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ARTICLE INFO ABSTRACT

Keywords: Classical swine fever (CSF) remains an important pig disease in China, where it usually presents with mild or
CSFV atypical clinical manifestations, with large scale outbreaks rarely seen. This has led to speculation about the
Field isolate possible circulation of viral strains of low virulence. To investigate this possibility, five field isolates within the

Virulence predominant genotype 2 (2.1b, 2.1c, 2.1 h and 2.2) were evaluated and compared by experimental infection of
Esﬁsg;z:lty naturally farrowed but colostrum-deprived piglets. All infected piglets displayed clinical signs, including per-

sistent high fever, depression, anorexia, dyspnea, conjunctivitis, constipation, and hesitant gait. Typical pa-
thological lesions, including pulmonary edema, hemorrhagic or cellulosic exudation, and swelling and hemor-
rhage of lymph nodes, were observed. Viremia and E™ protein expression in the blood of all infected animals
were detectable from 3 to 5 days post infection (DPI), their presence correlating with the onset of fever, clinical
signs and leukopenia. E2 antibody did not develop in any of the field CSFV-infected piglets during the disease
course, while E™ antibody was detectable in 4-56% of infected animals at various time points. Mortalities
ranged from 20 to 80% within 21 DPI, progressing to 100% by 43 DPI. Based on clinical scores and fatalities
within 21 DPI, 2 of the 5 field isolates were classified as of moderate virulence and 3 of high virulence; i.e., no
field isolates of low virulence were identified. The study has provided data supporting the use of these isolates as
challenge viruses to evaluate the efficacy of current CSF vaccines.

1. Introduction Suckling and weaning pigs are currently the main affected populations,
while asymptomic sows with CSFV persistent infection are a major
transmission source (Wang and Tu, 2015). This has raised the question

as to whether CSFV field strains of low virulence are circulating in

Classical swine fever (CSF) is an OIE notifiable swine disease
causing significant economic and sociological impact worldwide. The

causative agent is CSF virus (CSFV), which belongs to the genus
Pestivirus within the family Flaviridae together with bovine viral diar-
rhea virus (BVDV) and border disease virus (BDV) (Simmonds et al.,
2017). Typical clinical signs and pathological lesions of CSFV-infected
pigs are high fever, leukopenia, extensive hemorrhage, convulsion, and
constipation or diarrhea (Moennig et al., 2003). While the disease has
been endemic in China for about a century, current epidemics are
sporadic with only mild and atypical symptoms (Luo et al., 2014).

China, which has prompted our evaluation of the virulence and pa-
thogenicity of current field CSFVs.

Worldwide, CSFVs are divided into three genotypes (1, 2, and 3), 11
subgenotypes (1.1-1.4, 2.1-2.3 and 3.1-3.4) (Paton et al., 2000; Postel
et al., 2012, 2013). In China in the 1990s there existed 4 subgenotypes
(1.1, 2.1, 2.2, and 2.3) with 2.1 and 2.2 being dominant (Sun et al.,
2001). However, in recent decades, subgenotypes 2.3 and 2.2 have
become silent, while subgenotype 2.1 has played a predominant role in
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outbreaks in the country. Increasingly, studies have shown that this
subgenotype rapidly evolves and has generated considerable genetic
diversity with 10 sub-subgenotypes (2.1a-2.1j) identified up to date
(Chen et al., 2008; Jiang et al., 2013; Gong et al., 2016a). Of these,
subgenotypes 2.1b, ¢ and h are dominant, and subgenotype 2.1b is
currently the most widely prevalent in China as well as in some
neighboring countries, including Korea, Mongolia and Russia (Gong
et al., 2016a).

Although CSF has been endemic in China since the early 20™ cen-
tury, virulence of field CSFVs has not been systematically evaluated to
understand their pathogenicity. A decade ago, experimental infections
to evaluate the virulence of field CSFVs were reported in Europe and
other areas, in which 13 CSFV field isolates collected between 1945 and
2007 (subgenotype 1, 3; subgenotype 2.3, 7; subgenotype 2.2, 1; sub-
genotype 2.1, 2) were characterized as moderately or highly virulent
based on clinical signs and pathological lesions (Mittelholzer et al.,
2000; Floegel-Niesmann et al., 2003, 2009). In east Asia, virulence of
two field subgenotype 2.1b isolates from south Korea and Mongolia
were recently evaluated. Results showed that the south Korean isolate,
from a wild boar, caused death of all experimentally infected domestic
pigs by 16 DPI, but pigs infected with the Mongolian isolate displayed
no overt clinical signs and all survived the challenge during a 21-day
observation period (Enkhbold et al., 2017; Lim et al., 2017). Most re-
cently in China two laboratories have reported the virulence evaluation
of two field CSFV isolates of subgenotype 2.1b from Heilongjiang pro-
vince (Luo et al., 2017; Zhang et al., 2018). Based on clinical scores
results showed that both isolates were moderately virulent; however,
other factors associated with virulence and pathogenicity, such as leu-
copenia, viremia, E™ protein and antibody levels as well as E2 anti-
body in serum were not analyzed, and the different isolates were not
compared. The results therefore cannot be considered to reflect the
overall situation in the country. To provide a more detailed assessment,
the present study was conducted to systematically characterize and
compare the virulence and pathogenicity of predominant subgenotype
2 CSFVs presently circulating in China.

2. Materials and methods
2.1. Virus strains

Five CSFV field viruses isolated from sporadic outbreaks in weaning
piglets in China were used for the study: two subgenotype 2.1b viruses
(HuB16 and JL23) respectively isolated from Hubei and Jilin provinces
in 2015; one subgenotype 2.1c virus (GD23) from Guangdong province
in 2017; one subgenotype 2.1 h virus (HuB12) also from Hubei province
in 2015 and one subgenotype 2.2 virus (AH1) from Anhui province in
1999. Full-length E2 genes of these isolates were amplified and se-
quenced with methods previously described (Gong et al., 2016a), and
the obtained sequences have been deposited in GenBank under the
accession numbers MK691765-MK691769. These isolates were cultured
in PK-15 cells as described previously (Gong et al., 2016b), and passage
6 of HuB16, passage 14 of JL23, passage 12 of GD23, passage 10 of
HuB12, and passage 14 of AH1 were used for the evaluation. Previous
studies utilizing sequencing and analysis of full-length E2 and E™®
genes, had shown that high genetic stability was maintained in such
isolates during adaptation to PK-15 cells (Gong et al., 2016b). Blood
stock of the highly virulent Shimen strain of CSFV (passage F115) was
used as a positive control. All isolates had been tested and found free of
contamination with BVDV, PRRSV, PCV2, PCV3, PRV, and PPV by RT-
PCR or PCR (Gong et al., 2016b; Sun et al., 2018).

2.2. Animal experiments
Thirty-four naturally farrowed, colostrum-deprived piglets at 45-

days old were housed in the negative pressure facility of Tecon Biology
Joint Stock Company Ltd. (Urumgi, China). They were randomly
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divided into 5 experimental groups (n = 5), 1 negative control (NC,
n = 5, mock-infected), and 1 positive control (PC, n = 4, infected with
Shimen strain). All piglets were allowed free access to standard diet and
water. Prior to the experiments, all were tested and found to be CSF
antibody negative by IDEXX ELISA kit (see Section 2.4) and CSF virus as
well as other swine viruses (BVDV, PRRSV, PCV2, PCV3, PRV, and PPV)
by RT-PCR or PCR (Gong et al., 2016b; Sun et al., 2018). Piglets were
given an intramuscular injection of 10°> TCIDs, CSFV field isolates or
Shimen strain. The animal study plan was reviewed and approved by
the Experimental Animal Use and Care Committee, Academy of Military
Medical Sciences.

2.3. Evaluation of clinical signs and pathological lesions

Rectal temperatures and clinical signs in the experimental piglets
were recorded daily. The clinical score (CS) system developed by
Mittelholzer et al. (2000) was used with a minor modification. Ten
parameters were measured: liveliness, body tension, body shape,
breathing, walking, skin, eyes, appetite, defecation and fever, and
graded according to the following scoring system: 0, normal; 1, slightly
altered; 2, showing distinct clinical symptoms; and 3, showing severe
CSF symptoms. Fever was scored as follows: 0 (=39.5°C), 1
(39.6-40.0°C), 2 (40.1—40.9°C) and 3 (=41.0°C). The mean clinical
score was derived from the highest score of each piglet within a group
during a 21-day observation period. Case fatality was defined by
numbers of deaths at 21 DPI as in the previously described scoring
system (Floegel-Niesmann et al., 2009): no deaths (0), 1-40% (1),
41-80% (2) and > 81% (3). Points scored in case fatalities of individual
groups were combined with the mean clinical score of the corre-
sponding group to get modified clinical score (mCS), which was used to
define the virulence of CSFV field isolates as follows: high virulence,
mCS =16; moderate virulence, 6-16; low virulence, < 6.

Piglets who were dead or moribund, following euthanization in the
latter case, were subjected to autopsy for pathological scoring as pre-
viously described by Floegel-Niesmann et al. (2009). Observations were
made on skin, subcutis and serosae, tonsils, spleens, kidneys, lymph
nodes, ileum and rectum, and lungs, and scored as 0-3 points according
to the severity.

2.4. Sample test and analysis

Five ml blood samples were taken from each infected and control
piglets for hematological, virological and serological examinations at
time intervals up to 21 DPI. Leukocyte counts were determined using a
Mindray BC-2800 Vet analyzer (Mindray Medical USA Corp, Mahwah,
USA). The anti-clotted blood samples were also subjected to real time
reverse transcription polymerase chain reaction (qRT-PCR) as pre-
viously described (Yang et al., 2015). CSFV E2 antibody and E™* pro-
tein in the sera were determined using the CSFV Antibody Test kit and
the CSFV-Ag/Serum kit (IDEXX, Switzerland) according to the manu-
facturer’s instructions. E™ antibody was determined with the Pigtype
CSFV E™ ELISA Kit (QIAGEN, Germany). Neutralizing antibody titers
were determined as previously described (Floegel-Niesmann et al.,
2009) and expressed as NDsq.

3. Results
3.1. Clinical signs observed in CSFV-infected piglets

There was a 3 day incubation period before piglets infected with the
CSFV field isolates developed clinical symptoms. Rectal temperatures
were > 40°C at 3 or 4 DPI and remained between 39.7°C and 41.6°C
during the entire observation period (Fig. 1A). The dynamics of rectal
temperatures of animals infected with different field isolates were dis-
tinct with highest temperatures noted in the JL23-infected group
(40.8-41.6°C between 5 and 21 DPI) (Fig. 1A). All piglets infected with
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Fig. 1. Piglets infected with CSFV field isolates displayed high fever, typical clinical signs and all died from 8 to 43 DPI. A, rectal temperatures over 21 DPL. B, clinical
scoring within 21 DPI (consisting of appetite, liveliness, breath, eyes, walking, body tension, body shape, defecation, skin and fever). C, mortality of animals in the 5
field isolate groups and 2 control groups. About 70% of infected piglets died between 14 and 28 DPI, and all died by 43 DPI.

the Shimen strain developed fever more rapidly and reached 40°C at 1
DPI and 41°C at 3 DPL. In contrast, all mock-infected pigs maintained
normal body temperatures without significant fluctuations
(39.0-39.6°C).

Clinical signs in infected piglets were depression, anorexia, con-
junctivitis, constipation, cough, stiffness and bent back, and hesitant
gait, which became more severe with disease progression (Fig. 1B). The
severity of the clinical signs varied in piglets either within or between
groups. JL23-infected animals generally displayed higher severity than
the other 4 groups, gaining higher clinical scores as shown in Fig. 1B. Of
note, watery diarrhea occurred following constipation in 4 of 5 JL23-
infected piglets from 10 DPI, which was also observed in 1 of 5 HuB16-
and 1 of 5 GD23-infected piglets. Skin hemorrhages were observed in
the hips in 4 of 5 GD23-infected animals, or around the edge of the ears
in 1 of 5 HuB12- and 1 of 5 AH1-infected piglets, or over the entire body
in 1 of 5 JL23-infected piglets. The remaining piglets displayed only
minor clinical signs prior to becoming moribund or dying, with clinical
scores in groups GD23 and AH1 decreasing from about 15 DPI onward.
In Shimen strain-infected animals the disease developed so rapidly that
all 4 infected piglets died at 5 DPI without development of typical signs;
consequently, the clinical scores of this group were not as high as those
of field isolates. Mock-infected piglets did not show any clinical signs.

Although all field isolate-infected piglets died by 43 DPI, case
fatalities varied within the experimental groups during the 21-day ob-
servation period. As shown in Fig. 1C, compared with the Shimen strain
group, the times of death of the field virus-infected animals were sig-
nificantly delayed with the earliest observed at 8 DPI in the HuB12-
infected group, in which 4/5 piglets were dead by 21 DPI, while in the
other four groups only 1-3 infected piglets in each group had died.
According to the mean clinical scores and fatalities, therefore, strains
JL23, HuB12 and AH1 were defined as highly virulent, with HuB16 and
GD23 as moderately virulent (Table 1).
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Table 1

Classification of virulence of the analyzed CSFV field isolates in this study.
Strain Mean clinical Case fatality Modified Virulent

score (21 DPI) (21 DPI) clinical score

HuB16-2.1b  13.8 1 (40%) 14.8 moderately
JL23-2.1b 23.2 2 (60%) 25.2 highly
GD23-2.1c 14.2 1 (20%) 15.2 moderately
HuB12-2.1h  15.0 2 (80%) 17.0 highly
AH1-2.2 16.2 2 (60%) 18.2 highly
Shimen 13.8 3 (100%) 16.8 highly
NC - - - -

Table 2

Mean pathological scores of piglets infected by CSFV subgenotype 2.1 and 2.2
isolates in each group.

Parameter HuB16-2.1b JL23-2.1b GD23-2.1c HuB12- AH1-2.2
2.1h
Skin 0.3 1.4 1.3 1.3 0.8
Subcutis and 0.3 0.6 1.3 0.5
serosae

Tonsil 1.7 1.2 1 1.3 0.3
Spleen 1.3 1.2 0.8 1 0.5
Kidney 0.3 2 2 0.8 2
Lymph nodes 2 2 2.8 2.5 2
Ileum and rectum 1.3 2.2 0.8 2.8 0
Lung 3 3 2.5 2 2

3.2. Pathological lesions in CSFV-infected piglets

Of all pathological parameters assessed respiratory lesions, parti-
cularly pulmonary edema and hemorrhage or cellulosic exudation,
were the mostly frequently observed (Table 2). Swelling and hemor-
rhage of lymph nodes were also commonly found. Two piglets in each
infected group displayed hyperemia and necrosis of their tonsils.
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Multiple kidney petechiae, the typical pathological lesions of CSF, were
observed only in a few animals infected with JL23 (2/5), GD23 (1/5),
and AH1 (1/5). In addition, pinpoint hemorrhages in the kidneys were
also not observed in most infected animals. However, large blood clots
were found in the stomach of AH1 (1/5) and HuB12 (4/5)-infected
animals, and blood was apparent in the stool of HuB12 (2/5) and GD23-
infected piglets (1/5). Multiple petechiae were also observed in the
serosa of the stomachs of animals infected with HuB16 (2/5), JL23 (2/
5) and GD23 (1/5). Button-shaped ulcers were found in the large in-
testine of one piglet of the JL23 group, while spleen infarctions were
not found in any.

3.3. Leukopenia, viremia and E™ levels in CSFV-infected piglets

Leukopenia was observed in all infected piglets from 3 DPI to the
end of the study, and different groups showed similar dynamic changes
of leukocyte depletion. At 3 DPI, leukocyte counts decreased from 13.0
t0 16.9 x 10°/1 to 7.84-15.3 x 10°/1 (2.1-50.3% depletion) in the five
experimental groups, with further depletion at 7 DPI (29.2-55.6%,
6.74-11.00 x 10°/) and 21 DPI (28.6-72.9%, 4.57-9.3 x 10°/1).
Shimen strain-infected piglets did not develop significant leukocyte
depletion (a decrease of only 8.4% at 3 DPI, before death within 5 DPI).
Leukocyte counts of mock-infected piglets remained within the healthy
range.

Corresponding to the leukopenia, viremia detected by qRT-PCR was
observed in all CSFV-infected animals and lasted for the entire ob-
servation period, although the onset time differed between the groups.
At 3 DPI, viral loads in blood were detected in all piglets of the HuB12
and AH1 groups and in 3/4 piglets of the Shimen control (10%3°~7:03
genome copies/ml), but only in 1/5, 1/5 and 3/5 piglets of the HuB16,
JL23 and GD23 groups respectively (101%3*3° genome copies/ml)
(Fig. 2A). At 5 DPI, there was a rapid elevation of viremia in all infected
piglets. Viremia following HuB12 and AH1 infection reached a peak at
10 DPI, earlier than in the other 3 groups (Fig. 2A). It is worth noting
that the Shimen strain group had much higher viral load at 3 and 5 DPI
than all the field isolates (Fig. 2A), indicating that the Shimen strain
replicated more rapidly in vivo, resulting in peracute infection and
100% death within 5 days.

The appearance of E™ protein in the blood of most infected piglets
correlated with the onset of viremia, being detected in all 5 field isolate
groups as early as the onset of viremia at 3 DPI although only in a few
piglets and at levels lower than the positive threshold (Fig. 2B). At 5
DPI E™ was present in all animals of the HuB16, JL23, HuB12 and
GD23 groups. E™ protein appeared earlier in the Shimen group and
later in the AH1 group. Levels of E™ in the blood of all infected pigs
were maintained over the entire 21-day observation.
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3.4. Development of CSFV E2 and E™ antibodies in infected animals

As determined by E2-based antibody ELISA (IDEXX, Switzerland),
the antibody response against E2 was negative in all CSFV-infected
piglets (Fig. 3), which was confirmed by neutralization tests showing
NT titers < 5 NDsg at 14 DPL In contrast, E™ antibody was detected as
early as 10 DPI (Fig. 4), about a week following the appearance of E™
protein and viremia, but it was transient with positive rates of only
4-56% between 10-21 DPI (Table 3). In detail, E™ antibody was de-
tected at 10 DPI in 1 piglet of the JL23 group, then in 5 piglets of 4
groups (HuB16, JL23, GD23 and HuB12) at 14 DPI, and in 10 at 17 DPIL.
None of the piglets in the AH1-infected group developed measurable
E™® antibody (Fig. 4).

4. Discussion

Nation-wide compulsory vaccination strategy with C-strain plays a
critical role in prevention and control of CSF in the pig industry of
China, and vaccination coverage > 90% has resulted in effective con-
trol of the disease with large scale outbreaks only rarely occurring (Sun
et al., 2001; Chen et al., 2008; Ji et al., 2015). However, vaccination
alone has not eliminated the disease and sporadic outbreaks still occur
in some vaccinated pig farms, where sows with persistent CSFV infec-
tion are considered the main viral transmission source to suckling and
weaned piglets. Previous studies showed that 11.12% of tonsils from
21,014 sows collected from 29 pig farms in 13 Chinese provinces were
CSFV positive, with all 29 farms having sows with positive rates of
4.4-30.1% (Qiu, 2004). Further study showed that C-strain vaccination
was unable to prevent the mortality of congenital infected piglets be-
cause of induction of insufficient protection immunity (Ning et al.,
2004), although this modified live vaccine can provide complete pro-
tective immunity against various CSFV genotypes (Huang et al., 2014).
Currently CSF cases in the vaccinated swine herds were frequently re-
ported (Hu et al., 2016), and the five CSFV field isolates evaluated in
the present study were also collected from weaned piglets in C-strain
vaccinated swine farms, where CSFV carries sows were one of the main
reasons of vaccination failure.

Since CSF has been enzootic in China for several decades, the ge-
netic diversity and evolutionary dynamics of field CSFVs have been
altered over time. In the 1990s, CSF subgenotypes 2.1 and 2.2 were
almost equally predominant (Sun et al., 2001); however, subgenotype
2.1 has become the most dominant since 2000, causing > 87% CSF
cases. Moreover, subgenotype 2.1 viruses have likely evolved more
rapidly than other subgenotypes and have generated ten sub-sub-
genotypes (2.1a-j) so far, of which subgenotypes 2.1b, ¢ and h pre-
dominate in China (Chen et al., 2008; Jiang et al., 2013; Gong et al.,
2016a). Although CSFV diversity and evolution in China have been well
documented, virulence of CSFV field isolates over the last few decades
has not been systematically characterized. The results of the present
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Table 3

E™ antibody response in piglets after infection with CSFV field isolates®.
Group ODPI 3DPI 5DPI 7DPI 10DPI 14DPI 17 DPI 21 DPI
HuB16-2.1b 0/5 0/5 0/5 0/5 0/5 2/5 2/4" 0/3°
JL23-2.1b o/5 0/5 0/5 0/5 1/5 3/5 3/5 1/2°
GD23-21¢  0/5 0/5 0/5 0/5 0/5 1/5 2/4" 4/4°
HuB12-21h 0/5 0/5 0/5 0/5 0/4° 1/4° 3/3" 1/1°
AH1-2.2 o/5 0/5 0/5 0/5 0/5 0/4" 072" 0/2"
Shimen-1.1  0/4  0/4  0/1° - - - - -
Positive rate 0 0 0 0 4% 30% 56% 50%

@ Criteria of positive E™ antibody is S/P = 0.5 (OD4s0) based on the kit
introduction, and the S/P values of the positive samples were.0.56-3.56.
> Deaths were excluded.

study of 5 field isolates have contributed to our understanding about
the virulence and pathogenicity of current CSFVs in China. As shown
here, infected pigs developed typical signs and pathological lesions at
the herd level, but significant individual variation existed in infected
pigs. Only a few typical signs and pathological lesions were observed,
with few consistently seen on infected animals, thereby presenting
difficulties in making a clinical diagnosis. This explains why only aty-
pical CSF is commonly observed in field studies. Diagnosis according to
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clinical signs and pathological symptoms may therefore result in a
faulty diagnosis, leaving laboratory diagnosis necessary for confirma-
tion of the cases. Since a 21-day observation period was used in pre-
vious studies for CSFV challenge experiments (Floegel-Niesmann et al.,
2009; Luo et al., 2017 ; Lim et al., 2017), this regimen was also used in
our study, with the result that the 5 field isolates were characterized as
3 highly and 2 moderately virulent strains. However, to rule out the
possibility that any diseased pig might recover or form a persistent
infection the observation time was extended. Since all infected animals
were dead by 43 DP], it is clear that these outcomes did not occur.

It has been reported that genetic typing of CSFV does not correlate
with antigenic typing (Kosmidou et al., 1995; Nishimori et al., 1996;
Zhu et al., 2009), and we found in the present study that genetically
close CSFV field isolates showed distinct differences in virulence and
clinical manifestations. The moderately virulent HuB16 and highly
virulent JL23 grouped closely together in subgenotype 2.1b sharing
99.1% nt and 100% aa full E2 gene identity respectively, but caused
different clinical symptoms in infected pigs. In previous studies, sub-
genotype 2.1b isolates HLJZZ2014 and HLJ1 shared 99.0-99.4% nt and
99.2-99.7% aa full E2 gene identities respectively with our isolates
HuB16 and JL23, but were defined as moderately virulent (Luo et al.,
2017; Zhang et al., 2018). The clinical scores of HuB16-infected piglets
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(13.8) were comparable to that of HLJ1-infected pigs (13), but higher
than that of HLJZZ2014-infected pigs (6). In contrast, JL23 infection
caused more severe clinical signs and obtained the highest score (23.2).
Onset of fever in piglets infected with HuB16, JL23 or HLJ1 (4 DPI) was
also earlier than with HLJZZ2014 (7 DPI) although mortalities due to
these four isolates by 21 DPI were similar (HLJZZ2014, 2/5; HLJ1, 2/3;
HuB16, 2/5; JL23, 3/5).

Viremia is an important characteristic of CSFV infection (Blome
et al., 2017). In addition, glycoprotein E™ of CSFV is a virulence de-
terminant associated with pathogenicity. This protein is secreted into
the serum of infected animals and the culture supernatant of infected
cells (Riimenapf et al., 1993), and induces apoptosis in lymphocytes
resulting in leukopenia and immunosuppression (Bruschke et al., 1997).
Currently there is a poor understanding of the correlation of parameters
such as the dynamics of viremia and E™ expression, and even of E2 and
E™ antibody levels in blood, with CSFV virulence and pathogenicity in
pigs. In our study five field isolates produced considerable levels of
viremia and E™ protein in blood lasting for the entire 21 days of ob-
servation (Fig. 2), but the standard deviation among piglets in each
group of these two parameters was high. Moreover, the viremia and E™®
protein in the blood of Shimen-infected piglets developed earlier and to
higher levels than in the field isolate groups. Piglets in the Shimen
group developed fever and clinical signs as early as 1 DPI without a
significant incubation period, resulting in peracute death within 5 DPI
(Fig. 1), which made it impossible to evaluate the viremia, E™ protein
and antiviral antibodies at 5 DPI and later. In comparison, the 5 field
isolate groups had 3 days incubation before developing fever and
clinical signs, concurrent with the appearance of viremia and E™
protein in their blood which rapidly increased over the next days along
with the disease progression. These results indicate that the onset of
fever and clinical manifestations, or the virulence and pathogenicity of
CSFV, were correlated with viremia and E™ levels in the blood.

Shimen strain is a well-known Chinese challenge strain, and usually
used as blood stock. This strain was obtained through in vivo adaption
to susceptible pigs for > 100 passages, which process greatly increased
its virulence and infectivity for pigs and made it one of the most viru-
lent CSFVs in existence (unpublished results from Prof. Hongwu Lang in
China Institute of Veterinary Drug Control). In the present study the
Shimen strain showed extreme virulence, with a very rapid onset of
high fever and clinical signs compared with field isolates, all four
Shimen-infected pigs showing fever and clinical signs from 1 DPI, fol-
lowed by a rapid increase and higher levels of viral load and E™ ex-
pression in blood. In addition, all 4 Shimen-infected pigs died within 5
DPI without complete development of clinical signs and pathological
lesions (Figs. 1 and 2). While the parameters associated with its high
virulence remain largely unknown, the rapid increase and high levels of
viremia and E™ protein in the blood may be important factors.

Glycoprotein E2 is a primary neutralizing antigen of CSFV, which
can be used as subunit vaccine to elicit strong neutralizing antibody-
mediated immunity against viral infection (Risatti et al., 2005; Ji et al.,
2015; Blome et al., 2017). In addition, glycoprotein E™ is a minor
neutralizing antigen but also able to induce protective immunity (Ji
et al.,, 2015). Levels of neutralizing antibodies, particularly anti-E2,
determine the outcome of CSFV infection, and pigs recovering from
CSFV infection are found to have mounted effective levels of E2-specific
antibodies by 10-14 DPI (Blome et al., 2017). In a study comparing the
virulence of six field CSFV isolates Floegel-Niesmann et al. (2009)
showed that all infected pigs became ill due to inadequate development
of anti-CSF antibody, None of the pigs infected by either of two highly
virulent isolates produced a detectable antibody titer, and in pigs in-
fected with any of the four other isolates (one highly and 3 moderately
virulent) only one in each group had detectable anti-CSF antibody at 14
DPIL A similar result was obtained in our study: piglets infected by any
of the 5 isolates produced very low anti-E2 antibody levels, much lower
than the 40% blocking rate considered the threshold for protection
(Fig. 3). In addition, serum NT titers of all infected piglets at 14 DPI
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were also very low (< 5), and E™ antibody levels were transient, with
positive rates at varying time points and ranging from 4.2 to 55.6%.
Such limited immune responses likely explain why the infected piglets
developed severe disease with none recovering from the experimental
infection.

A caveat is necessary for interpretation of the results of the E™-
specific antibody ELISA, which was developed as a DIVA (differentia-
tion of infected from vaccinated animals) assay to accompany appli-
cation of genetically engineered DIVA vaccines (Floegel-Niesmann,
2001, 2003; Aebischer et al., 2013; Meyer et al., 2017). Using this
ELISA, Meyer et al. (2017) reported that 52% (24/46) of serum samples
collected between 10 and 14 DPI from 24 pigs infected with 13 field
isolates belonging to various CSF genotypes were positive for E™ an-
tibody, and all became positive after 14 DPI. However, using the same
kit, we found lower positive E™ antibody rates (4-56%, 10-21 DPI;
Table 3) in serum samples from pigs infected with CSFV field isolates.
Titers were negative in all piglets infected with the highly virulent AH1
isolate while viremia and E™° protein in blood were present in all
during the entire observation period. These observations have the fol-
lowing implications: (1) the current E™-based antibody ELISA may not
be able to identify all infected animals, particularly those suffering the
disease; (2) the E™-based companion assay requires more extensive
evaluation and validations using different panels of serum samples
collected from pigs infected by various CSFV subgenotypes; and (3) the
dynamics of E™-specific antibody response in pigs infected by the
various CSFV subgenotypes require a further investigation.

In conclusion, four current and one earlier CSFV field isolates in
China were classified in the present study as either highly or moder-
ately virulent strains. E2 and E™® antibody responses during the disease
course were generally inadequate for protection, or even absent in some
infected animals. Viremia and the E™ protein were present and long-
lasting in the blood of all infected animals, which could characterize the
progression of CSF. Nevertheless, there were considerable differences in
the clinical, virological and serological responses of the animals to in-
fection, depending on the individual infecting strains but also on dif-
ferent animals within the same group. While the present study has
improved our understanding of the virulence and pathogenicity of
predominant CSFV field isolates, an explanation for the current situa-
tion still remains elusive and understanding the roles of host factors in
the atypical disease course should be emphasized in future study.
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