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Field studies evaluating the direct, indirect, total, and overall efficacy
of Streptococcus suis autogenous vaccine in nursery pigs

Danielle Hopkins, Zvonimir Poljak, Abdolvahab Farzan, Robert Friendship

Abstract — Vaccine effectiveness (VE) was evaluated on a farrow-to-finish farm experiencing mortality due to

Streptococcus suis. Direct, indirect, total, and overall vaccine effectiveness were analyzed by vaccinating only 75%

of pigs in each litter. Cox’s regression and logistic regression revealed total and overall VE to be 27% and 21%,

respectively.

Résumé — Etudes sur le terrain évaluant efficacité directe, indirecte, totale et globale du vaccin autogéne
pour Streptococcus suis chez les porcelets sevrés. Lefficacité vaccinale (EV) a été évaluée dans une ferme de

naissage-engraissage aux prises avec des mortalités causées par Streptococcus suis. Lefficacité vaccinale directe,

indirecte, totale et globale ont été analysées en vaccinant seulement 75 % des porcs dans chaque portée. La régression

de Cox et la régression logistique ont révélé que 'EV totale et 'EV globale étaient de 27 % et 21 %, respectivement.
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Introduction

S treptococcus suis is considered to be one of the most impor-
tant pathogens affecting nursery pigs (1,2). There are
currently 35 serotypes of S. suis identified based on the capsular
polysacharide (cps), in addition to untypable strains that are un-
encapsulated or do not contain a cps moiety (3). In most cases,
pigs that are colonized with S. suis remain healthy; however, on
occasion systemic infection and clinical disease can occur (4,5).

Control of S. suis disease by vaccination is challenging because
of several factors. Although the bacteria are present in the upper
respiratory tract of almost all pigs, clinical disease only occurs
sporadically. The multiple serotypes of S. suis all have their own
set of virulence factors, and the pathogenesis of S. suis is still
not well understood (6). Overall, vaccination against S. suis
is not a common practice on North American swine farms,
and there are no commercial vaccines licensed in Canada for
the control of S. suis (6). If vaccines are used on a farm, they
are typically serotype-specific autogenous bacterins, based on
the serotype isolated from meningeal swabs, and delivered to
individual pigs or sows viz intramuscular (IM) injection (7).
The overall effectiveness of autogenous vaccines against S. suis
has not been determined (2). The overarching aim of this
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(Traduit par Isabelle Vallieres)

study was to determine the effectiveness of vaccination with
an autogenous vaccine in preventing mortality due to S. suis in
nursery pigs.

A 300-sow farrow-to-finish herd reported high nursery pig
mortality during a 6-month period from October 2011 to
March 2012, with many of the pigs exhibiting neurological
clinical signs consistent with a diagnosis of meningitis. In addi-
tion, some pigs in good body condition were found dead with-
out previous signs of illness. Most pig deaths occurred between
6 and 9 wk of age. Postmortem examination and microbiological
culture of 12 clinical cases confirmed meningitis due to S. suis
serotype 2 as the cause of mortality.

The farm practiced weekly weaning with lactation length
varying between 21 and 30 d. The facility had 6 farrowing
rooms with 14 farrowing crates per room and operated on an
all-in/all-out basis per room. There were 8 nursery rooms, which
varied in size and pen conformation. Two rooms contained
raised decks with 8 pens measuring 1.22 m X 2.44 m and typi-
cally holding 12 pigs per pen. Two other rooms of similar size
contained slightly larger pens at floor level (1.52 m X 2.44 m)
with on average 13 pigs per pen. There were also 4 larger rooms
containing 4 floor-level pens (2.7 m X 4.5 m) holding about
35 pigs each. The nursery rooms were also operated using an
all-in/all-out flow. The herd was closed with breeding stock
being replaced from within the herd. Further biosecurity mea-
sures included shower-in/shower-out, locked doors, and on-site
composting of dead stock.

All pigs at weaning received Mycoplasma hyopneumoniae-
Haemophilus parasuis combination bacterin (Suvaxyn MH/
HPS; Zoetis, Kirkland, Quebec), and a porcine circovirus vac-
cine (Ingelvac Circoflex; Boehringer Ingelheim, Burlington,
Ontario). The M. hyopneumoniae-H. parasuis vaccination was
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Prolonged outbreak in nursery
September 2011-January 2012
n = 1939 pig-level observations
n = 207 sow-level observations

Dropped Cohort weaned Sept 28th,
2011 — no recorded mortality
(151 observations)
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Vaccination Study
February 2012-March 2012
n = 1015 pig-level observations
n = 97 sow-level observations
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Vaccinated: 69 (73%) Vaccinated: 81 (75%) E Vaccinated: 0 (0%) H Vaccinated: 95 (73%) Vaccinated: 77 (75%)

Unvaccinated: 25 (27%) Unvaccinated: 27 (25%) 1 Unvaccinated: 95 (100%) E Unvaccinated: 35 (27%) Unvaccinated: 36 (25%)
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Figure 1. Design of the vaccine study conducted February 2, 2012 to March 1, 2012 during a prolonged outbreak of S. suis disease.
All piglets from each weaning cohort were involved in the vaccination study, the pigs to be vaccinated were randomly selected from
each litter and vaccinated 1 day before entry into the nursery and again 3 weeks later. All piglets were monitored for mortality during
the nursery period.

Overall
VE = [1-(2A2B)/1A] x 100

Indirect
VE = (1-2A/1A) x 100

2A 2B

1A Cohorts 20, Cohorts 20,

Cohorts 1-19 + 22

100% unvaccinated ey b ey
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Direct
VE = (1-2B/2A) x 100

Total
VE = (1-2B/1A) x 100

Figure 2. Vaccine effectiveness (VE) as described by Halloran et al (8) where “1" is before
the introduction of the vaccine into the population of piglets and “2" is after the introduction
of the vaccine into the population. The full calculations for VE are listed and can also be
interpreted as 1-RR (relative risk) for each measure of VE.
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boosted after 3 wk. The starter diet fed for approximately the
first week after weaning contained 220 mg/kg of lincomycin
(Lincomix 44; Bio Agri Mix, Mitchell, Ontario).

Antimicrobial susceptibility testing revealed the S. suis isolates
were resistant to penicillin and so individual pigs with clinical
signs were treated with ceftiofur (Excenel RT'U, 50 mg ceftiofur
per mL; Zoetis), 5 mg/kg body weight (BW), IM. Mortality
continued to be high because of the difficulty of identifying sick
pigs early enough for antibiotic treatment to be effective. It was
decided to approach the problem by instituting an autogenous
vaccination program. However, considering previous literature
on vaccination for S. suis that had little success (1-3), it was
decided to maintain a proportion of control pigs and focus on
multiple measures of vaccine effectiveness. We used pigs as a
target for vaccination over sows as vaccination at the pig-level
was routine practice on the farm and we wanted to maintain
farm protocol.

This study included data from 24 weekly cohorts of wean-
ling pigs that entered the nursery phase between October 2011
and March 2012. In 4 cohorts, a randomized pig-level study,
blocked by litter, was conducted between February 2nd and
March 1st, 2012 (Figure 1). For the 4 cohorts of the vaccine
study, meningeal swabs were tested to confirm . suis, by culture
and matrix-assisted laser desorption/ionization-time of flight
(MADLI-TOF) method. All laboratory analysis was conducted
at the Animal Health Laboratory at the University of Guelph.
Direct effectiveness was evaluated based only on mortality due
to clinical signs consistent with S. suis infection. The remain-
ing 20 cohorts were evaluated using mortality due to any cause
based on available data, in order to estimate indirect, total, and
overall vaccine effectiveness.

For the vaccine study, approximately 75% of pigs from each
litter were randomly selected using systematic random sampling
and identified by ear tag. The selected pigs received 2 mL of the
autogenous S. suis serotype 2 vaccine IM, a day before entry into
the nursery and a 2-mL booster 3 wk after entering the nursery.
The other 25% of pigs were left unvaccinated.

The S. suis vaccine used in the study was made at Gallant
Custom Laboratory, Cambridge, Ontario, using one S. suis
serotype 2 isolate. The vaccine isolate was recovered from a
meningeal swab sample collected from a previous clinical case
of S. suis on the same farm during an outbreak of disease due
to S. suis serotype 2.

The data on all-cause mortality in 20 unvaccinated cohorts
during the 6-month study period recorded by the farm manager
were used. These records also included information on the date
of weaning, date of death, sow and litter information includ-
ing parity, number of pigs born alive, number of pigs weaned,
and pre-weaning mortality. Sows were excluded if information
about the weaning date or the number of pigs weaned was
missing. The vaccination study data set included sow and litter
information, date of weaning, weight of piglet at weaning, date
of death, cause of death, gender, vaccination status, and cohort.
The time at risk was defined as 9 wk, or the approximate time a
pig spent in the nursery room, as well as immediately following
the nursery phase. Mortalities that occurred after the period of
risk were excluded from analysis.
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Indirect vaccine effectiveness was considered at the group-
level effects by comparing mortality in the unvaccinated pigs
exposed to the vaccinated group to the mortality of non-
vaccinated pigs in groups with no exposure to vaccinated pigs.
However, the total vaccine effectiveness was based on survival of
pigs that did receive the vaccine in the population vaccinated.
Opverall vaccine effectiveness was based on the complete herd-
level mortality. The different measures of vaccine effectiveness
were evaluated as described by Halloran et al (8) (Figure 2).

Vaccine effectiveness was calculated as follows and an illustra-
tion of all measures of VE and their derivation can be found in
Figure 2. Direct effects were calculated by:

Mortality due to S. suis in

VE-1.RRore1 — 75% vaccinated pigs

Equation 1
Mortality due to S. suis in (Equation 1)

25% unvaccinated pigs

Indirect vaccine effects are the herd level effects in the pigs
that did not receive a vaccine after widespread vaccination.
Indirect vaccine effects were calculated by:

Mortality in 25% unvaccinated pigs

VE exposed to vaccinated pigs

- Equation 2,
Mortality in 100% wunvaccinated pigs (Equation 2)

not exposed to vaccinated pigs

Total vaccine effects are slightly different from indirect effects,
as it focuses on the survival of pigs that did receive the vaccine
in the population vaccinated. Total effects were calculated by:

Mortality in
75% vaccinated pigs

Total effects = 1 — (Equation 3)

Mortality in 100% unvaccinated
pigs not exposed to vaccinated pigs

Opverall vaccine effectiveness focuses on the complete herd-level
mortality. It is described by Halloran et al (7) as the weighted
average of indirect effects compared to the weighted average of
total effects. Overall effects were calculated by:

Mortality in the
vaccinated cohorts
(20, 21, 23, 24)
Mortality in the
100% wunvaccinated
cohorts (2 to 19, 22)

Vaccine effectiveness = 1 —

(Equation 4)

The relative risks described were calculated using 2 models
in Stata 14 (StataCorp, College Station, Texas, USA). A Cox’s-
proportional hazard model was used to test the direct vaccine
effects with morality due to S. suis as the outcome of interest.
A generalized linear model, with a binomial distribution and
log link, was used to evaluate indirect, total, and overall vac-
cine effectiveness on all-cause mortality. The hazard ratio (HR)
from the Cox’s regression model evaluating direct VE was used
as a substitute for relative risk (RR) during percentage VE
calculations.

Finally, the residuals and influence statistics for the total and
overall VE were evaluated by running binomial logistic regres-
sion models on the same data.
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Table 1. Estimations of vaccine effectiveness (VE) of an autogenous
bacterin against Streptococcus suis in pigs during the nursery
phase.

Relative
Measure risk 95% CI P-value  VE (%) 95% CI
Direct VE 0.98* 0.46,2.12  0.982 1.6 <0, 54
Indirect VE 0.92 0.61, 1.39 0.705 7.6 <0, 49
Total VE 0.72 0.52,1.01 0.058 27.6 <0, 48
Opverall VE 0.79 0.60, 1.03 0.082 21.3 <0, 40

* HR (hazard ratio) from Cox’s regression used as a substitute for RR (relative risk).
CI — confidence interval.

In total, 2977 pigs were included in the study over a 6-month
period. There was a post-weaning mortality of 358 (12%). The
mean littermate post-weaning mortality was 14.4%. Of the
435 pigs included in the vaccination study, 39 (9%) died, of
which 35 (90%) deaths were due to clinical signs of S. suis dis-
case. Post-weaning littermate mortality due to S. suis infection in
the 4 vaccination cohorts showed high variability with the mean
litcer-level mortality of 14.0%. The HR for vaccination status
was not altered by any of the potential confounding variables,
and there was no significant interaction between “vaccination”
and “cohort.”

The final model results for all measures of effectiveness, along
with their calculated VEs, are shown in Table 1. Direct VE was
1.6% but did not appear to have significant effects on mortal-
ity due to S. suis (P > 0.05). The final Cox’s hazard regression
model was adjusted for the effect of clustering within licters.

Data analysis revealed cohorts 9 and 20 to be potential
outliers. Removal of cohort 9 resulted in minor changes to all
levels of VE. Removal of cohort 20, the first vaccination cohorrt,
increased all measures of VE (Table 2). Most notably, total and
overall VE became statistically significant (P < 0.05). The total
VE increased from 27% to 54% and overall VE increased from
23% to 50%.

Removal of both influential observations (cohorts 9 and
20) resulted in total and overall VE becoming statistically
significant (2 < 0.05). The indirect VE increased from 7.6%
to 31.3% but remained statistically nonsignificant (2 > 0.05).
Herd immunity, in a vaccinated population is based on 3 main
factors: the characteristics of pathogen transmission, the ability
of the vaccine to offer protection against a pathogen, and the
vaccination protocol or coverage in a population (8). Vaccina-
tion against infectious diseases can result in a reduction in the
transmission probability and a reduction in the duration of
infectiousness, subsequently altering the population dynamics
involved with infectious agents (8). Most of the population-
level studies for vaccinations have been conducted on human
populations. To the best of our knowledge, this is the first
study which used indirect analysis of vaccine effectiveness
for S. suis in swine herds. This study proposed the possibility
of existence of the total and overall vaccine effects, indicat-
ing alternative methods of studying vaccination effectiveness
beyond direct effects. It is a common approach that vaccines
are evaluated under controlled experimental conditions using
randomization, which is a gold standard for evaluation of direct

CVJ/VOL 60/ APRIL 2019

Table 2. Estimations of vaccine effectiveness (VE) of an autogenous
bacterin against Streptococcus suis in pigs during the nursery phase
after removal of cohort 20, an influential observation determined
through deviance residual analysis.

Relative
Measure risk 95% CI P-value  VE (%) 95% CI
Direct VE 0.93* 0.30,2.92  0.902 7.0 <0,70
Indirect VE 0.75 0.45,1.35 0.277 24.4 <0,55
Total VE 0.45 0.28, 0.75 0.002 54.2 25,72
Opverall VE 0.50 0.40, 0.82  0.002 50.0 18, 60

* HR (hazard ratio) from Cox’s regression used as a substitute of RR (relative risk).
CI — confidence interval.

vaccine effectiveness as well as for assessment of vaccine safety.
Specifically, with respect to S. suis, there is a lack of research sur-
rounding population-level vaccine effectiveness in commercial
settings.

In this study, vaccine effectiveness differed considerably based
on the level of analysis, both in terms of the magnitude of effect
and its associated statistical significance. The direct effect of vac-
cination was not statistically significant; however, the calculated
total and overall VE showed potential protective effects.

The magnitude of VE measures increased when the 2 out-
lier cohorts were excluded. These were outliers based on
unusual mortality levels for the observed outbreak. One outlier
(Cohort 9) had no mortality, which was very low compared to
the average 14.4% per litter experienced over the duration of
the outbreak. Another outlier (Cohort 20), the first vaccination
cohort, had very high mortality reaching > 30%, compared to
the average 14.0% mortality per litter experienced during the
vaccination trial. These variations may be due to the presence
of other serotypes on the farm and the exponential increase
of S. suis cases due to direct transmission that occurs during
a severe outbreak of S. suis disease (6). These variations can
also be attributed to the sporadic nature of this disease, which
illustrates the limitation of having a study with a short dura-
tion. However, given the available information, exclusion of the
cohorts demonstrates for most cohorts involved in the study,
that there was evidence for protection from disease due to S. suis
at the population level following vaccination.

The major concern with the validity of our results at the
group level is that vaccination was attempted in 4 out of
5 consecutive cohorts. It is possible that mortality due to S. suis
showed some cyclical variation and was therefore confounded
by the short duration of the study. Szreptococcus suis has the
potential to cause severe to moderate outbreaks sporadically in
nursery pigs and therefore there is a possibility that the high
and low mortalities experienced could be attributed to the
sporadic nature of the disease (9). In future studies, this should
be improved by including a follow-up period after vaccination
and restricting the outcome analysis to mortality strictly due
to S. suis.

Under a commercial setting, the overall vaccine effectiveness
is commonly evaluated by comparison of completely vaccinated
and completely non-vaccinated cohorts. While the benefit of
such an approach is that the overall VE can be considered, the
drawback is that the results could be influenced by potential
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confounding factors, not associated with VE. These confound-
ers could include the virulence of the strain affecting the cohort
having the potential to change over time as multiple strains can
infect a herd and even a single pig; therefore, a single vaccine
for serotype 2 may not have been effective for the entire study
period. Additionally, as we did not evaluate the sow immunity
against S. suis or test and serotype every isolate, it is possible that
the vaccine effectiveness was confounded by these factors (10).

This retrospective study is not unbiased and future study is
needed to have a better randomization of entire groups with
respect to their vaccination status. However, taking into con-
sideration all the limitations of retrospective analysis, this study
demonstrates the potential for an alternate method for analyzing
vaccine effectiveness in a commercial swineherd. Specifically,
this study highlighted moderate to high total and overall vaccine
effectiveness against S. suis at the population level on a farm
experiencing high mortality. Future studies should be aimed
at developing a vaccination protocol on-farm that can evaluate
these direct and indirect effects without the restrictions that
accompanied this retrospective analysis.
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