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Neutralizing antibodies as a correlate of protection against classical 
swine fever in Porvac® vaccinated pigs
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Abstract: Porvac is a classical swine fever (CSF) subunit vaccine. It is safe and induces a robust neutralizing antibody 
response, sterilizing immunity, and early protection, and it prevents vertical transmission in pregnant sows. The methodology 
to approve Porvac batches is a challenging experiment in pigs with a virulent CSF virus strain. However, there is an ethical 
reason to reduce, at minimum, the use of animals in these lethal experiments. The knowledge indicates that neutralizing 
antibody titers in the blood could be a good correlate of protection. The results of 22 challenge experiments involving 116 
Porvac vaccinated and 38 unvaccinated animals were analyzed. All vaccinated animals remained free from CSF clinical 
signs and pathological lesions and were negative for viral isolation after the challenge. In contrast, all unvaccinated pigs 
developed clinical and pathological signs of the disease and had to be euthanized eight days post-challenge. All vaccinated 
pigs exhibited high neutralizing antibody titers, with a geometric mean value of 1: 5153. The lower titer registered was 1: 
800. A complete correspondence between neutralizing antibody titers and protection was demonstrated. These results 
support substituting the viral challenge test for the neutralizing peroxidase-linked assay in the release of Porvac® batches.
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Introduction
Classical Swine Fever (CSF) is a highly contagious 

and devastating viral disease with a severe socio-econo-
mic impact on the pig industry worldwide1. The etiological 
agent, CSF virus (CSFV), is icosahedral and enveloped po-
sitive-stranded RNA virus member of the Pestivirus genus 
of the Flaviviridae family2.

In endemic areas, vaccination using modified live vac-
cines (MLV) is mainly directed to limit the effects of the di-
sease or as a first step within a general program for the 
control and eradication of the virus3. However, MLV can't 
discriminate between infected and vaccinated animals, re-
quire a cold distribution chain, and maternal-derived neu-
tralizing antibodies compromise its immunogenicity in the 
piglets4. These drawbacks have limited the application of 
MLV in disease-free regions. Several subunit vaccines have 
been developed to substitute MLV, but they show a late on-
set of protection compared to MLV and provide incomplete 
protection against vertical transmission3,5-7.

Porvac® is a novel subunit marker vaccine against 
CSFV. It is based on a chimeric antigen (E2-CD154), com-
prising the E2 protein of CSFV and the molecular adju-
vant CD154. This vaccine has been safe and capable of 
inducing an unusually rapid onset of protection against a 
challenge with a highly pathogenic CSFV strain, similar to 
the one described for MLV8-10. The animals immunized with 

Porvac® develop high neutralizing antibodies (NAb) titers 
and cell-mediated immune responses. Furthermore, the ad-
ministration of Porvac® to pregnant sows interferes with the 
transplacental transmission of the virus11.

Porvac® has been registered in Cuba since 2017 (Sa-
nitary Registry 763) and has currently been used in large 
state-owned pig production units, genetic units, and small 
private farms. A potency test, consisting in the challenge 
of the vaccinated animals with 105 PLD50 of a highly viru-
lent strain, has been established to release the batches of 
Porvac®. This test has been previously used in the batch 
release process for MLV12,13. However, it involves suffering 
for control animals, which would have to die to ensure vac-
cine quality. Furthermore, it requires the handling of large 
amounts of virus, and, therefore, special contention facilities 
are needed to avoid dissemination of the virus, increasing 
the costs of quality control.

As stated in the last edition of the Manual of Diagnostic 
Tests and Vaccines for Terrestrial Animals14, the efficacy of 
veterinary vaccines should be demonstrated through accu-
rate statistical analysis of the host species. Nevertheless, 
challenge experiments in the final species may be unne-
cessary if data on the predictive value of serological tests 
are available. Wherever possible, applying procedures to 
replace, reduce and refine (the three R rule) the animals in-
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volved in such studies should be encouraged. The potency 
tests required for the approval of each vaccine batch must 
correlate with the vaccine's efficacy in the host species15.

Previous work has established that neutralizing anti-
body (NAb) titers are a good correlate of protection against 
CSFV in swine. A NAb titer equal to or higher than 1:50 
is considered protective16-18. In line with these experimental 
data, the chapter of the OIE Terrestrial Manual about pro-
tein subunit vaccines based on the CSFV E2 protein recom-
mends that the induction of specific anti-E2 antibodies in 
vaccinated pigs can be used to confirm the potency of each 
batch once the title has been correlated with the results of 
the efficacy test14.

Therefore, this study aimed to demonstrate the co-
rrespondence between the NAb titers in the serum of Por-
vac-vaccinated animals and protection from lethal viral cha-
llenges. The final goal is replacing the viral challenge test 
for the neutralizing peroxidase-linked assay in the routine 
release of Porvac® batches.

Materials and methods 

Vaccine
Five batches of the Porvac® were evaluated (P51031, 

P61011-1, P61021-1, P71011-1, P81011-1). Each 2 mL 
dose contains 50 μg of E2-CD154 antigen (25 μg/mL) in 
MontanideTM ISA 50V2 oil adjuvant (SEPPIC, Paris). The 
vaccine was kept at 2-8 C until use. Vaccination and viral 
challenge were repeated every six months for some bat-
ches, which increased the number of animals evaluated in 
this analysis to a total of 116 vaccinated animals and 38 
unvaccinated control animals.

Experimental animals
Nine weeks old Crossbred Duroc/Yorkshire swine (25-

30 Kg) (CENPALAB, Cuba), belonging to an unvaccinated, 
CSF-free herd, were used. A total of 154 animals were 
used, 116 were vaccinated with Porvac®, and the other 
38 were used as unvaccinated controls for the challenge. 
The animals were housed in separate experimental boxes, 
following the animal welfare regulations and standards es-
tablished by the Animal Health Department of the Ministry 
of Agriculture in Cuba. Vaccination/challenge experiments 
were conducted under appropriate high containment facili-
ties, following the animal welfare regulations and standards 
according to EU Directive 2010/63/EU and Good Clinical 
Practices14. The Ethical and Animal Welfare Committee of 
CENPALAB, Cuba, approved and supervised the protocols.

Vaccination and challenge schedules
A two-dose vaccination schedule was conducted, with 

21 days interval between injections. A volume of 2 ml was 
administered intramuscularly in the neck. The animals were 
challenged between 8 and 10 days post-vaccination (dpv) 
with 105 PLD50 of the highly virulent CSFV "Margarita" stra-
in, belonging to subgenotype 1.419,20, by intramuscular injec-
tion in the neck.

The clinical signs compatible with CSFV infection in 
the animals after viral challenge were scored from 0 to 18, 
according to Mittelholzer et al.21, with some modifications. 
The changes consisted of eliminating three parameters 
(body tension, body shape, and breathing), and adding the 
rectal temperature. The pigs were visually inspected for at 

least 15 minutes per day before and during the feeding and 
cleaning of the boxes. A dairy registry was filled for each 
animal with all the relevant clinical signs (rectal tempera-
ture, dullness, anorexia, prostration, constipation, diarrhea, 
cutaneous hyperemia, posterior paralysis and paresis, con-
junctivitis, unsteady gait, convulsions, lack of response to 
stimulus, and presence of cutaneous or mucosal lesions. 
For ethical reasons, control animals were euthanized ei-
ght days post-challenge (dpc) when they reached clinical 
scores higher than 10. Vaccinated animals were evaluated 
until 21 dpc. The macroscopic anatomopathological analy-
sis was conducted immediately after the sacrifice. Samples 
from the spleen and tonsils were collected in some cases. 
Some of these samples were processed for virus detection 
through the viral isolation technique (VI).

The challenge test for Porvac® includes several accep-
tance criteria, which are listed below:

●      All control animals must get the disease severely 
or die after the challenge.

●      More than 80 % of the animals vaccinated with the 
full schedule must show clinical protection.

●      No vaccinated animal must develop a fever (tem-
perature above 40 ºC) for 3 or more consecutive days.

●      After the viral challenge, vaccinated animals should 
be free from CSF-compatible macroscopic lesions.

Blood samples
Blood samples were taken in the presence or absence 

of an anticoagulant. Whole blood and serum samples were 
stored at -70 °C or -20 °C, respectively, until their use for vi-
rus isolation or antibody detection. The samples were taken 
on day 0 (before vaccination), day 21 (after one immuniza-
tion), at 28-30 days (7-10 days after the second administra-
tion), and 7 and 21 days after the challenge.

Cell line
The PK-15 cell line (ATCC CCL-33TM) was used for 

the Neutralizing Peroxidase Linked Assay (NPLA)22 and vi-
ral isolation23. A cell culture-adapted variant of the highly vi-
rulent CSFV strain Margarita, gently provided by the Centro 
Nacional de Sanidad Agropecuaria, Mayabeque Cuba, was 
used in NPLA.

CSFV NAb detection (NPLA test)
NAb titers in the serum were determined by the Neu-

tralizing Peroxidase Linked Assay (NPLA)22. Titers were 
expressed as the reciprocal of the higher dilution of serum 
that neutralized 100 TCID50 of Margarita strain in 50% of 
the culture replicates. The virus was detected by incubation 
with the anti-E2 Mab CBSSE2.3 (CIGB-SS, Cuba) conjuga-
ted to horseradish peroxidase, followed by 3-amino-9-ethyl 
carbazole substrate and hydrogen peroxide.

Viral isolation
For viral isolation, organs of vaccinated and control 

animals were taken at sacrifice, and blood samples at di-
fferent post-challenge moments. One cubic centimeter of 
each organ was macerated in a mortar with 1 mL of DMEM 
medium. The macerated material was suspended in 4 mL 
of DMEM medium and allowed to stand for one hour at 
room temperature, then centrifuged for 15 min at 1200 g. 
The supernatant was collected and stored at -70 °C. Two 
successive passages of this supernatant were made in the 
PK15 cell line (ATTC CCL-33). After the last incubation, the 
cells were fixed with heat. The presence of CSFV antigens 
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in the cells was detected by incubation with the anti-E2 Mab 
CBSSE2.3 (CIGB-SS, Cuba) conjugated to horseradish pe-
roxidase, followed by 3-amino-9-ethyl carbazole substrate 
and hydrogen peroxide.

Statistical analysis
The software GraphPad Prism v6.0 (GraphPad Softwa-

re, Inc., La Jolla, USA) was used for statistical analysis. The 
geometric mean (GM) of the NAb titers and the confidence 
intervals of the GM were calculated for each vaccine batch 
and all vaccinated animals after one or two administrations 
of the vaccine. The Kolmogorov-Smirnov test and varian-
ce homogeneity determined normality by the Levene test. 
Mann-Whitney test was used to compare the NPLA titers 
between two experimental groups and the Kruskal-Wallis 
test, followed by the Dunn test, was applied to compare the 
GM of the NAb titers among several experimental groups.

Results and discussion

NAb response in Porvac® vaccinated animals
The 116 Porvac-vaccinated pigs seroconverted after 

the first administration of the vaccine (Figure 1). The GM of 
the NAb at day 21 after the first immunization was 1: 358.6, 
and the GM's lower and upper 95% confidence intervals 

(CI) were 302.3 and 425.4, respectively. The lowest NAb 
titer observed was 1:10 (in only one pig), and the highest 
was 1:1600.

A strong anamnestic response was observed after the 
second immunization (Figure 1). The GM of the NAb titers 
increased to 1: 5217, with CI of 4571 and 5954. Those NAb 
titers are significantly higher than those observed after day 
21 after the first immunization (Mann-Whitney, p = 0.0001). 
The lowest individual NAb titer was 1:800, and the highest 
was 1:25600. Moreover, 78 % of the NAb titers were more 
increased than 1:3200.

The frequency distribution of the NAb titers at 21 and 
28 dpv is presented in Figure 2. The marked differences 
between one and two doses of Porvac® are evident. From 
these results, and based on the published data that indica-
te that a NAb titer of 1:50 is sufficient to protect pigs from 
CSFV challenge16-18, it is possible to predict that all animals 
should be protected after the challenge experiments.

Even after a single immunization, only one animal out 
of 116 showed NAb titers below the protective threshold. 
Therefore, it is very likely that the protective status of the 
animals can be achieved after only one dose in the 99.14% 
of vaccinated animals. This is an advantageous property 
for a vaccine that is intended to be applied in an endemic 
region where a rapid onset of immunity is needed. Other re-
combinant subunit vaccines have conferred only incomplete 
protection after one administration18,24,25.

Neutralizing antibodies as a correlate of protection against classical swine fever in Porvac® vaccinated pigs

Figure 1. NAb titers in Porvac® vaccinated pigs. 
The X-axis scale is log2. Dpv: days post-vaccina-
tion. NAb was measured at 21 dpv (1 immuniza-
tion) and 28 dpv (2 immunizations). n = 116. Hori-
zontal lines represent the geometric mean of each 
group. Significant statistical differences were found 
between the two groups (Mann-Whitney, p = < 
0.0001).

Figure 2. Frequency distribution 
of the NAb titers in pigs with 1 or 
2 immunizations with Porvac®. 
Dpv: days post vaccination, 21 
dpv (1 dose), 28 dpv (2 doses), 
n = 116.
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The five batches of Porvac® studied induced similar 
levels of NAb

Figure 3 shows the NAb titers induced by the five bat-
ches of Porvac looked at 28 dpv. No statistically significant 
differences were observed among the five batches (Krus-
kal-Wallis, p = 0.4207). These results demonstrate the ro-
bustness and stability of the Porvac® production process.

All Porvac vaccinated pigs were protected against the 
CSFV challenge

All 22 independent challenge assays fulfilled the suc-
cess criteria established for the test. All 116 vaccinated ani-
mals were protected from the viral challenge. They remain 
with good health status and appetite and without clinical sig-
ns of the disease. All pigs gain weight during the post-cha-
llenge period. Even the pig with the lowest NAb titer on the 
day of the challenge (1:800) was fully protected. The ma-
croscopic examination of the main target organs conducted 
after the sacrifice at 21 dpc showed no pathological lesions 
in the vaccinated animals.

95 % of the vaccinated animals show typical tempe-
rature values after the challenge. The average temperatu-
re of the animals during the 21 dpc, did not exceed 39.6 
ºC, within the physiological values for species26 (Figure 4). 
Temperature values above 40 ºC were observed in 6 out 
of 116 animals in the study (5%) in punctual days after the 
challenge. However, the vaccines passed the test since the 
acceptance criterion established that temperature must be 
above 40 ºC for 3 consecutive days to be considered as re-
levant fever. Therefore, these transient temperature increa-
ses were supposed to be related to other punctual health 
issues in the animals.

Moreover, all samples from vaccinated animals 
analyzed in these studies were negative for viral isolation. 

These results correspond with o the animals' good health 
after the viral challenge and the examination of the target 
organs after the necropsy.

In contrast, control animals experience a rapid rise in 
the rectal temperature (Figure 4) and CSF-compatible cli-
nical signs from 3 dpc. In this group, the temperature rai-
sed sustainably above 40 ºC up to values above 41.4 ºC. 
From six dpc, a marked deterioration in the animal health 
was observed (>10 points in the clinical score), therefore, 
all control animals were sacrificed at 8 dpc to avoid unne-
cessary suffering. The pigs suffered diarrhea, conjunctivitis, 
respiratory disorders, anorexia, ataxia, and prostration due 
to severe nervous symptoms. Figure 5 shows the time cour-
se of the clinical score in vaccinated and control animals 
after the viral challenge.

Moreover, CSF-compatible macroscopic lesions were 
also observed in the target organs. Histological examination 
of the immune system in unvaccinated animals exposed to 
the virus shows peripheral and local depression (lymphope-
nia in the spleen, mesenteric lymph nodes, and Peyer's pat-
ches in the ileum). An inflammatory reaction (diffuse and 
perivascular) in the central nervous system with the predo-
minance of lymphocytes at the cortex level and meninges 
was observed in the control animals evaluated. These le-
sions corresponded with this group's clinical score and the 
disease's development.

Finally, and in agreement with the lesions found in the 
target organs, 100 % of blood samples and organs analyzed 
from control pigs were positive for viral isolation.

These findings confirm that the viral challenge was 
effective in all the independent experiments conducted and, 
therefore, the high NAb titers developed in Porvac® vacci-
nated pigs conferred full protection against a lethal CSFV 
challenge. NAb are capable of sequestering the virus outsi-

Figure 3. NAb titers induced by five production batches of Porvac. NAb titers were measured at 21 dpv (1 dose) and 28 
dpv (2 doses). Horizontal lines represent the geometric mean of each group. Batches: P51031, n=37; P610111-1, n=32; 
P61021-1, n=26; P71011-1, n =11; P81011-1, n=10). No significant differences were found among the different batches 
after one or two immunizations (Kruskal-Wallis p>0.05).
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de the target cells and arresting its multiplication.
Table 1 summarizes the results of the 22 challenge 

experiments conducted. There is an absolute correspon-
dence between the presence of CSFV NAb in the serum 
of Porvac® vaccinated animals and protection against the 
viral challenge. Taking together, these results demonstrate 
for the first time that NAb elicited by immunization with Por-
vac® is a good correlate of protection against CSFV infec-
tion, as reported by other authors for MLV or other subunit 
vaccines in vaccinated/challenge animals.

Therefore, a potency test consisting of vaccinating pigs 
with Porvac® and measuring the NAb titers with the NPLA 
test can be proposed as a surrogate for the viral challenge 
experiment.

A NAb titer of 1:400 could be established as a cutoff 

value for approval of the production batches. This value is 
well above the 1:50 titer proposed by others as the cutoff for 
protection, implying a safety margin for a vaccine intended 
to be used in CSFV-endemic regions.

The following acceptance criteria would be considered 
for each production batch:

●      All animals must develop NAb titers equal to or hi-
gher than 1: 400 after completing the vaccination schedule 
(21-day interval between the two doses)

●      The geometric mean of the NAb titers of all vacci-
nated animals must be greater than 1: 1000.

By eliminating the viral challenge, the suffering of the 
animals will be reduced, as well as the risk of dissemination 
of the high-virulence strain used. The duration of the test 
and the costs will also be reduced.

Figure 4. Time course of the average body temperature after the challenge. The average temperatures in the five groups 
of animals vaccinated with different batches of Porvac® and in control animals are represented. Vaccinated pigs were 
monitored during 21 dpc. All control pigs were euthanized at 8 dpc. dpc, days post challenge.

Figure 5. Time course of the clinical 
score after the challenge. The avera-
ge clinical scores in vaccinated and 
control animals after the challenge 
are represented. Vaccinated pigs 
were monitored for 21 dpc. All control 
pigs were euthanized at 8 dpc. dpc, 
days post challenge.

Neutralizing antibodies as a correlate of protection against classical swine fever in Porvac® vaccinated pigs
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Table 1. Summary of the challenge experiments with Porvac® vaccinated pigs.

Discussion
In Colombia, approximately 176,000 cultivated hecta-

res benefit 52,000 families in 422 municipalities of 30 de-
partments, 

Monte Carlo Simulation Analysis (MCS)
After structuring costs, the most influential cost com-

ponent was direct labor, representing 53% of the total cost. 
The cost of culture media was 12% of the total, IMC repre-
sented 5%, and operating expenses, including administrati-
ve expenses and infrastructure, were 30% (Figure 2). 

Conclusions
In summary, a complete correspondence between the 

neutralizing antibody titer in the sera of Porvac© vaccina-
ted pigs and protection from CSFV challenge have been 
demonstrated in a large set of experimental data. These 
results support substituting the viral challenge test for the 
neutralizing peroxidase-linked assay in the release of Por-
vac© batches. By eliminating the viral challenge, the suffe-
ring of the animals will be alleviated, as well as the risk of 
dissemination of the high-virulence strain used in those ex-
periments. The duration of the test and the associated costs 
will also be reduced.
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