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Abstract

Classical swine fever (CSF), the highly contagious viral disease, remains the major threat to
pork industry in top ten pork producing countries save the United States. Disease outbreaks and
following restrictions in international trade are causing major economic losses worldwide. Wild boars
are the natural reservoir of the virus. They represent high danger to pork industry in regions with
high density of wild boar population. Live attenuated vaccine has been used in Russia for decades for
the total swine population vaccination. Today Russia belongs to world leaders in the pork produc-
tion, but it still has to be recognized as CSF virus (CSFV) free country (or region) to be incorpo-
rated in a global market. The first step in this direction would be the implementation of non-
replicating marker vaccines, allowing the differentiation between infected and vaccinated animals
(DIVA). Here we first report results of recombinant E2 protein-based vaccine formulations trial in
Russian Federation, where optimal administration protocol, adjuvant, dosage of specific component
were selected. From the formulations tested, safe and effective vaccine formulation was selected, that
needs to be tested for antigen stability and immunity duration in vaccinated animals, and then un-
dergo clinical trial on farm. The aim of our study is the development of the vaccine based on CSFV
recombinant surface glycoprotein E2 according to requirements for the country/region free of CSFV.
We performed the series of animal trials on Sus scrofa Landrace-Duroc breed (total number of pigs
84, divided into 9 experimental and 2 control groups) to assess the vaccination schedule, antigen
dosage, and choice of adjuvant. Highly pathogenic CSFV Shi-Men strain was used for challenge in
5%105 LDsg dose (ARRIAH collection). Double parenteral administration of 10 ug or 30 pg of anti-
gen as well as single administration of 30 or 60 pg of E2 had not provided sufficient level of protec-
tion. Oil adjuvant was reactogenic at the inoculation spot even when used once, while polymeric
adjuvant has not produced local or systemic reactions after the administration single time or twice.
Double administration with the vaccine containing 60 rg of the antigen and polymeric adjuvant has
completely protected pigs from the death after the challenge, while in non-vaccinated/challenged
control group 5 out of 11 animals died within 14 days post-challenge. Vaccinated animals had less
pronounced fever that lasted shorter (rise of the rectal temperature was delayed for 2 days, release of
fever 2 days before the control challenge group), frequency and longevity of viremia and virus shed-
ding in nasal swabs were significantly (p < 0.05) reduced as compared to inoculated control piglets.
Animals in this vaccinated group gained weight every day after the challenge, being slightly behind
non-vaccinated/non-challenged controls. The high levels of antibodies against E2 protein were detected
in sera of vaccinated animals before the challenge and they all were negative for antibodies to E™S pro-



tein. After the challenge antibodies to E™S proteins started to raise in sera of all animals save non-
vaccinated/non-challenged controls, thus we developed the product that may be implemented as a
marker vaccine against CSFV.
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Classical swine fever (CSF) is a highly contagious viral disease of domes-
tic and wild pigs, which proceeds in acute, chronic and subclinical forms and
causes significant economic damage to many countries with developed swine
industry [1-3]. Thus, as the result of the CFS outbreaks in 1993-1998, more than
13 million pigs were eliminated out of necessity in a number of EU countries
(Netherlands, Germany, Spain, Belgium, Italy), and the total damage exceeded
5 billion euros [4].

The causative agent of the disease is the RNA-containing virus belonging
to the Pestivirus genus of the Flaviviridae family. The same genus includes the
bovine diarrhea virus of I and II types and the border disease virus [5]. The ge-
nome of the CSF virus (CSFV) is represented by the single-stranded RNA mol-
ecule of positive polarity with the length of 12.3 thousand nucleotides, which
encodes 4 structural and 8 non-structural proteins [6, 7]. The CSFV virions are
in the form of spherical particles with the diameter of 40-60 nm. They consist of
a nucleocapsid and a lipoprotein envelope. The nucleocapsid consists of RNA
and C protein, the envelope is formed by three glycoproteins: E™S (gp44/48), El
(gp33) and E2 (gp55), which owing to disulfide links form the complexes (E™S is
homodimer, E1-E2 is heterodimer and E2 is homodimer) [8]. The protein of
E™s has a ribonuclease activity [9]. The heterodimeric complex E1-E2 ensures
the virus’s penetration into a cell [10]. CSFV E2 protein possesses antigenic
epitopes on its surface that are involved in cellular and humoral immune re-
sponses to the virus: the monoclonal antibodies to this protein have the virus-
neutralizing activity [11, 12]. Besides the antibodies to the E2 protein, the anti-
bodies to E™S and non-structural NS3 protein are detected in the infected ani-
mals’ organisms [13].

The specific CSF prevention measures in Russia are based on using safe
and highly immunogenic live vaccines. The most effective is the CS vaccine,
which differs from other similar drugs with the high virus content in one vac-
cination dose (no less than 105 ImDsg) [14]. However, classical live vaccines do
not allow differentiation of the vaccinated and infected animals [5, 15, 16]. This
problem can be solved with using marked vaccines: subunit, chimeric, vector and
DNA vaccines, among which only the subunit vaccine is available as commercial
drug and the chimeric vaccine is licensed for use [15]. In terms of effectiveness,
chimeric vaccines are comparable to traditional live vaccines [15, 16]. Imple-
mentation of live vaccines is related to the potential risks of recombination of
the vaccine virus with the field one and sometimes is forbidden under the rules
of importing animal products, therefore, the subunit recombinant vaccines based
on the surface glycoprotein E2 of the CSF virus have been developed as a safe
alternative to live vaccines. Subunit vaccines cause shorter immunity, require
more time for its formation, are administered 2 times and do not ensure the
sterile immunity [16]. Nevertheless, they are safe, ensure the animals protection
from the control infection with the virulent virus and make it possible to apply
the DIVA (differentiating infected from vaccinated animals) strategy [15, 17,
18]. In vaccinated pigs, by using the method of enzyme-linked immunosorbent
assay (ELISA) the antibodies only to E2 protein can be detected, and in animals
that were infected with field strains of the CSF virus the antibodies to both Ems
and E2 proteins can be detected [19, 20].

Previously, we have obtained and characterized the recombinant E2 en-



velope protein of the Shi-Men strain of the CSF virus [21], and the laboratory
sample of the recombinant subunit vaccine against CSF, which protected pigs
from infection with the virulent Shi-Men strain of the CSF virus has been de-
veloped basing on this protein [22]. In current study, we have improved the
technology of obtaining of the CSF virus’s recombinant E2 protein, created the
construction for the coexpression of the genes of the surface E2 glycoprotein of
two genotypes of the CSF virus, circulating in the territory of Russia, and have
determined the composition and dosage of the preparation, which is safe and
able to protect the experimental animals from infection with the highly patho-
genic Shi-Men strain of the CSF virus.

Our objective was the evaluation of optimal composition of preparations,
recombinant protein dosage, and administration schedule for the laboratory
samples of the recombinant subunit vaccine against the classical swine fever.

Techniques. The laboratory samples of the recombinant subunit vaccine
were prepared from the E2 protein of the 8Z, Shi-Men (genotype 1.1) and Al-
fort-Tiibingen strains (genotype 2.3) previously obtained in the baculovirus gene
expression system in our laboratory. The sequence encoding the ectodomain of
the CSF virus’s surface glycoprotein E2 was amplified from the field material
(spleen) received by the laboratory in 1997. After determining the primary nu-
cleotide sequence of the amplified fragment, the CSF virus’s field isolate (work-
ing title 8Z) was classified to the genotype 1.1 along with the highly pathogenic
Shi-Men strain (8Z differs from the latter by 8 amino acid substitutions). Then
the commercial vector pFastBacHTc¢ (Life Technologies, USA) was modified.
On the Cpol and Ncol restriction sites we cut off a fragment between the pro-
moter and the polylinker of the plasmid with the encoded histidine tag and the
TEV-protease recognition site, and inserted the sequence encoding the signal
peptide of secretion of the melittin bee venom toxin, which has been assembled
from three synthetic oligonucleotides. Using the primers containing the Nhel
and EcoRI restriction sites, we amplified the part of the sequence of the E2 gene
of the 8Z isolate (the fragment encoding the 31st amino acid at the C-terminus
of the protein forming the transmembrane domain was excluded). As the result
of expression of the obtained construct, we observed the production of the E2
surface glycoprotein ectodomain of isolate 8Z secreted into the culture medium.
The construct, which simultaneously carries two genes encoding the E2 surface
glycoproteins of the Shi-Men (genotype 1.1) and Alfort-Tiibingen (genotype 2.3)
CSF viruses, has been was obtained synthetically (Eurogen, Russia), both genes
are preceded by the sequence of the signal peptide of the melittin secretion and
also have been devoid of the region encoding the transmembrane domain. The
transfection of insect cells by the recombinant baculovirus genome, infection of
the cells, and accumulation of the recombinant protein in the Sf-9 cell culture
has been performed according to the technique we described previously [22].
Besides, we used the commercial preparation of recombinant E2 (Prionics AG,
Switzerland). The synthetic polyacrylate (Vet-Biohim LLC, Russia), and the
incomplete Freund’s adjuvant (Sigma Aldrich, USA) have been used as adjuvants.
The obtained vaccines have been stored at 4 °C.

The effectiveness of different variants of recombinant subunit vaccine
against CSF has been studied at the research facilities of the Lisiy Ostrov
(branch of FSC VIEV RAS, Vyshny Volochyok). Piglets (n = 84) of 50-days age
(taken from the CSF-free farm in which the prophylactic immunization with the
live vaccine against CSF is carried out) have been used for the tests. According
to the results of the enzyme immunoassay (ELISA), before the immunization,
most piglets did not contain the antibodies to the CSF virus. The animals were
distributed into groups depending on the vaccine composition, antigen content



and vaccination schedule.

The vaccine preparations (2 ml) were injected intramuscularly once or 2
times. In case of 2-times administration, the first vaccination of piglets was car-
ried out at 50-days age, the second one in 21 days. In case of one-time admin-
istration, the animals were vaccinated 21 days before the challenge. 14 days after
the second vaccination (or 21 days after the one-time vaccination), the animals
of all groups, except for the X group, were intranasally and intramuscularly in-
jected with 2 ml of the Shi-Men strain (1.25%105 LDso/ml) (All-Russian Re-
search Institute for Animal Health, Vladimir, Russia). Before the challenge, the
animals of the X group (negative control) were transferred to other building in
order to exclude the possibility of accidental infection with the CSF virus. After
the control challenge, every second day during 2 weeks, the piglets’ body tem-
perature was measured, nasal swabs and blood samples were taken and weighing
was performed. On day 14 after the challenge, all piglets were euthanized; the
samples of spleen, tonsils and mesenteric lymph nodes were taken from each
animal.

The authors confirm that the permission to conduct the experiments
from the Committee on Ethics and Humane Treatment of Animals of the FSC
VIEV RAS has been received, and all the requirements for working with animals
have been met.

The blood sera have been investigated for the presence of the antibodies
to the E2 protein of the CSF virus by the ELISA method in the commercial test
systems (CSF-SEROTEST, Vetbiochem, Russia) and the antibodies to E™S pro-
tein (Priochek CSFV E™S, Thermo Fisher Scientific, USA) according to the at-
tached instructions. For registering the reaction results, the iMark plan-table
photometer with the 450 nm filter (Bio-Rad, USA) has been used. The results
have been expressed as the coupling ratio (C,, ) which has been calculated ac-
cording to the instruction of the test system’s manufacturer. The data have been
interpreted (positive or negative serum) according to the criteria of the test sys-
tem’s manufacturer. The CSF virus RNA in the nasal swabs and sera were de-
tected by the method of polymerase chain reaction (PCR) using the commercial
test system for the detection of classical swine fever virus by the PCR method
(Vetbiochem, Russia); the results were designated as “+” or “-”.

The obtained data have been processed by the analysis of variance
(ANOVA). The mean values (M) and standard errors of the mean (=SEM) have
been calculated. In the Results section, the differences between the indices for
the group I (the vaccine preparation recommended by us for further tests) and
group IX (challenge control) were statistically significant at p < 0.05.

Results. Animal assignment to groups, vaccine composition, antigen con-
tent and vaccination schedules are described in Table 1.

1. Design of the experiment on comparison of different vaccination schedules and

subunit vaccines against the classical swine fever (CSF) (research facilities of
Lisiy Ostrov, FSC VIEV RAS, Vyshny Volochyok)

Piglets number per group
Group Vaccines total E2 seropositive on day of
the 1st or single immunization

Double vaccination

1 E2 protein of8Z, 60 pg, synthetic polyacrylate 15 6
11 E2 protein of 8Z, 30ug, synthetic polyacrylate 10 4
111 E2 protein of 8Z, 10 pg, synthetic polyacrylate 5 2
v E2 protein of Shi-Men + Alfort-Tibingen, 30 pg,

Freund’s incomplete adjuvant 5 2
\'% E2 protein of 8Z, 30 pg, Freund’s incomplete adjuvant 15 5

VI Commercial E2 preparation, 60 pg, synthetic polyacrylate 5 0



Single vaccination

Continued Table 1

VII E2 protein of 8Z, 60 pg, synthetic polyacrylate 4 2
VIIL E2 protein of 8Z, 30 pg, Freund’s incomplete adjuvant 5 2
Controls
IX Challenge control (unvaccinated animals infected
at the 84-days age) 11 4
X Negative control (unvaccinated and uninfected animals) 8 5

N ote. Under double vaccination of piglets, the Ist one was performed at the age of 50 days, the 2nd one — 21
days after the 1st vaccination; the control challenge was made 14 days after the second vaccination. Single vac-
cination was performed at the age of 64 days, the control challenge — 21 days after the vaccination.

2. Effectiveness of different vaccination schedules and CSF subunit vaccines (re-
search facilities of Lisiy Ostrov, FSC VIEV RAS, Vyshny Volochyok)

Piglets
Group Vaccines infected with fever sick dead
above 41 °C
I (n=15) E2 protein of 8Z, 60 pg, synthetic polyacrylate 15 6 0 0
Il (n = 10) E2 protein of 8Z, 30pg, synthetic polyacrylate 10 3 1 0
III (n = 5) E2 protein of 8Z, 10 pg, synthetic polyacrylate 5 5 5 1
IV (n=5) E2 protein of Shi-Men + Alfort-Tibingen, 30 pg,
Freund’s incomplete adjuvant 5 0 0 0
V (n=15) E2 protein of 8Z, 30 pg, Freund’s incomplete
adjuvant 15 4 2 2
VI (n=35) Commercial E2 preparation, 60 ug, synthetic poly-
acrylate 5 3 0 0
VII (n=4) E2 protein of 8Z, 60 pg, synthetic polyacrylate,
single vaccination 4 4 4 3
VIII (n =5) E2 protein of 8Z, 30 pg, Freund’s incomplete
adjuvant, single vaccination 5 5 1 0
IX (n=11) Challenge control (unvaccinated animals infected
at the 84-days age) 11 11 11 5
X (n=8) Negative control (unvaccinated and uninfected
animals) 0 0 0 0
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Days after infection

control challenge of the un-
vaccinated animals (group IX)
led to the development of the

typical clinical manifestations. On day 14 after the challenge, 5 of 11 piglets in
this group died (mortality 45.5%), the rest ones showed a significant decrease in
body weight. In groups III and VII, the mortality rate was 20.0 and 70.0% re-
spectively. Up to 8th day after the challenge, a fever was found in the animals



of group VIII, after that the temperature returned to normal value. In groups
I, II, IV, V and VI, a moderate and short-term increase in temperature oc-
curred, and only in some animals the temperature of 41°C was registered (Fig.
1, A, see Table 2).
The maximum decrease in body weight was observed in piglets of groups
III and VII: the registered values were identical to those in group IX (challenge
control) — the uniform decrease of these indices was observed from the Ist to
the 14th day after the challenge (see Fig. 1, B). In groups I, II, IV, V, VI, and
VIII, either there was no any decrease in the animals’ body weight, or it mani-
fested in a significantly lesser extent (p < 0.05). Moreover, from days 4-8 after
the challenge, in groups I, IV, V and VI the complete restoration of the dynam-
ics of increase in body weight occurred that is characteristic for the control (un-
infected) piglets.
3. Blood level of antibodies to CSFV proteins E™s and E2 (Cy;,q as per instructions

of test kit manufacturers) in piglets upon different vaccination schedules and CSF
subunit vaccines (research facilities of Lisiy Ostrov, FSC VIEV RAS, Vyshny Volo-

chyok)
Vaccination Challenge with | Day 14 after the challenge
1 ms
Group Vaccines Ist/single| 2nd B2 | E™ | E2 E™
Coind. | “+”, %
1 E2 protein of 8Z, 60 pg,
synthetic polyacrylate 60.72 (+) 67.10 (+) 104.89 (+) 18.59 (=) 107.35 (+) 47.42 (+)  73.3
11 E2 protein of 8Z, 30ug,
synthetic polyacrylate 53.17 (+)  57.05 (+) 105.29 (+) 17.94 (-) 108.37 (+) 45.95 (+)  70.0
111 E2 protein of 8Z, 10 png,
synthetic polyacrylate 70.00 (+) 57.90 (+) 81.44 (+) 23.14 (-) 108.40 (+) 52.98 (+) 80.0
v E2 protein of Shi-Men + Al-
fort-Tibingen, 30 pg,
Freund’s incomplete adju-
vant 69.66 (+) 67.50 (+) 71.96 (+) 27.88 () 105.28 (+) 50.84 (+) 60.0
\% E2 protein of 8Z, 30 pg,
Freund’s incomplete adju-
vant 62.95 (+) 71.11 (+) 86.51 (+) 22.48 (-) 103.65 (+) 31.88 (-) 53.8
VI Commercial E2 preparation,

60 pg, synthetic polyacrylate 43.94 (-) 40.36 (<) 101.78 (+) —0.12 (=) 112.26 (+) 35.10 (-) 60.0
VII E2 protein of 8Z, 60 pg,

synthetic polyacrylate,

single vaccination 62.83 (+) nd 47.93 (=) 24.78 (=) 107.40 (+) 55.70 (+) 100
VIIL E2 protein of 8Z, 30 png,

Freund’s incomplete adju-

vant, single vaccination 60.26 (+) nd 81.64 (+) 25.10 (-) 108.84 (+) 44.50 (+) 60.0
IX Challenge control (unvac-

cinated animals infected

at the 84-days age) 51.00 (+) 41.15(-) 39.89 (-) 14.25 (=) 51.07 (+) 30.30 (-) 33.3
X Negative control (unvac-

cinated and uninfected

animals) 63.64 (+) 50.17 (+) 47.58 (-) 5.51 (=) 41.38 (=) 9.70 (-) 0
N ote. nd — no data; “+”/“-”— presence/absence of the relevant antibodies in ELISA test.

The average values of the relative content of antibodies (Cying, %) to E2
and E™s proteins in the piglets’ blood serum are given in Table 3. 2 weeks after
the second immunization, the seroconversion to E2 protein was found in all
vaccinated animals, while in unvaccinated animals by this time the status was
seronegative. After the control challenge, in vaccinated animals, the content of
antibodies to E2 continued to increase. As of the moment of the challenge, the
antibodies to E™S protein have not been detected in all piglets, however, on the
14th day after the challenge such antibodies were found in most infected ani-
mals. The minimum share of the animals which manifested the positive response
to E™s has been found in groups IV, V, VI, VIII and in the challenge control
group. It is necessary to remember that seronegative animals should be vaccinat-
ed (in our case, most animals reached this status by the age of 50 days), because



a high level of maternal antibodies may adversely affect the development of the
immune response after the vaccination [23, 24].
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vaccine preparations have
not ensured the sterile im-
munity: viremia and presence
of CSF virus in nasal swabs
were detected in all experi-
mental groups. The highest
values were in groups II, I1I, and VII, and the lowest in groups I, IV and V (see
Fig. 2, A). It is noteworthy that the data on virus isolation are positively corre-
lated with the clinical manifestations of CSF. In the blood serum of the animals
of groups III, VII and IX, the CSF virus was detected on the 6th and 8th day,
then the viremia was found in at least 80% of the animals of these groups. At the
same time, in the groups I, II, IV, V and VI, the peak of viremia occurred on
the 6th day, and already from the 8th day less than half of the animals contained
the virus in the blood, after that the share of positively reacting animals contin-
ued to decrease (see Fig. 2, B). It is known that the absence of sterile immunity
is characteristic of both live and subunit vaccines against CSF, however, a signif-
icant decrease in viral load allows us to conclude that this vaccine is highly ef-
fective [25].

The analysis of the obtained data shows that the vaccine preparations
used in groups I, IV, and VI have ensured a sufficient degree of protection after
the control challenge. However, the emulsified preparation with the antigen dose
of 30 pg, having demonstrated good results in average, has not prevented the
lethal development of the disease in two piglets. Moreover, even a single applica-
tion of this preparation was followed by the development of reactogenicity (Fig. 3,
A, B) that excludes the possibility of using such preparations in production condi-
tions. The comparison of the efficiency of the application schedules with 1-time
and 2-time vaccination testifies about the advantage of the latter one that is con-
sistent with the data previously obtained from other researchers [1, 26].

Some authors report that single application of the E2-based recombi-
nant subunit vaccine showed itself to be effective [27, 28] that may be due to the
successful choice of the adjuvant, the introduction in the vaccine composition of
additional immunostimulating molecules and using the piglets being completely
naive to the CSF virus.

It is worth noting individually that it is necessary to include in the vac-
cine composition of the E2 proteins of both genotypes (group IV). Only one of

20

0

Days after infection



the four antigenic epitopes of E2 in the main genotypes of the CSFV is con-
servative [1, 29, 30] that may lead to lowered efficiency of the recombinant vac-
cine when infection with heterologous strains of the CSFV [31]. Considering the
fact that in the territory of Russia the circulation of: 1 (historical) and 2 [32, 33]
CSFV genotypes are shown, the necessity to include in the vaccine composition
of the E2 proteins of the both CSFV genotypes is not in doubt. The researches
we performed have shown that such vaccine by its efficiency is not inferior to
the preparation based on the E2 protein of the genotype 1 of the CSF virus.
However, the oil adjuvant used in the manufacture of this preparation caused a
reactogenicity, therefore, it is necessary to compare the efficiency of the prepa-
rations based on synthetic polyacrylate including those when inoculation of the
animals with highly virulent strains of different CSFV genotypes.

Fig. 3. Reactogenicity upon immunization and pathological changes in piglets challenged with CSF
virus upon different vaccination schedules and CSF subunit oil adjuvant vaccines (research facilities
of Lisiy Ostrov, FSC VIEV RAS, Vyshny Volochyok; see the description in Table 1).

A: The muscle tissue is unchanged, the animal of group VIII.

B: Muscle tissue, the injection site, the animal of group VIII. Diffusely spaced white milliary
nodules are visible.

C: Muscle tissue, the injection site, the animal of group V. Diffusely spaced white diffuse mil-
iary nodules are visible.

D: Tonsil of the animal of group 1. Without changes.

E: Tonsil of the animal of group IX. Erosive-ulcerative lesion of the mucous coat with the area
of necrosis (black) and the strongly pronounced inflammatory reaction around the pathological re-
gion.

F: Spleen of the animal of group 1. Elastic consistency. The edges are sharp.

G: Spleen of the animal of group IX. From the parietal and visceral surface of the necrosis area
of gray-white color, local regions of hemorrhages located mainly along the organ’s edge.

H: Mesenteric lymph node of the animal of group 1. Without changes.

I: Mesenteric lymph node of the animal of group IX. The capsule is sharply tense, the paren-
chyma at the section has extensive hemorrhages.

So, as the result of the researches, the preparation based on the recom-



binant vaccine against the classical swine fever (CSF), which combines safety
and high efficiency, has been found. The two-time immunization with the vac-
cine containing E2 (60 pg/dose) of the 8Z strain of genotype 1 of CSFV and
based on synthetic polyacrylate as an adjuvant ensured the apparent humoral
immune response with the high degree of defense against the clinical manifesta-
tions of CSF and has not followed by the manifestation of reactogenicity. The
application of the recombinant vaccine against the CSF has made it possible to
differentiate the vaccinated and infected animals.
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