.8

NS5B

India 92–99.8

China 92.1–97.6

South Korea 93.1–99.1

5′ UTR

India 93.9–98.2

China 91–96.8

South Korea 91.6–98.4

CSFV 2.2

Whole Genome India 83.42–84.99

E2 India 95.9–98.4

NS5B India 92.6–99.6

5′ UTR India 91–97.4

CSFV 2.1

Whole Genome

South Korea 90.84

China 90.65–91.35

Mongolia 91.33

Vietnam 90.13

Taiwan 91.83

Japan 90.88

E2

South Korea 84.2–85.4

China 84.2–86.5

Mongolia 84.4–85.7

Vietnam 83.7—-84.8

Taiwan 85.1–86.3

Japan 84.3–85.6

NS5B

South Korea 88.9–89.1

China 88.5–89.7

Mongolia 89–89.3

Vietnam 87.9–88.1

Taiwan 89.3–89.9

Japan 88.7–89.2

5′ UTR

South Korea 90–93.4

China 88.7–95

Mongolia 89.4–92.6

Vietnam 89.4–91.8

Taiwan 90.8–94.2

Japan 62–63.1
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4. Meta-Analysis of CSF Prevalence in India

The current meta-analysis study of CSF presents more comprehensive data compared to previous
studies from India [26,27]. Additionally, CSF meta-analysis in the present study compared different
diagnostic test-wise prevalence and identified the outlier and influential studies [28,29]). The basic idea
to employ meta-analysis was to comprehend the scattered information on CSF disease prevalence in
India over the time interval of nearly two decades. We performed a published article search to recognize
all peer-reviewed articles documenting the prevalence of CSF in India using electronic databases like
PubMed, ScienceDirect, Scopus, Indianjournals.com, J-Gate @Consortium of e-Resources in Agriculture
(CeRA), Google Scholar, Springer, and handpicked publications (2001–2018). The keywords used for
the search were CSF, India, swine, prevalence, pig, and epidemiology. All the articles on CSF prevalence
in India were collected, and the Quality criteria were developed using MOOSE (Meta-analysis of
Observation Studies in Epidemiology) and PRISMA (Preferred Reporting Items for Systematic Reviews)
protocol. Screening at title and abstract level followed by full-text screening, data extraction, and quality
assessment, were also carried out before starting the review of full papers.

All the individual studies were reviewed and screened manually by two investigators
independently using both inclusion and exclusion criteria, and the third investigator resolved the
discrepancy between the two investigators. The PRISMA protocol is depicted in Figure 2. The included
publication was extracted into the author’s name, article title, year of publication, sample size, number
of positives, study area, study year, and diagnosis method used. From the 323 papers screened
(from 1980 to 2018), 23 (from 2011–2019) publications were incorporated in the systematic review and
meta-analysis. The proportion for CSF prevalence was carried out using 23 studies with 79 strata level
data with a total sample size of 14,123. The publication year was classified into two intervals: 2011–2015
and 2016–2019. The states which reported the prevalence of CSF were categorized into the following
six regions: (i) Northern region—Jammu and Kashmir, Punjab, Uttar Pradesh, Uttarakhand; (ii) Eastern
region—West Bengal, Odisha, Bihar, Jharkhand; (iii) Northeast Region—Assam, Tripura, Meghalaya,
Nagaland; (iv) Western region—Rajasthan, Gujarat, Maharashtra, (v) Central region—Madhya Pradesh,
Chhattisgarh; and (vi) Southern region—Kerala, Tamil Nadu, undivided Andhra Pradesh, Karnataka.
The studies included in the analysis used diagnostic techniques such as AGID, ELISA, I-ELISA, S-ELISA,
and RT–PCR. The details of the included studies are given in Supplementary Materials.

Figure 2. Schematic diagram showing the PRISMA (Preferred Reporting Items for Systematic Reviews)
chart for the studies from India on classical swine fever (CSF) prevalence.
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Summary reports on CSF prevalence were performed by using descriptive statistics. Between-study
heterogeneity was assessed graphically by visual inspection of the Baujat plot [28] and quantified by
Higgin’s I2 and Cochran’s Q method. The meta-analysis was completed through a random effect (RE)
model using the inverse-variance model [29,30]. The pooled estimate was measured and described
as prevalence, with point and 95% confidence intervals (CI). Forest plots were employed to identify
the prevalence in each study and the collectively estimated prevalence. Publication bias was assessed
graphically by visual inspection of the funnel plot, and the Egger method [31,32]. A set of case deletion
diagnostics such as studentized residuals, the difference in fits values (DFFITS), Cook’s distances,
COVRATIO, and leave-one-out estimates, for the amount of heterogeneity as well as the test statistic
for heterogeneity, were used to identify the influential studies [33]. The sensitivity analysis was carried
out with and without the exclusion of influential studies to verify the robustness of the study design,
sample size, study conclusions, and the effect of missing data. Subgroup analysis was conducted
to identify the stratified prevalence in different regions, study period, diagnostic tests, and species
Table 2). The R statistical platform (R Foundation for Statistical Computing, Vienna, Austria version
3.5.1 with “meta” package (version 4.9-2) and “metafor” package (version 2.0-0) was employed for
statistical analyses.

Table 2. Details of the sub-group analysis for seroprevalence of CSF in India.

S. No Variables
Samples
Tested

Positive
Samples

Pooled
Estimate (RE)

(95% CI)

Pooled
Estimate (FE)

(95% CI)
p-Value

I2

Value
Tau

Square

1.
Geographic

region

Northern India 2569 272 30% (14%–50%) 8% (7%–9%) <0.01 99% 0.05

Western India 332 145 37% (8%–73%) 39% (34%–45%) <0.01 98% 0.22

Central India 593 302 42% (24%–61%) 51% (47%–55%) <0.01 94% 0.04

Southern India 3661 883 25% (18%–33%) 22% (21%–23%) <0.01 95% 0.03

Eastern India 54 28 41% (10%–75%) 52% (37%–66%) <0.01 80% 0.09

North Eastern India 6064 2678 40% (29%–51%) 43% (41%–44%) <0.01 98% 0.07

India 1207 786 72% (54%–87%) 65% (63%–68%) <0.01 95% 0.01

2. Serological
test

ELISA 9224 3200 30% (22%–38%) 31% (30%–32%) 0.00 98% 0.08

RT–PCR 1988 423 33% (8%–64%) 17% (15%–18%) < 0.01 99% 0.10

S-ELISA 357 27 52% (0%–100%) 4% (2%–7%) < 0.01 97% 0.63

AGID 196 136 60% (18%–95%) 71% (64%–77%) <0.01 97% 0.09

I-ELISA 2605 1253 61% (42%–78%) 48% (46%–50%) <0.01 99% 0.07

IIP 110 65 59% (50%–68%) 59% (50%–68%) NA NA NA

3.
Study
period

2011-15 9019 2356 36% (28%–43%) 21% (20%–22%) 0.00 98% 0.07

2016-19 5461 2738 35% (24%–47%) 50% (48%–51%) <0.01 98% 0.06

From the 323 publications screened (from 1980 to 2019), 23 papers (2011–2019) were incorporated in
the systematic review and meta-analysis. The other publication before 2011 reported mainly outbreaks
and ambiguous samples and diagnostic tests. Hence, most of such studies were excluded from the
analysis. From 23 papers, 79 strata level data were extracted. For example, the survey by NIVEDI (2008)
was obtained into four strata levels representing different regions where the study was performed.

A meta-analysis of these studies showed significant variability/heterogeneity (Q = 8869.91)
between the studies, and the between-study variance (Tau square) was as 0.08. The RE model revealed
better symmetry than the fixed effect (FE) model and indicated that the RE model is a better one.
Sub-group analysis showed a significant heterogeneity (I2 indices > 90%, p-values < 0.01) was noticed
for all subgroups. In funnel plot identified publication bias (Figure 3) and due to significant publication
bias (p = 0.41), the RE model results were considered. The Baujat plot showed that the studies that
contributed to overall heterogeneity were two, and no study was identified as an influential study.
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Figure 3. Funnel plot of the included articles for analysis demonstrates potential publication bias.

The pooled prevalence for CSF in an RE model was 35% (95% CI: 28%–43%). The sub-group
analysis of diagnostic tests showed that the CSF seroprevalence with ELISA was 30% (95% CI: 22%–38%),
i-ELISA 61% (95% CI: 42%–78%), s-ELISA 52% (95% CI: 0–100%), AGID 60% (95% CI: 18%–95%),
RT–PCR 33% (95% CI: 8%–64%). The region-wise sub-group analysis showed CSF prevalence in the
central zone (42%), East zone (41%), Northeast zone (40%), North zone (30%), southern zone (25%),
and West (37%) (Figure 4; Supplementary data S1–S4).

The disease causes severe economic losses to pig farmers, and despite its devastating impact and
recurrent outbreaks, CSF continued to be misconstrued and neglected for decades in India. The prevalence
of CSF has been reported in most of the states of India [20]. In this meta-analysis, we included more data
compared to the other previous studies carried out on CSF in India [26,27]. Compared to earlier studies
on CSF meta-analysis in India, the present study compared the different diagnostic test-wise prevalence
and identified the outlier and influential studies [28,29]. In this analysis, the prevalence estimate by a
sandwich and indirect ELISA is comparatively higher than RT–PCR. The probable reason may be due to
the higher false positives. In most of the studies, ELISA is often used to estimate the prevalence of CSF as
it is convenient and has higher sensitivity and specificity. Serological assays provide better and quick
information about CSF prevalence in the large pig population. Furthermore, serological tests are more
realistic in serosurvey and extended epidemiological investigations provided assay targeted should not
cross-react with other pestiviruses. The available antigen ELISA is quick but has low sensitivity [34].
As of now, the nucleic acid-based RT–PCR assay remains the method of choice due to high sensitivity for
detecting virus at an early stage of infections. The possible limitations of this meta-analytic study could
be that most of the studies did not clearly mention the diagnostic methodology and sampling procedures.
The potential bias in the prevalence of CSF estimate might be due to low reporting and use of highly
accurate RT–PCR based assays, though they are expensive.
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Figure 4. The depiction of region-wise CSF percentage prevalence in central, eastern, northeastern,
northern, southern, western, and central zones of India.

5. Clinical Disease and Pathology on the CSF Outbreaks in India

CSFV is a known disease of domestic, feral, and wild suids [35]. The infection setup in vulnerable
populations through the oro-nasal route and spreads via direct or indirect contact with clinically
infected pigs and consuming virus-contaminated feed. Reports also support the vertical transmission of
infection from sow to the offspring. The incubation period varies 3–10 days after infection. Depending
on the CSFV strain, viral load, and host factors (age, breed, and immune status), CSFV infection
classically takes either of the acute, chronic, or prenatal forms [36]. The clinical form of CSF has been
extensively studied and presented in previous reports [36–43].

The pathological findings of CSF rely upon the clinical progression of the disease. During CSF
field case investigations, we noticed a wide spectrum of clinical–pathological changes (Figure 5).
In the acute course of CSF, pathology often reveals erythematous lesion in the skin of the ear, ventral
surface of the abdomen, perianal region, tail, and extremities (Figure 5A). Lymph nodes (particularly
mesenteric lymph nodes, inguinal lymph nodes) appear swollen with hemorrhages (Figure 5D).
Serosal and mucosal surfaces of several organs such as the heart, kidneys, lungs, urinary bladder,
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and intestine show petechial hemorrhages. Non-collapsing, oedematous lungs with petechial to
echymotic hemorrhages are frequently observed. Splenic infarctions at the edges are considered
pathognomic for CSF (Figure 5B) [41]. Petecheation on the cortical surface presents a turkey egg
appearance to the kidneys. Hemorrhagic enteritis (Figure 5C) and non-purulent encephalitis are also
frequently observed in the acute clinical form of CSF.

Figure 5. Acute and chronic form of CSF related lesions observed during field investigations in India.
(A), Hemorrhages in skin, acute CSF form; (B), infarction in spleen, acute CSF form; (C), Hemorrhagic
enteritis, acute CSF form; (D), hemorrhagic mesenteric lymph nodes, acute CSF form; (E), necrotic
tonsillitis, chronic CSF form; and (F), Button ulcers in colon, chronic CSF form.

The long course of the diseases in the chronic form of CSF leads to wasting in affected pigs.
The acute inflammatory lesions of the initial stage of the disease are later transformed into necrotic and
ulcerative lesions. Necrotic and ulcerative tonsillitis and enteritis (small intestine, colon, and ileocecal
valve) are frequently observed (Figure 5E,F). The red infarction at the edges of the spleen may transform
into necrotic and ulcerative lesions with the progression of the disease. Importantly, these pathological
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lesions vary among animals based on the host factors like age, breed and immune status, and the CSFV
strain virulence [41].

Histopathological lesions of acute CSF include hemorrhagic interstitial pneumonia, hemorrhagic
lymphadenitis with depletion of lymphocytes, and hemorrhagic enteritis. The alveoli and bronchiolar
air spaces are often filled with sero-fibrinous exudates, necrotic debris, desquamated epithelial cells
with thickened alveolar wall due to edema, congestion, hemorrhages, and mononuclear infiltration.
Severe congestion and hemorrhages with depletion of lymphocytes occur in spleen and lymph nodes.
Moderate to severe hemorrhages are frequently observed in the cortex and corticomedullary junction
of kidneys with tubular degeneration. Similar changes but with the predominance of necrotic and
ulcerative lesions were observed in chronic cases [41].

6. CSF Laboratory Diagnosis in India

In routine, the provisional diagnosis of CSF disease is done looking at the clinical signs and
pathological changes. The laboratory confirmation of the disease is crucial to differentially diagnose it
with other infectious diseases of swine [44–46]. Sampling a greater number of animals is advisable
as this disease may progress in a chronic form [47,48]. Virus isolation in the cell culture system and
subsequent characterization remains the method of choice and a gold standard as well. The virus
isolation is attempted in homologous primary cells (pig kidney) or in preferred cell lines (PK-15, RK-13,
SK6, PS, and swine testicular epithelioid cells). Being non-cytopathic, the CSFV growth in the cell culture
system is verified by detection using several immunological techniques like immunofluorescence (FAT)
or peroxidase linked assay (PLA) using staining with poly- or monoclonal antibodies.

6.1. Serological Methods of Diagnosis of CSF

In India, primarily serological methods are applied for surveillance epidemiological investigations.
The commonly used immunological tests for detection of the virus antigen in tissue samples are ELISA
(Enzyme-Linked Immunosorbent Assay) and FAT (Fluorescent Antibody Test). The antibodies in the
serum samples can be detected by ELISA and VNT (virus neutralization test). Blocking ELISA with
the whole virus antigen, indirect ELISA (i-ELISA), neutralization peroxidase linked assay (NPLA),
complex trapping blocking ELISA, and immuno-chromatographic strip/lateral flow assays (LFA), etc.
have become available in the past for the anti-CSFV antibody detection [44–46]. Nonetheless, these
assays fail to differentiate the infected from vaccinated animals.

In India, Erns and E2 proteins-based ELISAs are available for the serodiagnosis of CSFV. A double
antibody-based sandwich ELISA was standardized for the detection of CSFV antigen in clinical
samples [44]. Assessment of the sandwich ELISA and dot-ELISA in CSFV antigen detection in tissues
of naturally infected pigs and slaughtered pigs showed 86% and 80% of the samples from diseased
pigs and 20% and 14% of the samples from pigs slaughtered for human consumption positivity by the
tests, respectively, and statistical analysis also showed excellent agreement between these tests [45].
A comparative evaluation of antibody-based serological assays and nucleic acid-based assays for
detecting CSFV in India showed 58% to 65% positivity by sandwich ELISA and direct FAT, respectively,
and 76% positivity by nested RT–PCR [46].

Recently, in India, a recombinant Newcastle disease virus (NDV) viral expression vector was
developed expressing the CSFV E2 and Erns proteins and inducing production of CSFV-neutralizing
antibodies on pig inoculation. Its diagnostic potential was assessed in an indirect ELISA measuring
antibody titers in serum samples [47]. In another study, Bhattacharya et al. [48], employing a
lentivirus-based gene delivery system, constructed a stable PK-15 cell line expressing Erns (PK-Erns) for
using it to develop an ELISA detecting Erns-specific antibodies in pig sera helping in differentiation of
infection from vaccinated animals. Notably, a study from the northeastern region of India reported
detection of CSFV in bovine samples after screening 134 cattle serum samples using a commercial
antigen capture ELISA, where 10 samples were found positive for CSFV antigen by ELISA [49].
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6.2. Molecular Methods of Diagnosis of CSF

In the current era, molecular tools are considered the backbone of disease diagnosis, genotyping,
and analysis of virulence of the virus [50]. Among the several molecular tools available, real-time
PCR (quantitative-PCR or qPCR) appears as the method with the highest sensitivity for the CSFV
detection [51,52] and has been adopted as a test of choice for confirmatory diagnosis of the disease.
Using the real-time PCR assay, CSFV was detected in tissues from 1120 slaughtered pigs in India,
providing baseline prevalence data on CSF infection [40]. For CSFV RNA detection in infected tissue,
a fluorescence-based in-situ hybridization (FISH) based method has been reported. The FISH assay uses
a biotinylated DNA probe targeting the E2/NS2 gene of CSFV. This technique helped in demonstrating
CSFV nucleic acids in the lymphoid tissues, such as spleen and lymph nodes [53]. The RT–PCR assays
have been employed to detect CSFV RNA in formalin-fixed tissues, making it useful where the supply
of fresh biological samples is difficult [54].

Immunochromatographic strip assay using a poly- or monoclonal colloidal gold conjugation
system is being in use as a rapid pen-side test for the detection of CSF virus antigen [55]. Further,
immunomagnetic bead-based assay use in the detection of CSFV antigen has been reported [56].
Another useful assay is the RT-loop-mediated isothermal amplification (RT-LAMP), which is a highly
rapid 100-fold more sensitive than conventional gel-based RT–PCR while detecting CSFV. Further,
it was highly specific and could differentiate other viruses like BVDV, porcine reproductive and
respiratory syndrome virus (PRRSV), swine influenza virus (SIV), porcine parvovirus (PPV), porcine
circovirus (PCV), and pseudorabies virus (PRV). Several advantages, like low-cost input (devoid of
any specific instrument) and quick results, makes it an excellent assay for CSFV surveillance in the
field. The development of qPCR and multiplex qPCR for the diagnosis of CSFV and simultaneous
detection of CSFV has also been reported [57,58].

6.3. Compelete Genome Sequencing of Indian CSFV Isolates

Recently, different research groups from India have provided a complete genome sequence of local
isolates from India using either next-generation sequencing methodology or conventional RT–PCR
method. In a study, targeting the overlapping fragments of CSFV in RT–PCR, the complete genome of
a lapinized CSFV vaccine strain was retrieved. The genetic analysis showed 92.6%–98.6% similarities
at the nucleotide level with other CSFV strains, and it was typed as subgroup 1.1. The 5’-UTR had
more than 97.0% similarity with several CSFV vaccine strains from China [59]. Subsequently, the first
whole genome of a CSFV subgroup 2.2 (CSFV/IND/UK/LAL-290) was reported from the Uttarakhand
state of India recovered from a backyard pig [60]. At the same time, a complete genome from a CSFV
field isolate of subgenotype 1.1 was reported from India [61]. Subsequently, a complete genome
from CSFV subgroup 2.1 that caused local outbreak in the northeastern state, Assam, India was
sequenced. The isolate exhibited high genetic divergence [62]. Another CSFV genotype 1.1 isolate
adapted in a porcine kidney cell line was deciphered with some T insertions in 3′ UTR [63]. The same
group successively provided a complete genome sequence of CSFV strain (CSFV-UP-BR-KHG-06),
genotype 2.2 [64].

7. CSF Virus Vaccines in India

Keeping the prioritization for the CSF control in the country, the Ministry of Fisheries, Animal
Husbandry and Dairying, Govt. of India has initiated the Classical Swine Fever Control Programme
(CSF-CP) in the year 2014–2015 to control the CSF in pigs by mass vaccination using the live attenuated
vaccines. There are two major activities in this control program: (i) strengthening of laboratories,
including consumables for laboratories; and (ii) vaccination in identified villages including vaccination
cost, on a 90:10 allocation basis between centre and the northeastern states. The variation in quality,
safety, efficacy, and potency of CSF live vaccines are major hindrances in the success of vaccination
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programs, and it is, therefore, a significant step to perform thorough quality control of vaccines from
different suppliers regularly/batch-wise.

The CSF vaccines are to be produced following the standard operating procedures listed in the
OIE Manual of Diagnostic Tests and Vaccines for Terrestrial Animals to ensure a high level of efficacy
and safety [6]. The systematic prophylactic vaccination and a stamping-out policy is followed usually
to restrain CSF in endemic countries. In India, CSF is endemic, and for its control, a mass vaccination
approach is adopted. The lapinized vaccine using the Weybridge strain of the virus, which belongs to
the sub-genogroup 1.1, has been used since 1964 [2,7]. The lapinized vaccines are produced mostly
by the Institute of Veterinary Biologicals located in different states of the country to meet the local
demand of the vaccines. A few of the Institute of Veterinary Biologicals have lately shifted to producing
local CSFV strain based cell culture attenuated live vaccines [65]. The systematic vaccination using
a live-attenuated vaccine appears to be the best way forward for elimination/eradication of the CSF,
including vaccination of the reservoir hosts like wild boars [66].

The present domestic pig population of India is 9.06 million, as per the 20th livestock census of the
government of India. The vaccination coverage of all the domestic pigs twice in a year requires about
20 million doses per annum, and only 1.2 million doses are produced per year by the lapinized vaccine.
The reason behind this is that only 50 doses of vaccines are produced from a single rabbit spleen.
To meet out the demand and overcome the constraints in producing a large quantity of the lapinized
vaccine, attempts are underway to produce a cell-culture-based vaccine using either the lapinized
vaccine strain or the local CSFV isolates. There are reports on developing effective cell-culture-based
live attenuated vaccines against CSFV (using foreign strain, Weybridge) by the Indian Veterinary
Research Institute (IVRI), the premier veterinary institute of the country. The vaccine was reported to
be safe, potent, and provides immunity for a period of one year [63]. A commercial Bovine Kidney cell
culture adapted vaccine for CSFV (Himmvac Hog Cholera (T/C) Vaccine) is also available from KBNP
Inc. Korea through Panav Bio-Tech, India.

On 3 February 2020, IVRI released a new safe, potent live-attenuated CSFV cell culture vaccine
using indigenous strain (Press Information Bureau, 2020). The vaccine would be the best choice for
use in the CSF Control Programme (CSF-CP) already launched by DAHD, Govt. of India. There is
a huge demand for transfer of this vaccine technology from various state governments and private
manufacturers, and the vaccine has huge export potential, especially to Asian countries. Due to a
very high titer of vaccine virus, this vaccine would be the most economical CSF vaccine, costing
around less than Rs 2/- per dose, compared to Rs 15-25/- of lapinized CSF vaccine and Rs. 30/dose
(approx.) for an imported Korean vaccine being used in the country. Besides, the new vaccine gives
immunity for two years as compared to 3 to 6 month’s protection under the vaccines currently being
used. The vaccine is safe, potent, does not revert to virulence, and provides protective immunity from
14-day post-vaccination (DPV) of the vaccination until 2 years, studied so far. The yield of this vaccine
is 1000 times more than the existing CSF vaccine. The evaluation of different parameters along with the
protective humoral immune response of pigs vaccinated with a live attenuated cell culture vaccine has
been reported from the state of Assam, India. The vaccine was reported to be safe, elicited better and
stable immune response after booster doses, and maternally derived antibodies persist up to 42 days
in newborn piglets when pregnant pigs are vaccinated at one month of gestation [66].

8. Conclusions and Prospects

CSF is one of the dreaded diseases affecting mostly pigs and wild boars worldwide, causing a severe
impact on the global economy. In India, the disease is endemic and mainly present in the northeastern
states of the country and pig-populated states. The genotypes 1.1, 2.1, and 2.2 are circulating all over
India, with the highest prevalence of genotype 1.1. Recently, increases in prevalence of 2.1 and 2.2 are
also reported but need exhaustive epidemiological studies before deriving the conclusion. In India,
several socio-economic impacts pose challenges to researchers for the development of potent vaccines
against CSFV. Backyard pig farming and highly mobile pig products are the major factors regarding
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the epidemiology of CSFV in India. The key factors of the CSFV control program should include better
diagnostic facilities, potent and effective vaccination, and stamping out along with control of animal
movements and biosecurity. Regarding diagnostics, there is a need for rapid and cost-effective point-of-care
assay to screen the disease at the farmer’s level. Along with CSFV infection, secondary infections are
widespread, which sometimes overshade the disease manifestation. The multiplex assay will be better in
these situations to detect concurrent infections. To avoid the occasionally observed cross-reaction with
pestiviruses, more reliable and accurate CSFV-specific screening assays must be employed for confirmation.
Although many ELISAs are available detecting CSFV specifically, the definitive confirmation must use
serum neutralization test. Regarding vaccination strategy, the marker vaccines should be chosen for
effective vaccination, which can differentiate infected and vaccinated animals. Finally, the culling of
infected animals and the adoption of animal identification systems to trace the disease transmission
pathway will be helpful in disease control. To eradicate the disease in near future, there is a need for
increasing awareness about CSFV, mainly in the poor population who are mostly engaged with pig rearing.
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Abstract: A serum neutralization test (SNT) is an essential method for the serological diagnosis of
pestivirus infections, including classical swine fever, because of the cross reactivity of antibodies against
pestiviruses and the non-quantitative properties of antibodies in an enzyme-linked immunosorbent
assay. In conventional SNTs, an immunoperoxidase assay or observation of cytopathic effect after
incubation for 3 to 7 days is needed to determine the SNT titer, which requires labor-intensive or
time-consuming procedures. Therefore, a new SNT, based on the luciferase system and using classical
swine fever virus, bovine viral diarrhea virus, and border disease virus possessing the 11-amino-acid
subunit derived from NanoLuc luciferase was developed and evaluated; this approach enabled the
rapid and easy determination of the SNT titer using a luminometer. In the new method, SNT titers
can be determined tentatively at 2 days post-infection (dpi) and are comparable to those obtained by
conventional SNTs at 3 or 4 dpi. In conclusion, the luciferase-based SNT can replace conventional
SNTs as a high-throughput antibody test for pestivirus infections.

Keywords: border disease; bovine viral diarrhea; classical swine fever; pestivirus; serum neutralization
test; reporter virus

1. Introduction

Pestiviruses are enveloped positive-strand RNA viruses that belong to the genus Pestivirus,
within the family Flaviviridae. Pestiviruses can infect farmed pigs and ruminants with significant
economic impact and have also been detected in wild boar, wild ruminants, rodents, bats, and aquatic
mammals [1,2]. Pestiviruses possess a single-stranded positive-sense RNA of approximately 12.3 kb in
length, with one large open reading frame (ORF) flanked by 5’ and 3’ untranslated regions. The ORF
encodes a single polyprotein cleaved by cellular and viral proteases co- and post-translationally into
four structural proteins (C, Erns, E1, and E2) and eight non-structural proteins (Npro, p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B) [1]. The genus Pestivirus currently comprises 11 species, Pestivirus A to
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Pestivirus K, with bovine viral diarrhea virus (BVDV), classical swine fever virus (CSFV), and border
disease virus (BDV) classified into Pestivirus A (BVDV-1), Pestivirus B (BVDV-2), Pestivirus C (CSFV),
and Pestivirus D (BDV), respectively [3]. Originally, the taxonomic classification of pestiviruses was
based on the host species from which they were isolated (e.g., CSFV from pigs and BVDV from cattle),
but it is now well known that many pestiviruses are capable of interspecies transmission (e.g., BVDV
infections in pigs and BDV infections in cattle) [4,5].

Classical swine fever (CSF) is one of the most important diseases of domestic pigs and wild boar.
Because of its tremendous impact on animal health and the pig industry, CSF is notifiable to the World
Organization for Animal Health (OIE) [6–8]. The diagnosis of CSF consists of (1) clinical observation,
(2) gross pathological findings, (3) antigen detection, and (4) antibody detection [9,10]. Diagnosis
during the early stages of a CSF outbreak usually relies on 1 and 2 (i.e., clinical and pathological
diagnoses), however, these features may vary and can sometimes be atypical [7,11,12]. Thus, for the
confirmation of CSFV infection, antigen and antibody detection following the early clinical and
pathological diagnoses is necessary. In the diagnostic laboratory, antigen detection by virus isolation
and reverse transcriptase-polymerase chain reaction (RT-PCR) is highly recommended to confirm
clinical cases. The detection of virus-specific antibodies is particularly useful for herds suspected
of having been infected at least 21 days previously with CSFV [8]. Anti-CSFV antibody detection
methods, such as enzyme-linked immunosorbent assay (ELISA), are valuable tools for surveillance
that requires high-throughput, although this approach can be hampered by antibodies that cross-react
with CSFV antigens, which can occasionally be raised in animals infected with other pestiviruses [13].
Some ELISAs are relatively CSFV-specific, but the definitive method of choice for differentiation is
the comparative serum neutralization test (SNT), which compares the neutralizing titer of antibodies
against different pestivirus isolates [8,14].

In September 2018, the first CSF outbreak in Japan for 26 years was reported [15,16]. Despite
countermeasures being taken, including the culling of infected herds and movement restrictions,
the infection has continued to spread in 10 prefectures, resulting in 57 outbreaks and a total of 165,186
pigs culled as of 2 March 2020 [17]. In addition, 1944 cases of CSFV infection in wild boar have been
reported as of 21 February 2020 [17]. To control CSF in wild boar, a vaccination program using the bait
dosed with vaccine containing a live attenuated C strain [18] was initiated in March 2019, in addition
to efforts to reduce the wild boar population by trapping or hunting, based on previous experiences in
Europe [19,20]. Furthermore, in addition to the improvements in biosecurity, a vaccination program
using an injectable vaccine containing a live attenuated GPE− strain [21] was also started in October
2019, to help minimize the CSF outbreak in domestic pigs. The vaccination of domestic pigs is only
permitted in high-risk prefectures where CSFV infection in wild boar has been confirmed. Currently,
large-scale serological monitoring is being conducted using ELISA, to evaluate the effects of the
vaccination program and monitor the CSF-free status in non-vaccinated areas. In addition, BVDV
and BDV infections in domestic pigs have also previously been reported in Japan [22,23]. Hence,
the necessity for a comparative SNT is now increasing, both to discriminate CSFV-specific antibodies
from those against BVDV or BDV and to understand quantitative aspects of antibody levels following
the vaccination of wild boar and domestic pigs.

Despite the intense demands for the use of an SNT to test the sera of domestic pigs and wild boar,
conventional SNTs based on an immunoperoxidase assay or cytopathic effect (CPE) observation are
time- and labor-intensive when testing a large number of samples [8,24]. Thus, in this study, a new,
high-throughput SNT method using recombinant viruses carrying a reporter gene was developed.
Since the first recombinant pestivirus carrying a marker gene was constructed [25], various reporter
genes have been applied for pestivirus research [26–28]. Recently, to reduce the risk of undesirable
effects following the insertion of a large foreign gene into a viral genome, NanoLuc binary technology
(NanoBiT) [29] was employed for the construction of recombinant CSFV and BVDV-1 carrying a small
reporter gene [30,31]. NanoBiT is a split reporter protein consisting of two subunits: a high-affinity
NanoBiT (HiBiT) consisting of just 11 amino acids and a large NanoBiT (LgBiT). Neither subunit

112



Pathogens 2020, 9, 188

has enzymatic activity individually but regains this activity when the subunits associate to form a
heterodimer, either in cells or in vitro [32]. The detection of HiBiT-fusion viral protein is simple and
scalable in comparison with the currently used methods.

In the present study, a recombinant BDV carrying the HiBiT gene was newly constructed and
applied for SNT, together with previously established recombinant CSFV and BVDV-1 possessing
HiBiT [30,31], to reduce the time and effort required to detect specific neutralizing antibodies.
This new SNT method using these recombinant viruses showed the same sensitivity and specificity as
conventional SNTs. The HiBiT recombinant-virus-based SNT will provide a more simple and rapid
procedure for the serological diagnosis of pestivirus infections.

2. Results

2.1. Rescue of Border Disease Virus (BDV) Possessing a Small Reporter High-Affinity NanoBiT (HiBiT) Tag,
vBDV FNK/HiBiT

In our previous studies, recombinant Flaviviridae viruses possessing a small reporter HiBiT tag were
developed as tools to understand the viral life cycle and pathogenesis and to provide a robust platform
for the development of novel antivirals [30,31]. For those studies, two recombinant pestiviruses, vCSFV
GPE−/HiBiT and vBVDV-1 NCP7/HiBiT, were established from the recombinant full-length cDNA
of CSFV GPE− and BVDV-1 NCP7 strains, respectively. To establish a novel SNT using pestiviruses
possessing a small reporter tag, the recombinant full-length cDNA of the BDV FNK2012-1 strain, BDV
subgenotype-1 (BDV-1) isolated from domestic pigs in Japan [22] was newly established and a BDV
recombinant was generated by inserting HiBiT between C and Erns (vBDV FNK/HiBiT, Figure 1A),
since the N-termini of Erns of CSFV and BVDV tolerate the exogenous tag [27,30,31]. To compare the
growth of recombinant vBDV FNK/HiBiT with the wild-type BDV, swine kidney line-L (SK-L) cells
were inoculated with 200 50% tissue-culture infective doses (TCID50) of either virus. The growth
of the recombinant BDV was relatively lower at the early period, but finally identical to that of the
wild-type BDV (Figure 1B). Next, the genetic stability of the newly constructed recombinant BDV
was evaluated by passaging it at five times in SK-L cells. The infectious titer through the passages
was sufficient (Figure 1C); however, the luciferase activities of vBDV FNK/HiBiT P3, P4 and P5 were
significantly lower than that of original virus, vBDV FNK/HiBiT P0 (Figure 1D), suggesting low stability
of this marker virus. For this reason, the serial passage of vBDV FNK/HiBiT for the SNT was kept to
a minimum.

2.2. Characterization of Reporter Pestiviruses with HiBiT Tags

To check the increasing luciferase activity associated with virus growth, the luciferase activity
in the infected cells and culture supernatant was measured during the time course of infection with
vCSFV GPE−/HiBiT, vBVDV-1 NCP7/HiBiT, and vBDV FNK/HiBiT, respectively (Figure 2). Luciferase
activity became detectable at 2 days post-infection (dpi) in the cells and the culture supernatant.
For all infection experiments, the luminescence value in the cell lysate was higher than that of the
respective culture supernatant. The luciferase activity in cells inoculated with vCSFV GPE−/HiBiT was
the highest, followed by vBVDV-1 NCP7/HiBiT, while the lowest activity was measured for the cells
inoculated with vBDV FNK/HiBiT. Taking these findings together, it was evident that the growth of
each recombinant virus could be monitored based on luciferase activity in the cell lysate. The growth
of vCSFV GPE−/HiBiT could also be monitored in culture supernatant.
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Figure 1. Construction and characterization of recombinant border disease virus (BDV) carrying
high-affinity NanoBiT (HiBiT). (A) Schematic diagram of the BDV cDNA clone encoding the HiBiT
luciferase gene. Amino acid sequence of HiBiT (red) and linker (green) was inserted upstream of Erns

of BDV FNK2012-1 strain (indicated by arrow). (B) Swine kidney line-L (SK-L) cells were infected with
200 50% tissue-culture infective doses (TCID50) of BDV FNK-WT (WT) and the recombinant vBDV
FNK/HiBiT P2 (vBDV/HiBiT P2). Infectious titers in the culture supernatant were determined at the
indicated time points. Data are presented as mean ± standard error (SE) (n = 3). Asterisks indicate
significant differences (*, p < 0.05) versus the result of the vBDV/HiBiT P2. (C) SK-L cells were infected
with 200 TCID50 of vBDV FNK/HiBiT, then the recombinant BDV was passaged five times. Undiluted
culture supernatant (100 μL) at 3 days post-infection (dpi) was used for the next passage in naïve cells,
and infectious titers in the culture supernatant were determined at 4 dpi after each passage. (D) SK-L
cells were infected with 200 TCID50 of vBDV FNK/HiBiT, then the recombinant BDV was passaged five
times. Luciferase activity in the cells was determined at 4 dpi after each passage. Data are presented as
mean ± standard error (SE) (n = 3). Asterisks indicate significant differences (*, p < 0.05) versus the
result of the vBDV FNK/HiBiT P0.
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Figure 2. Construction and luciferase activity of the recombinant pestiviruses carrying HiBiT. Schematic
preparation of the reporter pestiviruses (A). Coding regions of the recombinant viruses are displayed as
boxes divided by each protein gene; structural protein (blue) and non-structural protein (grey). Amino
acid sequence of HiBiT (red) and linker (green) was inserted upstream of Erns of classical swine fever
virus (CSFV) and BDV or upstream of E2 of BVDV-1. The luciferase activities following the infection
of recombinant vCSFV GPE−/HiBiT in swine kidney line-L (SK-L) cells (B), vBVDV-1 NCP7/HiBiT in
Madin–Darby bovine kidney (MDBK) cells (C), and vBDV FNK/HiBiT in SK-L cells (D) at 200 TCID50

were determined in the cell lysate or the culture supernatant, respectively. Data are presented as mean
± standard error (SE) (n = 3).

To confirm whether the antigenicity of the recombinant viruses was affected by the insertion of
HiBiT, both recombinants and parental viruses were tested using reference antisera in a conventional SNT
based on the immunoperoxidase assay (Table 1). Convalescent sera derived from pigs experimentally
infected with CSFV GPE−, BVDV-1 Nose, BVDV-2 KZ91, or BDV FNK2012-1 strains were used as
reference antisera. These four pestiviruses are generally used as reference virus strains of pestiviruses
for SNTs performed in Japan. In addition, the reference virus strain BVDV-1 Nose-WT was also tested,
because the antiserum against BVDV-1 NCP7 was not available for this study. In the SNT using CSFV,
the serum against CSFV showed the highest SNT titer, 1024, for both recombinant and wild-type viruses,
while the other sera showed titers of <2. In the SNT using BVDV-1, however, the sera against BVDV-1 as
well as BVDV-2 showed the highest SNT titer, 32, for the recombinant vBVDV-1 NCP7/HiBiT and the
original vBVDV-1 NCP7-WT, while the other sera showed lower titers of <2. In terms of the neutralizing
activities of antisera against BVDV-1 Nose and BVDV-2 KZ91-NCP to BVDV-1 Nose-WT, the serum
against BVDV-1 Nose showed the highest SNT titer, 64, and the others against BVDV-2 KZ91-NCP
showed lower titers of 8. In the SNT using BDV, serum against BDV showed the highest SNT titer, 128,
for the recombinant and the wild-type viruses, and the other sera showed lower titers, of between 2 to 8.
Each type of serum showed the highest SNT titer when the homologous virus was used, regardless of
whether it was the wild-type virus or the recombinant virus, and there were few differences in SNT titer
between the recombinant and wild-type viruses. Thus, the antigenicity of the recombinants was not
altered by the insertion of HiBiT, although the BVDV-1 NCP7 strain with and without HiBiT showed
different antigenicity compared with that of the BVDV-1 Nose strain. Hence, these recombinants carrying
HiBiT were employed for the development of a new SNT.
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Table 1. Comparative serum neutralization tests (SNTs) of pestiviruses based on the conventional
immunoperoxidase assay.

Marker Virus
SNT Titer* of Antiserum against

CSFV
GPE−

BVDV-1
Nose

BVDV-2
KZ91-NCP

BDV
FNK2012-1

vCSFV GPE−/HiBiT 1024 <2 <2 <2
vCSFV GPE−-WT 1024 <2 <2 <2

vBVDV-1 NCP7/HiBiT <2 32 32 <2
vBVDV-1 NCP7-WT <2 32 32 <2
BVDV-1 Nose-WT <2 64 8 <2
vBDV FNK/HiBiT 8 2 4 128

BDV FNK-WT 8 4 8 128

* SNT titers were determined at 4 days post-infection (dpi).

2.3. Development of the Serum Neutralization Test (SNT) Based on the Luciferase Assay

The luciferase activity became detectable on 2 dpi for all viruses tested (Figure 2), therefore the new
luciferase-based SNTs were first tested on 2, 3, and 4 dpi to determine the most appropriate incubation
time for measuring luciferase activity (Supplementary Materials Figures S1–S3). Luciferase activity
was monitored using the culture medium (for CSFV) or cell lysate (for BVDV-1 and BDV), because only
CSFV luciferase activity in the culture medium was sufficient for the test. Luciferase activity increased
depending on the serum dilution and the time following inoculation with the virus. At some of the
low serum dilutions, luciferase activity was initially not detectable (e.g., vBDV FNK/HiBiT with the
reference anti-BDV serum diluted 8 times, shown in Figure S3D), but became detectable by 4 dpi. On the
other hand, at levels of serum dilution where the virus could be completely neutralized, the luciferase
activity did not increase during the study period. Next, the SNT titers of the luciferase-based SNT
were determined for each dpi and compared with the titers of the conventional SNT, determined on
4 dpi (Table 2). Following the luciferase-based assay from 2 to 4 dpi, each serum sample showed the
highest SNT titer and 50% effective concentration (EC50) against the homologous strain and could
be differentiated from the heterologous strains, with the exception of vBVDV-1 NCP7/HiBiT, which
showed cross reactivity with the serum against BVDV-2. These findings were observed in both the
luciferase-based and conventional SNT, with SNT titers based on luciferase activity decreasing in a
time-dependent manner and finally becoming comparable with SNT titers from the conventional SNT
at 3 or 4 dpi.

Table 2. Comparative SNTs of pestiviruses when using the new luciferase-based assay and the
conventional immunoperoxidase assay.

Marker Virus SNT Method (dpi)
SNT Titer and EC50* of Antiserum against

CSFV
GPE−

BVDV-1
Nose

BVDV-2
KZ91-NCP

BDV
FNK2012-1

vCSFV GPE−/HiBIT Luciferase-based
(2) 1024 11.3 2 6.73 2 7.04 4 5.19
(3) 1024 11.1 <2 2.46 <2 4.59 <2 3.65
(4) 1024 10.8 <2 1.65 <2 3.75 <2 1.86

Immunoperoxidase (4) 1024 <2 <2 <2

vBVDV-1 NCP7/HiBiT Luciferase-based
(2) 2 4.98 128 8.47 128 9.57 <2 2.77
(3) <2 3.97 32 8.17 32 7.97 <2 2.01
(4) <2 2.93 32 7.91 64 9.52 <2 N/A

Immunoperoxidase (4) <2 32 32 <2

vBDV FNK/HiBiT Luciferase-based
(2) 64 7.36 8 4.92 64 7.20 2048 10.83
(3) 8 4.77 2 2.22 2 3.34 256 9.01
(4) 2 1.01 <2 N/A <2 1.22 128 7.11

Immunoperoxidase (4) 8 2 4 128

* The EC50 number of the Luciferase-based SNT method was indicated by an index with a base of 2. N/A: not available.
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3. Discussion

ELISAs involve simple, rapid procedures and are therefore widely used for the serological
diagnosis of pestivirus infections, including CSF. Because of the cross reactivity of antibodies against
pestiviruses, the definitive method of choice for differentiation of pestiviruses is the comparative
SNT, which compares neutralizing titers of antibodies to different pestivirus isolates [8]. However,
the conventional SNT requires a high-containment laboratory able to handle infectious viruses and
involves labor-and time-intensive procedures. Therefore, recombinant pestiviruses were employed
to establish a novel SNT based on the luciferase system, which allows virus growth to be easily and
rapidly monitored and enables SNT titers for pestiviruses to be determined.

Four pestiviruses, including CSFV, BVDV-1, BVDV-2, and BDV, are usually used as reference
viruses for SNTs. The CSFV GPE− strain, which shows a CPE in CPK-NS cells [24], the BVDV-1
Nose and BVDV-2 KZ91-CP strains, which show a CPE regardless of the cell line used, and the BDV
FNK2012-1 strain, which does not show a CPE, are usually selected for conventional comparative SNTs
in Japan. In SNTs using reference viruses which do not show a CPE, the immunoperoxidase assay is
performed to determine the SNT titers following incubation for 3 to 4 days, which is indicated in the OIE
manual to be the “gold standard” [8], even though it is time-consuming. In the present study, SNT titers
determined by a luciferase-based SNT using recombinant pestiviruses were comparable with those
determined using conventional SNTs, although some differences in SNT titers were observed; this might
reflect the experimental conditions, such as the type of cells or viruses used. The luciferase assay used
to determine SNT titers is less time-consuming and more straightforward than the immunoperoxidase
assay when dealing with a large number of samples, although the recombinant pestiviruses can only
be handled by a limited number of laboratories. In addition, the SNT titers can be determined within 3
or 4 days of inoculation, which is the same as the conventional SNT based on the immunoperoxidase
assay and earlier than the conventional SNT based on CPE observation. Additionally, the SNT titers
can be tentatively determined earlier, at 2 dpi, although they are slightly higher than those at 4 dpi,
suggesting that earlier confirmation of pestivirus infection may be possible using the present method
of SNT.

In Japan, CSFV infection has spread among domestic pigs and wild boar since the first outbreak
at a domestic pig farm in September 2018. Control of CSFV infection in wild boar should be prioritized
for preventing the spread of CSF, because direct or indirect contact with wild boar infected with CSFV
can be a primary route for the introduction of the virus to pig farms [33,34]. To prevent the spread
of this infection in wild boar, an oral vaccination program targeting wild boar commenced in the
spring of 2019. So far, the efficacy of vaccination in wild boar has been evaluated by ELISA only, while
the cross-reaction to antibodies against other ruminant pestiviruses and non-specific reactions to the
low-quality sera derived from wild boar have not been investigated. Hence, SNTs should be performed
at reference laboratories to confirm the ELISA results and possibly also provide information about
the spread of CSFV in the field. In addition to the vaccination of wild boar, a vaccination program
for domestic pigs was re-started in October 2019. The vaccine being used in the present program is
the same as that used in the previous program conducted in Japan between 1969 and 2006, in which
domestic piglets aged from 30 to 40 days were vaccinated once [35]. Thus, in this program, in which
it is recommended that all pigs in the at-risk area are vaccinated regardless of their age, the vaccine
performance should be revisited according to the neutralizing antibody titer derived from acquired
and/or maternal immunity. Hence, the SNT titer after the vaccination of domestic pigs, in addition to
wild boar, should be investigated using this luciferase-based SNT.

The N-termini of Erns of both CSFV and BVDV are capable of expressing an exogenous tag [27,30,31].
Based on these findings, we generated a BDV recombinant by inserting HiBiT between C and Erns

(vBDV FNK/HiBiT) (Figure 1A). However, the luciferase activity of vBDV FNK/HiBiT was lower than
those of the others (Figure 2). In addition, the luciferase activities of serially passaged recombinant
virus were significantly lower than that of original virus (Figure 1D); suggesting low genetic stability of
the vBDV FNK/HiBiT. The luciferase activity of recombinant virus carrying HiBiT should be related to
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the expression level of HiBiT fused with a viral protein; therefore, HiBiT inserted into recombinant BDV
might not be appropriately expressed, resulting in its lower luciferase activity. The vBDV FNK/HiBiT
was designed following vCSFV GPE−/HiBiT to express HiBiT and the linker fused with the N-terminus
of Erns and presumably cleaved upstream of HiBiT by a signal peptidase. However, the signal sequence
at the C-terminus of the C is not conserved among the pestiviruses (Figure 3); therefore, HiBiT
inserted downstream of the signal sequence might disturb the post-translational cleavage of the BDV
protein. Indeed, the growth of vBVDV-1 NCP7/HiBiT and vBDV FNK/HiBiT needs to be monitored
by measuring luciferase activity in the cells, whereas vCSFV GPE−/HiBiT is able to be monitored by
measuring luciferase activity in the culture supernatant (Figure 2). Measuring luciferase activity in the
culture supernatant enables the assessment of viral growth at several time points after infection of a
single cell culture. Thus, recombinant viruses need to be detectable in culture supernatants for an assay
to be efficient. On the other hand, we evaluated vBVDV-1 NCP7/HiBiT, which has been previously
reported [30,31], but the significant cross reactivity of vBVDV-1 NCP7-WT with the serum against
BVDV-2 was confirmed. In addition, the subgenotypes of BDV are more diverse, and selection of a
reference strain for the SNT seems to be more complicated, although only BDV subgenotype 1 (BDV-1)
has previously been isolated in Japan [22]. Hence, appropriate reference viruses should be selected
based on the local prevalence of pestiviruses, and genetically stable recombinant viruses, which express
the HiBiT fused with a viral protein efficiently, should be generated for the luciferase-based SNT.
These localized recombinant reporter pestiviruses would be useful for luciferase-based SNTs for the
surveillance not only of CSFV but also, in certain areas, of BVDV and BDV.

Figure 3. Amino acid sequences of pestiviruses around the cleavage site between C and Erns.
The sequences were compared using GENETIX network ver. 12.0.1 (GENETYX Corp., Japan). The region
of the signal peptide sequence and the site of cleavage by signal peptidase is indicated on top of the
alignment (SP). The line and arrow indicate part of the C and Erns proteins, respectively, at the bottom
of the alignment.

Altogether, the present luciferase-based SNT enables SNT titers to be determined simply and
rapidly, replacing conventional SNTs. Therefore, this luciferase-based SNT could be a powerful tool
for high-throughput serological testing, providing useful information for the investigation and control
of pestiviruses, including CSFV in the field.

4. Materials and Methods

4.1. Cells and Viruses

The SK-L and MDBK cells were propagated in Eagle’s Minimum Essential Medium (Nissui
Pharmaceutical, Tokyo, Japan) supplemented with 0.3 mg/mL L-glutamine (Nacalai tesque, Kyoto,
Japan), 100 U/mg penicillin G (Meiji Seika Pharma, Tokyo, Japan), 8 μg/mL gentamycin (TAKATA
Pharmaceutical, Saitama, Japan), sodium bicarbonate (Nacalai tesque), 0.1 mg/mL streptomycin (Meiji
Seika Pharma), 0.295% tryptose phosphate broth (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA), 10 mM N,N-bis-(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES; MilliporeSigma, St. Louis,
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MO, USA), and 10% horse serum (Thermo Fisher Scientific, Waltham, MA, USA). Both types of cells
were incubated at 37 ◦C in the presence of 5% CO2.

Three recombinant pestiviruses encoding the HiBiT luciferase gene were used for the new
luciferase-based SNT; vCSFV GPE−/HiBiT was derived from recombinant full-length cDNA of the
CSFV GPE− strain, which expressed HiBiT luciferase fused with the N-terminus of viral Erns [31].
vBVDV-1 NCP7/HiBiT was derived from recombinant full-length cDNA of the BVDV-1 NCP7 strain,
which expressed HiBiT luciferase fused with the N-terminus of viral E2 [30,36]. vBDV FNK/HiBiT was
derived from recombinant full-length cDNA of the BDV-1 FNK2012-1 strain [22], which expressed
HiBiT luciferase fused with the N-terminus of viral Erns. This full-length cDNA of the BDV FNK2012-1
strain and vBDV FNK/HiBiT was newly developed for this study. Details of the construction of the
recombinant full-length cDNA clone of BDV are given below.

In addition, the wild-type viruses in the conventional SNT were selected as follows: vGPE−,
which was derived from recombinant full-length cDNA of the CSFV GPE− strain [37], described
as vCSFV GPE−-WT, BVDV-1 Nose strain [38] described as BVDV-Nose-WT, vNCP7 which was
derived from the recombinant full-length cDNA of the BVDV-1 NCP7 strain [36] described as vBVDV-1
NCP7-WT, and BDV FNK2012-1 strain [22] described as BDV FNK-WT. The BDV FNK2012-1 strain
was isolated from domestic pigs and propagated in SK-L cells.

4.2. Reference Antisera

Four reference porcine sera were used for the SNTs. Each serum sample was obtained from a pig
in the convalescent phase following infection with CSFV GPE− strain, BVDV-1 Nose strain, BVDV-2
KZ91-NCP strain, or BDV FNK2012-1 strain. CSFV GPE− strain was intramuscularly inoculated in
6-week-old pigs, and serum against CSFV was collected at 6 months post-inoculation. BDV FNK2012-1
strain was intramuscularly inoculated in four-week-old pigs, followed by intramuscular inoculation
with adjuvant; serum against BDV was collected at 42 dpi. Porcine sera against BVDV-1 Nose strain
and BVDV-2 KZ91-CP strain were previously established [14]. All sera were inactivated by heating at
56 ◦C for 30 min before SNTs were performed.

4.3. Construction of BDV FNK2012-1 Full-Length cDNA

The cDNA clone of BDV FNK2012-1 was constructed according to a previously reported
methodology [39]. Viral RNA was extracted from the supernatant of virus-infected cells using TRIzol
LS Reagent (Thermo Fisher Scientific), 1-bromo-3-chloropropane (MilliporeSigma), and RNeasy Mini
Kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. The extracted RNA
was reverse transcribed (RT) with RT primer (Table S1) using SuperScript III Reverse Transcriptase
(Thermo Fisher Scientific), and subsequently 2 μL of cDNA was subjected to polymerase chain reaction
(PCR) with gene-specific primers (Table S1) using Q5 Hot Start High-Fidelity DNA Polymerase
(New England Biolabs, Ipswich, MA, USA). The linearized fragment of pBeloBAC11 (New England
Biolabs) was also amplified with the primers indicated in Table S1, using Q5 Hot Start High-Fidelity
DNA Polymerase. Then, the bacterial artificial chromosome (BAC) containing full-length cDNA
corresponding to FNK2012-1 was obtained using an In-Fusion HD Cloning Kit (TaKaRa Bio, Shiga,
Japan). The nucleotide sequences of the purified PCR products of the cDNA clones used in the present
study were confirmed using an ABI 3500 Genetic Analyzer (Thermo Fisher Scientific).

4.4. Construction of HiBiT Recombinant Full-Length cDNA of BDV

The BDV cDNA clone encoding the HiBiT luciferase gene (Figure 1) was constructed following the
method described in a previous report for CSFV and BVDV-1 [30,31], using a KOD-plus-mutagenesis
kit (TOYOBO, Osaka, Japan) and the respective oligonucleotide primers. Briefly, the BAC carrying the
BDV cDNA clone was used as a template for inverse PCR following DpnI digestion, with primers
including the HiBiT sequence (Table S1), and then the product was self-ligated, according to the
manufacturer’s protocol.
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4.5. In Vitro Transcription and RNA Transfection

The recombinant clones of BVDV-1 and BDV were used as templates for full genome PCR to
add the T7 promoter sequence with the respective primers (Table S1), using AccuPrime Taq DNA
Polymerase, High Fidelity (Thermo Fisher Scientific), and then the products were purified using a
FastGene Gel/PCR Extraction Kit (NIPPON Genetics, Tokyo, Japan), according to the manufacturer’s
protocol. The recombinant full-length cDNA clone of CSFV was linearized at the SrfI site located at the
end of the viral genomic cDNA sequence, followed by purification by phenol-chloroform extraction
and ethanol precipitation. The purified PCR products of the BVDV-1 and BDV clones and the linearized
product of the CSFV clones were used as templates for run-off transcription using a MEGAscript T7 kit
(Thermo Fisher Scientific). After DNase I digestion and purification in S-400 HR Sephadex columns
(GE Healthcare, Chicago, IL, USA), RNA was transfected to SK-L cells for CSFV and BDV or MDBK
cells for BVDV-1 by electroporation using a Gene Pulser Xcell (Bio-Rad, Hercules, CA, USA), set at
200 V and 500 μF for SK-L cells or 180 V and 950 μF for MDBK cells, followed by incubation at 37 ◦C for
3 days. Virus recovery was confirmed by an immunostaining assay using anti-CSFV NS3 antibodies,
as described below. The entire genomes of rescued viruses were verified by sequencing with an ABI
3500 Genetic Analyzer. The rescued viruses were stored at −80 ◦C for the SNTs.

4.6. Immunoperoxidase Assay to Detect Pestivirus Antigens

The immunoperoxidase assay was performed as previously described [40]. Briefly, cells inoculated
with viruses were washed with PBS and heat-fixed at 80 ◦C for 1 h. The cells were then incubated at
room temperature for 1 h in the presence of the primary monoclonal antibody for NS3, 46/1. The cells
were washed with PBS and then incubated at 37 ◦C for 1 h in the presence of goat anti-mouse IgG
(H+L) horseradish peroxidase conjugate (Bio-Rad). The cells were washed again and then stained with
3-amino-9-ethyl carbazole (MilliporeSigma).

4.7. Virus Titration

SK-L cells were infected with 10-fold serially diluted CSFV or BDV, and MDBK cells were infected
with 10-fold serially diluted BVDV-1, in 96-well plates and incubated at 37 ◦C for 4 days. Then,
the plates were immunostained, as described above. Virus titers were calculated and expressed as
TCID50 per mL [41].

4.8. Luciferase Assay

The luciferase activity of culture supernatants or cell lysates was measured using a Nano-Glo
HiBiT lytic detection system (Promega, Madison, WI, USA), according to the manufacturer’s protocol.
To measure luciferase activity in the cell culture supernatant, 20 μL of culture medium was mixed
with an equal volume of Nano-Glo HiBiT lytic buffer. To measure luciferase activity in cell lysate,
all culture medium was removed, and the cells were lysed using 20 μL of Nano-Glo HiBiT lytic buffer
for 20 min at room temperature. Luciferase activity was measured in a 96-well LumiNuncTM plate
(Thermo Fisher Scientific) using a POWERSCAN 4 (DS Pharma Biomedical, Osaka, Japan).

4.9. Serum Neutralization Tests (SNTs)

Most of the SNTs were performed according to previously described protocols [8,14]. Equal
volumes (25 μL) of serially diluted serum and 200 TCID50 of CSFV, BVDV-1, or BDV were mixed and
incubated at 37 ◦C for 1 h. This mixture plus SK-L or MDBK cell suspension was incubated in 96-well
plates at 37 ◦C and 5% CO2. Viral antigens were detected at 4 dpi using the conventional SNT by
immunostaining assay, as described above.

For the new luciferase-based SNT, viral antigens were detected from the culture medium (for CSFV)
or cell lysate (for BVDV-1 and BDV) on each day by the luciferase assay, as described above. The cut-off
value for the luciferase activity to signal complete neutralization (i.e., no virus growth) for the new SNT
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was calculated based on that of mock-infected 96-well plates. The average number of mock-infected
96-well plates plus five times the standard deviation of this population (i.e., luciferase activity = 70)
was set as the cut-off value.

The neutralizing antibody titer of each test was expressed as the reciprocal of the highest serum
dilution which showed complete neutralization of the virus.

4.10. The 50% Effective Concentration (EC50) of Each Serum against Marker Virus

For the calculation of EC50, the diagram of obtained luciferase activity was figured out as a
sigmoid curve using ImageJ (version 1.52t) [42] Then, the EC50 was calculated based on the maximum
and minimum value of each test.

4.11. Ethics Statement

The animal experiments were authorized by the Institutional Animal Care and Use Committee of
the Faculty of Veterinary Medicine, Hokkaido University (approval number 18-0038), and performed
according to the guidelines of this committee.
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recombinant BDV carrying HiBiT and anti-pestivirus serum, Table S1: Primers for the construction of HiBiT
recombinant full-length cDNA of BDV and the virus rescue for BVDV-1 and BDV.
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Abstract: Shipping of serum samples that were taken from pigs infected with classical swine fever
(CSF) virus is frequently requested with the objective of serological analyses, not only for diagnostic
purposes but also for exchange of reference materials that are used as control material of diagnostic
assays. On the basis of the fact that an outbreak with CSF is associated with enormous economic
losses, biological safety during the exchange of reference material is of great importance. The present
study aimed to establish a pragmatic approach for reliable CSF virus (CSFV) inactivation in serum
without impairing antibody detection. Considering the fact that complement inactivation through
heating is routinely applied, the basic idea was to combine heat treatment with the dilution of serum
in a detergent containing buffer in order to facilitate the inactivation process. The results show
that treatment of serum samples with phosphate buffered saline-Tween20 (final concentration =
0.15%) along with incubation at 56 ◦C for 30 min inactivated CSFV and such treatment with ≤ 0.25%
PBS-Tween20 does not impair subsequent antibody detection by ELISA or virus neutralization test.
This minimizes the risk of virus contamination and represents a valuable contribution to a safer CSF
diagnosis on a national and international level.

Keywords: classical swine fever; pestivirus; Flaviviridae; virus inactivation; complement inactivation;
detergent; Tween20; antibody detection; safety; sample transport

1. Introduction

Classical swine fever (CSF) is one of the most important diseases in domestic pigs and wild boar
and is notifiable to the World Organization of Animal Health (OIE). The disease is caused by the
pestivirus classical swine fever virus (CSFV) which belongs to the virus family Flaviviridae [1]. An
outbreak with CSF is associated with enormous economic losses due to the high mortality of the disease
itself, as well as due to the widely conducted stamping out policy, which implies large-scale preventive
culling of pigs along with transport and trade restrictions. Within the European Union, the last sporadic
outbreaks of CSF occurred in Lithuania in 2009 and 2011, as well as in Latvia in 2012 up to 2015 [2].
However, CSF is still endemic in the feral and domestic pig population in many countries of Asia,
Africa, South America, and the Caribbean. The recent emergence of CSF in Japan after 26 years absence
provides an illustrative example for the continuous risk of reintroduction of the disease in CSF-free
countries [3,4]. Maintenance of solid knowledge of the clinical disease and a rapid diagnosis of a CSF
outbreak represent indispensable prerequisites for effective control of CSF. To keep diagnostic protocols
up to date, constant verification and validation of the diagnostic methods is of great importance and
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includes the exchange of reference material for testing. In addition, the participation of the national
reference laboratories in inter-laboratory comparison tests is obligatory, which implies the shipment of
infectious sample material for testing. Not all national reference laboratories have the permission to
work with infectious viruses. Therefore, those laboratories have to designate another official laboratory
to perform diagnostic analysis of virus positive sample material. Furthermore, some institutions have
a strict separation between serological (virus-free) and virological working departments. Laboratories
or working departments that are not allowed to work with infectious sample material can receive
samples that are tested negative for CSFV genome. In general, such samples are taken from animals at
a late time point after infection and exhibit a high antibody concentration. However, these samples
have been obtained from pigs that were infected with CSFV and despite appropriate measures and
testing of this material, residual virus contents or contaminations cannot be ruled out in general. In
order to minimize the risk of virus contamination at the consignee’s premises, especially for those
laboratories that are not allowed to work with infectious virus, and to comply with legal shipping
regulations, the present study aimed to establish a pragmatic approach for reliable CSFV inactivation
in serum samples. Usually, complement inactivation (incubation at 56 ◦C for 30 min) of serum samples
is performed prior to diagnostic analysis. However, this treatment results in a reduced viral titer of
only about one log10 and is consequently insufficient to inactivate CSFV in serum samples because of
virus protecting abilities of porcine serum at 56 ◦C and ambient temperatures [5]. For virus inactivation
by heating, higher temperatures would be required. According to the European Commission (EC)
legislation 2002/99/EC heating temperatures of 70 ◦C are necessary for elimination of infectious CSFV.
However, due to denaturation of antibodies at such high temperatures, incubation of serum samples at
70 ◦C would severely impair the detection of antibodies in these samples. Previous studies have shown
that a combination of heat treatment and the addition of the detergent Tween20 to serum samples
results in inactivation of enveloped viruses and that these samples can be used for further serological
analysis by antibody ELISAs without impairing the qualitative results. For Rift Valley fever virus as
well as for Ebola virus (species Zaire ebolavirus), an incubation of the serum samples at 56 ◦C for 1 h in
the presence of 0.5% Tween20 (v/v) is sufficient for virus inactivation [6–8]. A lower concentration of
Tween20 (0.05%) resulted in inactivation of West Nile virus after an incubation at 56 ◦C for 1 h [9].

Considering the fact that complementary inactivation through heating (56 ◦C for 30 min) is
routinely applied for serum samples prior to CSFV diagnosis, the basic concept of this study was to
combine this heat treatment with the dilution of the serum sample in a detergent containing buffer
[phosphate buffered saline(PBS)-Tween20] in order to provide a method for virus inactivation in serum
samples without impairing the detection of antibodies against CSFV by diagnostic assays described
within the EU legislation [10].

2. Results

2.1. Effect of Tween20 Concentration on Inactivation of CSFV in Serum Samples and Infectious Cell
Culture Supernatants

In the initial stage of the study, CSFV infectious cell culture supernatants of four different CSFV
strains were used. The infectious cell culture supernatants showed a virus load between 1.78 × 106

to 3.16 × 106 tissue culture infection dose 50 (TCID50)/ 50 μL after 1:2 dilution in PBS (PBS control).
Incubation at 56 ◦C for 30 min resulted in a decrease of the virus titer by approximately two log units
[PBS + heat (H) control]. If the infectious supernatants were diluted in PBS containing 0.05% Tween20

(final concentration of Tween20: 0.025%) and heat treatment was performed, no infectious virus was
detected (Figure 1A). This was confirmed by virus isolation on two different cell lines. The samples
that were diluted in PBS without heat treatment (PBS control) were tested positive by virus isolation.
Generally, detection of CSFV genome was still possible, but the samples that were treated with PBS
0.05% Tween20 showed a considerable lower number of genome copies compared to the samples
treated with PBS (PBS control) (Figure 2).
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Figure 1. Classical swine fever (CSF) virus titer after sample treatment performed for virus inactivation.
(A) Four infectious cell culture supernatants (two highly virulent strains, CSF0947 and CSF0634, as well
as two moderately virulent strains, CSF0902 and CSF0104) and (B) four infectious serum samples were
used for the experiment. The samples were 1:2 diluted in phosphate buffered saline (PBS)-Tween20

and incubated at 56 ◦C for 30 min. Two PBS controls were included; for the first, the samples were 1:2
diluted in PBS and incubated at 56 ◦C for 30 min (PBS + heat (H) control), whereas the second control
was not treated with heat (PBS control). The four serum samples were treated with different Tween20

concentrations (0.05%, 0.1%, 0.3%, 0.5%, 1%, and 2%), whereas one concentration (0.05%) was used for
the inactivation of infectious cell culture supernatants. Immediately after treatment, the samples were
titrated. The experiment was performed in three independent runs. H = heat treatment at 56 ◦C for
30 min; T = Tween20.

However, after dilution of serum samples in PBS 0.05% Tween20 followed by heat treatment,
infectious CSFV was still detectable. Accordingly, this inactivation protocol was not effective for serum
samples, even though the initial virus titers in the four serum samples (ID 1, ID 4, ID 6, and ID 23)
were significantly lower (2.14 × 102 to 3.77 × 104 TCID50/ 50 μL) than the virus titers in the infectious
cell culture supernatants. The calculated virus titers of the serum samples after dilution in PBS 0.05%
Tween20 were comparable to the titers of the serum samples that were diluted in PBS without Tween20

(PBS +H control). Likewise, dilution of the serum in PBS 0.1% Tween20 (final concentration of Tween20:
0.05%) followed by heat treatment showed no significant differences in the decrease of the virus titer
compared to the PBS control that was incubated at 56 ◦C (PBS + H control). Only after dilution in PBS
0.3% Tween20 (final concentration of Tween20: 0.15%) combined with heat treatment was the infectious
virus no longer detectable (Figure 1B), which was confirmed by virus isolation on two porcine cell lines.
In comparison to this, all samples that were diluted in PBS without heat treatment (PBS control) were
detected positive for infectious CSFV by virus isolation. As it was shown for the infectious cell culture
supernatants, CSFV genome was still detectable after treatment with Tween20. However, the number of
genome copies was reduced compared to the serum samples treated with PBS (PBS control) (Figure 2).
The concentration of 0.3% Tween20 had no influence on cell growth, whereas the samples diluted in
PBS 1% Tween20 or PBS 2% Tween20 induced a cytopathic effect. This cytopathic effect was observed
within the first two dilution steps of virus titration and did not occur after incubation of the cells with
higher dilutions of the PBS 1% Tween20 and PBS 2% Tween20-treated samples (data not shown).
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Figure 2. Classical swine fever virus (CSFV) genome detection by quantitative real-time RT-PCR
(qRT-PCR) after sample treatment for inactivation of CSFV. Four infectious cell culture supernatants
and four infectious serum samples were 1:2 diluted in phosphate buffered saline (PBS)-Tween20 (PBS
0.05% Tween20 for cell culture supernatant and PBS 0.3% Tween20 for serum) and incubated at 56 ◦C for
30 min (treated). As a control for viral genome load, samples were 1:2 diluted in PBS and not incubated
at 56 ◦C for 30 min (PBS control). All samples were analyzed in duplicates in a CSFV-specific qRT-PCR
and the mean values are shown.

2.2. Validation of CSFV Inactivation

To confirm the efficacy of the protocol for virus inactivation in serum samples and to evaluate the
application of these treated samples in serological diagnostic assays [virus neutralization test (VNT)
and ELISA], a panel of 33 sera was tested. The panel comprised two different sample categories.
Samples of category I were tested positive for infectious CSFV whereas samples of category II were
classified negative for infectious CSFV.

The serum samples were 1:2 diluted in PBS 0.3% Tween20 or PBS 0.5% Tween20 and incubated
at 56 ◦C for 30 min. Immediately after treatment, CSFV positive sera of category I (n = 23) treated
with PBS 0.3% Tween20 were subjected to virus isolation over two passages using the two porcine
cell lines, porcine kidney (PK15) and swine kidney (SK6), separately. None of the 23 treated serum
samples tested positive for infectious virus, neither in the undiluted approach nor in the 1:10 dilution.
The positive control clearly tested positive for infectious virus confirming that the method has been
performed properly. For the detection of CSFV-specific antibodies within a short time, commercial
ELISAs are often used. In case a serum sample is tested positive or doubtful by the ELISA, an additional
confirmatory test is performed, generally the VNT.

Previous studies have described differences in the detection of antibodies using ELISAs that are
based on either E2 or Erns antigen [11]. Against this background, the samples of the present study were
tested in an E2-specific (CSFV Ab ELISA; IDEXX) as well as in an Erns-specific ELISA (pigtype® CSF
Erns AB ELISA; Indical). The results of the E2-specific ELISA showed no significant differences in the
detection of antibodies between treated and non-treated samples. Also, the classification “positive for
antibodies against CSFV” of samples was not negatively influenced by the treatment with PBS 0.3%
Tween20 or PBS 0.5% Tween20, except for one sample (sample ID 5). However, the samples that were
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treated with PBS 0.5% Tween20 showed rather higher values of blocking percentage. Four non-treated
samples (ID 3, ID 6, ID 8, and ID 16) were tested doubtful for antibodies against CSFV, but positive for
antibodies against CSFV after treatment with Tween20 (0.3% or 0.5%) and incubation at 56 ◦C, and one
negative tested non-treated sample (ID 4) showed a doubtful result after treatment (Figure 3A).

The results obtained by the Erns antibody ELISA were different compared to the detection of
antibodies against E2 (Figure 3B). One major difference was that high amounts of Erns-specific antibodies
were detected in the majority of the serum samples of category I (sample IDs 1–16 and ID 23). However,
several samples that were treated with Tween20 and heat showed decreased S/P values (ratio of sample
OD450 to mean OD450 of the positive control) compared to the non-treated samples (S/P value difference
≤ 1). This had an impact on the classification of samples with a low antibody response. As a result,
five treated samples (ID 7, ID 21, ID 27, ID 28, and ID 30) were classified as doubtful or negative for
antibodies against CSFV instead of a positive result obtained by analysis of untreated samples. Sample
14 tested positive, with an S/P value very close to the cut-off (S/P value = 0.504) after treatment with
PBS 0.3% Tween20. This sample was classified doubtful (S/P value = 0.459) after treatment with PBS
0.5% Tween20. However, this inter-test variance is not significant and generally observed for repetition
of ELISAs. Only for one sample (ID 32) was a high difference in S/P value after treatment with PBS
0.3% Tween20 or PBS 0.5% Tween20 detected. Generally, the S/P values, which were obtained for the
samples treated with PBS 0.5% Tween20 were slightly lower than the ones detected after treatment with
0.3% Tween20. These minor differences did not lead to additional difference in sample classification,
except for one sample (ID 32).

As the VNT is often used for confirmation of positive or doubtful ELISA results, as well as for
the differentiation between CSFV-specific and ruminant pestivirus-specific antibodies, the 33 serum
samples were also tested in the VNT. The detection of virus neutralizing antibodies was performed
immediately after dilution in PBS 0.3% Tween20 or PBS 0.5% Tween20 along with heat treatment. No
negative effects caused by the Tween20 concentrations were detected. A low-to-moderate neutralizing
antibody titer (up to 120 ND50) was detected for the samples of category I (sample ID 1–23). Sera of
category II (sample ID 24–33) showed a moderate-to-high neutralizing antibody titer (>640 ND50). For
most treated samples, a slight increase of the antibody titer was observed compared to the non-treated
samples. However, a difference of up to three titer steps is commonly detected by repetition of VNTs
and is therefore considered not significant. A threefold or higher difference in the antibody titer
detected for treated and non-treated samples was not observed, except for one sample (ID 16) after
treatment with PBS 0.5% Tween20 (Figure 4).

On the basis of the fact that no significant titer differences were observed for treated and non-treated
samples, it can be concluded that the concentration of Tween20 (final concentration after 1:5 dilution in
the VNT: 0.03% Tween20 or 0.05% Tween20) had no significant influence on inactivation of the CSFV
strain CSF0104 (100 TCID50) that was used for performing the VNT.

According to the results, 11 out of the 33 serum samples were apparently hemolytic. However,
this characteristic had no influence on serological analysis in VNT and ELISA using treated samples.
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Figure 3. Detection of antibodies against Classical swine fever virus by two ELISAs. A total of 33 serum
samples were treated with phosphate buffered saline (PBS) 0.3% Tween20 or PBS 0.5% Tween20 and
incubated at 56 ◦C for 30 min. Afterwards, these samples were analyzed in comparison to non-treated
samples in an E2-specific (A) and Erns-specific (B) ELISA.
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Figure 4. Detection of neutralizing antibodies against Classical swine fever virus by virus neutralization
test (VNT) after sample treatment. A total of 33 serum samples were treated with phosphate buffered
saline (PBS) 0.3% Tween20 or PBS 0.5% Tween20 and incubated at 56 ◦C for 30 min. Afterwards, these
samples were analyzed in comparison to non-treated samples in the VNT. In addition to the titers of
neutralizing antibodies, titer differences between the treated and non-treated samples are depicted.
A negative value for the titer difference showed a reduction of the antibody titer compared to the
non-treated samples. Results for samples ID 1–15 are summarized in (A) and those for the sample ID
16–33 in (B).
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3. Discussion

A rapid and safe detection of notifiable epizootic diseases, such as CSF, is of great importance. To
keep the diagnostic methods up to date and to ensure a continuous efficient diagnostic performance, a
regular exchange of reference material is indispensable. Therefore, reference material is often requested
for verification and validation of diagnostic assays applied for detection of CSFV genomes or antibodies
against CSFV. Usually, this sample material is obtained from animals that were infected with CSFV.
Despite of appropriate testing [e.g., by quantitative real-time RT-PCR (qRT-PCR) or virus isolation] a
contamination or residual virus in samples that were taken from animals infected with CSFV cannot be
ruled out in general. For this reason, minimization of the risk of any viable CSFV in serum samples
is of utmost importance, especially when the sample material is intended for laboratories that are
not allowed to work with infectious viruses or that have a strict separation between serological and
virological working departments. The significance of the CSFV inactivation is underlined by the
fact that this topic had been already targeted before. However, former studies exclusively addressed
virus inactivation in tissues or other matrices that are not relevant for serological analysis upon
shipping [5,12,13]. The focus of the present study was to define a pragmatic procedure for inactivation
of CSFV in serum without impairing the serological properties for subsequent antibody detection by
ELISA and cell culture-based VNTs.

It has been shown for other enveloped viruses (Ebola virus and Rift Valley fever virus) that virus
inactivation in serum samples can be performed by addition of the non-ionic detergent Tween20 (final
concentration: 0.5%) and incubation at 56 ◦C for 1 h [6–8]. Tween20 solubilizes lipid membranes and
is widely used as a component of washing buffers to prevent unspecific binding of antibodies, for
example, in ELISAs and immune blots. The former studies showed that serum samples, which were
treated with Tween20 and were incubated at 56 ◦C for 1 h, are suitable for antibody detection by ELISAs.
However, the application in other serological assays involving cell culture systems, for example, VNT,
has not been evaluated so far. VNT is one of the most important serological assays for the detection of
antibodies against CSFV, particularly as a confirmatory test for positive or doubtful ELISA results, and
for the differential diagnosis regarding antibodies against other closely related pestiviruses [10]. The
present study showed that the use of 1% Tween20 (final concentration: 0.5%) led to virus inactivation
in serum samples but cytotoxic effects were detected in cell culture. These effects can be traced back to
the high Tween20 concentration. On the basis of these results, it can be concluded that samples treated
with PBS 1% Tween20 cannot be used for analysis in cell culture-based techniques such as VNT. In
contrast, no cytotoxic effects were observed for lower Tween20 concentrations (≤0.5% Tween20 in PBS).

Fortunately, virus inactivation was also confirmed for serum samples that were treated with
a lower concentration of Tween20 (PBS 0.3% Tween20 or PBS 0.5% Tween20) without impairing the
growth of tissue culture cell. Furthermore, the present study showed that serum samples, which
were inactivated using PBS 0.3% Tween20 (final concentration: 0.15%) or PBS 0.5% Tween20 (final
concentration: 0.25%) and heat treatment (56 ◦C for 30 min), can be used for serological assays to detect
antibodies against CSFV by ELISA and VNT. One limitation of the inactivation protocol was observed
for the pigtype® CSFV Erns AB ELISA that includes a 1:10 dilution of the sample prior to analysis. Five
inactivated serum samples that were treated with PBS 0.3% Tween20 (ID 7, ID 21, ID 27, ID 28, and
ID 30) were classified doubtful or negative for antibodies against CSFV, whereas the corresponding
non-treated samples were tested positive. However, this finding may be tolerable because the majority
of routinely applied serological assays target either E2-specific antibodies or the NS3 of CSFV (common
staining method of VNT). It was shown that a dilution factor of two, which was used for the CSFV
E2-specific AB ELISA and the VNT, had no significant influence on sample classification. Moreover,
the present study confirmed that the immune response against the structural proteins Erns and E2
is different [11]. A high amount of antibodies against Erns was detected at an early time point after
infection or in serum samples that contain virus. In comparison to this, all samples that do not contain
infectious CSFV showed highly positive results in the E2-specific antibody ELISA. For the analysis
of CSFV genome by quantitative real-time RT-PCR, the inactivation method is not recommended
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because addition of Tween20 to the sample had a negative impact on detection of viral genomic RNA.
However, the implementation of this inactivation technique was not focused on subsequent CSFV
genome detection as this is considered not relevant for serological departments that are forbidden to
work with infectious viruses.

Interestingly, inactivation of CSFV was dependent on the matrix. For inactivation of CSFV in
cell-free supernatant, the required Tween20 concentration was considerably lower (final Tween20

concentration: 0.025%) than for CSFV inactivation in serum samples (final Tween20 concentration:
0.15%), even though the virus titers in serum samples (2.14 × 102 to 3.77 × 104 TCID50/ 50 μL) were
about 100- to 10,000-fold lower than the virus titers in tissue culture supernatants (1.78 × 106 to 3.16 ×
106 TCID50/ 50 μL). A similar concentration of Tween20 was also used for inactivation of West Nile
virus in cell-free supernatant [9]. It can be hypothesized that the presence of proteins in serum samples
may influence the efficiency of inactivation by detergent Tween20 in lower concentrations. In this
context, it has been reported that, even though CSFV can be considered as a moderately fragile virus,
prolonged survival is possible under favorable conditions such as a protein-rich milieu [13]. Different
results have been published with regard to the influence of the properties of the viral strain on virus
stability [5,12,14]. In the present study, no differences regarding virus inactivation were detected
between the highly virulent strains CSF0947 and CSF0634 and the two moderately virulent strains
CSF0902 and CSF0104.

In order to prove a broad application of the inactivation technique, a serum panel has been
compiled using the serum collection of the EU and OIE Reference Laboratory for CSF (Hannover,
Germany). This validation panel comprised sera with different properties, for example, samples
that were taken from animals infected with distinct CSFV genotypes, as well as samples containing
various antibody and genome amounts. The virus titers of the serum samples used in this study are
representative of those typically found after CSFV infection. The EU and OIE Reference Laboratory for
CSF organizes an international inter-laboratory comparison test every year to evaluate the diagnostic
methods including virus isolation and virus titration. The titer of these sera, which were taken from
experimentally infected pigs, ranges between 101 and 105.5 TCID50/50 μL.

Each of the virus positive samples (n = 23) were completely inactivated by the suggested method.
Due to the fact that virus isolation on CSFV-susceptible cells was performed immediately after sample
treatment, it can be concluded that the virus inactivation resulted from the treatment itself, instead
of any other possible influence of subsequent storage of the sample in PBS-Tween20. However, the
volume of serum samples to be inactivated needs to be considered for the incubation time at 56 ◦C
because the time for reaching the core temperature of 56 ◦C within the serum sample depends on the
sample volume. Accordingly, for sample volumes > 2 ml, longer incubation times are recommended.

The present study shows that treatment with PBS-Tween20 (0.5%) and incubation at 56 ◦C for
30 min leads to complete virus inactivation. For laboratories that are not allowed to work with
infectious CSFV, safety precautions must be applied before these laboratories can receive sample
material that was taken from CSFV-infected animals. So far, only samples that were tested negative for
CSFV genome and for infectious CSFV are shipped. As an additional safety measure, the laboratories
are informed (e.g., by the corresponding material transfer agreement) that adequate disinfection and
decontamination of all things that came into contact with the material are requested. The present
study showed that treatment with PBS-Tween20 combined with complement inactivation represents
an additional third safety margin for serum samples, which are tested negative for CSFV genome
beforehand. Furthermore, this treatment represents a good alternative for laboratories that have a
separation between serology (non-infectious) and virology departments. For these laboratories, the
described method for CSFV inactivation offers the possibility to analyze individual serum samples
first by virological methods, followed by serological analysis after sample treatment with PBS-Tween20

and heat. However, because the inactivation of an agent causing a notifiable disease is a serious issue,
it is recommended to confirm virus inactivation of any sample beforehand.
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In conclusion, in order to minimize the risk of CSFV contamination at the consignee’s premises
regarding laboratories that have no permission for working with infectious CSFV, the treatment of CSFV
genome negative serum samples with Tween20 (final concentration should be 0.15%) and incubation at
56 ◦C for 30 min prior to shipment can be recommended. It is a simple, pragmatic, and cost-efficient
approach for CSFV inactivation that can be performed by each laboratory as it does not require any
special equipment. However, this method needs to be carefully validated in each laboratory beforehand
and longer incubation times should be applied for samples containing volumes >2 ml.

4. Materials and Methods

4.1. Serum Samples

In total, 33 serum samples that were taken from animals experimentally infected with CSFV
were used in the present study. These samples were allocated into two different categories. Samples
of category I tested positive for infectious CSFV and developed no or a low-to-moderate immune
response against CSFV (n = 23; ID 1 to ID 23). Furthermore, 9 out of the 23 samples were visibly
hemolytic (ID 2, ID 4, ID 5, ID 6, ID 9, ID 13, ID 16, ID 20, and ID 23). Category II comprised sera tested
negative for infectious CSFV, but clearly positive for CSFV antibodies (n = 10; ID 24 to ID 33). Two of
these samples were hemolytic (ID 27 and ID 31). All samples were obtained from the serum sample
collection of the EU and OIE Reference Laboratory for CSF (Hannover, Germany). The corresponding
animal experiments were notified by the Specialized Department of Animal Welfare Service of the
Lower Saxony State Office for Consumer Protection and Food Safety (LAVES; Permit Number: LAVES
AZ 08A 538) according to the German animal welfare act.

4.2. Cell Culture and Viruses

Two different cell lines, PK15 and SK6 cell line, were used in the present study. The cell
line PK15 (CCLV0051) was obtained from the Collection of Cell Lines in Veterinary Medicine
(CCLV, Friedrich-Loeffler-Institute, Island of Riems, Greifswald, Germany) and was cultivated in
Eagle’s minimum essential medium (EMEM), supplemented with fetal calf serum (FCS); 5% (for
SK6 cells) or 7.5% (for PK15 cells) FCS were added to the growth medium and 10% to the virus
culture medium.

SK6 cells were kindly provided by the Institute of Virology and Immunoprophylaxis, Mittelhäusern,
Switzerland, and were grown in Dulbecco’s modified Eagle’s medium supplemented with 10% FCS.
Before usage, FCS was tested for absence of pestivirus genomes and pestivirus-specific antibodies.

Two highly (CSF0947 and CSF0634) and two moderately (CSF0902 and CSF0104) virulent CSFV
strains were applied for validation of virus inactivation. These virus strains derive from the virus
collection at the EU and OIE Reference Laboratory for CSF in Hannover, Germany [15].

4.3. Inactivation of CSFV by Treatment with Tween20 and Heat

The first inactivation experiment was performed using infectious cell culture supernatants with
high viral loads (TCID50 > 106/50 μL), two highly (CSF0947 and CSF0634) and two moderately virulent
strains (CSF0902 and CSF0104), independently. Infectious cell culture supernatants were 1:2 diluted in
PBS containing 0.05% Tween20, which represents a commonly used Tween20 concentration in blocking
reagents and washing buffers of antibody ELISA kits. The diluted samples were incubated at 56 ◦C for
30 min in a water bath. Immediately after heat treatment, virus infectivity was quantified by sample
titration on CSFV-susceptible cells according to the EU Diagnostic Manual for CSF Diagnosis, Technical
Part [16], in three independent runs, and virus isolation as well as qRT-PCR were performed. Two PBS
controls were included—for the first, the samples were 1:2 diluted in PBS and incubated at 56 ◦C for
30 min (PBS + H control), whereas the second control was not treated with heat (PBS control).

Additionally, CSFV inactivation in serum samples was investigated. Four serum samples
containing infectious CSFV (2.14× 102 to 3.77× 104 TCID50/ 50μL) were 1:2 diluted in PBS supplemented
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with different Tween20 concentrations (0.05%, 0.1%, 0.3%, 0.5%, 1%, and 2%) and incubated at 56 ◦C for
30 min in a water bath. As described above, two PBS controls were included and the samples and were
analyzed by virus titration, virus isolation, and qRT-PCR, as described above.

4.4. Validation of the Inactivation Protocol

The protocol for inactivation was validated using a panel consisting of 33 serum samples with
different virological and serological properties. To confirm virus inactivation, the samples were
treated with PBS 0.3% Tween20 and heat (56 ◦C for 30 min), and thereafter subjected to virus isolation.
Subsequently, serological analysis (VNT, CSFV Ab ELISA (IDEXX) and pigtype® CSF Erns AB ELISA
(Indicial)) were performed. To consider a safety margin regarding virus inactivation, the samples were
analyzed after treatment with PBS 0.5% Tween20 and also heat. For comparison, untreated serum
samples were also analyzed.

4.5. Virus Isolation

Virus isolation was performed using the following three sample set-ups: (1) four infectious cell
culture supernatants treated with heat and PBS 0.05% Tween20 or PBS (PBS control), (2) four serum
samples treated with heat and PBS 0.3% Tween20 or PBS (PBS control), and (3) serum samples of category
I out of the serum validation panel that were diluted in PBS 0.3% Tween20 and incubated for 30 min at
56 ◦C. The protocol for virus isolation followed the instructions described in the EU Diagnostic Manual
for CSF Diagnosis, Technical Part [16]. Briefly, two concentrations of the serum samples (undiluted
and 1:10 diluted) were incubated on PK15 and SK6 cells for three days, respectively. A positive
and negative control was treated equally to the sample material. After two passages, cell culture
supernatant was removed and the cells were fixed by heat treatment (80 ◦C for 3 h). Subsequently,
an indirect immune-peroxidase staining was performed using the NS3-specific monoclonal mouse
antibody BVD/C16 (dilution 1:25 in PBS-0.01%Tween20) and a polyclonal rabbit anti-mouse horseradish
peroxidase conjugate (dilution 1:200 in PBS-0.01% Tween20, DAKO, Denmark).

4.6. ELISAs for Detection of Antibodies Against CSFV

For antibody detection against CSFV, two commercially available ELISAs were carried out
according to the manufactures instructions. The antibody ELISAs are different with regard to antigen
specificity, the CSFV Ab ELISA (IDEXX) detects antibodies against the structural glycoprotein E2 and
the pigtype® CSFV Erns AB ELISA (Indicial) against the structural protein Erns.

4.7. Virus Neutralization Assay

The VNT has been performed according to the standard protocol described in the EU Diagnostic
Manual for CSF Diagnosis, Technical Part [16], starting with a 1:5 dilution of the serum sample. The
final applied dilution was 1:640. The cell line PK15 and the CSFV reference strain Diepholz (CSF0104;
genotype 2.3) were used.

4.8. Isolation of Viral RNA and qRT-PCR

To analyze the influence of Tween20 on genome detection by qRT-PCR, total RNA was extracted
from four serum samples and four infectious cell culture supernatants that were diluted in PBS 0.3%
Tween20 along with incubation at 56 ◦C for 30 min or PBS without heat treatment (PBS control),
independently. For this purpose, the QIAamp Viral RNA Mini Kit (Qiagen, Germany) was used
according to the manufacturers’ recommendations. Afterwards, viral RNA was detected by a
CSFV-specific qRT-PCR, as described previously [17]. The samples were analyzed in duplicate.
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Abstract: Classical swine fever (CSF) caused by the CSF virus (CSFV) is one of the most important swine
diseases, resulting in huge economic losses to the pig industry worldwide. Systematic vaccination is one
of the most effective strategies for the prevention and control of this disease. Two main CSFV vaccines,
the modified live vaccine (MLV) and the subunit E2 vaccine, are recommended. In Taiwan, CSF cases
have not been reported since 2006, although systemic vaccination has been practiced for 70 years.
Here, we examined the sero-dynamics of the piglets born from sows that received either the CSFV MLV
or the E2 vaccine and investigated in the field the correlation between the porcine reproductive and
respiratory syndrome virus (PRRSV) loads and levels of CSFV antibody. A total of 1398 serum samples
from 42 PRRSV-positive farms were evaluated to determine the PRRSV loads by real-time PCR and
to detect CSFV antibody levels by commercial ELISA. Upon comparing the two sow vaccination
protocols (CSFV MLV vaccination at 4 weeks post-farrowing versus E2 vaccination at 4–5 weeks
pre-farrowing), the lowest levels of CSFV antibody were found in piglets at 5–8 and 9–12 weeks of
age for the MLV and E2 groups, respectively. Meanwhile, the appropriate time window for CSFV
vaccination of offspring was at 5–8 and 9–12 weeks of age in the MLV and E2 groups, respectively.
There was a very highly significant negative correlation between the PRRSV load and the level of
CSFV antibody in the CSFV MLV vaccination group (P < 0.0001). The PRRSV detection rate in the
pigs from the MLV group (27.78%) was significantly higher than that in pigs from the E2 group
(21.32%) (P = 0.011). In addition, there was a significant difference (P = 0.019) in the PRRSV detection
rate at 5–8 weeks of age between the MLV (42.15%) and E2 groups (29.79%). Our findings indicate
that the vaccination of CSFV MLV in piglets during the PRRSV susceptibility period at 5–8 weeks of
age may be overloading the piglet’s immune system and should be a critical concern for industrial
pork production in the field.

Keywords: classical swine fever; porcine reproductive and respiratory syndrome virus;
quantitative PCR; antibody; modified live vaccine; E2 subunit vaccine

1. Introduction

Classical swine fever (CSF) caused by the CSF virus (CSFV) is one of the most important swine
diseases, resulting in huge economic losses to the pig industry worldwide, and it is a World Organization
for Animal Health (OIE)-listed disease. CSFV (previously called hog cholera virus) belongs to the
genus Pestivirus within the family Flaviviridae together with bovine viral diarrhea virus 1, bovine viral
diarrhea virus 2 and border disease virus [1]. Recently, CSFV has been redesignated as Pestivirus C [1].
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CSF is an immunosuppressive disease in which several immune escape mechanisms of CSFV
have been reported, such as apoptosis, autophagy and pyroptosis in bone marrow hematopoietic
cells, lymphocytes and lymphoid organs [2]. A low CD4/CD8 ratio has been observed in
the peripheral blood mononuclear cells of infected fetuses and piglets challenged with either
high- or low-virulence CSFV strains. A low CD4/CD8 ratio indicates dysregulation of the immune
response [3]. During CSFV infection, the clinical signs mainly depend on the ages of pigs and the
virulence of the viral strains. The clinical forms of CSFV can show acute, chronic and persistent courses.
The persistent course usually requires infection of sows at approximately 50–70 days of pregnancy [4–6].
In general, the acute form of CSF leads to clinical and pathological features that are very similar to those
of African swine fever [5,6]. In addition, CSF must also be considered in the differential diagnosis of
erysipelas, porcine circovirus type 2 (PCV2)-associated diseases (PCVAD), salmonellosis and porcine
reproductive and respiratory syndrome (PRRS) [6]. The overlapping of the clinical presentations
may lead to a misdiagnosis of CSF as PRRS virus (PRRSV) infection. PRRSV infection also
causes reproductive symptoms in gestational sows and respiratory problems in young pigs [7,8].
PRRSV infection can induce several immunosuppressive responses [9], such as: i) dysregulation
of NK cell cytotoxic activity [10]; ii) poor production of IFN-alpha [11]; and iii) promotion of the
secretion of immunosuppressive cytokines such as interleukin-10 (IL-10) and transforming growth
factor-beta [10,12,13].

Systematic vaccination and non-vaccination stamping-out are the two main strategies to control
CSF [6,14]. Due to the enormous costs of stamping-out, systematic vaccination is a more effective
strategy for CSF control in CSF endemic areas [6]. Two major kinds of CSFV vaccines, the modified live
vaccine (MLV) and the subunit vaccine, are widely used in many countries [6,14]. The MLV vaccine can
induce not only humoral immune responses but also cell-mediated immune responses against virulent
CSFV. Subunit vaccines, such as E2 vaccines, usually only induce antibody responses [14]. However,
the disadvantages of CSFV MLV vaccines are that their efficacy is inhibited by maternal-derived
antibody (MDA) [14–19] and they lack differentiation with infection from vaccinated animals (DIVA)
according to serological assays [16,20]. The CSFV subunit vaccines based on the E2 protein allow DIVA
by Erns enzyme-linked immunosorbent assays and provide good protection [21–23]. The drawbacks of
E2 subunit marker vaccines are that they induce protection later than MLV vaccines, and their efficacy
also interferes with maternal antibodies [21,24].

Transplacental transmission of CSFV occurred before the onset of the antibody response when
sows were challenged with either high- or low-virulence CSFV strains. Therefore, rapid and solid
immunity after sow vaccination is required for the prevention of congenital viral persistence [3].
In Taiwan, CSFV MLV has been used since the 1950s and proven to be sufficiently protective.
CSFV MLV vaccination is only recommended in sows at 4 weeks post-farrowing (nonpregnancy
stage) to overcome persistent infection. To avoid MDA, which interferes with the efficacy of CSFV MLV
in the clinic, piglets should be vaccinated at 6 and 9 weeks old when sows are vaccinated in the
nonpregnancy stage. However, PRRSV is still a major problem and difficult to control in the nursery
stage, which overlaps with the CSFV MLV vaccination period in Taiwan. Certain severe PRRS cases in
the nursery were observed just after CSFV MLV vaccination (data from the Animal Diseases Diagnostic
Center of National Pingtung University of Science and Technology, not shown). The most reasonable
explanation for PRRS and porcine respiratory disease complex induction is stress, which would be
caused not only by vaccination but also by the side effects of CSFV MLV, pathogens spread by needles,
the synergistic effects of bacterial pathogens such as Glaesserella parasuis (G. parasuis, previously called
Hemophilus parasuis) and other factors [25]. In contrast, the E2 vaccine is recommended for application
in sows at 4–5 weeks pre-farrowing and elicits a high level of neutralizing antibody [26–28], whereas
the vaccination of offspring can be delayed until they are 10–12 weeks old [28], which is when most
piglets have recovered from PRRS. Therefore, the level of MDA is very important for CSFV vaccination
programs in piglets. Previous research findings showed that PRRSV infection prior to CSFV vaccination
significantly suppressed the antibody response [29,30]. In addition, CSFV immunization during the
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acute phase of PRRSV infection could result in vaccination failure [31]. However, the correlation
between the CSFV MDA levels produced in response to different types of CSFV vaccines and the
PRRSV load in the field remains to be investigated. Herein, this retrospective study aimed to elucidate
the sero-dynamics of the CSFV and PRRSV loads in piglets born from sows immunized with different
types of CSFV vaccines to further the understanding of the interactions between the CSFV vaccine and
the PRRSV, which is still prevalent in most areas of intense pork production in the field.

2. Results

2.1. Levels of CSFV Antibody in Pigs of Different Ages from Sows Immunized with Different Types of
CSFV Vaccines

A total of 1398 blood samples from 42 PRRSV-positive commercial herds were included in this
study that were obtained from 943 cases (from 29 pig herds) from the MLV group together with 455 cases
(from 13 pig herds) from the E2 group. The evaluation of CSFV antibody levels at different ages in
pigs revealed that the level of CSFV antibody was very highly significant (P < 0.001), higher in the
E2 group than in the MLV group when pigs were less than 4 weeks old and 5–8 weeks old (Figure 1).
However, the level of CSFV antibody in the MLV group was significantly higher than that in the
E2 group at 9–12 weeks of age (P < 0.01), but the difference between the two groups was not statistically
significant after 13 weeks of age (Figure 1).

Figure 1. The humoral responses based on ELISA in piglets born in the classical swine fever virus
modified live vaccine, (CSFV MLV) and E2 vaccine groups. The results are expressed as blocking
%. The dashed line indicates a blocking %, the threshold below which the samples were considered
negative. A blocking % between 30 and 40 was interpreted as suspected (gray area). A blocking %
greater than or equal to 40 was interpreted as positive. The error bars show the standard deviation
(SD). P values < 0.05, < 0.01 and < 0.001 were considered statistically significant, highly significant and
very highly significant, respectively.

2.2. Correlation of the PRRSV Load and Level of CSFV MDA in the Piglets without CSFV Vaccination from
Different Groups

To examine the correlation of the PRRSV load and level of CSFV MDA in different groups,
the PRRSV load of all serum samples was quantitated by real-time polymerase chain reaction (PCR).
The presence of PRRSV was calculated only in the piglets without CSFV vaccination. A total of
802 samples fit this criterion. The correlation between the PRRSV load and the level of CSFV antibody in
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piglets without CSFV vaccination was calculated using a linear regression analysis. The results of MLV
group showed that there was a very highly significant negative correlation between the PRRSV load and
the level of CSFV antibody (P < 0.0001) (Figure 2a). Surprisingly, there was no significant correlation
between the PRRSV load and the level of CSFV antibody in piglets from E2 group (P > 0.05) (Figure 2b).

Figure 2. Linear regression analysis was used to calculate the porcine reproductive and respiratory
virus (PRRSV) loads and levels of CSFV maternal-derived antibody (MDA) in piglets without CSFV
vaccination in the MLV (a) and E2 (b) groups. The dashed line indicates a blocking %, the threshold
below which the samples were considered negative. A blocking % between 30 and 40 was interpreted
as suspected (gray area). A blocking % greater than or equal to 40 was interpreted as positive.
P values < 0.05, < 0.01 and < 0.001 were considered statistically significant, highly significant and very
highly significant, respectively.

2.3. Viral Load and Detection Rate of PRRSV in the Piglets without CSFV Vaccination from Different Groups

In the piglets without CSFV vaccination in different groups, 152 of 517 samples (29.40%)
from the MLV group and 72 of the 285 samples (25.26%) from the E2 group were positive for
PRRSV. The difference in the detection rate of PRRSV in the piglets without CSFV vaccination between
both groups was not statistically significant (P = 0.24). However, the PRRSV load was significantly higher
(ranging from 1.38 to 5.75 log10 PRRSV genome/μL, median 3.09 log10) in the MLV group than in the
E2 group (ranging from 1.46 to 6.15 log10 PRRSV genome/μL, median 2.66 log10) (P = 0.03) (Figure 3).

Figure 3. PRRSV loads in the serum samples from both the CSFV MLV and E2 vaccinated groups. The red
horizontal lines represent the median concentrations for each group. Unpaired, 2-tailed Student’s t-tests
were used to compare the PRRSV loads between the MLV and E2 groups. P values < 0.05, < 0.01 and < 0.001
were considered statistically significant, highly significant and very highly significant, respectively.
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2.4. Viral Load and Detection Rate of PRRSV in Different Age Groups

The evaluation of the PRRSV load at different ages revealed that the mean PRRSV load was not
significantly different for both vaccine types in piglets that were less than 4 weeks old, 5–8 weeks old and
9–12 weeks old (Figure 4). Surprisingly, no PRRSV viremia was found in pigs aged more than 13 weeks
in the E2 group (Figure 4 and Table 1). Furthermore, we compared the detection rate of PRRSV at
different ages for different types of CSFV vaccines. The details of the detection rate of PRRSV for different
types of CSFV vaccines are shown in Table 1. The highest detection rate of PRRSV in pigs was found
at 5–8 weeks old (37.81%) compared to that found at other ages (Table 1). At 5–8 weeks old, the detection
rate of PRRSV was significantly higher in the pigs from the MLV group (42.15%) compared with that in
pigs from the E2 group (29.79%) (P = 0.019). The overall detection rate of PRRSV was significantly higher
in the pigs from the MLV group than in that in pigs from the E2 group (P = 0.011) (Table 1).

Figure 4. PRRSV loads (dot, left Y axis) and detection rates of PRRSV (bar chart, right Y axis) in serum
samples from pigs of different ages from both the CSFV MLV and E2 groups. The dots represent the
individual PRRSV load of each pig. The red horizontal lines represent the median concentrations for
each group. The bar represents the detection rate of PRRS in pigs of different ages. An unpaired,
2-tailed Student’s t-test was used to compare the PRRSV loads between the MLV and E2 groups.
P values < 0.05, < 0.01 and < 0.001 were considered statistically significant, highly significant and very
highly significant, respectively.

Table 1. Detection rates of PRRSV in the serum samples from pigs at different ages from both the CSFV
MLV and E2 groups.

Age (Weeks)
CSFV Vaccine Type

Total P Value †
MLV E2

<4 47/276 (17.03) 18/135 (13.33) 65/411 (15.82) 0.412
5–8 110/261 (42.15) 42/141 (29.79) 152/402 (37.81) 0.019

9–12 86/261 (32.95) 37/119 (31.09) 123/380 (32.37) 0.081
>13 19/145 (13.10) 0/60 (0) 19/205 (9.27) N/A *

Total 262/943 (27.78) 97/455 (21.32) 359/1398 (25.68) 0.011
† P values < 0.05, < 0.01 and < 0.001 were considered statistically significant, highly significant and very highly
significant, respectively. * N/A, not applicable; the chi-square calculation does not support cell values that are zero.
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3. Discussion

In industrial pork production, multiple viral infections, either in an individual pig or in a herd,
with or without bacterial complications have occurred regularly. The systemic application of CSFV MLV
further complicates the situation. In order to avoid this background noise, a total of 1398 cases were
collected from commercial pig herds for statistical analysis. This study explored the intersectional
plane of the interaction between PRRSV and CSFV to shed light on the day-to-day situation in the field.

In areas without CSFV eradication, such as Taiwan, routine vaccination is one of the most
effective strategies for the prevention and control of this disease. Two major CSFV vaccines,
the MLV and E2 vaccines, are recommended [6,14]. The CSFV MLV vaccine can induce not only
humoral immune responses but also cell-mediated immune responses against virulent CSFV [14].
However, several disadvantages of CSFV MLV vaccines have been identified: i) a lack of DIVA
according to serological assays [16,20]; ii) the adverse effects of the CSFV MLV vaccine in vaccinated
pigs [32,33]; iii) pig-to-pig transmission of MLV [32]; and iv) farm-to-farm transmission of MLV by
vehicles [32]. Additionally, the influence of MDA on the efficacy of CSFV MLV in the field has been
well discussed [14–19]. Therefore, there is a negative correlation between the levels of MDA and CSFV
MLV efficacy [16,17,19]. In Taiwan, CSFV MLV vaccination is only recommended in sows at 4 weeks
post-farrowing to overcome persistent infection. Our results showed that the lowest level of CSFV
antibody in piglets was found at 5–8 weeks of age in the MLV group (Figure 1), which suggests a
time window that may be appropriate for CSFV vaccination. In addition to MDA, several other
immunosuppressive viruses, such as PRRSV [29–31], PCV2 [34–36] and pseudorabies virus [37],
can potentially interfere with the efficacy of the CSFV MLV vaccine.

The immunosuppression caused by PRRSV is related to IL-10 stimulation and inflammatory
cytokine downregulation [10,12,13,30]. It has also been shown that vaccine failure can occur when
CSFV MLV vaccine strain replication is inhibited by tumor necrosis factor-alpha induced by PRRSV [30].
Previous studies demonstrated that CSFV MLV immunization during the acute phase of PRRSV
infection could suppress the efficacy of CSFV vaccination [29–31]. Thus, the CSFV vaccination time
should not overlap with the PRRSV infection period. The efficacy of the CSFV MLV vaccine in the field is
worthy of further investigation for the purpose of CSF eradication. According to the diagnostic reports
of the Animal Diseases Diagnostic Center of National Pingtung University of Science and Technology,
some severe PRRS cases in nursery pigs occurred just after CSFV MLV vaccination (data not shown).
In industrial pork production, pigs often have multiple viral infections (e.g., PRRSV + PCV2) together
with complicated bacterial infections such as G. parasuis [38]. A study revealed that infection with
multiple viruses, such as PRRS and PCV2, may affect the replication or viral activity of the CSFV MLV
virus [39]. PCVAD cause multifactorial syndromes that have been be a major problem in Taiwan [40,41].
Fortunately, the problems caused by PCV2 have resolved significantly since the PCV2 vaccine became
available in Taiwan [42]. Currently, PRRSV remains a major problem and is difficult to control in
the nursery stage, as indicated by the overall detection rate of PRRSV in pigs being the highest at
5–8 weeks of age (37.81%) compared to that at other ages (Table 1). Taken together, it should be further
considered that the efficacy of CSFV MLV and stress caused by CSFV MLV vaccination during the
PRRSV susceptibility period may induce clinical signs of PRRSV infection.

In the E2 group, the lowest level of CSFV antibody was observed at 9–12 weeks of age (Figure 1).
To enhance CSFV vaccine efficacy, this time window may be more appropriate for CSFV vaccination in
piglets. Based on the results of E2 vaccination in sows at 4–5 weeks pre-farrowing, the vaccination
time of the offspring can be delayed until they are 10–12 weeks old [28], which is when they are
less susceptible to PRRSV, as observed in most Taiwanese pig herds. In addition, the level of CSFV
antibody was significantly higher at the suckling stage (less than 4 weeks old) in the E2 group than in
the MLV group (Figure 1), reflecting the different levels of CSFV antibody in sows. This difference
was due to sows being vaccinated with E2 at 4–5 weeks pre-farrowing, which elicited a sufficiently
high level of CSFV antibody (Figure 1) [27,28]. However, decreases in CSFV antibody titers should be
considered when sows are vaccinated with the MLV vaccine post-farrowing and/or when some sows
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have returned several times. Although the E2 vaccine can only induce antibody responses without
inducing cellular immunity, the shedding of vaccine antigens in the field should not be a concern.
In addition, the E2 vaccine induces E2-specific neutralizing antibodies to protect different genotypes
from highly virulent CSFV challenge [23]. Although there may be other background issues (such as
hygiene status and management of the herds) which co-influence the piglets’ health state according to
previous studies, CSFV E2 subunit vaccine on sows has shown several benefits, such as: (i) the detection
rate of CSFV nucleic acid in saliva in their offspring was dramatically decreased [43]; (ii) the efficient
induction of high levels of CSFV antibody until slaughter when their offspring only received a single
shot of CSFV immunization [26]; and (iii) increase in the survival rate of the nursery pigs in our
analyzed herds (herd practitioners’ observation), which are consistent with our interpretation of the
results in this study. Finally, and most importantly, the major difference between CSFV MLV vaccine
and E2 subunit vaccine or inactivated vaccine is that only CSFV MLV provides replicating antigen [14].

In conclusion, our study revealed the sero-dynamics of piglets born from sows vaccinated with
the CSFV MLV and E2 vaccines. There was a very highly significant negative correlation between the
PRRSV load and the level of CSFV antibody in the CSFV MLV group. The lowest level of CSFV antibody
was observed in the CSFV MLV group at 5–8 weeks of age, during which pigs are highly susceptible to
PRRSV and CSFV MLV vaccination should be avoided. In contrast, after E2 vaccination of sows at
4–5 weeks pre-farrowing, the level of CSFV antibody remained positive at 9–12 weeks, which allowed
CSFV vaccination with MLV to be postponed to avoid an overlap with the PRRS susceptibility period at
5–8 weeks of age. Additionally, our findings indicate that the vaccination of CSFV MLV in piglets during
the PRRSV susceptibility period at 5–8 weeks of age may be overloading the piglet’s immune system
and should be a critical concern for industrial pork production in the field. Thus, using vaccines that
provide non-replicating antigen such as E2 subunit vaccines is recommended.

4. Materials and Methods

4.1. Sample Source and Processing

Blood samples were collected in BD Vacutainer tubes with clot activator and gel (BD Diagnostics,
Plymouth, UK) from piglets and submitted to the Animal Diseases Diagnostic Center of National
Pingtung University of Science and Technology, Taiwan. All piglets were divided into two groups, the
MLV and E2 groups. Piglets in the MLV group were born from sows vaccinated with the CSFV MLV
vaccine at 4 weeks post-farrowing, whereas piglets in the E2 group were born from sows vaccinated
with the CSFV E2 subunit vaccine (Bayovac® CSF-E2, Bayer Animal Health) at 4–5 weeks pre-farrowing.
The blood samples were centrifuged at 2150× g for 15 min with a Himac CF 9RX (Hitachi Koki, Tokyo,
Japan), and then the sera were carefully transferred into 1.5 mL centrifuge tubes. The stock serum was
kept at −80 ◦C until needed.

4.2. Sample Preparation and PRRSV Real-Time PCR

Nucleic acid extraction was performed with a MagNA Pure LC 2.0 instrument by using the
MagNA Pure LC total nucleic acid isolation kit (Roche Applied Science, IN, USA). cDNA synthesis
was performed using PrimeScriptTM RT reagent kits (Takara, Kyoto, Japan). To quantify the PRRSV
load in serum samples, a ZNA probe-based real-time PCR assay was tested and performed with a
LightCycler® 96 System (Roche Applied Science, Basel, Switzerland) [44].

4.3. Serologic Assessment

The serum concentration of CSFV antibody was evaluated by a commercial ELISA (HerdChek
CSFV antibody ELISA test kit, IDEXX, ME, USA). After measuring the optical density at a wavelength of
450 nm (OD450) with a Biochrom Anthos Zenyth 200st spectrophotometer (Anthos Labtec Instruments,
Salzburg, Austria), if the mean OD450 of the duplicate negative controls (NCx) was more than 0.5 and the
mean blocking % of the duplicate positive controls was greater than 50, the assay was considered valid.
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The blocking % was calculated with the equation, Blocking % = 100× NCx−Sample OD450
NCx . A blocking %

less than or equal to 30 was interpreted as negative. A blocking % between 30 and 40 was interpreted
as suspected. A blocking % greater than or equal to 40 was interpreted as positive.

4.4. Statistical Analysis

Student’s t-test was applied to assess differences in the PRRSV load in the different conditions
between the two groups. The relationship between the PRRSV load and the blocking percentage of the
CSFV antibody was analyzed by linear regression. Positive rates of PRRSV in different age groups
were determined with the chi-square test with Yate’s correction. P values < 0.05, < 0.01 and < 0.001
were considered statistically significant, highly significant and very highly significant, respectively.
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Abstract: Here, we examine the effects of LOM(Low virulence of Miyagi) strains isolated from pigs
(Jeju LOM strains) of Jeju Island, where vaccination with a live attenuated classical swine fever
(CSF) LOM vaccine strain was stopped. The circulation of the Jeju LOM strains was mainly caused
by a commercial swine erysipelas (Erysipelothrix rhusiopathiae) vaccine mixed with a LOM vaccine
strain, which was inoculated into pregnant sows of 20 pig farms in 2014. The Jeju LOM strain was
transmitted to 91 pig farms from 2015 to 2018. A histopathogenic investigation was performed for 25
farms among 111 farms affected by the Jeju LOM strain and revealed pigs infected with the Jeju LOM
strain in combination with other pathogens, which resulted in the abortion of fetuses and mortality in
suckling piglets. Histopathologic examination and immunohistochemical staining identified CSF-like
lesions. Our results also confirm that the main transmission factor for the Jeju LOM strain circulation
is the vehicles entering/exiting farms and slaughterhouses. Probability estimates of transmission
between cohabiting pigs and pigs harboring the Jeju LOM strain JJ16LOM-YJK08 revealed that
immunocompromised pigs showed horizontal transmission (r = 1.22). In a full genome analysis, we
did not find genetic mutation on the site that is known to relate to pathogenicity between Jeju LOM
strains (2014–2018) and the commercial LOM vaccine strain. However, we were not able to determine
whether the Jeju LOM strain (2014–2018) is genetically the same virus as those of the commercial
LOM vaccine due to several genetic variations in structure and non-structure proteins. Therefore,
further studies are needed to evaluate the pathogenicity of the Jeju LOM strain in pregnant sow and
SPF pigs and to clarify the characteristics of Jeju LOM and commercial LOM vaccine strains.

Keywords: classical swine fever virus (CSFV); LOM vaccine strain; Jeju LOM strain; omega
value; transmission

1. Introduction

Classical swine fever virus (CSFV), a member of the genus Pestivirus within the family Flaviviridae,
comprises a single positive-stranded RNA genome of approximately 12.3 kb, which encodes a
polyprotein of 3898 amino acids [1]. The viral genome comprises a 5’ untranslated region (5’ UTR), an
N-terminal protease (Npro), a capsid (C) protein, envelope (E) proteins (Erns, E1, E2, p7), non-structural
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(NS) proteins (NS2, NS3, NS4A, NS4B, NS5A, NS5B), and a 3’ UTR [2]. CSFV is categorized into three
genotypes, 1, 2, and 3, each of which can be subdivided into three subgenotypes (1.1–1.3, 2.1–2.3,
and 3.1–3.4) [3]. Classical swine fever (CSF) is a highly contagious multisystemic hemorrhagic viral
disease of domestic pigs and wild boar, which can manifest as acute, subacute, chronic, or late onset
disease [4]. Vaccination is used to prevent and/or reduce the number of outbreaks of CSF and, together
with other control measures, was an important factor in eradicating CSF from Holland in 1985 and
from the Rivas region of Nicaragua [5]. Historically, CSF vaccines have been based on attenuated
strains, i.e., lapinized Chinese and tissue culture-adapted strains. Modified live vaccines (MLVs)
based on several attenuated virus strains (e.g., C-strain, Thiverval, PAV-250, GPE-, and K-strains) are
used most widely. The advantages and disadvantages of MLV vaccination during an outbreak have
been described in previous studies [5]. Briefly, the advantages include ease of use, low cost, and an
induction of life-long immunity by a single dose. However, in the 1980s and early 1990s (the time
when a lapinized Chinese strain was used in Mexico), vaccinated pigs occasionally exhibited adverse
reactions; some even died [5]. The CSF vaccine virus multiplies in actively replicating cells such as fetal
cells and reticuloendothelial cells; some reports show that animals vaccinated with a Chinese strain
virus had more respiratory infections due to a concurrent Pasteurella multocida infection [6]. In addition,
the CSF vaccine virus may induce embryonic death and myoclonia congenita when administered to
pregnant sows [5]. When herds that include pregnant sows are vaccinated for the first time, there can
be a fall in sow fertility in the 6 weeks following vaccination, after which it returns to normal; therefore,
researchers concluded that vaccination reduces herd productivity [5]. The OIE requirements for the
safety of MLVs in young animals states that vaccination should not induce a high body temperature or
leukopenia and should not allow horizontal transmission. For pregnant sows, safe MLV vaccination
requires no transplacental transmission and no evidence of reversion-to-virulence after passage in
piglets. The CSF MLV (LOM vaccine strain) used to vaccinate pigs in South Korea since 1974 has
caused abortion in some pregnant sows [7], and prolonged virus shedding by immunosuppressed pigs
after vaccination [8].

The South Korean government maintained a CSF (LOM) vaccine policy to control the disease
on the mainland; however, vaccination on Jeju Island (located at the southern end of Korea) was
stopped in 2000 (Jeju Island declared itself a “CSF-free region”). However, pig farms of Jeju Island
have suffered continuous outbreaks of the LOM vaccine strain via various routes from the mainland,
raising suspicion about the safety and reversion-to-pathogenicity of commercial LOM vaccine strains.
Five outbreaks of the LOM vaccine strain infection of pigs have occurred over 19 years. The first (from
2004 to 2007) occurred through feed contaminated with the commercial LOM vaccine strain present in
an animal plasma protein supplement [9]. The second was caused by the delivery of incorrect vaccine
material from the mainland; in 2010, one farm accidently inoculated pigs with a vaccine mixed with the
LOM vaccine strain. The third and fourth occurred on one farm (2012) and two farms (2013); the route
of LOM vaccine strain exposure was not revealed, but feed contaminated with the LOM vaccine strain,
or an unintentional injection of an incorrect CSF (LOM) vaccine from the mainland was suspected.
In the fifth case (in 2014), pregnant sows on 20 pig farms were inoculated with a commercial swine
erysipelas vaccine mixed with the LOM vaccine strain. Vaccination was stopped immediately, but a
total of 111 pig farms (20 in 2014, 22 in 2015, 32 in 2016, 26 in 2017, and 11 in 2018) were exposed to the
Jeju LOM strains (LOM strains isolated from Jeju pigs). Farm-to-farm transmission patterns showed
mainly between high-density pig farms in the Hanlim region (located in northwestern Jeju) from 2015
to 2018 and the Daejeong region (located in southwestern Jeju) from 2016 to 2018.

Here, we investigated pig-to-pig and/or farm-to-farm transmissions, and the possibility of
reversion-to-pathogenicity by comparing genetic mutations in the Jeju LOM strain viruses.
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2. Results

2.1. Histopathological Analysis to Detect Infection by CSFV (Jeju LOM) Alone or Co-Infection with CSFV (Jeju
LOM) and Other Pathogens

Overall, 122 samples (from 100 piglets and 22 fetuses) obtained from 25 pig farms were tested;
all were positive for CSFV (Jeju LOM). The Jeju LOM strain was identified in 103 of 122 samples (81
piglets and 22 fetuses). Antigens derived from the Jeju LOM strain were detected in tissue samples
from 51 suckling piglets, 14 piglets were infected with Jeju LOM alone, and the remaining 37 were
co-infected with Jeju LOM plus enteric pathogens (six with Clostridium spp, six with E. coli, three with
PEDV, and four with rotavirus), respiratory pathogens (three with PRRSV), or Streptococcus (n = 7),
and Staphylococcus spp. (n = 2) (Table 1). Samples from the 37 suckling piglets co-infected with the Jeju
LOM strain and other pathogens showed evidence of interior visceral hemorrhage (18 of the kidney, 12
of the exo-endocardium, and nine of the lung), and 14 had non-purulent brain lesions (perivascular
cuffing, gliosis, and neuronophagia). Fourteen piglets infected with the Jeju LOM strain only showed
interior visceral hemorrhage (eight of the kidney, six of the exo-endocardium, and three of the lung),
and six had non-purulent brain lesions (perivascular cuffing, gliosis, and neuronophagia). Seven of the
14 suckling piglets identified to have CSF-like specific histopathologic lesions (Figure 1). Pathogenic
lesions in weaning pigs included broncho-interstitial pneumonia or fibrinous lobor pneumonia (n = 16),
lung hemorrhage (n = 10), kidney hemorrhage (n = 9), peripheral lymph node hemorrhage (n = 11),
exo-endocardium hemorrhage (n = 5), and non-suppurative encephalitis of brain and spinal cord
(n = 5) (Table 1). Co-infection of 22 fetuses with other pathogens (i.e., PPV, ADV, EMCV, JEV, PRRSV,
and PCV2) was not confirmed, and no specific pathogenic lesions were observed in their organs.
Organ tissue immunohistochemistry (IHC) staining detected Jeju LOM strains in 25 of 48 suckling
pigs; 17 were cases of co-infection and eight were single infections. The following organs harbored
the Jeju LOM strain: tonsil (40%), spleen (22.9%), lymph node (15%), lung (14.6%), small intestine
(4.3%), kidney (4.2%), and liver (2.1%) (Table 2). IHC staining of pathogenic tissues from weaning pigs
detected the Jeju LOM strain in internal organs (28.6%; 6/21): lymph nodes (20%), spleen (16.7%), lung
(15.0%), and tonsil (5%) (Table 2). However, no virus was detected in other internal organs (heart, liver,
intestine, spinal, and brain). One of the 22 fetuses showed an infection of the kidney alone (Table 2).

 

Figure 1. Immunohistochemistry (IHC) staining to detect histopathogenic lesions. Severe multifocal
hemorrhages in the renal cortex of a suckling piglet (hematoxylin & eosin (HE); mag ×100) (A).
Perivascular cuffing in the white matter of the cerebellum of a suckling piglet (HE; mag ×400) (B).
Brown-stained viral antigens in the cryptal epithelium of the tonsil (IHC; mag ×400) (C). Brown-stained
viral antigens in macrophages infiltrating the spleen (IHC; mag ×400) (D).
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2.2. Detection of Antibodies on Pig Farms Exposed to the Jeju LOM Strain

The average anti-CSF (Jeju LOM) antibody-positive rates on seven pig farms in the Jeju region
was as follows: 87.1% ± 4.2% of sows, 77.8% ± 8.6% of suckling piglets, 24.2% ± 14.1% of weaning pigs,
21.4% ± 11.2% of growing pigs, and 38.5% ± 13.7% of finishing pigs (Table 3). There were significant
differences (p < 0.05) in the average anti-CSF (Jeju LOM) antibody-positive rates between sows and
weaning pigs/growing pigs, and between suckling piglets and growing pigs, respectively. Serum
neutralizing antibody (log2) titers in pigs on antibody-positive farms were 9.42 ± 0.25 (log2) in sows,
7.04 ± 0.54 (log2) in suckling pigs, 7.2 ± 1.04 (log2) in weaning pigs, 5.52 ± 0.12 (log2) in growing pigs,
and 7.44 ± 0.74 (log2) in finishing pigs (Table 3). There were significant differences in the average
anti-CSF (Jeju LOM) neutralizing antibody titers between sows and growing pigs (p < 0.05).

Table 3. CSF (Jeju LOM) seropositive rates and anti-CSFV (Jeju LOM) antibody titers in pigs of seven
farms on Jeju Island.

Pig
Farm

Antibody Positive Ratio (%) against
CSFV (Jeju LOM Strain)

Average Antibody Titers (Log 2) for
CSFV (Jeju LOM Strain)

Sow
Piglet

(10–20 days)
Pig

(40–60 days)
Pig

(90–120 days)
Pig

(150–180 days)
Sow

Piglet
(10–20 days)

Pig
(40–60 days)

Pig
(90–120 days)

Pig
(150–180 days)

A 80 40 30 0 0 9.5 7.0 9.1 - -
B 90 95 100 80 0 10.0 10.0 7.1 5.2 -
C 100 100 40 40 90 8.1 6.1 5.5 5.5 8.0
D 100 90 0 10 70 9.1 6.3 - 5.6 8.5
E 90 95 0 0 40 9.5 6.2 - - 8.9
F 80 65 0 0 10 9.6 6.0 - - 7.1
G 70 60 0 20 60 10.2 7.7 - 5.8 4.7

2.3. Farm-Slaughterhouse-Farm Transmission

Of the 242 samples collected from vehicles at a slaughterhouse in Jeju, 151 (62.4%) were positive
for Jeju LOM antigens by qRT-PCR. The detailed results regarding infected sites were as follows: 66.2%
(47/71) driver foot floor, 38% (27/71) vehicle wheels, 71.6% (53/74) pig-holding compartment, and 92.3%
(24/26) “other”. Among the virus-positive samples, 92 positive samples had an estimated TCID50/mL of
103.0–3.9, and 11 samples had an estimated TCID50/mL of 104.0–4.9. One sample had a TCID50/mL > 105.0

(Table 4). A peroxidase-link immunosorbent assay (PLA) virus viability test revealed strong staining of 13
samples (4 driver foot floor, 2 vehicle wheels, and 7 pig-holding compartment) and weak staining of 32
samples; 129 samples were unconfirmed due to cellular contamination by bacteria (Table 4).

Table 4. Contamination by the Jeju LOM strain via exposure during transport to or at a slaughterhouse.

qRT-PCR Immuno Histo Chemistry (IHC) Staining

Ct Value
(Range)

Jeju LOM Strain * TCID50

(Log 10)
Sample no.

Negative
Samples

Weak Positive
Samples

Strong Positive
Samples

** No Test

>40 <1.0 91 43 48
36.1–39.9 1.0–2.0 26 9 1 16
30.5–36.0 2.0–3.0 21 4 8 9
26.7–30.4 3.0–4.0 92 12 22 3 55
24.4–26.6 4.0–5.0 11 1 9 1
<24.3 >5.0 1 1

* TCID50: Tissue culture infective dose 50. ** No test: samples were inoculated PK-15 cells but IHC was not
performed due to contamination by bacteria.

2.4. Pig-to-Pig Transmission and Reproduction Rate (R)

Six pigs were inoculated with the Jeju LOM strain JJ16LOM-YJK08 and, after 24 h, were placed in
a pen with six non-inoculated pigs. For Group 1, we used pigs (unhealthy) with PRRSV or PCV2, and
Group 2 used pigs (healthy) without specific wasting diseases. In Group 1, two non-inoculated pigs
were positive for anti-CSF (Jeju LOM) antibodies on Day 21 and Day 28. However, no non-inoculated
pigs in Group 2 had detectable anti-CSF (Jeju LOM) antibodies on Day 45 (Table 5). The transmission
possibility estimate for group 1 was R0 = 1.22 (95% confidence interval (CI), 0.980–1.765), whereas that
for Group 2 was R0 = 0.00 (95% CI, not applicable) (Table 5).
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Table 5. Estimated transmission probability between non-inoculated pigs and pigs inoculated with the
Jeju LOM strain.

Group
Number of Pigs

Inoculated with the
Jeju LOM Strain

Non-Inoculated Pigs
Exposed to Jeju LOM Virus

Inoculated Pigs (1 DPI a)

Pigs Detected with
Jeju LOM Strain Antigens and/or Antibodies in

Non-Inoculated Pigs (45 DPI)

Transmission Probability
Estimate

R0 b 95% CI c

1 6 6 2 1.22 0.980–1.765
2 6 6 0 0.00 NA d

R0 calculated as −In((1 − AR)/S0)/(AR − (1 − S0)), CI calculated as AR ± 1.96
√

ARx(1−AR)/n). a DPI, days
post-infection. b R0: reproduction number; c CI: confidence interval; d NA: not applicable.

2.5. Comparison of LOM Strain Genome Sequences

The amino acid sequences of four commercial LOM vaccine strains were compared with those of
five Jeju LOM strains (2004–2007), and three unique amino acid changes in the E1 (V-577-A/M) and
NS4B (M-2378L and V-2383A) proteins were detected (Supplemental Table S1). Comparison of the
Jeju LOM strain JJ04LOM-Tamra01 (2004) with the four other Jeju LOM strains (2005–2007) revealed
six amino acid changes: Erns (D-386-N, R-480-G), E2 (L-1065-S), NS3 (K-1165-R), NS4B (A-2352-V),
and NS5A (N-2816-T) (Supplemental Table S1). Comparison of the four commercial LOM vaccine
strains with 12 Jeju LOM strains (2014–2018) identified unique changes in the Npro (K-57-R, L-143-Q),
Erns (Y-351-H, R-476-S), E1 (I-651-T), NS3 (V-1381-I, H-1584-N, K-2006-I), NS4B (M-2348-I, T-2371-I,
I-2398-M, and V-2483-A), NS5A (A-2978-T), and NS5B (N-3409-S and S-3786-N) proteins (Supplemental
Table S2).

2.6. Root-to-Top Divergence and Positive Selection Analyses

Application of the heuristic residual mean squared method to all strains (the commercial LOM
vaccine and Jeju LOM strains) using the TempEst program revealed a slope of 3.93 × 10−5 (rate),
an X-intercept (TMRCA) of 1797.24, a correlation coefficient of 0.1272, an R squared value of 1.6173
× 10−2, and a residual mean squared value of 6.9076 × 10−6. Root-to-top divergence for Jeju LOM
strain JJ07LOM-JSG02 was >0.0130. Mainly, the Jeju LOM strains isolated from the field showed a
high divergence value of between 0.0070 and 0.0130 (Figure 2). However, seven LOM vaccine strains
(excluding 88LOM-Suri) and two Jeju LOM strains (JJ14LOM-WSH01 and JJ17LOM-LHH10) showed a
low divergence value (0.0040–0.0060) (Figure 2). The omega value (dN/dS) for the commercial LOM
vaccine strains and the Jeju LOM strains isolated from the field (2004–2007 and 2014–2018) showed
high homology with respect to the Erns, E1, E2, NS2, NS3, NS4A, NS4B, NS5A, and NS5B proteins
(Figure 3A). However, the omega value for the C and P7 proteins of commercial LOM vaccine strains
was a little higher (0.34224 and 0.43781, respectively) than that of the five Jeju LOM strains isolated
in 2004 to 2007. The omega values for the C, E1, and E2 structural proteins of the Jeju LOM strains
isolated in the field in 2014 to 2018 were higher than for the NS proteins (Figure 3A). Jeju LOM strains
isolated from pigs from 2004 to 2007 were 98.8% to 99.2% identical at the nucleotide level and 99.2% to
99.4% identical at the amino acid level, with an omega value of 0.14088. Jeju LOM strains isolated from
2014 to 2018 showed 98.2% to 99.4% identity at the nucleotide level and 99.1% to 99.6% identity at the
amino acid level, with an omega value of 0.16196 (Supplemental Table S3). The Bayes empirical Bayes
(BEB) analysis of Jeju LOM strains isolated from 2004 to 2007 showed the possible inclusion mutation
sites at 237, 259, 577, and 2467 aa positions, but a BEB analysis of Jeju LOM strains from 2014 to 2018
showed mutations at 173, 176, 386, 564, 1337, 2676, 2988, and 3605 aa positions. A native empirical
Bayers (NEB) analysis performed with Jeju LOM strains (2014–2018) revealed the mutation site of the
564 aa position (p > 99%; Supplemental Table S3).
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Figure 2. Root-to-top divergence analysis of Jeju LOM strains and commercial LOM vaccine strains.
Complete genomes of 29 strains (8 commercial LOM vaccines and 21 Jeju LOM strains) were analyzed
using the TempEst v1.5.1 program. The commercial LOM vaccine strains are marked with a black
rectangle and the Jeju LOM strains are marked with a red rectangle. The heuristic residual mean
squared method used to analyze all strains revealed the following: slope (rate), 3.93 × 10−5; X-intercept
(TMRCA), 1797.24; correlation coefficient, 0.1272; R squared value, 1.6173 × 10−2; and residual mean
squared value, 6.9076 × 10−6.

Figure 3. Omega values (dN/dS), genetic p-distances, and geographic distances for Jeju LOM strains.
The dN/dS value for each of the structure proteins (Npro, C, Erns, E1, E2, p7) and non-structural proteins
(NS2, NS3, NS4A, NS4B, NS5A, NS5B) was calculated and compared among 8 commercial LOM vaccine
strains, 5 Jeju LOM strains (2004–2007), and 16 Jeju LOM strains (2014–2018) (A). Light gray denotes the
commercial LOM vaccine strain, dark gray denotes the Jeju LOM strains (2004–2007), and black denotes
Jeju LOM strains (2014–2018) (A). Jeju LOM strains (2014–2018) from the Aeweal (AW), Hanlim (HL),
and Daejeong (DJ) regions show genetic p-distances of 0.0018 (one strain), 0.0045–0.0139 (11 strains)
and 0.0011–0.0086 (4 strains), respectively (B).

2.7. Geographic Distance and MCC Tree Analysis

A correlation between geographic distance and genetic p-distance of the Jeju LOM strains
contaminating the commercial LOM vaccine strain 16LOM-KM00 from 2014 to 2018 was confirmed, as
shown in Figure 3B. Jeju LOM strain JJ14LOM-WSH01, isolated at a pig farm in the Aeweal region
in 2014, showed a genetic p-distance from commercial LOM vaccine strain 16LOM-KM00 of 0.0018.
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Eleven Jeju LOM strains (Hanlim region: geographic distance, 13.5–20.1 km) and four Jeju LOM
strains (Daejeong region: geographic distance, 27.4–28.1 km) isolated from pig farms showed a genetic
p-distance of 0.0045–0.0139 and 0.0011–0.0086, respectively (Figures 3B and 4). Among genotypes
1, 2, and 3 in the beast tree constructed after global analysis of the complete E2 protein of CSFV, all
LOM strains (including the Jeju LOM strains) belonged to independent groups within subgenotype 1.1
(Figure 5). From the mid-1980s, LOM strains were divided into two clusters: a lower cluster comprising
commercial LOM vaccine strains and an upper cluster comprising mainly Jeju LOM strains isolated
from pigs (Figure 5). In the above cluster, Jeju LOM strains isolated from pigs on Jeju Island were
divided according to the year of isolation (2004–2007 and 2014–2018; Figure 5). The mean tMRCA
for the LOM strains was 41.466, with an ESS (effective sample size) of 2340.2436 and a 95% highest
posterior density (HPD) interval of 39.018–44.3142. The clock rate for LOM strains was 5.215 × 10−4,
with a 95% HPD interval of 4.1721 × 10−4–6.159 × 10−4.

Figure 4. Map of Jeju Island showing locations of the pig farms harboring the Jeju LOM strains
(2014–2018). Pig farms harboring Jeju LOM strains (2014–2018) are marked with a red star (2014),
an orange rectangle (2015), a purple rectangle (2016), a light green rectangle (2017), or a deep green
rectangle (2018). Black rectangles denote pig farms without Jeju LOM strains. An old slaughterhouse
(A) and a new slaughterhouse (B) built at the end of 2018 are located in the upper and middle left,
respectively. The light brown and light purple curved lines denote the estimated routes by which Jeju
LOM strains entered the pig farms.

156



Pathogens 2019, 8, 251

Figure 5. A maximum clade credibility tree based on complete E2 sequences of CSFVs. Rates of
nucleotide substitution per site and per year, and the most recent common ancestor (tMRCA), were
estimated using a Bayesian MCMC approach. Each dataset was simulated with the following options:
generation = 100,000,000, burn-in of 10%, and ESSs > 200. The confidence of the phylogentic analysis is
present to numbers representing branch length (time) above the nodes. The yellow block comprises
LOM strains within Genotype 1. The light green line denotes 8 commercial LOM vaccine strains.
The blue line denotes 5 Jeju LOM strains (2004–2007) and the red line denotes 16 Jeju LOM strains
(2014–2018).

3. Discussion

The main characteristics of the LOM strain are attenuated; however, inoculation into pregnant sows
lacking anti-CSF antibodies triggers abortion [7]. In addition, LOM vaccination of immunocompetent
pigs leads to an antigen release period of more than 4 weeks, which results in the worsening of lesions if
an animal is co-infected with other pathogens [8]. A previous study tested the effect of a live attenuated
BVDV vaccine on pig-to-pig transmission and found that the R value was <1 [10]. Here, we found that
transmission of the Jeju LOM strain differed significantly depending on the health status of the pig
(Group 1 (unhealthy): r = 1.22; and Group 2 (healthy): r = 0). This is because, as for other wasting
diseases, the period of virus release from infected pigs is prolonged and the amount of virus shed in
the feces increases [8]. A commercial LOM vaccine strain showed 10% of the average transmission
rate from inoculated pigs to cohabitating non-inoculated pigs [11]. Although a small number of pigs
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were used for the transmission experiment in this study, the transmission characteristics of the Jeju
LOM strain were revealed to be similar to the commercial LOM vaccine. In a previous study, after oral
inoculation of the LOM vaccine strain of 2 × 104.0TCID50/mL, the LOM vaccine virus was detected in
blood and feces in the 9 days post-inoculation [9]. We also detected 11 samples of live Jeju LOM viruses
with more than 104.0TCID50/mL in the slaughterhouse experiment, which support the possibility of
farm-slaughterhouse-farm transmission.

From 2004 to 2005, LOM-infected pigs in Jeju showed varying symptoms. The clinical symptoms
showed both the similarities and differences from those associated with CSF [10]. Similarities to more
current Jeju LOM strain infections (2014–2018) included skin ulcers, ulceration of the tonsil, petechial
hemorrhage in the kidney, button ulceration of the ileocecal region, infarction of the spleen, and
pneumonia. Differences in histologic findings were a weakness in endothelial cell lesions of organs
such as the spleen, lymph nodes, and brain. These lesions seem to be more related with PRRS not CSF.
In addition, meningitis was observed in the central nervous system, CSF did not show meningitis,
and lymphoid organs showed little increase in volume other than lymphocytic atrophy. The Jeju
LOM strain that was prevalent from 2004 to 2007 was not related to CSF pathogenicity [10]. IHC
(2004–2005) was Jeju LOM virus positive in 52.1% (25/48) of suckling piglets and 28.6% (6/21) of weaned
pigs [10]. Our Jeju LOM antigen results (2014–2018) were lower than the results of the Jeju LOM
antigen (2004–2005) test (58.3%) from a previous report [10]. Jeju LOM strains (2014–2018) were also
suspected to have caused CSF-like lesions in 7 young piglets (average age of 10 days), which was
proved by histopathological findings and IHC analysis. It may be deduced that some CSF lesions in
suckling piglets, as well as abortion during pregnancy, are associated with LOM strains. However, in
this case, it is unlikely that persistent infection will continue to circulate the virus among pigs.

Some experts suggest that Jeju LOM strains detected on Jeju pig farms from 2014 to 2018 have
recovered pathogenicity and that it is now different from that of the commercial LOM vaccine strain on
the current market. However, gene analysis of Jeju LOM strains revealed no evidence for restoration of
pathogenicity. Previous studies have identified differences in pathogenic regions between the ALD
and GPE strains as E2 (T830A), NS4B (V2475A, A2563V), and Npro (N136D) [12,13]. Other studies
revealed that Shimen’s pathogenicity-related gene locus is within E2 (T745I, M979K) [14] and E2
(N850S) [15]. Our analysis of the amino acid sequences of the commercial LOM vaccine strain and the
Jeju LOM strains detected in Jeju pigs revealed no changes at these sites. In addition, although there are
differences in pathogenicity linked to changes in N-linked glycosylation sites on the E2 protein of CSF,
there was no change of N-linked glycosylation sites in the Jeju LOM strains [16]. A study comparing
the complete nucleotide and amino acid sequences of the ALD and GPE strains revealed 98.2% and
98.8% identity, respectively [17]. Although the Jeju LOM strain (2014–2018) harbors several amino
acid mutations, it is difficult to interpret this as conferring recovery of pathogenicity or additional
attenuation. There was no significant difference in the gene mutation rate among Jeju LOM strains,
nor was there a significant difference in omega values. Therefore, Jeju LOM strains (2014–2018) from
Jeju cannot be considered a pathogenically-reversed LOM strain, which is virulent in pigs but shows
a safety profile characteristic of the commercial LOM vaccine strain described in previous study [7].
More precisely, the presence of Jeju LOM strains with recovered pathogenicity should be evaluated in
animals (i.e., pregnancy sows and SPF pigs).

In conclusion, the CSF-like histopathogenic lesions of Jeju pigs revealed to be more related to
other viral pathogens rather than the Jeju LOM strains (2014–2018), despite the presence of the Jeju
LOM strain in organs of piglets. We also confirmed that the pig-to-pig transmission of the Jeju LOM
strain and farm-to-farm transmission may have been caused by vehicles visiting the slaughterhouse.
Although we found some genetic differences between the Jeju LOM strains (2014–2018) and commercial
LOM vaccine strains, more pathogenesis studies may be needed using animals such as pregnant sows
and SPF pigs.
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4. Materials and Methods

4.1. Detection of Histopathologic Lesions and Immunohistochemical Straining Analysis

From 2014 to 2018, tests in this study performed by the diagnostic services of a veterinary medicine
college in Jeju national university to detect animal infectious disease identified 122 samples (100 piglets
and 22 fetuses) from 25 pig farms that were positive for CSFV by RT-PCR, histopathology, and IHC.
The amplification targets for RT-PCR were CSFV [9], porcine circovirus type 2 (PCV2) [18], porcine
reproductive and respiratory syndrome virus (PRRSV), swine influenza virus (SIV), cytomegalovirus
(PCMV), Salmonella spp, Streptococcus spp, Actinobacillus, pleuropneumoniae, and Haemophilus parasuis.
Histopathologic lesions specific to CSFV were examined by staining tissues with hematoxylin and eosin.
The following were examined: skin (hemorrhage and endothelial damage), lymph nodes (peripheral
hemorrhage, lymphoid depletion, and reticular cell hyperplasia), kidney and bladder (hemorrhage,
swelling and peripheral hemorrhage), spleen (hemorrhagic infarction, endothelial damage), cecum
and colon (necrotic or ulcerative colitis, vascular congestion, and sub-serous hemorrhage), heart
(myocardial hemorrhage), and brain and spinal cord (nonsuppurative encephalitis, proliferation of
endothelial cells, perivascular cuffing, microgliosis, and focal necrosis). To confirm the presence of
CSF antigen in tissues, IHC was performed using the EnVisionTM peroxidase-conjugated polymer
reagent (DAKO, Denmark). In brief, tissues were reacted with a primary antibody (mouse anti-CSFV)
(WH303, Animal and Plant Health Agency, New Haw, Addlestone, UK), followed by EnVisionTM/HRP,
rabbit/mouse (EVN) regent (DAKO, USA), and 3,3'-diamino-benzidine tetrahydrochloride (DAB).
The presence of CSF antigen is denoted by a dark brown deposit in the tissue section.

4.2. Detection of Anti-CSF Antibodies

Seven pig farms with the Jeju LOM infection were selected to estimate how Jeju LOM strains were
introduced into the farms and how they spread within the farms. The anti-CSF antibody-positive
rates for each pig farm and antibody titer levels for pigs within farms were examined according to
age. Blood samples were collected from 20 pigs in each group: sows, suckling pigs (10–20 days old),
weaning pigs (40–60 days old), growing pigs (90–120 days old), and finishing pigs (150–180 days old).
To detect CSF-specific neutralizing antibodies, a neutralizing peroxidase-linked assay (NPLA) was
performed according to the standards manual of the World Organization for Animal Health [19]. For
PK-15 cell staining, the monoclonal antibody 3B6 (Median Diagnostics, Chuncheon, Korea) was used
to detect the CSF E2 protein.

4.3. Environmental Samples Taken from a Slaughterhouse

In 2017, 242 samples were obtained from a slaughterhouse in Jeju to investigate CSFV (Jeju
LOM strain). These included 71 samples from the driver’s foot floor, 71 from vehicle wheels, 74
from the vehicle’s pig-holding compartment, and 26 from other sites. Real-time quantitative PCR
(qRT-PCR) was performed to detect the CSF antigen copy number in fecal and environmental samples.
The VDx® CSFV qRT-PCR (MEDIAN Diagnostic Co. Cat No. NS-CSF-31, Gangwon-do, Korea),
which uses TaqMan probes, detects the CSFV 5' UTR with high specificity; it does not detect BVDV
or border disease virus, which also belong to the Pestivirus genus. Briefly, the qRT-PCR program
comprised the following steps: cDNA synthesis (50 ◦C, 30 min) and initial inactivation (95 ◦C, 15
min), followed by a two-step PCR comprising 42 cycles of denaturation (95 ◦C, 10 s) and extension
(60 ◦C, 60 s). A peroxidase-linked immunosorbent assay (PLA) was used to confirm viability of Jeju
LOM strains. Briefly, PK-15 cells (grown to 80% confluence in 24-well plates) were inoculated for
72 h at 37 ◦C with 10% tissue homogenates including the Jeju LOM strain in a minimum essential
medium. The PK-15 cells were fixed in pre-chilled 80% acetone after 72 h and reacted with a 3B6
monoclonal antibody specific for CSFV E2. Subsequently, the PK-15 cells were reacted with biotinylated
anti-mouse IgG (H + L) (VECTOR Laboratories, Cat No. BA-9200, Burlingame, CA, USA) and ABC
solution (VECTOR Laboratories, Cat No. PK-4000, Burlingame, CA, USA). After staining with DAB
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peroxidase substrate (VECTOR Laboratories, Cat No. SK-4100, Burlingame, CA, USA) following the
manufacturer’s instruction, the PK-15 cells were observed under a microscope.

4.4. Horizontal Transmission between Pigs

To investigate the transmission probability of the Jeju LOM strain among pigs, 40-day-old CSF
antigen- and antibody-negative pigs from two pig farms (n = 24, 12 per farm) were used. Group 1
comprised of pigs with a wasting disease (PRRSV or PCV2) and Group 2 comprised of pigs with specific
non-disease. Six pigs from each group were inoculated intramuscularly with 2 mL (104.0TCID50/mL) of
the Jeju LOM strain JJ16LOM-YJK08, which is a representative strain circulating in Jeju between 2014
and 2018. After 24 h, the six pigs from each group were housed with non-injected pigs and observed
for clinical signs and symptoms. Blood was collected every week for 45 days and tested in the NPLA
assay and by qRT-PCR. The estimated reproduction number (R0) and confidence interval (CI) were
calculated as described previously [20] using the following formula: R0 = −In((1−AR)/S0)/(AR−(1−S0));
CI = AR ± 1.96

√
ARx(1−AR)/n).

4.5. Genomic Analysis of Commercial LOM Vaccine Strains and Jeju LOM Strains

The complete genome sequences of seven commercial LOM vaccine strains (16LOM-GC00,
16LOM-JY00, 16LOM-KM00 and 16LOM-KR00 (collected from a market in 2016), 02LOM-JY00
(collected from a market in 2002), 88LOM-suri (isolated from LOM-850 strain in 1988), and LOM-850
(original master seed in 1987)) were examined. In addition, five Jeju LOM strains isolated from pigs
on Jeju Island between 2004 and 2007, and 16 Jeju LOM strains isolated from pigs on Jeju Island
between 2014 and 2018, were analyzed. Positive selection analysis of the complete ORF (Npro, C,
Erns, E1, E2, P7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) was conducted using several models
available in the BASEML and CODEML modules of the PAML 4.6 software package [21]. Different
values of the non-synonymous/synonymous (dN/dS) ratio (the omega parameter), were considered in
accordance with the user manual. A dN/dS ratio of <1 indicates a purifying selection, a dN/dS ratio = 1
suggests an absence of selection (i.e., neutral evolution), and dN/dS >1 indicates a positive selection.
The Bayes empirical Bayes (BEB) calculation of the posterior probabilities of site classes was used to
calculate the probability that a site is under positive selection pressure [22]. TempEst (formerly known
as “Path-O-gen”) is a tool for investigating the temporal signals and “clocklikeness” of molecular
phylogenies. The contemporaneous trees (in which all sequences were collected at the same time) and
dated-tip trees (in which sequences are collected at different dates) were analyzed using the TempEst
v1.5.1 program, which is temporal signal estimator tool [23]. The genome sequences of the Jeju LOM
strains (n = 21) and commercial LOM vaccine strains (n = 8) in this study were submitted to the
GenBank under accession numbers MN558862–MN558889.

4.6. Maximum Clade Credibility Tree

Complete sequences for the E2 gene of 145 CSFV isolates available in the GenBank Database,
including complete E2 gene sequences of 8 commercial LOM vaccine strains and 21 Jeju LOM strains,
were used to generate a BEAST input file using BEAUti within the BEAST package v1.8.1 [24]. Rates of
nucleotide substitution per site and per year, and the most recent common ancestor (tMRCA), were
estimated using a Bayesian MCMC approach. Each dataset was simulated with the following options:
generation = 100,000,000, burn-in of 10%, and ESSs > 200. The exponential clock and expansion growth
population model in the BEAST program was used to obtain the best-fit evolutionary model. The
resulting convergence was analyzed using Tracer 1.5 [25]. Trees were summarized as a maximum clade
credibility (MCC) tree using TreeAnnotator 1.7.4 [26] and visualized using Figtree 1.4 [27]. For each tree
node, estimated divergence times and 95% HPD intervals, which summarize statistical uncertainties,
were indicated.
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4.7. Statistical Analysis

All statistical analyses were performed using the GraphPad Prism software, version 6.0,
for Windows. Data were analyzed using one-way analysis of variance, followed by Tukey’s
multiple-comparison test. Groups showing significant differences (p < 0.05) at the same time point are
indicated by different letters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/8/4/251/s1.
Amino acid differences between commercial LOM vaccine strains and Jeju LOM strains (2004–2007), Table S1:
(https://zenodo.org/deposit/3484007) and (2014–2018), Table S2: (https://zenodo.org/deposit/3484007). Positively
selected sites and omega values for the Jeju LOM strains, Table S3: (https://zenodo.org/deposit/3484007).
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Abstract: In Taiwan, the prevalent CSFV population has shifted from the historical genotype 3.4
(94.4 strain) to the newly invading genotype 2.1 (TD/96 strain) since 1996. This study analyzed the
competition between these two virus genotypes in dual infection pigs with equal and different virus
populations and with maternally derived neutralizing antibodies induced by a third genotype
of modified live vaccine (MLV), to simulate that occurring in natural situations in the field.
Experimentally, under various dual infection conditions, with or without the presence of maternal
antibodies, with various specimens from blood, oral and fecal swabs, and internal organs at various
time points, the TD/96 had consistently 1.51–3.08 log higher loads than those of 94.4. A second
passage of competition in the same animals further widened the lead of TD/96 as indicated by viral
loads. The maternally derived antibodies provided partial protection to both wild type CSFVs and
was correlated with lower clinical scores, febrile reaction, and animal mortality. In the presence
of maternal antibodies, pigs could be infected by both wild type CSFVs, with TD/96 dominating.
These findings partially explain the CSFV shift observed, furthering our understanding of CSFV
pathogenesis in the field, and are helpful for the control of CSF.

Keywords: classical swine fever virus; genotype; virus shift; viral replication; dual infections

1. Introduction

Classical swine fever virus (CSFV) is the etiological agent of classical swine fever (CSF), which is a
highly contagious disease of swine. The CSFV is an enveloped positive-stranded RNA virus belonging
to the genus Pestivirus of the family Flaviviridae [1]. The genome of CSFV is approximately 12.3 kb
in length and contains a single open reading frame encoding for a polyprotein of 3,898 amino acids,
which is flanked by 5′ and 3′ non-translated regions (NTR). The translated polyprotein is processed by
cellular and viral proteases to the mature viral proteins of four structural (C, Erns, E1, and E2) and
eight nonstructural proteins (Npro, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [2].

The CSFV strains are divided into three genotypes, each with three to four subtypes—1.1, 1.2, 1.3,
and 1.4; 2.1, 2.2, and 2.3; and 3.1, 3.2, 3.3, and 3.4—by analyzing three genomic regions: 5′-UTR, E2, and
NS5B [3,4]. Genotype 1 comprises most of the historical strains including vaccine strains. Genotype 2
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contains the most currently globally prevalent strains over the last two decades. Genotype 3 contains
most of the strains with restricted distribution [3,5–7]. In recent years, there has been a shift in CSFV
genotypes in the field, from genotypes 1 and 3 to genotype 2, which was observed in Europe and
Asia [8–11]. The mechanisms for this shift remain unclear. In Taiwan, two CSFV populations coexist,
namely the historical strain of genotype 3.4 (94.4 strain) prior to the 1920s and the newly invading
strain of genotype 2.1 (TD/96 strain) since 1994, the latter of which became dominant in 1996 [12,13].
This means that in the field, pigs could be infected by two different genotypes of CSFV. In pig infections,
the dominance of one strain, such as TD/96, over another strain, such as 94.4, could cause potential
problems in the diagnosis, pathogenesis and epidemiological studies and control of CSF in the field, if
not given special attention. From a clinical point of view, this replication advantage of genotype 2.1
could likely mask the detection, isolation and more aspects of genotype 3.4. The situation is further
complicated by the routine use of modified live vaccines (MLV) to prevent and control CSF, in which
all MLV strains used nowadays in different countries belong to genotype 1, a third genotype [3,14].
The MLVs offer protection from field viruses of different genotypes [14–16]. However, several factors,
including viral loads of vaccines, routes and ages of vaccination, and co-presence of other pathogens,
can interfere with the vaccine’s efficacy [14,16,17].

To deepen our understanding of the characteristics of diverse CSFV genotypes, it is important to
elucidate the mechanism of the virus shift in the field. Previous study revealed that the newly invading
genotype 2.1 replicated more efficiently than genotype 3.4 did both in vitro and in vivo [18]. To further
the understanding of pathogenesis that occurs in dual infections of CSFV, this study analyzed the
competitions of the viruses of the two genotypes in co-infected pigs with equal and different virus
populations without neutralizing antibodies and also in co-infected pigs with maternally derived
neutralizing antibodies induced by MLV of a third genotype, with the goal of experimentally simulating
the natural situations in the field.

2. Results

2.1. Clinical Manifestation

Pigs in Group 1 (co-infected_P1) were inoculated with equal amounts of the TD/96/TWN strain
(designated TD/96 and belonging to genotype 2.1) and the 94.4/IL/94/TWN strain (designated 94.4
and belonging to genotype 3.4) simultaneously. Pigs in Group 2 (co-infected_P2) were inoculated
with whole blood taken from a pig of Group 1 at 12 dpi. Pigs in Group 3 (co-infected with Ab) were
inoculated with equal amounts of the TD/96 strain and the 94.4 strain simultaneously, born from a sow
vaccinated with LPC vaccine, in which the maternal antibody response was in decline.

Clinical scores and temperature records of the experimental pigs are shown in Figure 1 and Table 1.
The clinical signs were most numerous and significantly severe in co-infected_P2 (second passage of
competition) pigs (Group 2; average maximum clinical score: 19.33 ± 0.58) and the first febrile reaction
was detected as early as 2 or 3 days post-infection (dpi). The highest clinical score of Group 2 was the
result of the pigs being inoculated with higher viral loads of the TD/96 strain than the pigs of the other
two groups were (Table 1).
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Figure 1. Body temperatures of pigs co-inoculated with classical swine fever viruses of two genotypes.
Pigs in the group co-infected_P1 (square) were inoculated with TD/96 strain (genotype 2.1) and 94.4
strain (genotype 3.4). Pigs in the group co-infected_P2 (triangle) were inoculated with whole blood
taken from a pig of group co-infected_P1 at 12 days post-infection. Pigs in the group co-infected with
Ab (circle) were born from a sow vaccinated with LPC vaccine and were inoculated with the two virus
strains. Each point represents the mean and standard deviation of the three pigs in the same group.

Those pigs in co-infected_P1 (first passage of competition) were less severe (Group 1; average
maximum clinical score: 15.67 ± 1.53), and first febrile reaction was detected at 4 to 6 dpi. Clinical signs
of those pigs co-infected with the presence of maternal antibodies developed more slowly and were
significantly less severe (Group 3; average maximum clinical score: 4.67 ± 0.58) and all pigs survived
until the end of experiment. First febrile reaction in pigs in Group 3 was detected at 6 to 12 dpi.

The febrile profile shown in Figure 1 was largely compatible with those of the averaged clinical
scores shown in Table 1. In other words, Group 2, having higher clinical scores, also had higher febrile
reactions, while Group 3, having lower clinical scores, also had lower febrile reaction.

2.2. Virus Titration of Viremia for Co-Infected_P2 Pigs Inoculation

Co-infected_P2 pigs were inoculated with whole blood taken from a pig of the co-infected_P1
group at 12 dpi (Group 2, Table 1). The virus titers of the TD/96 strain and the 94.4 strain from
viremia at 12 dpi of a co-infected_P1 pig were 108.3 TCID50/mL (tissue culture infectious dose 50%) and
105.87 TCID50/mL, respectively, determined by CSFV genotype-specific monoclonal antibodies (mAbs)
(Table 2).
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Table 2. Viral loads in blood from a pig of the co-infected_P1 group at 12 dpi.

Viral Loads
Log Methods

TD/96† 94.4 TD/96 94.4

Viral titer
(TCID50/mL) 8.3 5.87 By IFA* using mAb T6

specific for TD/96
By IFA using mAb L71

specific for 94.4

Viral genome
(copies/μL) 7.64 5.23

By RT-MRT-PCR¶ using
specific TaqMan probe for

TD/96

By RT-MRT-PCR using
specific TaqMan probe for

94.4
† TD/96 and 94.4 indicate the TD/96/TWN and 94.4/IL/94/TWN strains, respectively. * IFA indicates indirect
fluorescent assay. ¶ RT-MRT-PCR indicates reverse transcription multiplex real-time polymerase chain reaction.

2.3. Cross-Neutralizing Antibodies against Three Genotypes of CSFVs

The role of maternal antibodies during dual infections was further investigated (Table 3). The pigs’
sera of co-infected_P1 (Group 1) and co-infected_P2 (Group 2) at 0 dpi to the end of the experimental
period showed no neutralizing antibodies against genotypes 1.1 (LPC/AHRI strain), 2.1 (TD/96 strain)
or 3.4 (94.4 strain), consistent with the more severe clinical scores and animal mortalities at 9–13 dpi
observed in both groups (Table 1).

Table 3. Cross-neutralizing antibodies of three pigs co-inoculated with classical swine fever viruses
with maternally derived neutralizing antibodies (Group 3).

Time (dpi) of the
Collected Pig Sera

Cross-Neutralizing Antibodies
Against (log2) Time (dpi) of the

Collected Pig Sera

Cross-neutralizing Antibodies
Against (log2)

LPC† TD/96 94.4 LPC TD/96 94.4

0

4.5 2.5 2.5 8 2.5 <2 <2
4.5 3.5 3.5 3.5 <2 <2
5 3.5 2.5 <2 <2 <2

Average
4.7 ± 0.3a*

Average
3.2 ± 0.6b

Average
2.8 ± 0.6b

2

4 2 2 10 <2 <2 <2
4.5 3 3 <2 <2 <2
5 3.5 2.5 <2 <2 <2

Average
4.5 ± 0.5a

Average
2.8 ± 0.8b

Average
2.5 ± 0.5b

4

3 2.5 2 12 <2 <2 <2
5 3.5 3 <2 <2 <2
5 3 2.5 <2 <2 <2

Average
4.3 ± 1.2a

Average 3
± 0.5ab

Average
2.5 ± 0.5b

6

3 2.5 2 14 <2 <2 <2
4.5 3.5 3 <2 <2 <2
5 2.5 2 <2 <2 <2

Average
4.2 ± 1a

Average
2.8 ± 0.6ab

Average
2.3 ± 0.6b

† LPC, TD/96 and 94.4 indicate the LPC/AHRI, TD/96/TWN and 94.4/IL/94/TWN strains, respectively. * Values
with different superscript letters, a–b, among the three groups of samples at the same dpi indicate a statistically
significant difference (p < 0.05) from each other. The superscript letter “a” indicates the highest viral load, and “b”
indicates the lowest viral load among the compared groups, while “ab” indicates a viral load in between categories
“a” and “b”. No significant difference exists between values containing the same letter. The absence of a superscript
letter indicates no statistical analysis.

The neutralizing antibodies against the LPC strain in the sera of co-infected pigs with maternal
antibodies (Group 3) before inoculation indicated that these pigs were in a declining phase of maternal
antibody response (data not shown). Sera of co-infected pigs at 0–6 dpi did show cross-neutralizing
antibodies against three genotypes (Table 3), consistent with the much milder clinical scores seen in
this group. A critical time window was noted at 6–8 dpi, when the cross-neutralizing antibody titers
against TD/96 and 94.4 CSFVs dropped from log2 2.3–2.8 to < 2.0 (Table 3), and yet the animals survived
until 14 dpi (Table 1). The neutralizing antibody titers against the LPC strain were significantly higher
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than those against the TD/96 strain and the 94.4 strain at 0 and 2 dpi and significantly higher than those
against the 94.4 strain at 4 and 6 dpi. There was no significant difference between the neutralizing
antibody titer against the TD/96 strain and the 94.4 strain. From 8 or 10 dpi to 14 dpi, sera of co-infected
with Ab pigs did not show detectable neutralizing antibodies against any of the three genotypes
(Table 3).

2.4. Viral Loads in Bloods

Primary viremia of TD/96 strain was first detected in both co-infected_P1 pigs and co-infected_P2
pigs at 2 dpi, and in co-infected with Ab pigs at 4 dpi, earlier than that of 94.4 strain, which was first
detected in co-infected_P1 pigs at 4 dpi and in both co-infected_P2 pigs and co-infected with Ab pigs at
6 dpi (Figures 2A and 3A, Table 1). The viral loads of the TD/96 strain were always significantly higher
than those of the 94.4 strain (p < 0.05) (Figures 2A and 3A) in all the co-infected pigs. The viral loads of
the TD/96 strain were on average 1.89, 2.93, and 1.51 log higher than that of the 94.4 strain at all dpi
in co-infected_P1 pigs, co-infected_P2 pigs and co-infected with Ab pigs, respectively. Comparing
the three groups, the co-infected_P2 pigs had the highest lead of TD/96 at all dpi; the viral loads were
above 3 log higher than that of the 94.4 strain at 4 and 6 dpi. The highest lead of TD/96 was observed at
4 dpi, when it was on average 3.96 log higher than that of the 94.4 strain. No lead of TD/96 was above
3 log in co-infected_P1 pigs or co-infected with Ab pigs.

 

Figure 2. Comparison of viral loads of co-infected_P1 (Group 1) and co-infected_P2 pigs (Group 2). Viral
loads in (A) blood, (B) oral swabs, (C) fecal swabs, and (D) organs of co-infected_P1 and co-infected_P2
pigs were quantified by reverse transcription multiplex real-time polymerase chain reaction. The
data represent the mean and standard deviation from three pigs. Values with different superscript
letters, a–d, among the four groups of samples at the same dpi (A–C) or the same organ (D) indicate a
statistically significant difference (p < 0.05) from each other. The superscript letter “a” indicates the
highest viral load and “d” indicates the lowest viral load among the compared groups, while “ab”
indicates a viral load in between categories “a” and “b”. No significant differences exist between values
containing the same letter. The absence of a superscript letter indicates no statistical analysis due to
only one sample of a group or only one group within the same dpi.
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Figure 3. Comparison of viral loads of co-infected_P1 (Group 1) and co-infected with Ab pigs (Group 3).
Viral loads in (A) blood, (B) oral swabs, (C) fecal swabs, and (D) organs of co-infected_P1 and co-infected
with Ab pigs were quantified by reverse transcription multiplex real-time polymerase chain reaction.
The data represent the mean and standard deviation from three pigs. Values with different superscript
letters, a–d, among the four groups of samples at the same dpi (A–C) or the same organ (D) indicate a
statistically significant difference (p < 0.05) from each other. The superscript letter “a” indicates the
highest viral load and “d” indicates the lowest viral load among the compared groups, while “ab”
indicates a viral load in between categories “a” and “b”. No significant differences exist between values
containing the same letter. The absence of a superscript letter labeled indicates no statistical analysis
due to only one sample of a group or only one group within the same dpi.

2.5. Viral Loads in Secretions and Excretions

In co-infected_P2 pigs, the TD/96 strain was first detected in oral swabs and fecal swabs at 4 to
6 dpi, whereas in co-infected_P1 pigs and co-infected with Ab pigs, the TD/96 strain first presented at 6
to 8 dpi (Table 1). The 94.4 strain was first detected in oral swabs and fecal swabs at 8 to 10 dpi in all
co-infected pigs, except one co-infected_P2 pig that died at 9 dpi, in which the virus was not detected
(Table 1).

In oral swabs, the viral loads of the TD/96 strain were always significantly higher than those of the
94.4 strain in all the co-infected pigs (p < 0.05) (Figures 2B and 3B), with only one exception at 10 dpi of
co-infected with Ab pigs. The viral loads of the TD/96 strain were on average 1.88, 3.08 and 1.59 log
higher than that of the 94.4 strain at all dpi in co-infected_P1 pigs, co-infected_P2 pigs and co-infected
with Ab pigs, respectively. Comparing the three groups, the co-infected_P2 pigs had the highest lead
of TD/96 at all dpi, in which the viral loads were above 3 log higher than that of the 94.4 strain at 6 and
8 dpi. The highest lead of TD/96 was observed at 6 dpi, when it was on average 4.74 log higher than
that of the 94.4 strain. No lead of TD/96 was above 3 log in co-infected_P1 pigs or co-infected with
Ab pigs.

In fecal swabs, the viral loads of the TD/96 strain were always significantly higher than those of
the 94.4 strain in all co-infected pigs (p < 0.05) (Figures 2C and 3C), with only one exception at 8 dpi of
co-infected_P2. The viral loads of the TD/96 strain were on average 2.49, 2.7 and 1.84 log higher than
that of the 94.4 strain at all dpi in co-infected_P1 pigs, co-infected_P2 pigs and co-infected with Ab
pigs, respectively. Comparing the three groups, the co-infected_P2 pigs had the highest lead of TD/96
at all dpi; the highest lead of TD/96, with on average 3.45 log higher than that of the 94.4 strain, was
observed at 6 dpi. No lead of TD/96 was above 3 log in co-infected_P1 pigs or co-infected with Ab pigs.
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2.6. Viral Loads in Visceral Organs

The viral loads of the TD/96 strain were consistently significantly higher than those of the 94.4
strain in most tested organs (p < 0.05) (Figures 2D and 3D) in all pigs. The viral loads of the TD/96
strain were on average 2.39, 3.00, and 2.09 log higher than those of the 94.4 strain in co-infected_P1
pigs, co-infected_P2 pigs, and co-infected with Ab pigs, respectively. Comparing the three groups, the
co-infected_P2 pigs had the highest lead of TD/96 in most tested organs; the viral loads were above 2.5
log higher than that of the 94.4 strain. The highest lead of TD/96 was observed in lymph nodes, where
it was on average 3.33 log higher than that of the 94.4 strain.

3. Discussion

The shift in CSFV populations in the field, from genotypes 1 and 3 to genotype 2, was observed
worldwide [8–12]. However, the mechanisms responsible for the shift remain unclear. A previous
study hypothesized that genotype 2 had higher genetic diversity than genotypes 1 and 3 did, which
might explain why it is the most prevalent endemic situation [19]. Three hypotheses were proposed:
First, virus strains of genotype 2.1 may have higher replication efficiency than the genotype 3.4 strains
in pigs; second, the strains of genotype 2.1 may have higher affinity and competitiveness to cellular
receptors than those of genotype 3.4; and third, the strains of genotype 2.1 may have better ability than
those of genotype 3.4 to escape from antibody neutralization induced by the attenuated lapinized
vaccine strain LPC of genotype 1.1, which has been used to protect pigs against the 3.4 strains since the
1950s in Taiwan [12]. To test the first two hypotheses, Huang et al. [18] allowed two viruses belonging
to genotypes 2.1 and 3.4, respectively, to compete in vivo and in vitro, and the results revealed that the
virus of genotype 2.1 replicated more efficiently than that of genotype 3.4. To further explore and to
simulate the field situation, this study analyzed the competitions of the viruses of the two genotypes in
co-infected pigs for two passages without neutralizing antibodies (Groups 1 and 2). Moreover, we
also examined the dynamics of virus replication and disease development of the infected pigs in the
presence of maternally derived neutralizing antibodies induced by LPC vaccine (Group 3). To the best
of our knowledge, this study is the first attempt to test the competitions of CSFV in this way.

The new CSFV strain of genotype 2.1 has higher replication efficiency than the historical genotype
3.4 strain in pigs. Indeed, when given equal opportunity to compete in the same animal for the
first passage of competition, the genotype 2.1 CSFV (represented by TD/96) had 2.43 log (8.3–5.87)
higher TCID50 titer over that of genotype 3.4 (represented by 94.4) in the blood (Group 2 inoculum,
Table 1). This advantage of TD/96 in blood was also amply supported by quantifications of viral loads
using quantitative reverse transcription multiplex real-time polymerase chain reaction (RT-MRT-PCR)
(Table 2). Under various dual infection conditions with or without the presence of maternal antibodies,
the TD/96 strain had consistently 1.51−3.08 log higher loads than those of 94.4. The 2.43 log TCID50

replication advantage of TD/96 in the first passage of competition in an animal body falls within the
range of 1.51–3.08 log, as estimated by RT-MRT-PCR. Given a second passage of competition, the lead
of TD/96 was widened further. The TD/96 strain was first detected in oral swabs and fecal swabs of
co-infected_P2 pigs 2–4 days earlier than in those of co-infected_P1 pigs. On the other hand, the 94.4
strain was first detected in viremia of co-infected_P2 pigs 2 days later than in those of co-infected_P1
pigs, despite the two groups having been inoculated with similar amounts of the 94.4 strain (106

TCID50/mL in co-infected_P1 pigs and 105.87 TCID50/mL in co-infected_P2 pigs). The results revealed
that when the viruses of genotype 2.1 are dominant in the field, the viruses replicate more efficiently
and shed earlier than the viruses of genotype 3.4 do. Therefore, the genotype of CSFV in the pig
population shifted from genotype 3.4 to 2.1. Given further passages of dual infection in pigs, the
competition edge of genotype 2.1 would likely lead to the disappearance of genotype 3.4 in pigs.

Colostrum maternal antibodies offer partial protection for dually infected pigs, despite the
genotype difference of the LPC vaccine virus (of genotype 1.1) from those of genotype 2.1 and 3.4
of dually infected viruses (Group 3). The TD/96 and 94.4 strains were first detected in the blood of
co-infected with Ab pigs 2 days later than in co-infected_P1 pigs, although pigs in these two groups
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were inoculated with the same amounts of the TD/96 and 94.4 strains. The maternal antibodies
protection was ineffective when the genotypic heterologous neutralizing titer dropped to below 1:4
during dpi 8−14 (Table 3), for febrile reactions were observed after 10 dpi (Figure 1). This finding
suggests that the protection offered by the maternal antibodies is not limited to the initial engagement
to neutralize incoming virus but also allows for the host to launch immune responses before the system
is overwhelmed.

Antigenic variations among various genotypes of CSFVs certainly render the currently available
vaccines more effective in neutralizing historical viruses, while allowing the newly invading virus to
escape. This hypothesis has been amply addressed in several previous studies [20–23]. The neutralizing
antibodies of co-infected with Ab pigs against the LPC/AHRI strain were higher than those against the
TD/96 strain and the 94.4 strain. However, there was no significant difference between the neutralizing
antibodies against the TD/96 strain and those against the 94.4 strain. This evidence supported previous
studies that antibodies induced by live virus neutralize genotypically homologous strains better than
heterologous strains [17,24,25]. In co-infected with Ab pigs, similarly to Group 1, the TD/96 strain
was shed by infected pigs earlier than the 94.4 strain was. In addition, the viral loads of the TD/96
strain were significantly higher than those of the 94.4 strain. The results indicated that the presence of
maternally derived antibodies induced by modified live virus of genotype 1.1 might not influence
the competition between viruses of genotypes 2.1 and 3.4. Previous study demonstrated that the LPC
vaccine could offer pigs protection from challenges of field viruses of genotypes 2.1 and 3.4 [26]. This
study revealed that when pigs or piglets infected by CSFV field viruses of genotypes 2.1 and 3.4 were
vaccinated, the vaccine’s efficacy was interfered with, and also that when the maternally derived
antibodies declined in piglets before vaccination, the pigs produced lower neutralizing antibodies and
had delayed clinical signs. However, the CSFVs were detected in those infected pigs, in which the
genotype 2.1 viruses were released earlier and replicated more efficiently than did genotype 3.4 viruses.
These results may suggest that the newly invading strains dominated in the field under vaccination.

Contact infection may present another aspect of virus competition. To investigate how the
competition occurs between viruses of genotypes 2.1 and 3.4, in this study we employed the
intramuscular route for the co-infection. This route can ensure that both viruses enter the hosts
with the same amount of virus simultaneously to allow comparison of their replication efficiency and
pathogenicity. However, when the virus is introduced through natural routes, the influencing factors
could be more numerous and much complicated. To further explore the natural situations and to
evaluate the possible effect of the superinfection exclusion phenomenon of CSFV [27] in the field in
terms of the competence of these two genotypes, cohabitation infection with 2.1 virus infected pigs
and 3.4 virus infected pigs is warranted.

In conclusion, examining the competition of the historical and newly invading genotypes of
CSFV in co-infected pigs with different virus populations and with maternally derived neutralizing
antibodies revealed that the new CSFV genotype 2.1 replicates more efficiently, at 1.51–3.08 log higher
than that of the historical genotype 3.4. The maternally derived antibodies provide partial protection to
both wild type CSFVs and correlate with lower clinical scores, febrile reaction, and animal mortality. In
the presence of maternal antibodies, pigs could be infected by both wild type CSFVs, with the genotype
2.1 dominating. These results could further our understanding of the prevalence of genotype 2 in the
field, which is widely observed in Asia and Europe. This is the first time that the higher replication
capacity of genotype 2.1 than that of genotype 3.4 has been demonstrated in vivo with this design.

4. Materials and Methods

4.1. Cells and Viruses

Porcine kidney-15 (PK-15) cells were maintained in minimum essential medium supplemented
with 10% fetal bovine serum and incubated at 37 ◦C in 5% CO2. The three CSFV strains used in this
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study, comprised the two representative CSFV strains TD/96 and 94.4 and an attenuated lapinized
vaccine strain LPC/AHRI, were propagated in the PK-15 cells [3,12,13].

4.2. mAbs Specific for CSFV

Three mAbs against CSFVs were used in this study. The mAbs T6 and L71 were produced by
the Animal Health Research Institute, Taiwan, and the mAb WH303 by the Animal and Plant Health
Agency, the United Kingdom. The mAb T6 recognizes the TD/96 strain of genotype 2.1 but not the
94.4 strain of genotype 3.4. In contrast, the mAb L71 recognizes the 94.4 strain but not the TD/96
strain [18]. The mAb WH303 reacts with most CSFV strains tested [28], including the three strains
used in this study.

4.3. Experimental Infections

Six 4-week-old specific pathogen-free (SPF) pigs were randomly separated into two groups of
three pigs: Groups 1 and 2 (Table 1). Pigs in Group 1 (co-infected_P1) were inoculated intramuscularly
with 1 mL of the TD/96 strain and 1 mL of the 94.4 strain simultaneously, each at a virus amount of
106 TCID50/mL, to ensure that both strains could enter the hosts simultaneously. The concept of the
Group 1 co-infection experiment design was similar to that described in Group 3 of Huang et al. [18]
and was repeated here, in separate pigs, for comparison with Groups 2 and 3 (see below). Pigs in
Group 2 (co-infected_P2) were inoculated intramuscularly with 1 mL of whole blood taken from a
pig of Group 1 at 12 dpi. This inoculum contained TD/96 108.3 TCID50 and 94.4 105.87 TCID50 as
titrated later (Table 1). Group 3 (co-infected with Ab) included three 4-week-old pigs born from a
sow vaccinated with LPC vaccine, in which the maternal antibody response was in decline. These
animals were chosen in order to examine the effect of antibody drop on co-infection. These pigs were
inoculated intramuscularly with 1 mL of the TD/96 strain and 1 mL of the 94.4 strain simultaneously, as
in Group 1, at 106 TCID50/mL. The three groups were housed separately in three negative air-pressure
isolation units. For animal welfare reasons, pigs were euthanized when they were moribund and
unable to stand up. All surviving pigs were euthanized at 14 dpi, the end of the experimental period.
This animal experiment was approved by the Institutional Animal Care and Use Committee of the
Animal Health Research Institute (Approval number A02040).

4.4. Clinical Signs, Body Temperature, and Sampling Procedures

Rectal temperature was recorded daily during the experimental period. Fever was defined as
a temperature higher than 40 ◦C. For evaluation of clinical signs, the ten parameters described by
Mittelholzer et al. [29] were scored from 0 to 3 to represent normal to severe CSF symptoms. The
scores of each pig were summed into a total score for each day. Blood, oral swabs, and fecal swabs
were collected prior to inoculation at 0 dpi and then at 2-day intervals post infection. Swabs were
weighed before and after sampling to normalize the viral loads. Each swab was immersed in 2 mL of
phosphate buffered saline (PBS) and centrifuged at 3,000 × g for 10 min, and the harvested supernatant
was stored at −70 ◦C. Necropsies were performed after euthanasia or death, and tissue samples of
tonsil, submandibular and mesenteric lymph nodes, heart muscle, lung, liver, spleen, kidney, bladder,
and cerebrum were collected from all pigs.

4.5. Virus Titration

Ten-fold serial diluted blood (inoculum of Group 2) at 12 dpi from a pig of co-infected_P1 was
added into eight wells each of 96-well plates duplicated and seeded with PK-15 cells. Whether the cells
were infected was observed using indirect fluorescent assay (IFA) at 72 hours post infection (hpi). The
mAbs T6 and L71 were used for virus titration. One 96-well plate was stained with mAb T6, which
recognizes the TD/96 strain but not the 94.4 strain; the other 96-well plate was stained with mAb L71,
which recognizes the 94.4 strain but not the TD/96 strain [18]. Virus titers were calculated as TCID50

using the Reed-Muench method [30].
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4.6. Quantitative Reverse Transcription Multiplex Real-Time Polymerase Chain Reaction (RT-MRT-PCR)

Viral RNAs were extracted using the QIAamp® Viral RNA Mini Kit (QIAGEN, Hilden, Germany).
The specific RT-MRT-PCR was performed to detect and genotype CSFV as described by Huang et al. [31],
who demonstrated no inter-genotypic cross-reactivity among different CSFV strains using the universal
primers and specific TaqMan probes for each of the three genotypes, genotypes 1, 2, and 3. The viral
loads, determined by the RT-MRT-PCR, are expressed as log viral genome copies/μL.

4.7. Cross-Neutralizing Antibodies against Three Genotypes of CSFV

The genotype-specific neutralizing antibodies were cross-neutralized with sera from pigs at
0 dpi (before inoculation) to 14 dpi (or the end of the experimental period) against CSFV strains of
genotypes 1.1 (LPC/AHRI strain), 2.1 (TD/96 strain) and 3.4 (94.4 strain). Two-fold serial diluted 56 ◦C
heat-inactivated sera were mixed with equal volumes of 100 TCID50 of the viruses, incubated at 37 ◦C
for 1 h, and subsequently transferred to PK-15 cells in 96-well plates. The starting dilution of each
serum was 1:4. At 72 hpi, the cells were fixed and stained for the presence CSFV antigen by the IFA.
Neutralizing titer is the log2 of the antibody dilution factor (reciprocal of dilution) when 50% of the
wells are protected from infection.

4.8. Indirect Fluorescent Assay (IFA)

The inoculated cells in 96-well plates were fixed with 10% formaldehyde at room temperature
for 10 min and washed three times with PBS. Each mAb against CSFV was diluted 1:100 in PBS,
and 50 μL of the diluted mAb was added per well (mAb T6 for virus titration of the TD/96 strain
and mAb L71 for virus titration of the 94.4 strain; mAb WH303 for detection of cross-neutralizing
antibodies). The cells were then incubated at 37 ◦C for 1 h and washed three times with PBS. Fluorescein
isothiocyanate-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) diluted 1:100 in PBS was added, 50 μL per well. The cells were incubated at 37 ◦C for 1 h and
then washed three times with PBS. Fluorescence of the stained cells was observed under a fluorescence
microscope (Olympus Imaging America, Center Valley, PA, USA).

4.9. Statistical Analysis

Differences in the values between two groups and among various groups were statistically
analyzed using the Student’s t-test and one-way analysis of variance (ANOVA), respectively. ANOVA
was combined with the Duncan multiple range test. The statistical analysis was carried out in Statistical
Analysis System (SAS) Enterprise Guide 7.1 (SAS Institute Inc., Cary, NC, USA). Mean differences were
considered statistically significant when the p-value was <0.05.
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Abstract: Here, we examined the pathogenicity and genetic differences between classical swine
fever viruses (CSFV) isolated on pig farms in North Vietnam from 2014–2018. Twenty CSFV strains
from 16 pig farms were classified as genotype 2 (sub-genotypes 2.1b, 2.1c, and 2.2). The main
sub-genotype, 2.1c, was classified phylogenetically as belonging to the same cluster as viruses isolated
from the Guangdong region in South China. Strain HY58 (sub-genotype 2.1c), isolated from pigs
in Vietnam, caused higher mortality (60%) than the Vietnamese ND20 strain (sub-genotype 2.2).
The Vietnamese strain of sub-genotype 2.1b was estimated to have moderate virulence; indeed,
genetic analysis revealed that it belongs to the same cluster as Korean CSFV sub-genotype 2.1b.
Most CSFVs circulating in North Vietnam belong to sub-genotype 2.1c. Geographical proximity
means that this genotype might continue to circulate in both North Vietnam and Southern China
(Guangdong, Guangxi, and Hunan).

Keywords: CSFV; genotype; virulence; E2 gene; phylogenetic tree

1. Introduction

Classical swine fever virus (CSFV), which belongs to the genus Pestivirus within the family
Flaviviridae, is an enveloped virus containing a single-stranded, positive-sense RNA genome of
approximately 12.3 kb [1]. The virus causes a highly contagious disease in pigs, which results in
significant economic losses to the pig industry both in Vietnam and worldwide. Depending on the
strain, CSFV can cause an acute, subacute, chronic, or asymptomatic disease [2,3]. Highly virulent
CSFV results in high morbidity and mortality, whereas low virulent CSFV may cause asymptomatic
disease [2,3]. CSFV is categorized into three genotypes (1, 2, and 3), each comprising three to four
sub-genotypes (1.1–1.4, 2.1–2.3, and 3.1–3.4) [4]. CSFV strains isolated in China during the 1990s
clustered into sub-genotypes 1.1, 2.1, 2.2, and 2.3 [5]; however, the majority of CSFV strains belonged
to either sub-genotype 2.1 (49.1%) or 2.2 (36.4%). In Vietnam, some pigs have been vaccinated
against CSFV; however, a previous study suggested that antibody responses against the CSF vaccine
was significantly reduced in Trypanosoma (T) evansi-infected pigs as compared to uninfected pigs.
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This immunosuppression might explain the accounts of poor protection of CSF-vaccinated pigs reported
in T. evansi endemic areas of Vietnam [6]. Genetic analysis of the 5’ non-translated region (5’ NTR)
of CSFVs isolated in the Mekong delta area of South Vietnam between 2001 and 2003 showed that
the strains clustered into two sub-genotypes: the majority clustered into sub-genotype 2.1, with the
remainder clustering into sub-genotype 2.2 [7]. In Thailand, a country neighboring Vietnam, all three
sub-genotypes (2.1, 2.2, and 2.3) were isolated throughout the 1980s and early 1990s, but sub-genotype
2.2 was the major isolate from 1996 onwards [8]. CSFVs isolated in the northern provinces of Laos
(bordering Vietnam) between 1997 and 1999 belonged to sub-genotype 2.1, whereas most of those
isolated in the southern provinces of Laos belonged to subgroup 2.2; CSFVs isolated in central provinces
of Laos belonged to sub-genotypes 2.1 and 2.2 [9]. The geographical position of Vietnam makes it
particularly vulnerable to CSF outbreaks because pigs come into the country across the borders with
Cambodia, Laos, and China.

The objective of the present study was to examine the pathogenicity and phylogenetic genotypes
of CSFVs circulating recently in northern Vietnam.

2. Results

2.1. Genotype Analysis and Phylogenetic Tree

The 20 CSFVs identified from samples collected from the 16 backyard pig farms in north Vietnam
between 2014 to 2018 were categorized as group 2.1b (one farm), 2.1c (14 farms), and 2.2 (one farms)
based on nucleotide sequence analysis of the complete E2 gene (Table 1 and Figures 1 and 2). Three
strains (ND2, ND20 and ND21) belonged to sub-genotype 2.2, and an NA5 strain was classified as
sub-genotype 2.1b; the 16 remaining strains were sub-genotype 2.1c (Table 1 and Figure 2). The mean
time of the most recent common ancestor (tMRCA) for the Vietnamese strains was estimated to be 1932
(95% highest posterior density (HPD): lower, 1917; upper, 1957), with an effective sample size (ESS) of
729.1967 on the maximum clade credibility (MCC) tree. The clock rate (×10−4 substitutions/site/year)
for Vietnamese strains was 8.49 (95% HPD: lower, 6.4415; upper, 10.589) (Figure 2). The phylogenetic
tree suggested that strains belonging to sub-genotype 2.2 circulating in Vietnam are more closely
related to strains isolated in European countries (Germany, Austria, the Czech Republic, and Italy)
than to strains isolated in Asia (Taiwan, Nepal, and China) (Figure 2). The NA5 strain was on the
sub-genotype 2.1b branch of the MCC tree and clustered with seven very similar strains (KSB06N01,
YJB08B2, LSG03N46, SW03N8, CW02N13, MBG07N01, and KH2002N1) detected in Korea between
2002 and 2008 (Figure 2). The 16 Vietnamese CSFV strains (sub-genotype 2.1c) were most similar to
CSFV strains GXF29/2013, GDZH.2009, GDHZ.2009, HN.2010, HNLY-11, and GDPY.2008 isolated in
the southern regions (Guangdong, Guangxi, and Hunan) of China; phylogenetic analysis placed them
in the same cluster (Figure 2). The complete E2 gene sequence of Vietnamese CSFV identified herein
was submitted to GenBank under accession numbers KP702206–KP702210, MF977825-MF977830,
and MN977260-MN977268.
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Figure 1. Map showing outbreaks of classical swine fever on pig farms in northern Vietnam. CSFV
genotypes are denoted by the red circle (sub-genotype 2.1c), black circle (sub-genotype 2.2), and blue
circle (sub-genotype 2.1b).

Table 1. Vietnamese strains of classical swine fever virus examined during the 5-year study.

Date of
Collection

Place
Farm
Name

Age of
Sampled

Pig
Strain

CSFV
Genotype

Accession
Number

June, 2014 a Nam Dinh XTND 60 ND2 2.2 KP702207
June, 2014 a Nam Dinh XTND 60 ND20 2.2 KP702209
June, 2014 a Nam Dinh XTND 60 ND21 2.2 KP702210
June, 2014 b Nam Dinh NDB 90 ND9 2.1c KP702208
July, 2014 c Hai Duong NGHD 30 HD1 2.1c KP702206
Jan, 2015 Nghe An NAN 30 NA5 2.1b MF977825

June, 2015 Hung Yen HYen 70 HY58 2.1c MF977826
Sep, 2015 Hung Yen HYen 70 HY78 2.1c MF977827
Feb, 2016 Hung Yen HYN 50 HY91 2.1c MF977828
Mar, 2016 Hung Yen HYY 60 HY92 2.1c MF977829
Mar, 2016 Bac Giang BGiang 61 BG47 2.1c MF977830
Jul, 2017 Hung Yen HYenI 30 C71 2.1c MN977260

Aug, 2017 Hung Yen HYenJ 30 C77 2.1c MN977261
Aug, 2017 Hung Yen HYenK 40 C83 2.1c MN977262
Sep, 2017 Hung Yen HYenJ 30 C91 2.1c MN977263
Sep, 2017 Hung Yen HYenL 60 C94 2.1c MN977264
Sep, 2017 Hung Yen HYenM 50 C97 2.1c MN977265
Oct, 2018 Hung Yen HYenN 30 P143 2.1c MN977266
Nov, 2018 Nam Dinh NDinhO 40 P166 2.1c MN977267
Dec, 2018 Ha Nam Ha NamP 40 P192 2.1c MN977268

a Nam Dinh: Xuan Truong-Nam Dinh; b Nam Dinh: My Xa-Nam Dinh; c Hai Duong: Ninh Giang-Hai Duong.

2.2. Comparison of the Pathogenicity of Different Sub-Genotypes

Four of the five pigs in group 2, which were inoculated with the ND20 strain, survived for 30 days
post-infection (dpi) (mortality, 20%); however, the mortality rate in pigs inoculated with the HY58
strain (group 3) was 60% (Table 2). The main clinical signs in pigs inoculated with the ND20 strain were
fever, anorexia, and trembling; minor clinical signs included congestion, diarrhea, dehydration, and
conjunctivitis. In addition to the clinical signs previously mentioned, pigs inoculated with the HY58
strain showed dehydration and hind leg paralysis (Table 2). The total mean clinical score at 21 dpi for
pigs inoculated with ND20 and HY58 strains was 8.4 and 12.4, respectively (Table 3). According to the
strain clinical sign scoring system, two Vietnamese strains (sub-genotypes 2.2 and 2.1c) were classified
as having moderate virulence. At 7 days post-infection (dpi), the CSFV RNA copy number in the blood
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of pigs inoculated with the ND20 strain was lower (4.5–5.6 log10) than that of pigs inoculated with the
HY58 strain (5.6–6.8 log10) (Table 2). At 0 to 21 dpi, leukocyte counts in pigs inoculated with the GPE−
strain (control group) were stable (average 18673/ul and 22840/ul, respectively). Pigs inoculated with
the ND20 strain showed leukopenia, with leucocyte counts of 9000/ul from 3 to 7 dpi, whereas pigs
inoculated with the HY58 strain had leukopenia from 3 to 21 dpi (Figure 3A). Both ND20 and HY58
strain infected pigs showed high rectal temperature (>40 ◦C) at 5–7 dpi (Figure 3B).

 

Figure 2. Phylogenetic tree based on the complete E2 sequences of Vietnamese CSFVs. The 171
complete E2 gene sequences, including those of 20 Vietnam strains, were obtained from the NCBI
Genbank database. Each dataset was simulated using the following options: generation = 80,000,000;
burn-in, 10%; and ESSs > 200. The confidence of the phylogentic analysis is represented by the numbers
above the nodes representing branch length (time) based time scale by factor (1.0). Twenty Vietnamese
strains are marked by blue boxes.
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Table 2. CSFV RNA copy number in blood and clinical signs in pigs infected with CSFV.

Group Pig
No.

SG a Strain OP DOP b Clinical Signs

CSFV RNA Copy Number (log 10) in
Blood (Days of Post-Infection)

0 3 5 7 10 14 21

1
11 1.1 GPE− 30 alive None - - - - - - -
12 1.1 GPE− 30 alive None - - - - - - -

2

7 2.2 ND20 30 alive F, A, Di - 3.6 5.3 5.6 3.2 3.5 2.7
8 2.2 ND20 30 alive F, A, T, Co - 2.7 4.1 5.3 3.8 3.1 2.4
9 2.2 ND20 30 alive F, A, T, Di - 3.0 5.5 5.1 3.3 4.2 1.8

16 2.2 ND20 30 28 F, A, Di, T, C - 3.4 5.8 5.4 4.5 2.5 2.9
34 2.2 ND20 30 alive F, A, T, C - 2.5 4.9 4.5 2.7 2.6 1.7

3

21 2.1c HY58 30 alive F, A, De, T - 3.2 5.7 5.9 5.2 3.5 3.7
24 2.1c HY58 30 22 F, A, Di, De, C, T - 2.7 6.4 6.1 4.3 4.2 3.5
29 2.1c HY58 30 23 F, A, De, C, HP - 2.9 6.1 6.8 5.7 5.3 3.7
31 2.1c HY58 30 alive F, A, De, T, Co - 3.3 4.7 5.6 5.8 4.2 2.6
38 2.1c HY58 30 25 F, A, Di, T, Co, HP - 3.6 5.4 6.7 4.9 4.8 3.5

a Strain: an inoculation of virus (4 × 105.0TCID50/mL/dose) was administered via the oral and intramuscular routes
(half of the dose via each of these routes). SG: sub-genotype; OP: observation period (days); DOP: day of death
during observation period. b Clinical signs were F (fever), A (anorexia), Di (diarrhea), De (dehydration), T (tremble),
C (congestion), Co (conjunctivitis), and HP (hind leg paralysis).

Table 3. Clinical score of pigs infected with CSFV.

Mean Clinical Sore (21 dpi) Total Mean
Clinical Score

Virulent
Parameter *Li BT BS Br Wa Sk Ey Ap De Le

ND20 strain 0.8 0.2 0.5 0.8 0.8 0.9 1.0 1.5 0.5 1.4 8.4 moderate
HY58 strain 1.4 1.0 1.2 1.2 1.2 1.0 1.0 1.6 0.8 2.0 12.4 moderate

*Li: liveliness; BT: body tension; BS: body shape; Br: breathing; Wa: walking; Sk: skin; Ey: eyes; Ap: appetite; De:
defecation; Le: leftovers in feeding trough.

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000

26000

28000
GPE- no.12
ND20
HY58

GPE- no.11

A

Days of post-inoculation (dpi)

Le
uc

oc
yt

es
 ( 

/
l)

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
35.0

35.5

36.0

36.5

37.0

37.5

38.0

38.5

39.0

39.5

40.0

40.5

41.0

41.5

42.0

B

Days of post-infection (dpi)

R
ec

ta
l t

em
pe

ra
tu

re
 (°

C
)

Figure 3. Leukocyte counts and rectal temperature of pigs inoculated with CSFV. Vietnamese strains
inoculated group showed leukopenia and a high temperature. GPE− vaccine control group was shown
individually and other Vietnam CSFV groups shown as mean standard ± deviation. White blood cell
count (A) and rectal temperature (B) were measured for 21 days post-infection.
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2.3. Tissue Lesion Finding between Sub-Genotype 2.2 and 2.1c

Pigs inoculated with the CSFV ND20 strain (sub-genotype 2.2) showed histopathologic lesions in
various organs. Multifocal hemorrhage or nonspecific mild bronchopneumonia was observed in the
lungs. Mild to moderate infiltration of macrophages and reticular cells around lymphoid follicles and
lymphoid depletion in follicles were observed in the tonsils. Dilated tonsillar crypts contained cellular
debris, keratin, and neutrophils. In addition, the proliferation of reticular cells and macrophages
and atrophy of lymphoid follicles were confirmed in the lymph nodes (Figure 4B). The liver showed
signs of multifocal pericholangitis, characterized by mild-to-moderate infiltration in the portal triad
by lymphocytes and macrophages. Mild chronic interstitial nephritis and multifocal infiltration by
lymphocytes and plasma cells was observed in the kidney. Perivascular cuffing (PVC), characterized
by mild-to-moderate infiltration of the perivascular space (Virchow Robin space), was observed
in the brain parenchyma, arachnoid space, and glial nodules (Figure 4E). However, there were no
specific CSFV-associated lesions in the heart, spleen, ileum, or urinary bladder. CSFV HY58 strain
(sub-genotype 2.1c) inoculated pigs showed more pathologic lesions in various organs compared to
ND 20 group. The tonsils showed moderate infiltration of reticular cells and macrophages around
lymphoid follicles, and severe lymphoid depletion in the follicles. In addition, cystic-dilated tonsillar
crypts were also plugged with degenerated cellular debris, inflammatory cells, and keratin. Typical
peripheral hemorrhage, proliferation of macrophages, and severe lymphoid depletion were observed
in the lymph nodes (Figure 4C). Atrophy of the splenic white pulp and histiocytic infiltration were
observed, along with non-suppurative interstitial nephritis and pericholangitis in the kidney and liver.
Moderate-to-severe lesions typical of viral non-suppurative encephalitis, characterized by severe PVC,
formation of glial nodules, and neuronophagia, were observed throughout the brain parenchyma
(Figure 4F). However, no specific lesions were observed in the heart, ileum, or urinary bladder. There
were no pathognomonic lesions or very mild histopathologic changes in the internal organs from pigs
inoculated with the GPE− strain (Figure 4A,D). Occasionally very mild atrophy of white pulp in spleen
and mild interstitial nephritis were detected from the GPE− strain inoculated group.

 

Figure 4. Histopathologic lesions in organs of pigs infected with GPE− strain (A,D), Vietnamese CSFV
ND20 strain (B,E) and HY58 strain (C,F). Nearly normal (A), mild (B, arrow), and severe (C, arrow)
atrophy of follicle in lymph nodes of pigs (H&E stain; magnification × 200). Note focal hemorrhage
and infiltration of macrophages (C). Normal brain parenchyma (D), mild perivascular cuffing (E), and
severe PVC and glial nodule (F, arrow) in the brains of pigs (H&E stain; magnification × 400).
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2.4. Immunohistochemical Staining for Sub-Genotypes 2.2 and 2.1c

In pigs inoculated with the ND20 strain (sub-genotype 2.2), immunohistochemical (IHC) analysis
revealed specific CSFV antigens in 6 organs (lung, heart, spleen, tonsil, lymph nodes, and bladder)
from animal (no. 16) dead at 28 dpi and in 3 organs (lymph nodes and ileum) from animal (no. 34)
survived at 30 dpi (Tables 2 and 4). However, most CSFV antigens were detected in lymphoid tissues
such as tonsil, lymph node, and spleen (Figure 5A–C). In addition, CSFV antigens by the IHC analysis
of pigs inoculated with the HY58 strain (sub-genotype 2.1c) were detected in all organs including
CNS from animal (no. 29) dead at 23 dpi and in 5 organs (lung, tonsil, lymph nodes, ileum, and
bladder) from animal (no. 31) survived at 30 dpi (Tables 2 and 4 and Figure 5D–F). CSFV antigens
were demonstrated not only in lymphoid tissues but also in other parenchyma including liver, urinary
bladder, and brain. Histopathologically, CSFV antigens of pigs (no. 29 and no. 31) were observed in
the cytoplasm of bronchial and bronchiolar epithelial cells in the lungs (Table 2 and Figure 5E), but
focal deposits were observed in cardiac muscle cells in the heart of pig (no. 29) infected with the HY58
strain (Tables 2 and 4). In the brain of pig (no. 29) inoculated with the HY58 strain, viral antigens were
observed within infiltrating lymphocytes in PVC lesions (Tables 2 and 3). QRT-PCR analysis of various
organs from pigs inoculated with the ND20 strain detected a CSFV RNA copy number of 2.5 to 6.4 log

10 (Table 4). CSF RNA copy number in all organs of pigs inoculated with the HY58 strain was higher
(2.1–6.6 log 10) than that in pigs infected with the ND20 strain (Table 4). The mean percentage ± SEM
for CSF-positive organs of pigs infected with the ND20 strain and HY58 strain was 38.00% ± 9.638%
and 72.00% ± 7.424%, respectively, the difference between two means was 34.00% ± 12.17% (Figure 6).

Table 4. The qRT-PCR and immunohistochemical staining results for various pig organs.

*G Strain
Pig
No.

CSF RNA Copy Number (log 10)/Foci Score

Lung Heart Liver Spleen Tonsil LN SI Ki Bl CNS

1 GPE− 11 - - - - - - - - - -

12 - - - - - - - - - -

2 ND20

7 - - - 3.3/* 4.5/* - - 4.3/* 3.1/* -

8 - - - - 3.7/* 3.8/* - 2.5/* - -

9 - - - 4.1/* 4.9/* 3.1/* - - - -

16 3.3/+ 4.1/+ - 5.2/+ 6.4/+++ 6.2/++ - 3.7/- 3.8/+ -

34 - - - - 3.6/- 5.4/+ 4.5/+ - - -

3 HY58

21 - 2.1/* - 5.2/* 5.7/* 4.2/* 3.4/* - - -

24 4.4/* - - 4.1/* 5.9/* 4.6/* - 3.8/* 4.8/* -

29 5.1/++ 4.2/+ 4.6/+ 5.5/+ 6.6/++ 6.1/++ 5.3/++ 3.5/+ 5.2/++ 5.8/++

31 4.7/+ - - 3.7/- 6.2/++ 5.9/+ 4.8+ 3.6/- 4.7/+ -

38 3.5/* - 3.4/* 4.8/* 5.2/* - 3.9/* 4.6/* 3.1/* 4.5/*

*G: group. +: 1–3 foci/section, ++: 4–10 foci/section, +++: >10 foci/section. LN: lymph node; SI: small intestine;
Ki: kidney; Bl: bladder; CNS: central nervous system. *: not tested.
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Figure 5. Immunohistochemical results in organs of pigs infected with the Vietnamese CSFV ND20
strain (A–C) and the HY58 strain (D–F). CSFV antigens were observed in the cryptal epithelium of
the tonsils (A), infiltrated lymphocytes or macrophages of the spleen (B) and lymph nodes (C) of pigs
with the ND20 strain (IHC; magnification × 200). Note CSFV antigens in the epithelial cells in the
crypts of tonsil (D, IHC; × 200), the bronchiolar epithelium of the lung (E, IHC; × 400), and transitional
epithelium of the urinary bladder (F, IHC; × 200) of pigs with the HY58 strain.
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Figure 6. Ratio of CSFV-positive antigen detection in organs. CSFV RNA detection percentage from
each organs of pigs (n = 5) infected with the Vietnamese CSF ND20 strain (light bar) and HY58 strain
(black bar) by the qRT-PCR. CNS: central nervous system; BI: bladder; Ki: kidney; SI: small intestine;
LN: lymph node.

3. Discussion

The most common clinical signs of CSF worldwide over the last 30–40 years have changed from
acute to subacute, chronic, or asymptomatic disease [10,11]. In general, highly virulent CSFV strains
(e.g., ALD, Brescia/IVI, and Eystrup) have high rates of morbidity and mortality when infecting
domestic pigs and wild boar, regardless of age [12]. However, CSFV strains with moderate-to-low
virulence may cause low or moderate morbidity and low mortality, and the rates can vary according
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to age, weight, and breed. Highly virulent CSFV strains spread rapidly throughout the body and
are shed via all types of secretion [13]. By contrast, excretion of low virulent strains occurs only via
the oronasal route because these strains are restricted to specific target organs [13]. Previous studies
suggest that this difference in secretion pattern between highly virulent strains and low virulent strains
is due to virus tropism [3,13]. Genetic analysis of recent genotypes 2 and 3 suggests that they are less
virulent than the old genotype 1. A phylodynamic study suggests that genotype 2 has emerged via an
antigenic avoidance phenomenon because live attenuated CSF vaccines were based on genotype 1 [14].
Overall, we found that Vietnamese CSFV genotype 2 had moderate pathogenicity; however, there
were some pathogenic differences between sub-genotypes 2.2 and 2.1c. Total mean clinical score of
sub-genotype 2.1c (HY58 strain) was slightly higher than sub-genotype 2.2 (ND20 strain), even though
they are all in the range of the “moderate” score. The overall histopathologic lesions (including lymph
node and brain) associated with CSFV in this study were more frequent and severe in pigs inoculated
with the HY58 strain than pigs inoculated with the ND20 strain. The antigenic distributions by the
IHC staining analysis, correlated with histopathologic lesions, were also more wide and intense in
the internal organs (lymphoid tissues, liver, urinary bladder, and brain) with the HY58 strain than
those with the ND20 strain. The HY58 strain belonging to sub-genotype 2.1c caused higher mortality,
caused more lesions in organs/tissues, had a higher CSFV RNA copy number, induced higher rectal
temperatures, and caused more severe leukopenia than the ND20 strain (sub-genotype 2.2). Although
the HY58 strain caused 60% mortality in 30-day-old pigs within 30 days after inoculation, we expect it
to be less pathogenic in heavier and/or older pigs. Comparative genetic analysis between the ND20
(sub-genotype 2.2) and HY58 (sub-genotype 2.1c) strains isolated from Vietnam revealed sequence
identities of 86.7% for the Npro gene, 87.9% for the Erns gene, 88.3% for the E1 gene, 86.1% for the E2
gene, 88.9% for the NS4B gene, and 86.1% for the NS5A gene [15]. The NA5 strain detected in the Nghe
An region in north Vietnam in 2015 belonged to sub-genotype 2.1b, as did CSFV strains circulating
among Korean domestic pigs from 2002 to 2009 [16]. The NA5 strain showed high sequence similarity
with seven Korean CSFV strains (KSB06N01, YJB08B2, LSG03N46, SW03N8, CW02N13, MBG07N01,
and KH2002N1): 96.7–99.5% at the nucleotide level and 97.3–99.5% at the amino acid level. The Korean
sub-genotype 2.1b strains showed moderate pathogenicity when inoculated into pigs and did not
show high pathogenicity, even in field CSF outbreaks [16,17]. One of two landrace pigs infected with
strain SW03 (106.0TCID50/mL) died at 18 dpi, but one lived until 21 dpi [17]. The viral RNA copy
number in organs/tissues from the two pigs infected with the SW03N8 strain was somewhat lower
(101.08−4.82 log10) in tonsil, lung, heart, mesenteric lymph node, and cecum than that with the YC11WB
strain [17]. Therefore, we think that based on its genetic similarity with the Korean CSFV sub-genotype
2.1b, the Vietnamese NA5 strain has moderate virulence. Genotype 2 is the prevalent genotype in
countries (Cambodia, Laos, and Thailand) around Vietnam [7–9]. Interestingly, CSFV strains detected
in the Guangdong, Guangxi, and Hunan regions in southern China from 2008 to 2013 are closely
related to Vietnamese CSFV genotype 2.1c; indeed, genetic analysis revealed that they belonged to
the same cluster. Therefore, it may be that direct and indirect transmission of CSFV occurred via
livestock movements or livestock vehicle movements between the two countries. The phylogenetic
tree suggests that sub-genotype 2.2 strains circulating in Vietnam are more closely related to strains
isolated from European countries (Germany, Austria, the Czech Republic, and Italy) than to strains
isolated in Asia (Taiwan, Nepal, and China). Here, we show that the complete E2 nucleotide sequence
of strain ND20 is more similar to that of strains isolated from European countries (CSF0378, CSF0573,
CSF0073, and CSF0014) (96.3–97.6%) than to that of strain 84-KS1 (96.1%) isolated from Taiwan [18],
or to that of strain CSF1059 (94.1%) isolated from Nepal [19]. The finding that the Vietnamese strains
within subgroup 2.2 are similar to strains isolated in Europe is interesting because it is unclear how
they entered Vietnam; further genetic analyses of strains from neighboring countries (e.g., Cambodia,
Laos, and China) may clarify this.

In conclusion, sub-genotype 2.1c is the major genotype of CSFV in northern Vietnam, which is
a geographically important location. Sub-genotype 2.1c, which is prevalent in northern Vietnam,

185



Pathogens 2020, 9, 169

has characteristics similar to those of strains isolated in the Guangdong, Guangxi, and Hunan
regions in Southern China, suggesting that mutual exchange between the two regions will continue.
The pathogenicity of genotype 2 in Vietnam is moderate, although that of sub-genotypes 2.1c is slightly
higher than that of sub-genotype 2.2. Further genetic and pathogenic analyses of Vietnamese CSFV
strains will help us to understand their characteristics, thereby enabling improved control strategies
and policies for control of CSF in Vietnam.

4. Materials and Methods

4.1. Samples, RT-PCR, Phylogenetic Tree, and Virus Isolation

Blood samples from pigs (30–90 days old) with suspected CSF were collected from 16 pig farms
from June 2014 to December 2018. Samples were collected from farms in Xuan Truong-Nam Dinh, Hi
Duong, Nghe An, Hung Yen, Bac Giang, My Xa-Nam Dinh, and Ninh Giang-Hai Duong (Table 1 and
Figure 1). None of the pigs on the 16 pig farms were vaccinated. Total RNA was extracted from blood
using a micro column-based QIAamp Viral RNA Mini kit (Qiagen, USA) to identify CSFV. The RT-PCR
conditions and specific primers used to amplify the complete E2 gene have been reported previously [4].
The complete E2 gene sequences of CSFVs (including the Vietnam strains examined in this study) were
obtained from the NCBI GenBank database and aligned using the CLUSTAL X alignment program.
Next, a BEAST input file was generated using BEAUti within BEAST package v1.8.1 [20]. Rates of
nucleotide substitution per site per year and the tMRCA were estimated using a Bayesian MCMC
approach. The exponential clock and expansion growth population model in the BEAST program
was used to obtain the best-fit evolutionary model and the MCC tree was visualized using Figtree
1.4 [21]. For virus isolation, CSFV-positive blood samples were inoculated to porcine kidney 15 (PK-15)
cell (grown to 80% confluence in 6-well plates) using alpha-minimum essential medium (GIBCO Cat.
No. 12571-063) with L-glutamine (GIBCO Cat. No. 25030-081), sodium pyruvate (GIBCO Cat. No.
11360-070), and antibiotic-antimycotic solution (GIBCO Cat. No. 15240-062). The six-well plate (PK-15
cells) were inoculated for 3–5 days at 37 ◦C and the virus was identified by immunochemical staining
using the CSFV monoclonal antibody 3B6 (Median Diagnostics Co., South Korea).

4.2. Animal Experiments

After virus inoculation, pigs were monitored to confirm the pathogenicity of two isolated
sub-genotypes (2.2 and 2.1c). ND20 strain (sub-genotype 2.2) and HY58 strain (sub-genotype 2.1c) were
each inoculated into pigs (30 days old) via two simultaneous administration (2 mL orally and 2 mL
intramuscularly) (105.0 TCID50/mL). GPE− strain, a CSFV vaccine strain used in Japan, was inoculated
via the same route and dose as a control. Pigs were divided into group 1 (n = 2, GPE− strain), group 2
(n = 5, ND20 strain), and group 3 (n = 5, HY58 strain), and observed for 30 days. To detect CSFV RNA
copies and to check for leukopenia (leucocyte counts below 9000/μL), blood samples were collected at
0, 3, 5, 7, 10, 14, and 21 dpi. During the course of the experiment, pigs were monitored daily for clinical
signs (anorexia, diarrhea, dehydration, tremble, congestion, conjunctivitis, and hind leg paralysis).
The clinical score was determined by ten parameters following previous procedure [22]. Briefly, ten
parameters (liveliness, body tension, body shape, breathing, walking, skin, eyes, appetite, defecation,
and leftovers in feeding trough) were graded according to the following scoring system: 0, normal; 1,
slightly altered; 2, showing distinct clinical signs; and 3, showing severe CSF clinical signs. Virus strains
were classified as highly virulent (total clinical score: >15), moderately virulent (5–15), low virulent
(<5), or avirulent (0) [22]. Rectal temperature was checked at the time of blood collection. Pigs were
necropsied and ten organs (lung, heart, liver, spleen, tonsil, lymph node, intestinal, kidney, bladder,
and central nervous system) were examined to detect histopathologic lesions and the presence of CSFV
antigens. Collected tissues were processed routinely for histopathologic examination and stained with
hematoxylin and eosin (H&E). Mortality was calculated over the 30-day observation period.
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4.3. Immunohistochemical Assay and qRT-PCR

IHC staining was performed as described previously [23,24]. CSF antigens derived from the
ND20, HY58, and GPE− strains were detected using DAB and the EnVisionTM peroxidase-conjugated
polymer reagent (DAKO, Denmark). The results were scored according to the strength of straining as
follows: +: 1–3 foci/section, ++: 4–10 foci/section, +++: >10 foci/section. The CSF RNA copy number
within the organs of pigs was measured using quantitative real-time PCR (qRT-PCR) and calculated as
log 10/g. The AnyQ CSFV qRT-PCR (Median Diagnostic Co. Cat No. NS-CSF-31, Korea) system and
TaqMan probes targeting the 5’-UTR region with high specificity were used. The reaction conditions
for qRT-PCR have been reported previously [24]. IHC staining was performed on the pigs showing
most severe or mild clinical signs of each group. Whereas, qRT-PCR was performed on all pigs of
each group.
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Abstract: Classical swine fever (CSF) is a severe acute infectious disease that results from classical swine
fever virus (CSFV) infection, which leads to serious economic losses in the porcine industry worldwide.
In recent years, numerous studies related to the immune escape mechanism of the persistent infection
and pathogenesis of CSFV have been performed. Remarkably, several independent groups have
reported that apoptosis, autophagy, and pyroptosis play a significant role in the occurrence and
development of CSF, as well as in the immunological process. Apoptosis, autophagy, and pyroptosis
are the fundamental biological processes that maintain normal homeostatic and metabolic function in
eukaryotic organisms. In general, these three cellular biological processes are always understood
as an immune defense response initiated by the organism after perceiving a pathogen infection.
Nevertheless, several viruses, including CSFV and other common pathogens such as hepatitis C
and influenza A, have evolved strategies for infection and replication using these three cellular
biological process mechanisms. In this review, we summarize the known roles of apoptosis, autophagy,
and pyroptosis in CSFV infection and how viruses manipulate these three cellular biological processes
to evade the immune response.

Keywords: classical swine fever virus; apoptosis; autophagy; pyroptosis; pathogenesis

1. Introduction

Classical swine fever (CSF) is a serious porcine disease driven by the CSF virus (CSFV) that
results in fever, leukopenia, abortion, hemorrhage, and high mortality: it has brought substantial
economic losses to the world pig industry and has been classified as a class A infectious disease by the
World Organization for Animal Health (OIE) [1,2]. CSFV is a single-stranded RNA flavivirus in the
Pestivirus genus with a 12.3-kb genome and has a tropism for vascular endothelial cells and immune
system cells [3]. This virus encodes a single 3898 amino acid polyprotein in its open reading frame
(ORF), and this protein in turn undergoes processing to yield four structural proteins (C, Erns, E1,
and E2) and eight nonstructural proteins (Npro, P7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [4].
Infection with highly virulent CSFV strains leads to the occurrence of typical CSF, with hemorrhagic
syndrome and immunosuppression as the main features [5,6]. Currently, treatment options for CSF
are still limited; instead, prevention with vaccines against CSFV is usually used [7,8]. However,
under immune selection pressure, CSFV has evolved and developed mechanisms that escape the host
immune response, resulting in an outbreak of CSF or establishing persistent infection in an immune
flock [9–11]. Although many studies have investigated the interaction mechanism between CSFV and
the host, the pathogenesis and immune escape mechanism of CSFV still remain unclear [12–15]. It is
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still necessary to explore the pathogenic mechanisms of CSFV in order to develop specific drugs and
vaccines for effective CSF prevention, control, and eradication.

The occurrence, development, and outcome of infectious diseases are the result of interaction
between pathogens and hosts. In the long-term struggle between host and virus, the host initiates
different forms of cellular biological processes to restrict viral replication [16–18]. However, in order to
achieve persistent infection, viruses have evolved a variety of mechanisms to regulate cellular biological
processes, thereby affecting the host inflammatory response and even cell survival, thus avoiding
the host antiviral immune response [19–22]. Importantly, apoptosis, autophagy, and pyroptosis are
fundamental biological processes in both normal physiology and pathology [23–26]. Apoptosis, as the
most thoroughly characterized form of programmed cell death, is a physiological cell death that occurs
when multicellular organisms respond to endogenous or exogenous stimuli [23,27]. Autophagy is
a cell survival mechanism that involves the degradation and recycling of cytoplasmic components,
including long-lived proteins, protein aggregates, damaged cytoplasmic organelles, and intracellular
pathogens [28]. Different from other forms of cell death in morphology and mechanics, pyroptosis is
a proinflammatory form of cell death regulated by the inflammasome and caspase-1 activation [29].
All of these three cellular biological processes are an important part of the process of growth and
development and tissue remodeling and immune regulation, and they play an important and complex
role in the immune response to virus infection [23–29].

Like other members of the family of Flaviviridae viruses, CSFV is dependent on host cells for
viral replication [30]. In the long-term struggle with CSFV, the host has evolved complex anti-infective
mechanisms to protect itself from infection, such as apoptosis, autophagy, and pyroptosis [31–34].
At the same time, CSFV has also evolved to exploit these three cellular biological processes using
various strategies as well as effective escape mechanisms [31–34]. In this review, we summarize the
known molecular mechanisms through which CSFV induces apoptosis, autophagy, and pyroptosis
and the association of these three cellular biological processes with the pathogenesis of CSFV.

2. Apoptosis in the Pathogenesis of CSFV

Apoptosis, also known as programmed cell death of type I, is a physiological cell death that occurs
when multicellular organisms respond to endogenous or exogenous stimuli [23,27,35]. Abnormal cell
apoptosis often leads to disease. The virus-induced apoptosis of host cells is one of the important
mechanisms of viral pathogenesis [22]. Apoptosis is the first line of defense against viral infection
in host cells [16]. The host cells quickly start the apoptotic process under the stimulation of viruses
and restrict the replication and transmission of viruses by quickly clearing the infected cells [16,22,36].
During virus infection, apoptosis can be triggered by diverse cellular signals, including the death
receptor-mediated extrinsic pathway, the intrinsic mitochondrial pathway, the granzyme B-mediated
pathway, and the endoplasmic reticulum stress-mediated pathway. When cells induce apoptosis,
they destroy the intracellular environment of virus replication and expose virus particles to the
cellular immune environment. The exposed virus particles are quickly phagocytized by macrophages.
Meanwhile, dendritic cells recognize virus-infected cells and function as antigens, cross-presenting
to trigger antivirus immune responses. However, the apoptosis of immune cells is beneficial for
the virus to escape the monitoring of the host immune system [37,38]. In addition, some viruses
or viral components delay or inhibit cell apoptosis through some cellular regulatory mechanisms,
thus achieving persistent infection and survival in host cells [39,40].

CSFV is a typical immunosuppressive disease that greatly harms the hematopoietic and
immune systems [41]. As a single-stranded enveloped RNA virus, CSFV has a strong affinity
for vascular endothelial cells and immune system cells [31]. Leukopenia, in particular lymphopenia,
is a characteristic early event during CSFV. Leukopenia involves leukocyte subpopulations in a disparate
manner, with B-lymphocytes, helper T-cells, and cytotoxic T-cells being the most affected [42]. High titers
of CSFV have been detected in bone marrow at the early stage of virus infection, which led to necrosis and
the apoptosis of bone marrow hematopoietic cells and the apoptosis of bone marrow lymphocyte [43].
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These lines of evidence indicate that the decrease in T-lymphocytes in peripheral blood is closely
related to the damage of bone marrow lymphocyte apoptosis caused by CSFV. During CSFV infection,
both mature peripheral and bone marrow neutrophils are affected, whereas immature neutrophils
increase absolutely in the periphery, as do (coincidentally) immature myeloid progenitors in the bone
marrow [44]. Further research has found granulocytopenia and disrupted bone marrow function to be
a result of the death of hematopoietic cells as a consequence of interactions between viral and host
mechanisms. In one study that used Terminal-deoxynucleoitidyl Transferase Mediated Nick End
Labeling (TUNEL) staining and immunohistochemical analyses to examine apoptosis, researchers
observed that the number of apoptotic cells was greater than the number of CSFV-infected cells,
with many apoptotic and nonapoptotic cells being positive for tumor necrosis factor alpha (TNF-α)
staining. This thus suggested that CSFV can drive apoptosis directly and indirectly. Moreover, one
or more factors expressed by CSFV-infected macrophages (e.g., TNF-α) may induce apoptosis in
uninfected bystander cells [31]. CSFV envelope glycoprotein Erns is important for the pathogenesis
of CSFV. There is evidence that Erns inhibits the concanavalin A-induced proliferation of porcine
lymphocytes, and indeed, the apoptosis of lymphocytes has been detected after incubation with
Erns [45,46]. It is also believed that CSFV-infected cells secrete a large number of extracellular viral
glycoprotein Erns, which induces apoptosis in adjacent noninfected CSFV cells. All these data suggest
that the reduction of peripheral blood lymphocytes induced by CSFV infection may be the result of
multiple mechanisms.

Interestingly, CSFV nonstructural protein Npro and NS2 have also been shown to inhibit apoptosis.
Npro induces the proteasomal degradation of IRF3, thereby facilitating evasion of the interferon
response, in addition to preventing the apoptotic death of cells in response to dsRNA, which may
also be an important reason why CSFV infection in vitro cannot cause cytopathic effects [47].
Further investigations have showed that the interaction of Npro and the antiapoptotic protein
HAX-1 (HS-1-associated protein X-1) plays a prominent role in the regulation of apoptosis [48].
Moreover, CSFV NS2 activates the noncanonical nuclear factor-kappaB (NF-κB) transcription factor
and induces endoplasmic reticulum stress in swine umbilical vein endothelial cells (SUVECs),
thereby promoting the increased expression of interleukin (IL)-8 as well as of Bcl-2, which is
an antiapoptotic protein [49,50]. SUVECs expressing green fluorescent protein (GFP)–NS2 were
able to resist MG132-induced apoptosis [51]. This thus indicated that the mechanism for the CSFV NS2
protein inhibiting apoptosis may be an important process for the virus to achieve persistent infection.

In conclusion, the relationship between CSFV and apoptosis is complex. In the early stage of
CSFV infection in some host cells, antiapoptotic effects are the main manifestation, which facilitate
the replication of the virus in infected cells [47–50]. However, in the late stage of CSFV infection,
apoptotic effects are predominant, which may be the defensive response of the body to viral infection
or an important mechanism of severe damage to host tissue cells caused by viral infection [42–45].

3. Autophagy in the Pathogenesis of CSFV

Autophagy, also known as a cell survival mechanism, is a catabolic process that involves the
degradation and recycling of cytoplasmic components, including long-lived proteins, protein aggregates,
damaged cytoplasmic organelles, and intracellular pathogens [25,28]. During autophagy, cytoplasmic
components are isolated by a membrane called the phagosome or isolation membrane, which expands
to form a double-membrane vesicle called the autophagosome [51–53]. Autophagosomes can fuse with
vesicles of the endocytic pathway to form amphisomes that eventually fuse with lysosomes where the
sequestered material is degraded [25,52]. In eukaryotic cells, autophagy can be broadly classified as
macroautophagy, microautophagy, and chaperone-mediated autophagy depending on the mechanism
and molecular players involved in the targeting of a substrate to the lysosome [51]. Macroautophagy and
microautophagy are relatively conservative in all eukaryotes, while chaperone-mediated autophagy
generally occurs in higher eukaryotes [52]. In the presentation pathway, microautophagy and
chaperone autophagy can directly present the target substance to lysosomes, while macroautophagy
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requires the formation of specific bilayer membrane complexes, which can be encapsulated and
isolated for presentation [53,54]. Autophagy, as one of the innate immune mechanisms, can not only
maintain cellular homeostasis, but also protect cells against the invasion of pathogenic microorganisms.
Virus particles can be delivered to lysosomes for degradation [55]. In addition, autophagy can also
activate cellular adaptive immunity by participating in antigen processing and presentation to major
histocompatibility complex (MHC) class II molecules, thus affecting virus replication [56]. In Sindbis
virus and Tobacco mosaic virus infections, autophagy successfully restricts intracellular pathogen
replication and transmission [57,58]. Conversely, human immunodeficiency virus type 1 and herpes simplex
virus type 1 can inhibit autophagy to facilitate replication [59,60]. Nevertheless, several viruses, such as
influenza A virus, dengue virus, hepatitis C virus, and CSFV, have evolved strategies of replication
using autophagic vesicles [32,61–63]. Autophagy is virus-specific; thus, understanding the interaction
between autophagy and viral infection is essential to control disease transmission.

At present, several reports have shown that various Flaviviridae viruses, including the Zika
virus, dengue virus, West Nile virus, Japanese encephalitis virus, and hepatitis C virus, activate and require
some aspect of autophagy for robust viral replication [62–66]. CSFV, as an important member of the
Flaviviridae family, has also been reported to manipulate autophagy during infection [32]. Pei et al. first
performed the initial characterization of autophagy during CSFV infection in 2014 [32]. The authors
showed that CSFV infection markedly elevated the number of double- and single-membrane vesicles in
infected cells. These authors also showed that the virus infection not only induced both ATG12–ATG5
conjugation as well as the conversion of LC3-I to LC3-II, but also led to significant increases in ATG5
and BECN1 levels within cells infected with the CSFV virus. The authors also detected SQSTM1
degradation, indicating that CSFV infection enhanced autophagic flux and triggered a complete
autophagic response. Moreover, CSFV resulted in increased CD63 and LC3 redistribution, with the
colocalization of NS5A and E2 with LC3- and CD63-positive punctae. This thus suggested that these
autophagosome-like structures may be necessary for the replication of CSFV. Conversely, no obvious
changes in the expression level of autophagy marker proteins were present in mock- and UV-treated
CSFV-infected cells. This thus suggested that UV irradiation disrupted the ability of CSFV to mediate
autophagosome formation. They further showed that anti-E2 and anti-NS5A staining was primarily
evident upon autophagosome-like vesicle membranes, suggesting that this is likely the site of CSFV
replication. The authors also demonstrated that LC3 redistribution and the colocalization of LC3
and EGFP–NS5A occurred in pEGFP–NS5A-transfected cells. In addition, pEGFP–NS5A markedly
increased the level of LC3-II and drove the degradation of SQSTM1. All of these findings not only
enforced that CSFV replication is required for the induction of autophagy, but also suggested that NS5A
is essential for the CSFV-mediated induction of autophagy. Importantly, these authors used autophagy
regulators and shRNA to regulate the autophagic activities of CSFV-infected cells. The results explored
that rapamycin treatment significantly upregulated viral E2 expression and resulted in increased
CSFV yields, whereas 3-methyladenine (3-MA) treatment or shRNA-mediated knockdown of LC3 and
BECN1 to inhibit autophagy reduced E2 protein levels and CSFV yields. The authors further found
that modulating autophagy had a more significant impact on extracellular than intracellular virion
yields. This thus indicated that autophagy is necessary both for viral replication and cytoplasmic
virus relief.

Autophagy is divided into nonselective autophagy and selective autophagy according to the
occurrence process. Under nutrient deficiency, cells maintain essential metabolic substances and energy
by activating nonselective autophagy to degrade intracellular biomacromolecules and organelles [67].
On the contrary, selective autophagy usually occurs in the condition of adequate nutrition, which is
a stress response of cells to remove damaged cells or overaccumulated proteins [68]. Mitophagy is
a selective autophagy and an effective mitochondrial clearance mechanism in cells [69,70]. Many viral
proteins can target mitochondria through their mitochondrial localization sequences during virus
infection [71–73]. Damaged mitochondria caused by virus infection can be cleared up through
mitophagy [69,70]. Previous studies have shown that CSFV infection induces the production of
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reactive oxygen species (ROS) in cultured host cells in vitro and leads to the disappearance of
mitochondrial membrane potential in porcine peripheral blood lymphocytes, which is closely related
to the reduction of mitochondrial numbers [74,75]. On this basis, Gou et al. performed a study to
explore the mechanism of CSFV-induced mitophagy and the role of mitophagy in CSFV infection [34].
These authors showed that mitochondrial mass obviously decreased 36 h postinfection in PK-15 and
3D4/2 cells. Further, they treated cells with 3-MA, inhibiting phagophore formation and Bafilomycin
A1 (BafA1), inhibiting the activity of vacuolar-type H+-ATPase before and during CSFV infection.
These authors found that both autophagy inhibitors could invert the decline of mitochondrial mass
induced by CSFV infection. Moreover, these authors observed that mitochondria were trapped by
double-membrane vesicles in CSFV-infected cells, suggesting CSFV infection with CSFV-induced
mitophagy. The Pink1/Parkin signaling pathway is one of the important mechanisms mediating the
activation of mitophagy [76]. The authors also showed that the increased translocation of Pink1 and
Parkin in purified mitochondria of CSFV-infected cells was observed. Meanwhile, CSFV upregulated
the ubiquitination of MFN2 both in PK-15 and 3D4/2 cells. Among many mitochondrial membrane
proteins, the ubiquitination degradation of the MFN2 protein has been proven to be closely related
to the mitochondrial translocation of Parkin [77]. Further, PK-15 and 3D4/2 cells transfected with
the GFP-LC3 plasmid were infected by CSFV and analyzed by confocal immunofluorescence assay.
The data showed that the mitochondria conjunct with Parkin was trapped by GFP-LC3 puncta.
The authors also utilized a tandem-tagged mRFP–GFP plasmid encoding a mitochondrial targeting
signal sequence to assess mitophagy. This showed that CSFV-infected cells displayed greater red
fluorescence protein (RFP) fluorescence, which indicated the degradation of mitochondria by lysosomes.
Finally, the fusion of GFP–LC3, mitochondria, and lysosomes in PK-15 and 3D4/2 cells was analyzed by
confocal microscopy, which proved that mitochondria wrapped by LC3 puncta were connected with
lysosomes in CSFV-infected cells. In addition, these authors determined that CSFV Npro expression,
RNA replication, and virus titers in the cells silenced endogenous Drp1 or Parkin through shRNA
knockdown experiments. The results explored that knocking down Drp1 or Parkin suppressed
CSFV replication, suggesting that CSFV promotes viral replication through mitochondrial division
and mitophagy.

These above works indicate that CSFV infection not only results in autophagy in host cells,
but also utilizes autophagy mechanisms for viral replication and virion release. Autophagy may be
a pathogenic mechanism of CSFV to facilitate persistent viral infection.

4. Cross-Talk between Apoptosis and Autophagy in CSFV Pathogenesis

Autophagy and apoptosis are two main biological processes in cells, and there are significant
differences between them in terms of metabolic pathways, morphological detection, and interaction
with viruses. However, there is accumulating evidence that autophagy and apoptosis are closely
related in function [78–80]. The activation of apoptosis requires the induction of an autophagy pathway,
and autophagy can also protect cells by inhibiting apoptosis, which is conducive to the parasitism
of pathogens in cells [81]. Studies have also shown that calpain, a molecule downstream of the
apoptotic signal, can inhibit autophagy by degrading autophagy-associated proteins [82]. Therefore,
it is necessary to assess how autophagy and apoptosis are linked in the context of viral infection to
reveal the pathogenic mechanism of the virus.

It has been found that there are three relationships between autophagy and apoptosis in the
process of inducing cell death, including collaboration, antagonism, and promotion [83]. Gou et al.
found that autophagy and apoptotic signals were increased in the spleen of CSFV-infected piglets [84].
Interestingly, these autophagy-positive and apoptosis-positive cells were mainly distributed around
splenic corpuscles. More importantly, CSFV caused LC3-II positive cells (about 40%) in pig spleen tissues,
which simultaneously presented as TUNEL-positive. In vivo, the majority of apoptotic cells were found
to be uninfected with CSFV. Similarly, some CSFV-infected cells did not exhibit signs of autophagy,
and some cells that showed signs of autophagy were negative for CSFV infection, which implied
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a relation between autophagy and apoptosis in the spleen of pigs infected by CSFV. During the
in vitro infection of CSFV, Pei et al. found that rapamycin-induced autophagy promoted cellular
proliferation after virus infection, whereas shRNA-mediated inhibition of autophagy induced apoptosis
in virus-infected cells, indicating that apoptosis is inhibited by CSFV-induced autophagy and thus
contributes to virus propagation and persistent infection [85]. Interestingly, these authors also showed
that the inhibition of autophagy with shRNA-based depletion of the essential autophagy proteins
BECN1 and LC3 increased the expression of proapoptotic molecules, including Bax, cleaved-caspase3,
and cleaved-PARP, and decreased the expression of antiapoptotic molecule Bcl-2 by upregulating
the level of interferon-alpha (IFN-α), interferon-beta (IFN-β), tumor necrosis factor-related apoptosis
inducing ligand (TRAIL), and factor associated suicide (FAS), indicating that apoptosis mediated by
type I interferon is inhibited by CSFV-induced autophagy. Further, the authors analyzed the relationship
between autophagy and retinoic acid inducible gene-I (RIG-I)-like receptor (RLR) signaling in CSFV
infection and demonstrated that the expression level of RIG-I and melanoma differentiation-associated
gene 5 (MDA5) were upregulated by silencing the gene expression of endogenous LC3 and BECN1,
and the increased levels of type I interferon in autophagy-impaired cells were downregulated by
silencing the gene expression of endogenous RIG-I and MDA5 during CSFV infection, suggesting
that CSFV promotes type I interferon-induced apoptosis by upregulating the RLR signal. Moreover,
silencing the gene expression of endogenous RIG-I and MDA5 upregulated CSFV-induced autophagic
activities and increased the yield and titer of CSFV progeny, indicating that the RLR signal negatively
regulates CSFV-induced autophagy. This work indicated that CSFV-induced autophagy inhibits
cell apoptosis by downregulating RLR signaling-mediated levels of type I interferon production.
Similarly, Gou et al. silenced endogenous Drp1 or Parkin through shRNA knockdown experiments and
showed that CSFV enhanced the apoptosis of cells depleted of mitochondrial fission or mitophagy [33].
These studies demonstrate that CSFV-induced autophagy inhibits apoptosis and may be an important
mechanism for persistent viral infection and immune escape.

5. Pyroptosis in the Pathogenesis of CSFV

Pyroptosis is a new form of programmed cell death that relies on the activation of caspase-1 and is
accompanied by the release of a large number of proinflammatory cytokines [26]. Pyroptosis is closely
linked with infectious disease occurrence, development, and immune regulation and plays an extremely
important role in antagonizing and eliminating pathogenic infections and endogenous dangerous
signals [29,86]. The morphological characteristics, mechanisms of occurrence and action, and factors
involved in pyroptosis are significantly different from those of other cell death modes, such as apoptosis
and necrosis [87]. Various viruses and viral components can induce pyroptosis. These viruses and
viral components activate inflammatory corpuscles such as NLRP3, NLRC4, and NLRP1 and then
cleave pro-caspase-1 into an active form [88,89]. Caspase-1 cleaves the gasdermin D (GSDMD) protein
to form N- (GSDMD-N) and C- (GSDMD-C) terminal GSDMD fragments, in which GSDMD-N causes
cell membrane perforation and cell charring [90,91]. On the other hand, caspase-1 cuts proforms of
IL-1β and IL-18 into their mature forms, which reactivate and aggregate immune cells and induce the
synthesis and release of other inflammatory cytokines (such as IL-6, IL-22, and IL-33), chemokines,
and adhesion molecules, forming a “cascade effect”, thus expanding the inflammatory response [92,93].

CSF is characterized by high fever (≥40.5 ◦C) and multiple hemorrhages. The pathological damage
caused by CSFV mainly includes vascular endothelial injury and a massive reduction of lymphocytes.
Among these effects, damage to the vascular endothelium leads to an increase in vascular permeability,
which in turn causes a series of inflammatory pathological syndromes. These series of syndromes
suggest that the occurrence and development of CSF is closely related to a series of physiological,
pathological, and immune response processes [12]. More importantly, the pathogenesis caused by CSFV
infection is similar to that caused by a "cytokine storm", that is, the massive secretion disorder of related
cytokines is closely related to disease progression [94,95]. The inflammatory pathological response
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is an important feature of CSFV infection, which plays a very important role in the pathogenesis of
CSF [96].

Early researchers long believed that apoptosis is the main mechanism for lymphopenia syndrome
during CSFV infection. However, pyroptosis has been shown to have several morphological
characteristics similar to apoptosis, including damage to DNA, as well as positive annexin V and
TUNEL staining [87]. Recently, Yuan et. performed animal experiments to investigate CSFV-induced
pyroptosis in peripheral lymphoid organs [34]. The authors observed that CSFV infection can increase
the proportion of TUNEL-positive cell frequencies in porcine peripheral lymphoid tissues. They also
showed that CSFV infection promotes the cleavage of GSDMD to produce active GSDMD-N in the
peripheral immune organs of pigs. Recent studies have shown that GSDMD cleavage is mediated
by caspases, with the N-terminal fragments of this protein thereupon driving pyroptosis [90,91].
For further analysis, calcein AM/EthD-III staining was used to detect cell membrane damage in
peripheral blood monocytes (PBMCs) with CSFV infection. The authors found that CSFV infection
increased the proportion of cell membrane damage in PBMCs, and this depended on the activation
of caspase-1. Consistently, CSFV infection also promotes the cleavage of GSDMD and stimulates
IL-1β production in PBMCs. All of these data demonstrated that pyroptosis is involved in CSFV
infection. In viral infection, the assembly of the NLRP3 inflammasome is an important mechanism
for caspase-1 activation, pyroptosis, and inflammation [26,88]. Studies by Fan et al. showed that
CSFV-infected porcine PBMCs caused the activation of an ATP-dependent K+ ion channel and active
NLRP3 inflammasome assembly, which led to caspase-1 activation and subsequent maturation and
secretion of IL-1β, resulting in an inflammatory response [97]. Additional studies have showed that
inhibiting the activation of the NLRP3 inflammasome can promote CSFV replication. These findings
suggest that CSFV infection promotes the activation of NLRP3 inflammasome-mediated pyroptosis.
In addition, studies have reported that human immunodeficiency virus type 1 (HIV-1) infection causes
a large reduction in CD4+ T cells, precisely because HIV-1 infection induces pyroptosis. It is noteworthy
that only a small number of CD4+ T-cells are infected with HIV-1 [98]. Most cell death is caused by
pyroptosis in infected cells. After the cells are damaged, the contents are released in large quantities,
causing inflammation. The occurrence of this induces the death of the surrounding cells, the so-called
"bystanders", which in turn creates a vicious circle that eventually leads to a significant reduction
in CD4+ T-cells. In previous studies, some CSFV-infected peripheral lymphoid organs also showed
positive TUNEL staining for cells that were not infected with CSFV, which likely occurred due to
identical mechanisms through which HIV-1 infection causes bystander CD4+ T-cell death. These works
suggest that CSFV-induced pyroptosis is an immune defense mechanism against the virus invading
the body.

6. Conclusions and Future Directions

Apoptosis, autophagy, and pyroptosis are the fundamental biological processes that maintain
normal homeostatic and metabolic function in eukaryotic organisms, and they play an important role
in antiviral immunity [23–29]. In this review, we discussed the molecular mechanisms of these three
cellular biological processes and their prominent role in the pathogenesis of CSFV. As described above
and as concluded in Figure 1, in the case of CSFV infection, the host initiates apoptosis, autophagy,
and pyroptosis through different signaling pathways to mediate the antiviral immune response.
However, CSFV has evolved a variety of strategies to regulate these three cellular biological processes
and evade the host immune response, thus achieving persistent infection in the host. Apoptosis,
as an effective mechanism for eliminating pathogens, can be triggered by CSFV and its coding protein
Erns [45,46]. However, the apoptosis of immune cells is beneficial for CSFV to escape the monitoring
of the host immune system [31,43–45]. Importantly, CSFV nonstructural protein Npro and NS2 have
been shown to inhibit apoptosis, which may be an important process for the virus to achieve persistent
infection [48–50]. Autophagy is generally considered to be a cell survival mechanism. However, during
CSFV infection, CSFV utilizes autophagy mechanisms for viral replication and virion release [32,34].
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Moreover, CSFV-induced autophagy inhibits cell apoptosis by downregulating RLR signaling-mediated
levels of type I interferon production, which may be an important mechanism for the immune escape
of CSFV [85]. Pyroptosis is another important biological process of the antiviral immune response.
The activation of NLRP3 inflammasome-mediated pyroptosis during CSFV infection may help explain
why CSFV establishes a persistent infection in leukocytes [34,97]. Generally, apoptosis, autophagy,
and pyroptosis can be observed throughout the occurrence and development of CSFV, and they play
key roles in ultimate decisions of CSFV-infected cells’ fates. Therefore, understanding the role of these
three cellular biological processes in the pathogenesis of CSFV is important for the development of
antiviral strategies. In recent years, although research on the interactions between CSFV and these
three cellular biological processes has been deepening, the mechanisms are not yet fully clear.

 
Figure 1. Apoptosis, autophagy, and pyroptosis in the pathogenesis of classical swine fever virus
(CSFV). CSFV and its coding protein Erns trigger apoptosis. The apoptosis of immune cells is beneficial
for CSFV to escape the monitoring of the host immune system. Importantly, the CSFV nonstructural
proteins Npro and NS2 inhibit apoptosis, which may be an important process for the virus to achieve
persistent infection. CSFV infection induces autophagy and mitophagy and utilizes their mechanisms
for viral replication and virion release. Moreover, CSFV-induced autophagy inhibits cell apoptosis by
downregulating retinoic acid inducible gene-I (RIG-I)-like receptor (RLR) signaling-mediated levels of
type I interferon production, which may be an important mechanism for the immune escape of CSFV.
CSFV infection promotes the activation of NLRP3 inflammasome-mediated pyroptosis, which may
help explain why CSFV establishes a persistent infection in leukocytes.

Recently, increasing numbers of studies related to apoptosis, autophagy, and pyroptosis
pathways have contributed to a wealth of knowledge and facilitated a better understanding of
virus pathogenesis [23–29]. On this basis, and in accordance with the pathogenic characteristics of
CSFV and the known roles of apoptosis, autophagy, and pyroptosis in CSFV infection, future research
should mainly focus on revealing the molecular mechanism of these three cellular biological processes
in the immune regulation of CSFV infection from different levels and perspectives. Meanwhile,
more work should be contributed to the in-depth excavation of key molecules in different types of
these three cellular biological process signaling pathways, applying these target molecules to vaccine
development or drug design to control CSFV infection and potentially treat disease. Apoptosis,
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autophagy, and pyroptosis are three main cellular biological processes with significant differences in
their molecular mechanisms. However, these three cellular biological processes are not independent
biological processes, but have potential interaction mechanisms [25,82–84]. Therefore, in future studies,
it is necessary to further reveal the mechanistic interplay between apoptosis, autophagy, and pyroptosis
in CSFV infection and immunity in order to reveal the pathogenesis and immune escape mechanism
of CSFV, which will have important guiding significance for the development of specific drugs and
vaccines for CSF prevention, control, and eradication.
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Abstract: Classical swine fever (CSF) caused by classical swine fever virus (CSFV) is a highly
contagious and devastating disease. The traditional live attenuated C-strain vaccine is widely used
to control disease outbreaks in China. Since 2000, subgenotype 2.1 has become dominant in China.
Here, we isolated subgenotype 2.1c and 2.1d strains from CSF-suspected pigs. The genetic variations
and pathogenesis of subgenotype 2.1c and 2.1d strains were investigated experimentally. We aimed
to evaluate and compare the replication characteristics and clinical signs of subgenotype 2.1c and
2.1d strains with those of the typical highly virulent CSFV SM strain. In PK-15 cells, the three CSFV
isolates exhibited similar replication levels but significantly lower replication levels compared with
the CSFV SM strain. The experimental animal infection model showed that the pathogenicity of
subgenotype 2.1c and 2.1d strains was less than that of the CSFV SM strain. According to the clinical
scoring system, subgenotype 2.1c (GDGZ-2019) and 2.1d (HBXY-2019 and GXGG-2019) strains were
moderately virulent. This study showed that the pathogenicity of CSFV field strains will aid in the
understanding of CSFV biological characteristics and the related epidemiology.

Keywords: classical swine fever virus (CSFV); subgenotype 2.1c; subgenotype 2.1d; pathogenicity; China

1. Introduction

Classical swine fever (CSF) is a highly contagious disease of pigs caused by classical swine fever
virus (CSFV) [1]. CSF also causes great harm to the pig industry. Pigs are the natural hosts of CSFV
and pigs of various breeds or ages can be infected. CSFV is a positive sense single-stranded RNA
virus and a member of the genus Pestivirus within the family Flaviviridae [2]. The CSFV genome
contains a large open reading frame that encodes four structural proteins (C, Erns, E1 and E2) and
eight nonstructural proteins (Npro, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B) [3].

The E2 protein is the main structural protein of CSFV and is highly variable among isolates;
it induces the neutralizing antibodies and shows a relationship with virulence [4,5]. On the basis of the
E2 gene, CSFV isolates can be divided into three genotypes (1, 2 and 3) and are further subdivided into
11 subgenotypes (1.1–1.4, 2.1–2.3 and 3.1–3.4) [6]. CSFV outbreaks caused by genotype 2 have been
increasing in Europe and Asia [2,3,7,8]. Given this situation, the genetic evolution of CSFV has been

Pathogens 2020, 9, 821; doi:10.3390/pathogens9100821 www.mdpi.com/journal/pathogens203
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analyzed in detail and subgenotype 2.1 isolates have been further classified into 10 clades (2.1a–2.1j).
Phylogenetic analysis indicates that CSFV in pigs in China includes subgenotypes 1.1, 2.1, 2.2 and
2.3b [6,9]. Since 2000, subgenotype 2.1 has become dominant in China. Among all subgenotypes of
2.1, subgenotypes 2.1c and 2.1d are currently the most widely prevalent in China [1,6,10]. The field
virulence of CSFV is inconsistent with its genotype [11,12]. No consensus has been reached with regard
to the virulence of pandemic CSFV strains.

In this study, the characterization of the CSFV isolates from three farms in Hubei, Guangxi and
Guangdong provinces were evaluated. To investigate the virulence of subgenotype 2.1c and 2.1d
isolates, we compared the pathogenicity of subgenotype 2.1 strains and the subgenotype 1.1 SM strain
that is the high-virulence strain in China.

2. Results

2.1. Virus Isolation

RT-PCR assays were performed with the amplified E2 gene fragments of CSFV to detect clinical
samples. Positive clinical CSFV samples were inoculated into PK-15 cells. The inoculated cells
were passaged successively for the fifth generation. RT-PCR assay and indirect IFA showed positive
results (Figure 1). CSFV strains were isolated from positive samples. The three CSFV isolates,
which were obtained from Hubei, Guangdong and Guangxi, were named as HBXY-2019, GDGZ-2019
and GXGG-2019, respectively.

 

Figure 1. Identification of isolated CSFV strains. IFA of PK-15 cells infected with isolated CSFV strains
at 36 h post-infection.

2.2. Phylogenetic Analysis of the E2 Gene

The nucleotide sequences of the three isolated CSFV strains were compared with those of the other
CSFV strains in GenBank. Sequence analysis revealed that the E2 gene of the three isolated strains
showed 81.1–98.4% nucleotide similarity with other Chinese strains. The E2 AA sequence homologies
among three isolated strains ranged from 95.6% to 99.5% and all isolates shared high similarities of
96.4–99.7% with CSFV from subgenotype 2.1 and lower identities with genotype 1 (89.3–90.4%).

The phylogenetic trees of the full-length E2 gene were constructed by using MEGA7.0 (https://
www.megasoftware.net/). Phylogenetic analysis indicated that the three isolated CSFV strains belonged
to subgenotype 2.1. CSFV HBXY-2019 and GXGG-2019 isolates were grouped into subgenotype 2.1d
and GDGZ-2019 was grouped into subgenotype 2.1c (Figure 2).
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Figure 2. Phylogenetic analysis based on the full-length E2 gene of the isolated virus. Phylogenetic
trees were constructed using MEGA 7.0.18 software with the neighbor-joining method (1000 bootstrap
replicates). The isolated virus is marked in red.

2.3. Comparison of the AA Mutations of the E2 Gene in Three CSFV Isolated Strains

As shown in Figure 3, 44 mutated AAs were observed between the three CSFV isolated strains and
subgenotype 1.1, and 15 mutated AAs were detected among GDGZ-2019, HBXY-2019 and GXGG-2019.
Two AAs were mutated in HBXY-2019 and GXGG-2019 (K197M and R303K). The E2 proteins of
different genotypes contained high levels of mutated AAs, indicating that E2 proteins were mutant
viral proteins (Figure 3 and Table 1).

2.4. Virus Proliferation of CSFV Isolated Strains

We performed one-step growth experiments to analyze the replication characteristics of the three
isolated CSFV strains. As shown in Figure 4A, no significant difference was observed among the three
isolated CSFV strains. However, the CSFV SM strain exhibited a significantly higher replication level
than the three isolated CSFV strains. At 72 hpi, the average CSFV SM viral titer was 107.5 TCID50/mL,
whereas GDGZ-2019, HBXY-2019 and GXGG-2019 viral titers were 106.3, 106.7 and 106.1 TCID50/mL,
respectively (Figure 4).

2.5. Pathogenicity Analysis of CSFV Isolated Strains

All pigs in the CSFV SM group showed typical high fever post-challenge. The average rectal
temperature of pigs infected with CSFV SM exceeded 41.0 ◦C at 3 dpi and a high body temperature was
continually observed until death. All the pigs in the CSFV SM group died at 7–13 dpi and displayed
typical CSF symptoms. The average rectal temperature of pigs in the GDGZ-2019, HBXY-2019 and
GXGG-2019 groups rose and exceeded 40.0 ◦C at 3 or 4 dpi (Figure 5A). The temperature of two pigs in
the HBXY-2019 and GXGG-2019 groups exceeded 41 ◦C at 7 or 11 dpi. Three pigs in the GDGZ-2019
group had a fever temperature of more than 41 ◦C at 5, 8 and 11 dpi. The temperatures of all pigs
normalized at 18 dpi. Two pigs in the HBXY-2019 and GXGG-2019 group died at the end of the
experiment, whereas three dead pigs were noted in the GDGZ-2019 group (Figure 5B).
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Figure 3. Amino acid sequence analysis of E2 genes of the three CSFV isolates. The special sites of AA
mutation of these isolates are marked as red boxes.
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Table 1. The difference in the amino acid of E2 gene of the isolated virus.

Positions (AA) HCLV GDGZ-2019 GXGG-2019 HBXY-2019

3 A S S S
20 L P P P
24 G E E E
31 K K R R
34 S N S S
35 Q H H H
36 D G G G
40 N D D D
45 K R R R
49 V T T T
56 T T I I
72 G R R R
75 L P P P
88 N T S S
90 L V A A
91 T I I I

108 S I T T
156 R K K K
158 D E E E
159 K K R R
165 M V V V
166 G D D D
171 T I I I
174 N R K K
182 L L W W
192 E N N N
195 V T T T
197 T T M K
200 V Q Q Q
205 R R K K
212 D N N N
213 G E E E
235 I V V V
249 R S S S
253 S E E E
270 E G G G
273 G A G G
290 M R R R
303 K R K R
305 R K K K
331 A V A A
334 R H H H
336 S T T T
343 V I V V

Figure 4. Comparison of the characteristics of the three CSFV isolates in PK15 cells. (A) One-step
growth curves of the three CSFV isolates. (B) At 72 h post infection, the virus titers were determined in
PK15 cells. Data represent the mean ± SEM from three independent experiments. * p < 0.05; ** p < 0.01.
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Figure 5. Rectal temperatures (A), survival rates (B), clinical scores (C) and viremia levels (D) of the pigs
infected with the three CSFV isolates. Virus titers in blood are expressed as the mean log10TCID50/mL.
All data are expressed as mean ± SEM.

All pigs in the CSFV SM, GDGZ-2019, HBXY-2019 and GXGG-2019 groups displayed clinical
signs of CSFV infection (Figure 5C). Clinical signs were the most severe in the CSFV SM group
but developed slowly and were less severe in the GDGZ-2019, HBXY-2019 and GXGG-2019 groups.
However, infected pigs with rectal temperatures over 41 ◦C displayed more clinical symptoms than
those in the GDGZ-2019, HBXY-2019 and GXGG-2019 groups.

According to the CS system, the clinical score of the CSFV SM group was higher than that of the
other group. The peak CS value of the pigs infected with CSFV SM was 26 and the CS value of each
pig exceeded 15. The CS values of all pigs in the GDGZ-2019, HBXY-2019 and GXGG-2019 groups
were all less than 15 (Figure 5C). Three out of five pigs in the GDGZ-2019 group had scores higher than
10 at 12 dpi and two out of five pigs in the HBXY-2019 and GXGG-2019 groups also had scores higher
than 10. On the basis of mean clinical scores, the GDGZ-2019, HBXY-2019 and GXGG-2019 strains
were defined as moderately virulent compared with the highly virulent CSFV SM strain.

Viremia was detected through virus isolation techniques. Viremia in blood was detected in all
pigs of the CSFV SM, GDGZ-2019, HBXY-2019 and GXGG-2019 groups (Figure 5D). The viral titer of
pigs infected with CSFV SM gradually increased throughout the experiment. The viral titer of pigs
infected with the GDGZ-2019, HBXY-2019 and GXGG-2019 strains peaked at 15 dpi. Then, viremia
rapidly declined in the GDGZ-2019, HBXY-2019 and GXGG-2019 groups.

2.6. Hematological Data

CSFV infection may induce leukopenia and immunosuppression. Blood samples were collected at
different times post-challenge for the hematology test. The leukocyte and platelet counts were low in
all CSFV-infected pigs (Figure 6). Leukopenia and thrombocytopenia were significantly severe at 6 and
12 dpi (p < 0.05) in CSFV SM-infected pigs. CSFV SM-infected pigs showed reduced leukocyte and
PLT counts until death. However, the leukopenia and thrombocytopenia of GDGZ-2019, HBXY-2019
and GXGG-2019-infected pigs were significantly less than those in CSFV SM-infected pigs. Differences
among the GDGZ-2019, HBXY-2019 and GXGG-2019 groups were not significant. Leukocyte counts
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and platelet counts in GDGZ-2019, HBXY-2019 and GXGG-2019-infected pigs were reduced to a
minimum at 12 dpi. Then, the leukocyte counts and platelet counts of the pigs infected with the three
strains gradually recovered and returned to normal at the end of the experiment.

Figure 6. Hematological data of clinical samples from animals infected with the three new CSFV
isolates. The leukocyte numbers (A) and platelet counts (B) are expressed as numbers/L of blood. Data
are presented as the mean ± SEM.

3. Discussion

The traditional live attenuated C-strain vaccine is widely used in the world and plays a critical
role in controlling CSF in multiple countries [13]. The immune effect of the C-strain is safe and effective.
CSF has been controlled and eradicated in many countries. Vaccination and differential diagnosis are
effective ways to eradicating CSF. However, the C-strain vaccine cannot serologically discriminate
between vaccinated animals and infected animals [5,14]. Therefore, the classical attenuated vaccine
encounters challenges in eradicating the CSF epidemic. At present, the C-strain is widely used to
control disease outbreaks in China and frequent vaccinations are performed in pig farms. For the
moment, the numbers of immunization failure and atypical clinical signs of CSF have been observed in
clinical practice [1,6,9]. No mass outbreak of CSF has been recorded in recent years, whereas sporadic
cases have been reported in C-strain-vaccinated farms in many regions of China.

In this study, three CSFV isolates were isolated from CSF-suspected pigs. The E2 sequences
of isolated strains were compared with other CSFV strains in GenBank. One isolate was clustered
into subgenotype 2.1c and the other two isolates were clustered into subgenotype 2.1d (Figure 2).
These isolates shared high similarities of 96.4–99.7% with CSFV from subgenotype 2.1 and low identities
with genotype 1 (89.3–90.4%). The E2 protein of these isolates had 44 mutated AAs compared with that
of subgenotype 1.1. The WH303 epitope (TAVSPTTLR) of the E2 protein is an immunodominant epitope
among CSFV strains. This epitope also exists in the three CSFV isolates, showing no genetic variability.

We compared the replication capability of subgenotypes 2.1c and 2.1d via one-step growth
experiments and evaluated their pathogenicity in weaned piglets. Three CSFV isolates exhibited
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similar replication levels in PK-15 cells. However, these isolates exhibited significantly lower replication
levels than the CSFV SM strain (p< 0.05). The results of animal experiments indicated that subgenotypes
2.1c (GDGZ-2019) and 2.1d (HBXY-2019 and GXGG-2019) were less pathogenic than the CSFV SM strain.
No significant difference was noted among the three CSFV isolates. The virulence of subgenotypes
2.1c (GDGZ-2019) and 2.1d (HBXY-2019 and GXGG-2019) was assessed on the basis of the CS system.
Subgenotypes 2.1c (GDGZ-2019) and 2.1d (HBXY-2019 and GXGG-2019) were moderately virulent
(5 < CS ≤ 15) compared with the highly virulent SM strain, a known reference strain that belongs to
subgenotype 1.1. Several studies have reported that genotype 2 of CSFV is less virulent than genotype
1. We also observed that subgenotypes 2.1c (GDGZ-2019) and 2.1d (HBXY-2019 and GXGG-2019) had
moderate pathogenicity; this observation is consistent with the findings of other studies [1,10,15,16].
The moderate clinical symptoms caused by the CSFV isolates observed in the present study were
consistent with the atypical clinical signs of CSF observed in clinical practice. Previous studies have
demonstrated that the E2 protein is a determinant of virulence [4,17,18]. The substitution or mutation
of E2 leads to viral attenuation [18]. A recent study showed that AA T56I and M290K substitutions,
especially the M290K mutation, in E2 protein increase virus pathogenicity [19]. A similar mutation
was detected among three CSFV isolates (Figure 3). However, CSFV virulence is also affected by other
gene mutations [20,21].

At present, subgenotype 2.1 strains are the dominant pandemic strains in China [6,10,22].
Three CSFV isolates were isolated from different provinces of China in the present study. These
CSFV isolates belong to two different subgenotypes (2.1c and 2.1d). We compared the pathogenicity
of subgenotype 2.1c and 2.1d strains via the intranasal route in weaned piglets. After pigs were
infected with CSFV 2.1 isolates, there were some marked characteristic changes, such as hemocytopenia,
especially leukopenia and thrombocytopenia. CSFV SM-infected pigs showed reduced leukocyte and
PLT counts until death. However, leukopenia and thrombocytopenia of GDGZ-2019, HBXY-2019 and
GXGG-2019-infected pigs were significantly less than those in CSFV SM-infected pigs and gradually
recovered and went back to normal at the end of the experiment. CSFV 2.1c (GDGZ-2019) and 2.1d
(HBXY-2019 and GXGG-2019) strains are moderate virulent strains, similar to the published results on
subgenotype 2.1 strains. This study shows the necessity of monitoring the molecular epidemiology
and the etiological characteristics of the epidemic CSFV 2.1 isolates, which may help us to understand
the CSFV 2.1 isolates’ biological characteristics and control the CSF outbreaks.

4. Materials and Methods

4.1. Sample Collection

Ten clinical samples (tonsils, lymph nodes and spleen) were collected from three pig farms in
China (Hubei, Guangdong and Guangxi) in 2019. The RNA of clinical samples was isolated by
using TRIzol reagent (Invitrogen, Carlsbad, California, USA) in accordance with the manufacturer’s
instructions. RNA was then quantified and reverse-transcribed by using a First Strand cDNA Synthesis
Kit (TOYOBO, Osaka City, Osaka Prefecture, Japan) in accordance with the manufacturer’s instructions.
All samples were amplified by reverse transcription-polymerase chain reaction (RT-PCR) by using
previously described specific primers, which were used for the CSFV E2 full-sequence gene [5].
The amplified gene segments were then ligated into a pEASY®-blunt cloning vector (Transgen Biotech,
Beijing, China). Positive clones were sequenced by using Sanger Sequencing Technology and submitted
to NCBI (GenBank accession number: MT422346, MT422347, MT422348).

4.2. Cells and Antibodies

Porcine kidney cells (PK-15; ATCC, CCL-33) were grown in Dulbecco’s modified essential medium
(DMEM; Invitrogen, Waltham, MA, USA) containing 10% fetal bovine serum (FBS) (Gibco, Waltham,
MA, USA) at 37 ◦C in a humidified 5% CO2 incubator. E2-specific monoclonal antibodies were
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prepared in our laboratory. Alexa Fluor 488 goat anti-mouse secondary antibody was obtained from
Life Technologies, USA.

4.3. CSFV Isolation

Virus isolation was conducted in PK-15 cells maintained in DMEM (Invitrogen, Waltham, MA,
USA) supplemented with 10% FBS (Invitrogen) at 37 ◦C. Clinical samples were ground into suspensions
and clarified through centrifugation. The supernatant was passed through a sterile 0.22 μm filter and
inoculated into PK-15 cells. After 60 h of incubation, the supernatant was harvested. RT-PCR with
CSFV E2-specific primers verified that the viral isolate was CSFV.

4.4. Indirect Immunofluorescence Assay

PK-15 cells were seeded into 24-well plates and separately infected with the CSFV strains. At 36
h post-infection, the cells were fixed in 4% paraformaldehyde for 20 min, permeabilized with 0.1%
Triton X-100 at room temperature for 10 min and blocked with 2% bovine serum albumin. The cells
were subsequently incubated with AH09 E2-specific monoclonal antibodies (1:200 dilution in our
laboratory) and the fixed cells were incubated with Alexa Fluor 488 goat anti-Mouse secondary
antibodies (1:1000 dilution, Invitrogen). Fluorescence was observed under an Olympus IX73
fluorescent microscope.

4.5. Phylogenetic Analysis

The amino acid (AA) sequences of the three isolates were analyzed by using the Clustal W method
of Lasergene (Version 7.1) (DNASTAR Inc., Madison, WI, USA). The phylogenetic trees of full-length E2
genes were constructed through the neighbor-joining method and the maximum composite likelihood
model was established by using 1000 replicates with bootstrap values.

4.6. One-Step Growth Curve

The confluent monolayers of PK-15 cells in T25 flasks were inoculated with the CSFV
SM, HBXY-2019, GDGZ-2019, or GXGG-2019 strains at a multiplicity of infection equal to 0.1.
After incubation for 1 h at 37 ◦C, the inoculated cells were washed twice with phosphate-buffered
saline. Then, a fresh medium containing 2% FBS was added. The infected cells were further cultured
in an incubator at 37 ◦C. The culture supernatant was harvested by centrifugation at 0, 12, 24, 36, 48,
60 and 72 h. The viral titers were calculated as median tissue culture infective dose (TCID50) and
determined by IFA, which was performed as described above [1].

4.7. Animal Experiment

The animal experiment was approved by the Research Ethics Committee of College of Veterinary
Medicine, Huazhong Agricultural University, Hubei, China (No.20190526). Twenty 8-week-old
three-breed cross pigs were purchased from the experimental farm of Huazhong Agricultural University
and randomly divided into four groups. All pigs were confirmed to be seronegative for CSFV by
neutralization test and RT-PCR. The four groups of pigs were housed in the negative-pressure facility
of Wuhan Keqian Biology Co., Ltd (Wuhan, China) and were placed in separate rooms to avoid
cross infection.

Pigs in group A (control group) were inoculated intranasally with 2 × 106 TCID50 of virulent CSFV
SM strain. Pigs in group B were inoculated intranasally with 2 × 106 TCID50 of HBXY-2019 strain. Pigs
in group C were inoculated intranasally with 2 × 106 TCID50 of GDGZ-2019 strain. Pigs in group D
were inoculated intranasally with 2 × 106 TCID50 of GXGG-2019 strain. Following challenge, the rectal
temperature and clinical signs (liveliness, body tension, body shape, breathing, neurological signs,
conjunctivitis, appetite, defecation and so on) were monitored daily. A rectal temperature above 40.0 °C
is considered an indication of fever. The clinical scoring (CS) system was used to evaluate the virulence
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of CSFV in accordance with previously established standards [23]. Clinical scores were evaluated
based on 10 clinical parameters [23]. Each parameter was calculated as follows: normal, 0 points;
slightly altered, 1 point; distinct clinical signs, 2 points; severe CSF symptom, 3 points. The maximum
total score per pig was 30.

4.8. Routine Blood Tests

Anticoagulated blood was collected every 3 days post-challenge until the trial ended. Leukocyte
counts and platelet counts were determined using a Mindray BC-2800 Vet analyzer (Shenzhen Mindray
Bio-Medical Electronics Co., Shenzhen, China).

4.9. Statistical Analysis

Statistical analyses were performed using one-way ANOVA in GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA, USA). p < 0.05 was considered statistically significant.
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