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In search of reducing vaccine production costs’, a recombinant M13 phage version of the anti-cysticercosis
tripeptide vaccine (S3Pvac) was developed. The efficacy of S3Pvac-Phage vs. placebo was evaluated in a
randomized trial that included 1047 rural pigs in 16 villages of Central Mexico. Three to five months
after vaccination 530 pigs were examined by tongue inspection. At 5-27 months of age, 331 pigs (197
vaccinated/134 controls) were inspected at necropsy. Vaccination reduced 70% the frequency of tongue
cysticercosis and, based on necropsy, 54% of muscle-cysticercosis and by 87% the number of cysticerci.
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1. Introduction

Taenia solium cysticercosis still affects humans and rustic pigs
living in Mexico [1-3] and in several other developing countries
of Latin America, Asia and Africa [4-6], as well as in the coun-
tries of destiny of their migrant workers [7-9]. Albeit transitorily
effective in focal situations, traditional measures to control cys-
ticercosis transmission (i.e., health education, sanitation, meat
inspection, . ..) are impractical to apply in the large scale and long
enough to change the conditions that support parasite transmis-
sion [10]. Hopes of quicker, more general and lasting solutions, lie
in the development of several technologically based approaches to
control the endemia, while the definitive solution of social devel-
opment finally comes [11]. Research for better and less costly
diagnostic and therapeutic agents and protocols is nowadays get-
ting some attention [12-14]. And so is the development of an
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effective vaccine against porcine cysticercosis, one that can meet
with the conditions of low cost and feasible application to the mil-
lions of practically feral pigs exposed to acquire cysticercosis in
impoverished nations [15].

The rationale for vaccination of pigs to curtail T. solium transmis-
sion rests on the expectation that reducing the number of infected
pigs and/or their load of metacestodes would lead to a decrease in
the number or viability of pig’s cysticerci and thus to a reduction in
the number of adult tapeworms, the stage of the parasite with the
highest potential of spreading the infection [10].

In pursuit of such goal we first developed and successfully
tested in the field the anti-cysticercosis S3Pvac synthetic vaccine
composed by the protective peptides KETc12, KETc1 and the GK1
derived from the KETc7 [16]. However, the huge costs of syn-
thetic peptide technology make S3Pvac production unaffordable
in the massive amounts needed by nation-wide and sustained
pig vaccination programs in the weak economies of endemic
countries. Recombinant phage technology offered to cut down
costs. S3Pvac recombinantly expressed in M13 filamentous phage
(S3Pvac-Phage) exhibited high levels of protection against pig
cysticercosis under experimental conditions [17]. However, when
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approaching natural infections we realized that experimentation
in pigs under controlled laboratory conditions could hardly imitate
the natural pressures of cysticercosis transmission. The diversity of
genetic backgrounds of the rural pigs, their meagre diets, their life-
long continuous exposure to varied numbers of eggs coming from
various tapeworms and the inevitable energy costs from the con-
comitant stress of living in the wild [18] could all lead to unreliable
conclusions. The vaccine had to be tested under natural conditions
of transmission and in the genetic type and lifestyles of the pigs
exposed to infection [19].

Here, we inform of the efficacy of this novel vaccine candidate
(S3Pvac-Phage) tested against naturally acquired pig cysticerco-
sis in 16 rural communities of “Sierra de Huautla” in the State of
Morelos, Mexico. The findings support the usefulness of this new,
effective and inexpensive anti-cysticercosis vaccine.

2. Materials and methods
2.1. Construction of recombinant S3Pvac-Phage

Four different peptide-phage recombinants were prepared: (1)
from Taenia crassiceps 96 aa long antigen KETc7 (FK7) (Manoutchar-
ian et al., 1996) and (2) KETc7-derived peptide GK1 (FGK1) (aa
69-95, GYYYPSDPNTFYAPPYSA); (3) the T. crassiceps recombinant
antigen-derived peptides KETc1 (APMSTPSATSVRG) (FKETc1) and
(4) KETc12 (GNLLLSCLG) (FKETc12) [16]. They were all expressed
on the phage surface by cloning the corresponding DNA fragments
in phage/phagemid vectors as previously reported [17].

The ligation mixtures of the recombinant phagemids FK7, FGK1
and FKETc12 (fused the foreign peptides to M13 cpVIIl) were
rescued and amplified by superinfection with M13KO7 helper
phage (Invitrogen) from transformed Escherichia coli TG-1 cells as
described previously [20]. KETc1 was cloned into the M13KE phage
vector and the recombinant phage clone FKETc1 was amplified
by infecting TG-1 cells as described elsewhere [20]. Recombinant
phagemids/phage particles were recovered from the supernants of
the cultures at 1012 to 10 particles per ml and inactivated and
sterilized by autoclave during 30 min at 121 °C. Each pig-dose of
the S3Pvac-Phage vaccine contained, in a total volume of 2 ml, 1012
formaldehyde-heat inactivated phage particles of each of the four
different recombinant phage particles.

2.2. Design of the vaccine trial

The objective of this work was to evaluate the efficacy of the
S3Pvac-Phage vaccine on real conditions of use: that is, on piglets
usually encountered in rural communities of Mexico. The vaccine
trial lasted from April 2004 to July 2006. The procedures and exper-
iments reported herein were conducted according to the principles
set forth by the Mexican Ethical Committee for the care and use of
farm animals.

2.3. Selection of rural area and communities

The rural area selected for the vaccination trial (Sierra de
Huautla, Morelos, localized in the south of the state between coor-
dinates 18° 20’ and 18° 31’ north altitude and 98° 51’ and 98°
53’ west longitudinal) had immediately before been shown was
endemic for porcine cysticercosis. About a year before starting the
vaccination program, from August to December 2003, tongue cys-
ticercosis was found in 73 (13%) of the randomly selected 562
pigs from the 926 pigs older than 3 months living in 13 of the
16 communities planned to be included. The pigs’ sample in this
previous assessment of the local endemia represented 62% of the
total population of pigs bred in these communities at that time,

Table 1
Baseline characteristics

Placebo (n=421) S3Pvac-Phage (n=626) P-Value

Age in month (mean +S.D.) 3.08 +1.82 3.15+£2.34 0.60
Weight in kg (mean +S.D.) 14.19+8.28 14.62 +8.55 0.42
Sex, n (%)
Male 198(47.03) 305(48.72) 0.59
Female 223(52.97) 321(51.28)
Male castration, n (%)
Yes 174(87.88) 253(82.95) 0.13
No 24(12.12) 52(17.05)
Female castration, n (%)
Yes 11(4.93) 9(2.80) 0.19
No 212(95.07) 312(97.20)
Water supply, n (%)
Well 80(19.00) 142(22.68) 0.14
River 236(56.06) 356(56.87)
Tap-water 105(24.94) 128(20.45)
Confinement, n (%)
Loose 408(96.91) 602(96.17) 0.52
Tethered 13(3.09) 24(3.83)
Latrine in owner’s households, n (%)
Yes 306(72.68) 441(70.45) 0.43
No 115(27.32) 185(29.55)
Origin of pigs, n (%)
Household 359(85.27) 538(86.08) 0.71
Purchased 62(14.73) 88(13.92)
Destinations of pigs, n (%)
Self-consumption 122(18.98) 186(29.71) 0.79
For sale 299(71.02) 440(70.29)
Piglets’ breed, n (%)
Criollo 265(62.95) 365(58.31) 0.13
Other 156(37.05) 261(41.69)

according to data from the Secretaria de Desarrollo Rural, More-
los. These previous findings documented active transmission of
porcine cysticercosis in the communities and triggered the vacci-
nation program which lasted from April 2004 to July 2006. This
program included a total of 1047 pigs as shown in Table 1.

Table 2
Vaccination reduced 70% of the infected pigs diagnosed by tongue inspection at 7-9
months of age

Community No of pigs included? No of pigs inspected % of infected pigs®
Control Vaccinated
Ajuchitlan 136 113 6.6 (3/45) 4.4(3/68)
Chimalacatlan 141 53 10.5 (2/19) 0(0/34)
El Limon 90 29 27(3/11)  11.1(2/18)
Huautla 132 73 7.5(3/40) 01(0/33)
Xochipala 12 12 40(2/5) 0(0/7)
Huaxtla 24 9 25(1/4) 0(0/5)
El Tepehuaje 24 16 20(1/5) 12.5(1/11)
Huizaxtla 3 3 0 0(0/3)
La Era 46 34 27.2(6/22) 8.3 (1/12)
Los Elotes 24 13 0(0/4) 0(0/9)
Los Sauces 94 48 10.5(2/19) 10.3 (3/29)
Quilamula 158 32 7.6(1/13) 0(0/19)
Rancho Viejo 44 25 33.3(3/9) 6.2(1/16)
San Jose de Pala 66 34 6.6 (1/15) 0(0/19)
Santiopa 44 29 9(1/11)  5.5(1/18)
El Vergel 9 7 0(0/ 1) 0(0/6)
Total 1047 530 13 (29/223) 3.9 (12/307)

2 Total number of not infected pigs of 3-4 months of age included in the vaccina-
tion trial according to tongue inspection.

b Number of infected pigs/total number of pigs inspected by tongue inspection in
the control and in the vaccinated group in each of the 16 communities.



J. Morales et al. / Vaccine 26 (2008) 2899-2905

Sixteen rural communities were selected from the 25 in the area
(Table 2). The conditions which favour the transmission of T. solium
were present in all communities selected: a high prevalence of cys-
ticercosis in live pigs (13%, as cited above), open air defecation,
rustic pig rearing where pigs are allowed to roam free in search of
food, extensive domestic pig slaughtering and local consumption
of non-inspected pork with cysticerci.

2.4. Statistical design

Considering a vaccine efficacy of 50%, a minimum of 225 piglets
in each vaccinated and control group would be required for confi-
dent statistical inferences [21,22]. In order to minimize differences
related to hosts’ genetic and exposure factors, half the mem-
bers of each litter were immunized with S3Pvac-Phage vaccine
described above and half with placebo (saline). The additional
pig of litters with odd number of piglets was vaccinated. The
owners were kept unawares of the treatment received by each
pigs in the litter and were instructed to raise the pigs as accus-
tomed.

The response variables were: (a) cysticercosis prevalence by
tongue inspection; (b) cysticercosis prevalence at necropsy (the
number of infected pigs with at least one parasite in masseters or
tongue or diaphragm or heart/the total number of pigs inspected in
the group); and (c) the number of cysticerci found in each individual
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pig carcass, macroscopically distinguishing whether the parasites
were damaged or vesicular.

2.5. Pigs included in the study

For vaccination, 1127 piglets of 3-4 months of age and appar-
ently healthy were eligible for inclusion. From these, 80 were
excluded because they were found to be already positive for tongue
cysticercosis. The remaining 1047 negative for tongue cysticercosis
were included (Fig. 1). The owners of all piglets included accepted
to participate in the study and gave their informed consent. All
pigs included were labelled using a numbered microchip for their
individual identification.

2.6. Pig-associated variables

The study recorded for each individual pig: age (months), weight
(kg), and pregnancy (yes/no), male and female castration (yes/no),
age (months) of castration, confinement (loose, tethered), source of
animal drinking water supply (well, river, or tap water), latrine in
the owners’ household (yes/no) and whether it was positive or neg-
ative by tongue inspection. The pigs’ sex, castration and pregnancy
status were verified by veterinarian inspection. Pregnancy was con-
firmed by the birth of the piglets. Pregnant sows were slaughtered
by their owners 2-3 months after parturition.

1127 piglets
assessed for
eligibility

Excluded (n=80)
Presence of cysticerci in the tongue

1047 piglets
randomized

'

!

421 allocated placebo
All received allocated intervention

626 allocated S3Pvac-Phage
All received allocated intervention

198 lost to follow up:

87 due to self consumption
78 due to selling
6 natural death

27 female for reproduction

Tongue examination
n=530
3 to 5 months of follow-up

223 analyzed

319 lost to follow up:
178 due to self consumption
95 due to selling
4 natural death
42 female for reproduction

307 analyzed

89 lost to follow-up:
37 due to self consumption
52 due to selling

Necropsy
n=331
5 to 27 months of follow-up

134 analyzed

110 lost to follow-up:
41 due to self consumption
69 due to selling

197 analyzed

Fig. 1. Flow chart, vaccination survey in 16 Mexicans communities (April 2004-July 2006).
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2.7. Vaccination of pigs

Half of the piglets in each litter received two subcutaneous injec-
tions of S3Pvac-Phage at 3-4 months of age and 1 month later,
and the other half of the litter received only saline as placebo.
When litters were composed by an odd number of piglets, the
additional pigs were vaccinated. The pigs’ age at vaccination (3-4
months) was chosen considering that high mortality (up to 50%)
is expected in rural piglets before 2 months of age [19]. The
S3Pvac-Phage vaccine composed by the four recombinant phages
was autoclaved and adjusted to 4 x 102 phage particles in 2ml
of media containing 0.05% of formaldehyde. Two millilitres of
such vaccine preparation were injected subcutaneously at the
base of the pigs’ ears. The vaccine was maintained at 4-10°C
until used. Control pigs were each injected with 2ml of saline
only.

2.8. Follow-up of the vaccination trial

The 16 communities included in this study were visited weekly
to look after the pigs included in the trial and to identify any
modification in their localization in the community or disap-
pearance due to their selling or death and to determine their
reproductive status. For this purpose pigs were double-labelled
using a microchip and an earring that permitted the visual iden-
tification of those included in the vaccination trial. After 7-9
months of age (3-5 months after vaccination), their tongues
were inspected for cysticercosis. At 5-27 months of age, when
their owners slaughtered the pigs for consumption, cysticerco-
sis was diagnosed at necropsy by dissecting masseters, tongue,
diaphragm, heart and the liver in search of visible cysticerci by
making scalpel slices every half-centimetre. The number of cys-
ticerci found in each pig was registered and the owners were
instructed not to consume the meat if the pig was infected. Diag-
nosis of porcine cysticercosis was performed by six thoroughly
trained technicians from Direccién General de Ganaderia, directly
supervised by one of veterinarians of our research team. Following
the instructions of the veterinarians the infected carcasses were
not consumed by the owners or were extensively cooked before
consumed.

2.9. Statistical analysis

Data were processed in Excel 7.0 (Microsoft). Statistical cal-
culations were performed using the computer program Statistica
9.0 (StataCorp LP, College Station, USA) and the statistical pro-
gram of EPI-Info, SPSS (SPSS Inc, Chicago, USA) and SAS 9.1.3
(SAS Institute Inc., Cary, USA). Descriptive analyses were based on
frequencies and percentages for qualitative variables and means
and standard deviations for quantitative variables. Comparisons
were made using the Student’s t-test or the Mann-Whitney U-
test. Frequencies were compared using the x2-test, with Yates’
correction or two-tailed Fisher’s exact tests when necessary.
Adjusted relative risks (RRa) with the corresponding 95% con-
fidence interval (95% CI) and P values were estimated by a
multivariate logistical regression. We incorporated in the multi-
variate model, all variables of interest for which we found a P
value of less than 0.25 in univariate analyses, by a backward step-
wise procedure. All analyses of efficacy, using tongue examination
or necropsy, as criteria of diagnosis were made at the end of
study.

A two-sided P value of less than 0.05 was considered to indicate
statistical significance.

3. Results
3.1. Sample size changes during the vaccine trial

A total of 1127 piglets of 3 months of age were examined by
tongue inspection before vaccination. Eighty pigs (7.1%) were found
infected and excluded from the study. Of the other 1047 not-
cysticercotic piglets 626 were vaccinated and 421 were used as
controls. Baseline characteristics of the 1047 pigs were not sig-
nificantly different between control and vaccinated pigs (Table 1).
Most male pigs (n=427) and few sows (n=20) were castrated by
their owners at different times prior to slaughter arguing it quickens
weight gain and improves the quality of the meat.

Changes in sample size occurred as the trial proceeded, as shown
in Fig. 1 according to CONSORT Statement [23]. Because of the
extremely harsh social and economic conditions of the commu-
nities involved, by the end of the trial, 49% of the pigs originally
included were missing, mostly on account of their being consumed
or sold. The diagram in Fig. 1 shows in detail the number and design
allocation of the missing pigs.

Tongue inspections were made at 3-5 months after vaccina-
tion on 530 of the piglets included in the trial. Nearly half of the
included pigs (n=517) could not be inspected because they had
been consumed or sold by their owners or were sacrificed without
timely notice to the project’s personnel (198 and 319, respectively
in placebo and in the S3Pvac-Phage group). The residual 102 pigs
(44 controls and 58 vaccinated) were not examined because of con-
sumption. Necropsies were performed at 5-27 months of age on
331 pigs (197 and 134 pigs in the vaccinated and control group,
respectively) because the residual 199 pigs (89 controls and 110
vaccinated) were consumed or sold without timely notice to the
project’s personnel.

Considering the high number of piglets lost during the two
stages of follow-up (tongue inspection, necropsy), analyses of effi-
cacy were adjusted to ensure the statistical representation of the
initial population. The variables of adjustment were identified
using a logistic regression of the initial variables and the initial
number of observations done (1047). Variables significantly linked
with pig loss at tongue inspection were: origin (household, pur-
chased), castration (yes, no), Piglets’ breed (Criollo, other) and
sex (male, female). Variables significantly linked with pig loss at
the necropsy examination were: weight and castration (yes, no).
Neither vaccination nor placebo were linked with loss at tongue
inspection

3.2. Effect of vaccination as determined by tongue inspection

Table 2 shows the effect of vaccination on the number of
infected pigs in the 530 pigs examined by tongue inspection
at 7-9 months of age: cysticercosis was diagnosed in 12 pigs
(3.9%) of the vaccinated group and in 29 pigs (13.0%) of the con-
trol group, corresponding to a vaccine efficacy of 70%. In the
SP3Vac-Phage group an adjusted relative risk (adjustment on ori-
gin, castration, piglets’ breed and sex as previously described) of
2.7 (Clgs: [1.8-4.2], P<0.0001) was estimated, which means that
cysticercosis frequency in vaccinated pigs are nearly threefold less
that of the placebo group (number of observations used=530,
R?2=0.32).

3.3. Effect of vaccination as determined by necropsy

Table 3 shows that vaccination significantly decreases the
number of infected pigs (13/197=6.6% in vaccinated group vs.
19/134=14.2% in control group, P=0.036) and also significantly
reduces the number of cysticerci counted at necropsy (8.4 + 14.4 in
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Table 3
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Effect of vaccination on the number of pigs infected and the parasite load according to necropsy at 5-27 months of age

Community 2Control bNumber of cysticerci aVaccinated bNumber of cysticerci
Ajuchitlan 5/19 265 3/28 25
Chimalacatlan 2/9 71 2/10 5

El Limon 1/14 109 1/14 27
Huautla 1/31 69 2/28 21
Xochipala 0/1 0 1/7 6
Huaxtla 1/1 86 0/7 0

El Tepehuaje 0/2 0 0/1 0
Huizaxtla 0/0 0 0/2 0

La Era 1/7 107 1/4 2

Los Elotes 0/4 0 0/7 0

Los Sauces 1/11 40 3/23 49
Quilamula 2/12 44 0/15 0

Rancho Viejo 1/7 15 0/24 0

San Jose de Pala 3/10 182 0/13 0
Santiopa 1/6 60 0/14 0

El Vergel 0/0 0 0/1 0

Total 19/134 1048 13/197 135
Prevalence 14.2% 6.6%

Mean +S.D. 65.5+74.2 8.4+14.4

3 Number of infected pigs/total number of pigs inspected by necropsy in the control and in the vaccinated group in each of the 16 communities.
b Number of cysticerci recovered in the control or vaccinated pigs infected in each community. Vaccine efficiency: 54.15% (reduction in the number of infected pigs) or

87.1% (reduction in the number of cysticerci).

Table 4
Effect of biological and exposure variables on infection determined by necropsy
Infected Infected P-Value
Gender (male/female) 9/23 157/142 0.009
Gestation (yes/no) 12/11 20/123 0.0001
Castration in female (yes/no) 1/22 4/138 0.53
Castration in male (yes/no) 9/0 142/15 1
Month since castration in male 12.3+4.22 9.5+54 0.12
Free roaming (yes/no) 32/0 289/10 0.6
Open water (yes/no) 27/5 243/56 0.8
Latrine (presence/absence) 15/17 266/73 0.001
Vaccination (yes/no) 19/13 115/184 0.036

2 Mean+S.D.

vaccinated group vs. 65.5 + 74.2 in control group, P=0.013). All the
cysticerci detected were macroscopically vesicular. The relative risk
of vaccinated pigs at necropsy was 2.3 (Clgs: [1.2-4.3], P=0.0113,
adjustment on weight and castration as previously described),
which means that frequency of cysticercosis in vaccinated pigs
is nearly half that of placebo controls (number of observations
used =331, R2=0.48).

3.4. Relevance of biological and exposure factors on cysticercosis
prevalence

Table 4 shows the different pig-associated factors and their rela-
tion with cysticercosis as determined by necropsy. In the univariate
analysis, male (P=0.009), absence of gestation (P=0.0001), lower
time since castration in males (P=0.004), latrine in the owners’
household (P=0.001) and vaccination (P=0.036) were related to
a lower prevalence of cysticercosis. A multivariate logistic regres-
sion was performed including those factors that were related to
infection with a significance under P<0.1 in univariate analysis.
The presence of latrine (P=0.039), gestation (P<0.0001) and vac-
cination (P=0.004) were factors that significantly associated with
protection according to this multivariate analysis.

3.5. Relevance of biological and exposure factors in the vaccine
efficacy

Table 5 summarizes the effect of exposure and sexual factors on
the vaccine efficacy as determined at necropsy and measured in
terms of reduction of infected pigs and reduction in the number of
the cysticerci in those infected. Only the three parameters signifi-

Table 5
Relevance of exposure and sexual factors in the vaccine efficacy in the 331 pigs diagnosed at necropsy
Controls Vaccinated Pe P4
aFrequency of infection b(X+S.D.) aFrequency of infection b(X+S.D.)
Sex
Male 3/63 54 + 16 6/103 1 +£10 1 0.02
Female 16/71 55 4+ 35 7/94 10 + 14 0.007 0.008
Latrines
Yes 8/97 47 + 39 7/144 7+6 0.29 0.019
No 11/37 61 + 28 6/53 14+ 17 0.05 0.003
Gestation
Yes 10/13 51 £33 2/19 341 <0.001 0.06
No 6/58 62 + 41 5/76 13 +£17 0.5 0.034

X: mean; S.D.: standard deviation.
2 Number of infected pigs/total number of pigs.
b Mean of cysticerci + S.D. in infected pigs.

¢ Difference in the frequency of infected pigs between control and vaccinated groups.

d Difference in the number of parasite between control and vaccinated groups.
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Table 6
Weight of the control and vaccinated pigs included in the trial
Age (months) p2 P>
3-4 7-9 12
Controls
Infected 11 18 £ 10.6 432 +244 521+119 0.006 0.29

Not-infected 71 151+8.5 454+20 634+ 184 <0.0001 <0.0001
Vaccinated

Infected 6 6+2 30.8 +£18.5 417+ 75 0.004 0.2

Not-infected 127 14.8+89 4394+ 19.8 612+ 19.1 <0.0001 <0.0001

Increase of the weight of 215 pigs in which cysticercosis was diagnosed by tongue
inspection and necropsy.

2 Differences in the weight between 3-4 and 7-9 months.

b Differences in the weight between 7-9 and 12 months of age.

cantly related to cysticercosis (Table 4) were used for this analysis:
the sex of the pigs, if female had or not one gestation, and if the
pigs’ owners had or not latrines in their houses. As Table 5 shows,
the vaccine significantly reduced the percent of infected pigs in
females but not in males. The vaccine also reduced the frequency
of cysticercosis in females that that had been pregnant and to sim-
ilar extents in pigs whose owners had or had not latrines at home.
In addition, the vaccine significantly reduced the number of cys-
ticerci in vaccinated pigs disregarding any of the other variables
considered.

3.6. Weight gain and age

Table 6 shows the weight gain of pigs in which tongue and
necropsy diagnosis coincided. Their weights increased similarly
between 3-4 and 7-9 months of age, regardless of whether they
were vaccinated or controls and whether infected or not. However,
after 7-9 months of age, a non-significant 28% increase in weight
was detected in control or vaccinated pigs if they had acquired
cysticercosis, while those healthy still significantly increased their
weight by 39%.

4. Discussion

This study shows the extent of the protective capacity of the
S3Pvac-Phage vaccine against naturally acquired porcine cysticer-
cosis under realistic conditions of transmission in a highly endemic
region of Mexico [1].

A high number of pigs were lost for follow-up despite close
weekly surveillance. This is neither surprising nor novel for
in-the-field evaluation trials in underdeveloped regions [15].
Undisciplined human behaviour is emblematic of communities
under pressure by harsh social and economic conditions, as they
occur in rural Mexico. However, the number of pigs lost during the
trial from the control and the vaccinated group did not significantly
differ at tongue examination (P=0.21) nor at necropsy (P=0.90),
indicating unbiased withdrawal of the pigs. That is, infected pigs
were not preferentially withdrawn from the initial sample.

However, in order to examine the effect of pig loss upon the
validity of our statistical conclusions, an independent research
group (co-authors from Université de Limoges), expert in sta-
tistical analysis, was invited to more thoroughly examine the
database, reduce bias and improve the robustness of the conclu-
sions reached. All their statistical approaches performed (Student’s
t-test, Mann-Whitney U or x2 with Yates’ correction or two-tailed
Fisher’s exact tests or the logistic analysis) confirmed that vaccina-
tion significantly reduced the prevalence and intensity of porcine
cysticercosis in the sample studied by tongue inspection and by
necropsy at time of slaughter. Also, when using the most rigor-

ous maximum Bias Approach to statistical analysis of trials with
numerous missing data, in two of its modalities, it confirmed sig-
nificant protective effects of vaccination. However, no differences in
prevalence due to vaccination were significant in its most stringent
modality of considering as cysticercotic all missing pigs, vaccinated
or not. An unlikely possibility since similar numbers of vaccinated
and not vaccinated pigs were documented as missing and because it
would imply a cysticercosis prevalence level close to 50% among the
included pigs. Their results showed that S3Pvac-Phage significantly
reduced the prevalence of cysticercosis among the vaccinated pigs
by 54.2% and, most significantly, reduced the intensity of infection
with vesicular cysts by 87.1%. It is important to note that a pig was
considered infected regardless of its total parasite load: the pig
was scored as positive even if only one cysticercus was found in
its muscles. Thus, the higher efficacy of a vaccine in reducing the
parasite load is a more sensitive response variable than the strin-
gent goal of sterile immunity. The latter may perhaps be of use
for negotiations dealing with international import of potentially
contaminated meats but, for lowering transmission in a defined
endemic region, a reduction of 87% in the number of parasite larvae
that may eventually transform into tapeworms could significantly
impact the endemia to the low levels of impending extinction of
the parasite [24].

The efficacy of the S3Pvac-Phage vaccine reported in this study
is similarly high to that obtained using the synthetic first version
of the anti-cysticercosis vaccine (S3Pvac) when also tested under
realistic conditions of rural Mexico [16]. We believe this is a major
achievement since the significant lower cost of this new version
makes its application feasible for extensive control programs in
undeveloped countries.

Other important findings are also disclosed by this trial.

The vaccine significantly reduced the number of cysticerci in
pigs exposed to different levels of exposure: high (absence of
latrines) or low (presence of latrines). Indeed, in the absence of
vaccination, cysticercosis prevalence changed from 8.2 to 29.8%
if the owners of the pigs had or not latrines in their households,
the relevance of improving sanitary conditions in the rural areas.
However, vaccination plus latrines dropped down the overall cys-
ticercosis prevalence further, from 29.8 (without both variables) to
4.8% (with both of them): a prime example of positive interactions
between control measures aimed against porcine cysticercosis.

The roles of sexual factors upon cysticercosis prevalence and
vaccination effects are also emphasized by this study. A higher
prevalence of cysticercosis was found in females (22.5%) vs. cas-
trated male pigs (4.8%). The vaccine did not modify the percentage
of male pigs totally protected possibly because castration inhibits
the effective TH1 mediated immune response to vaccination, as
it happens in murine cysticercosis [25]. Nevertheless, the vac-
cine significantly reduced the number of cysticerci established
in both females and castrated males to a similar relative extent
(81% of reduction vs. controls). The increase of cysticercosis preva-
lence in pregnant sows is also intriguing. Ten of the thirteen
pigs that were pregnant in the control group became infected.
Albeit the low number of pigs included in this group, the sig-
nificant relation between pregnancy and cysticercosis points to
a role of hormonal factors in cysticercosis, very much in line
with the consistently higher prevalence of cysticercosis in sows
found in different epidemiological studies [1,26]. Nonetheless,
the vaccine managed to reduce the parasite loads even in the
more permissive pregnant sows. Clearly, the relevance of sexual
factors merits further studies considering their prominent role
under experimental conditions in murine cysticercosis caused by
the closely related cestode Taenia crassiceps [25] and earlier epi-
demiological hints coming from porcine and human cysticercosis
[26-30].
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Another finding of practical importance is that vaccination did
not reduce the weight gain of pigs but cysticercosis did (Table 6).
So that, the net effect of vaccination not only lowers prevalence of
porcine cysticercosis but also implies economic benefit by allowing
for a normal weight gain in the protected pigs.

In summary, this article exhibits clear evidence of the useful-
ness and limits of the newly developed and less costly vaccine
S3Pvac-Phage under realistic conditions of porcine-cysticercosis
transmission.
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