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Brucellosis is a relevant zoonotic disease for which the most important tool for control is
vaccination of susceptible animals. Assessment of vaccine efficacy in natural hosts is based
on prevention of abortion and Brucella infection in organs of immunized animals. A meta-
analysis of experimental vaccination of Brucella spp. natural hosts was performed, including
45 PubMed and/or Scopus-indexed publications, representing 116 individual experiments.
Difference of risk was calculated as an indicator of protection, and a temporal analysis (1980-
2016) demonstrated that experimental vaccines tested on natural hosts provided levels of
protection that were stable over the past decades. The meta-regression model developed in
this study included different vaccine categories (attenuated, inactivated, mutant, subunit, and
vectored) considering the difference of risk as the dependent variable. The subcutaneous
route of vaccination provided better protection when compared to the intramuscular and
oral routes of vaccination. Surprisingly, inactivated vaccines provided better protection than
live naturally attenuated vaccine strains (spontaneous mutations) that were considered the
reference, whereas subunit vaccines provided lower levels of protection. This is the first
meta-analysis of Brucella vaccinology in the natural hosts. These results are useful for the
development of new vaccination protocols for controlling animal brucellosis.

INDEX TERMS: Meta-analysis, brucellosis, vaccinology, natural hosts, Brucella, vaccine, immunity.

RESUMO.- [Meta-analise da vacinologia de brucelose em
hospedeiros naturais.] Brucelose é uma doenga zoonética
relevante, para a qual a vacina¢do de animais susceptiveis é a
ferramenta mais importante de controle. Avaliacdo da eficacia
vacinal em hospedeiros naturais é baseada na prevencao
de aborto e da colonizacdo de 6rgdos pela Brucella spp. em
animais imunizados. Foi realizada meta-analise de estudos
de vacinagio experimental de Brucella spp. em hospedeiros
naturais, incluindo 45 publica¢des indexadas pela PubMed
e/ou Scopus, representando 116 experimentos individuais.
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Diferenca de risco foi calculada como indicador de protecdo e
uma analise temporal (1980-2016) demonstrou que vacinas
experimentais testadas em hospedeiros naturais promoveram
niveis de protecao que foram estaveis ao longo das ultimas
décadas. O modelo de meta-regressdo desenvolvido neste
estudo incluiu diferentes categorias de vacinas (atenuada,
inativada, mutante, subunidade e vetorial) considerando
a diferencga de risco como variavel dependente. A via de
vacinagao subcutdanea promoveu melhor protecao quando
comparada as vias intramuscular e oral. Surpreendentemente,
vacinas inativadas promoveram melhor prote¢ao que vacinas
vivas atenuadas (com mutag¢des espontaneas) que foram
consideradas como referéncia, enquanto vacinas de subunidades
promoveram menor protecdo. Este é o primeiro estudo de
meta-analise da vacinologia de Brucella em hospedeiros
naturais. Estes resultados sdo uteis para o desenvolvimento de
novos protocolos vacinais para controle de brucelose animal.

TERMOS DE INDEXACAO: Meta-analise, vacinologia, brucelose,

hospedeiros naturais, Brucella, vacina, imunidade.
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INTRODUCTION

Brucellosis is a highly relevant zoonotic disease worldwide
caused by Gram-negative coccobacilli belonging to the genus
Brucella (Pappas et al. 2005), which has very little genetic
diversity and currently includes 12 species with particular
host preferences, pathogenicity potential, and phenotypic
features (Gandara etal. 2001, Al Dahouk et al. 2017). Classical
Brucella species includes: B. melitensis, B. abortus, B. suis, B.
canis, B. ovis, and B. neotomae. Human brucellosis is often
associated with B. melitensis, B. abortus, or B. suis (Atluri et
al. 2011), although there is an increasing number of reported
cases of human brucellosis due to B. canis infection (Nomura
etal. 2010, Marzetti et al. 2013).

Human infection occurs through ingestion, inhalation or
contact mucosae or ulcerated skin with contaminated animal
products. Occupational exposure is also a relevant risk while
manipulating virulent strains in the laboratory or exposure
to live attenuated vaccine strains (Young 1995, Godfroid et
al. 2005, Corbel 2006, Atluri et al. 2011). The most common
clinical manifestation of brucellosis in human patients is
recurrent and persistent fever, but several complications
may occur, including: osteomyelitis, arthritis, spondylitis,
neurobrucellosis, and endocarditis (Gotuzzo et al. 1982,
Rajapakse 1995, Pendela et al. 2017). Brucella spp. may also
cause epididymitis and orchitis in man, and infect the placenta
during pregnancy, although Brucella-induced abortion in
pregnant woman is rare (Queipo-Ortufio et al. 2006).

In domestic animals, brucellosis is associated with infertility
due to abortion in pregnant females or epididymitis and/
or orchitis in males (Anderson et al. 1986, Carvalho Neta
et al. 2010, Poester et al. 2013), resulting in highly relevant
economic losses for the animal industry (Santos et al. 2013).
Official control programs in several counties are based on
vaccination with live attenuated vaccine strains (Olsen &
Stoffregen 2005). Currently, the most common vaccine strains
commercially available are B. abortus S19, B. abortus RB51,
and B. melitensis Rev.1 (Cheville et al. 1993, Corbel 2006).
Although very useful and protective, these vaccines have
some disadvantages including residual pathogenicity since
they may cause abortion in pregnant animals and may result
in human infections (Schurig et al. 1991, Tobias et al. 1992,
Elzer etal. 2002, Davis & Elzer 2002). Furthermore, in the case
of S19 e Rev.1, which has smooth LPS, there is interference
with routinely used serologic tests (Cheville et al. 1992, Marin
et al. 1999). Therefore, a large number of studies aiming to
develop new vaccine protocols for brucellosis have been
published in the past years. New vaccine technologies applied
to brucellosis include subunit vaccines (Wyckoff et al. 2005,
Estein etal. 2009), attenuated mutant strains (Kahl-McDonagh
etal. 2006, Jacques etal. 2007, Fiorentino et al. 2008, Silva et
al. 20154, 2015b), and vectored vaccine protocols (Tabynov
et al. 2014, Tabynov et al. 2016).

Complete eradication of brucellosis may not be achievable
particularly due to wildlife reservoirs (Grégoire et al. 2012).
Antibiotic treatment for human Brucella spp. infection is
prolonged, expensive, and it is often followed by recurrence
(Solera et al. 1998). Therefore, animal vaccination is the
most important tool for controlling brucellosis in endemic
areas (Corbel 2006), whereas there are no vaccines available
for human use so controlling animal brucellosis is the most

efficient approach for mitigating risks of human infections
(Godfroid et al. 2005, Ko & Splitter 2003, Ficht et al. 2009).

The mouse has been extensively used as an animal model
for brucellosis, particularly for vaccinology (Silva etal. 2011a).
In a previous study, we analyzed all qualified experiments
for Brucella vaccine development using the mouse model
published over the past 30 years, which did not demonstrate
clear progress towards the development of new vaccine
protocols (Carvalho et al. 2016). This situation may reflect
lack of potential of some experimental vaccine protocols, but
also limitations of the mouse model. For instance, a B. ovis
vaccine strain (Silva et al. 2011b) that provides moderate
protection in the mouse model (Silva et al. 2015b) induces
sterile immunity in its preferential host under experimental
conditions (Silva et al. 2015a). Therefore, in this study we
performed a comprehensive search of the literature to
select all qualified experiments on Brucella spp. vaccine
development using their natural preferential hosts, followed
by the development of a meta-analysis model for identifying
factors that may potentially improve vaccine efficacy in natural
Brucella spp. hosts.

MATERIALS AND METHODS

Data source. Data was extracted from scientific articles indexed
by Pubmed and Scopus until May 25, 2017. The following terms
were used for literature search: “Brucella” and “vaccine”. The list of
publications was manually disambiguated, remaining only publications
dealing with evaluation of vaccine protection of natural hosts after
experimental challenge with pathogenic strains of Brucella spp.
Criteria for inclusion of a given article was a clear statement of the
number of experimental animals (immunized and non immunized)
and the number of protected animals in each group, which allowed
calculation of risk difference. All articles included in this study were
written in English.

Meta-analysis was performed according to PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses Criteria)®.
Data from each experimental group were grouped according to the
category of the experimental vaccine: (i) live naturally attenuated
strains (from now on simply named attenuated); (ii) mutant
attenuated strains (mutant); (iii) recombinant subunit vaccines
(subunit); (iv) vectored vaccines (vector), and (v) inactivated vaccines
(inactivated). Other parameters from each individual experiment that
were considered in this analysis included: publication year, animal
species, number of immunized and protected animals, immunization
protocol (vaccination route, number of doses, and use of adjuvant),
and parameters related to the experimental challenge (inoculation
route, and Brucella species).

Protection of experimentally challenged males and females was
based on prevention of abortion in pregnant females or prevention
of infection of target organs.

Data transformation and meta-regression analysis. Data
obtained from each article, including the following parameters:
vaccine category, host species, use of adjuvant, Brucella species used
for challenge, and challenge route, were evaluated to determine
which parameters had influence on the risk difference. Original
data were transformed into qualitative data, varying from O to 5.
Thus, values were attributed to these parameters as follows: vaccine
category (“0” attenuated, “1” mutant, “2” subunit, “3” vector, or “4”

5 Available at <http://www.prisma-statement.org/>
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inactivated); host species (“0” cattle, “1” bison, “2” sheep, “3” goat,
“4” deer, or “5” water buffalo); use of adjuvant (“1” yes, or “2” no);
challenge Brucella species (“0”B. abortus, “1” B. melitensis, or “2” B.
ovis); and rout of challenge (“0” conjunctival, “1” conjunctival and
prepucial, “2” subcutaneous, or “3” intravenous).

The index of protected animals was obtained from the immunized
and non immunized experimental groups from each article, which
were named “protected vaccinated” and “protected control”,
respectively. Risk values were estimated based on the number of
protected animals divided by the total number of animals in each
experimental group. Risk difference was calculated subtracting the
risk value of the vaccinated group from the risk value of the control
group from each individual experiment. Risk difference varies
from -1 to 1. Therefore, risk difference was calculated according to
the following formula:

Risk difference (RD) = (number of protected vaccinated animals/
total number of vaccinated animals) - (number of protected non
vaccinated animals/total number of non vaccinated animals)

A linear regression analysis was performed using the year of
publication and risk difference as variables. Furthermore, the influence
of each parameter (vaccine category, host species, and parameters
related to immunization and challenge) on the value of risk.

Statistical analysis. A bivariate meta-regression analysis
was performed using vaccine category as the dependent variable.
Independent variables included: host species, vaccination route, use
of adjuvant, number of doses, challenge route, and Brucella species
used for challenge. Selection of variables for the multivariate meta-
regression analysis was based on a p value lower than 0.05 on the
bivariate meta-regression. The Stata software (Statacorp, Texas, USA)
was used for these analysis.

RESULTS

Literature search and study characteristics

This study included 45 articles with 116 individual
experiments. Criteria for literature search and inclusion of
articles are detailed on Figure 1.

Vaccine protection of natural hosts over the past decades

A correlation analysis between the year of publication of
the experimental study and risk differences demonstrated
that there was no statistically significant improvement of
protection (p>0.05) according to the risk differences over the
past 36 years (Fig.2). Interestingly, there was a tendency for
decreasing protection provided by experimental vaccines from
1980 to 2000, whereas protection induced by experimental
vaccines as indicated by risk difference tended to improve
from 2000 to 2016 (Fig.2).

Figure 3 demonstrates trend lines for each individual
experimental vaccine type, namely attenuated, mutant,
subunit, vectored, and inactivated vaccines.

Meta-analysis estimations

Preliminarily, a bivariate meta-regression analysis was
performed considering each of the variables controlled by
vaccine category. Dependent variables included host species,
route of vaccination, use of adjuvant, Brucella species, and
route of challenge. From 1990 to 2000, considering attenuated
vaccines as reference with a difference of risk of 0.4349,
subunit vaccines were significantly less protective with a
difference of risk of 0.0258 (p<0.05), whereas difference of
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risk values for mutant and inactivated vaccines (0.3673 and
0.2401, respectively) were statistically similar (p>0.05) to the
difference of risk provided by naturally attenuated vaccine
strains (Table 1). For meta-regression analysis of challenge
route the conjunctival route was considered as reference
with a difference of risk of 0.5770, which was significantly
higher than the subcutaneous route (p<0.05), which had a
difference of risk equal to zero (Table 1).

Records identified through Additional records identified
database searching through other sources
(n=215) (n=0)

Records after duplicates removed
(n=194)

Records excluded based on
title and abstract review
(n=73)

Records screened
(n=194)

l

Full-text articles assessed Full-text articles excluded, with

for eligibility reasons (n = 76)
(n=121) . Protection data displayed
only as fitures (n = 2).
l . Post vaccinal protection

assay was not done (n = 70).

Studies included in . Inadequate data due to

qualitative synthesis number of experimental animals
(n=45) (n=4).

I

Studies included in
quantitative synthesis
(meta-analysis)
(n=45)

I

Fig.1. Flow chart describing the selection of articles from databases
(Pubmed and Scopus) for inclusion in the meta-analysis, according
to PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses Criteria).
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Fig.2. Linear regression analysis of risk of protection over time for
different vaccines (attenuated, mutant, subunit, vectored, and
inactivated) against Brucella spp. in their natural hosts. This
analysis included 116 individual experiments with attenuated
vaccines (n=62), mutant vaccine strains (n=23), subunit vaccines
(n=17), vectored vaccines (n=9), and inactivated vaccines (n=5)
(r=34.31,r2=11.77, p=0.159).
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Protection provided by two immunizations (difference of
risk = 0.5613) was statistically similar (p>0.05) to a single
immunization (difference of risk = 0.4533) (Table 1). There
were no statistically significant differences between host species,

D ® Subunit
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which included bison, sheep, goats, deer, and cattle (Table 1).
Challenge with B. melitensis or B. ovis resulted in differences of
risk of 0.2246 and 0.6269, respectively, which were statistically
similar to the difference of risk after challenge with B. abortus.
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Fig.3. Linear regression analysis of risk of protection over time for each vaccine category against Brucella spp. in their natural hosts. (A)
Naturally attenuated strains (n=62), (B) inactivated vaccine (n=5), (C) mutant vaccine strains (n=23), (D) subunit vaccines (n=17),
and (E) vectored vaccines (n=9). Each data point represents one individual experiment with a solid trend line.
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In the case of vaccination route, considering the occurrence
of more than one route per experimental group, this variable
was dichotomized prior to the analysis (Table 2).

Considering the period 0f 2000 to 2016 (Table 3), naturally
attenuated vaccine strains with a difference of risk of 0.6320
performed significantly better that subunit vaccines (difference
of risk = 0.169; p<0.001). Interestingly, the difference of risk
provided by inactivated vaccines (1.005) was significantly
higher than that provided by naturally attenuated vaccine
strains (p<0.05) (Table 3).

Regarding the host species, considering cattle as the reference
(difference of risk = 0.6320), bison, sheep, goat and water
buffalos had differences of risk that were statistically similar.
In contrast, deer had a statistically significant lower difference
of risk (0.0701) when compared to cattle (p<0.0001) (Table 3).

As pointed out above, since there were more than one
vaccination route in a given experimental group, this variable
was dichotomized prior to analysis. Both the intramuscular and
oral vaccination routes were significantly protective (Table 4).

Two or three vaccine doses resulted in difference of risk
values (0.4787 and 0.3965, respectively) that were statistically
similar to the difference of risk provided by a single vaccine
dose (Table 3). The use of adjuvant did not have any statistically
significant effect (Table 3).

Considering B. abortus as the reference challenge species
(difference of risk = 0.4969), B. melitensis and B. ovis resulted
in higher differences of risk (0.6777 and 0.7041, respectively)
when compared to B. abortus (p<0.05).

The subcutaneous route of challenge resulted in a
significantly higher difference of risk (0.89) when compared
to the conjunctival route (difference of risk = 0.5298), which
was considered the reference (p=0.01).

Multivariate meta-regression

The results of the bivariate meta-regression analysis were
employed to select variables to be included in the multivariate
meta-regression model. Therefore, the multivariate meta-

Table 1. Bivariate meta-regression analysis of variable that influenced difference of risk provided by brucellosis
experimental vaccines from 1990 to 2000

Confidence intervals

Variable Coefficient* P value — —
Lower limit Upper limit
Vaccine category - Reference: naturally attenuated - p<0.001
Mutant -0.3673 0.912 -0.7119 0.6384
Subunit -0.4091 0.044** -0.8056 -0.0126
Inactivated -0.2401 0.411 -0.8273 0.3471
Constant 0.4349 <0.001 0.2619 0.6079
Number of doses - Reference: single vaccination - p<0.001
Two doses 0.1080 0.640 -0.3571 0.5732
Constant 0.4533 <0.001 0.3055 0.6011
Host species - Reference cattle - p<0.001
Bison 0.2309 0.405 -0.3278 0.7897
Sheep 0.1292 0.427 -0.1983 0.4569
Goats -0.0513 0.860 -0.6413 0.5386
Deer -0.1287 0.750 -0.9457 0.6884
Constant 0.4143 <0.001 0.2133 0.6154
Challenge species - Reference: Brucella abortus - p<0.001
B. melitensis -0.2103 0.346 -0.6585 0.2379
B. ovis 0.1920 0.221 -0.1217 0.5058
Constant 0.4349 <0.001 0.2619 0.6079
Challenge route - Reference: conjunctival - p<0.001
Conjunctival and prepucial -0.3174 0.101 -0.7007 0.0659
Subcutaneous -0.6162 0.007** -1.053 -0.1794
Intravenous -0.5769 0.058 -1.1738 0.0199
Constant 0.5770 <0.001 0.4380 0.7158

* Positive regression coefficients indicate that the variable have better protection than the reference when statistically significant. Negative coefficients

indicate the opposite; ** statistically significant differences (p<0.05).

Table 2. Dichotomized meta-regression analysis of the influenced route of vaccination on the difference of risk provided by
brucellosis experimental vaccines from 1990 to 2000

Confidence intervals

Vaccination route Coefficient* P value — —
Lower limit Upper limit
Subcutaneous 0.1478 0.525 -0.3204 0.6160
Constant 0.3311 0.139 -0.1133 0.7755
Intramuscular -0.1846 0.636 -0.9701 0.6008
Constant 0.4703 <0.001 0.3278 0.6129
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regression model included experiments published from
2000 to 2016, when there was a larger number of significant
variables according to the bivariate meta-regression. The
multivariate meta-regression model included the following
vaccine categories: naturally attenuated vaccine strains,
mutant vaccine strains, subunit vaccines, vectored vaccines,

Table 3. Bivariate meta-regression analysis of variable that influenced difference of risk provided by brucellosis
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experimental vaccines from 1990 to 2000

609

and inactivated vaccines, considering the difference of risk as
the dependent variable and the other variables (vaccination
route and challenge route) as independent variables (Table 5).

Subunit vaccines provided lower protection when
compared to naturally attenuated vaccines (p=0.002), which
was considered the reference. Conversely, inactivated vaccines

Confidence interval

Variable Coefficient* P value — —
Lower limit Upper limit
Vaccine category - Reference: naturally attenuated - p<0.001
Mutant 0.0076 0.922 -0.1481 0.1634
Subunit -0.4630 <0.001** -0.6678 -0.2583
Vectored 0.0616 0.588 -0.1645 0.2878
Inactivated 0.3733 0.029** 0.0390 0.7076
Constant 0.6320 <0.001 0.4714 0.7927
Host species Reference: cattle - p<0.001
Bison -0.1324 0.314 -0.3927 0.1278
Sheep 0.6390 0.474 -0.1131 0.2409
Goat 0.0017 0.989 -0.2452 0.2487
Deer -0.5619 0.001** -0.8286 -0.2951
Water buffalo 0.2909 0.148 -0.1058 0.6876
Constant 0.6320 <0.001 0.4714 0.7927
Number of doses - Reference: single vaccination - p<0.001
Two doses -0.1310 0.293 -0.3775 0.1155
Three doses 0.2132 0.410 -0.2995 0.7259
Constant 0.6097 <0.001 0.4980 0.7215
Adjuvant - Reference: without adjuvant - p<0.001
With adjuvant 0.0818 0.562 -0.1983 0.3618
Constant 0.5978 <0.001 0.4871 0.7086
Challenge species - Reference: Brucella abortus - p<0.001
B. melitensis 0.1808 0.039** 0.0091 0.3527
B. ovis 0.2072 0.055 -0.0043 0.4188
Constant 0.4969 <0.001 0.3592 0.6346
Challenge route - Reference: conjunctival - p<0.001
Conjunctival and prepucial 0.1274 0.199 -0.0688 0.3235
Subcutaneous 0.3602 0.010** 0.0893 0.6312
Constant 0.5298 <0.001 0.4094 0.6501

* Positive regression coefficients indicate that the variable has better protection than the reference when statistically significant. Negative coefficients

indicate the opposite; ** statistically significant differences (p<0.05).

Table 4. Dichotomized meta-regression analysis of the influenced route of vaccination on the difference of risk provided by
brucellosis experimental vaccines from 1990 to 2000

Confidence intervals

Vaccination route Coefficient* P value — —
Lower limit Upper limit
Subcutaneous 0.0995 0.224 -0.0623 0.2614
Constant 0.5281 <0.001 0.3699 0.6862
Conjunctival 0.2011 0.054 -0.0039 0.4060
Constant 0.5732 <0.001 0.4618 0.6847
Intramuscular -0.2916 0.009* -0.5095 -0.0737
Constant 0.6488 <0.001 0.5373 0.7603
Oral -0.5136 0.025** -0.9618 -0.0654
Constant 0.5994 - 0.4929 0.7059
Intradermic 0.0022 0.995 -0.7494 0.7538
Constant 0.5978 <0.001 0.4870 0.7086
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provided significantly better protection as indicated by the
difference of risk when compared to the reference (p=0.007).

Regarding the vaccination routes, the subcutaneous
route provided better protection than intramuscular and
oral routes (p<0.05).

Experimental vaccines resulted in better protection when
the challenge was performed by the subcutaneous route
when compared to the conjunctival route (p=0.016), which
was considered the reference.

DISCUSSION

Brucellosis is one of the most important zoonotic diseases
worldwide. Importantly, the incidence of human brucellosis
is strongly related to the prevalence in domestic animals
(Gomez et al. 2013). Currently, vaccination is the most
important tool for controlling infection and disease in animals,
although vaccination alone is not sufficient for eradication
of brucellosis (Corbel 2006, Grégoire etal. 2012). Therefore,
there is still an enormous research effort for developing better
and safer vaccines against Brucella (Saez et al. 2012, Curina
et al. 2018, Paul et al. 2018). In this study we performed a
meta-analysis that included a large series of experiments
assessing protection against Brucella spp. in their natural host
species. Meta-analyses of studies on the natural host is quite
challenging since it requires comparisons among different host
species, diagnostic methods, and parameters of protection,
such as prevention of abortion, decrease of bacterial loads
in tissues, prevention of lesions, among other parameters. In
contrast, in the mouse model, in spite of variable experimental
designs, the outcome is the same, which is protection index
calculated based on the differences of bacterial loads in the
spleen of vaccinated and non vaccinated mice (Carvalho et
al. 2016). Therefore, our study was based on risk difference,
which allowed comparison of original studies that employed
different diagnostic methods to measure different outcomes
of infection. This approach allowed us to compare traditional
vaccines, including commercially available vaccine strains, with
several different experimental vaccine protocols. A correlation
analysis of year of publication and vaccine protection as

predicted by the difference of risk indicated that protection
provided by different types of experimental vaccines has
remained stable over the past almost four decades. This finding
is similar to our previous study in which a temporal analysis
of protection induced by experimental Brucella vaccines in
mice indicating stable protection indexes over the past three
decades (Carvalho et al. 2016). Therefore, additional research
efforts are needed for the development of the ideal Brucella
vaccine, which may prevent infection and disease without
adverse effects due to residual pathogenic potential for animal
and humans (Dorneles et al. 2015, Xie et al. 2018).

To the best of our knowledge this is the first meta-analysis
study of Brucella vaccinology in natural hosts. Our previous
meta-analysis study was based on the mouse model (Carvalho
etal. 2016), which is highly relevant since the mouse has been
extensively used as a model for studies on pathogenesis, immune
response and vaccine protection (Baldwin & Parent 2002,
Silva et al. 2011a). Furthermore, the mouse is a convenient
and inexpensive experimental model (Perkins et al. 2010).
However, in spite of intensive Brucella vaccine research in
this model, itis not clear how efficient is the mouse to predict
protection in the different natural host species (Dorneles et
al. 2015). For instance, in our experience an experimental
vaccine with only moderate protection in the mouse (Silva et
al. 2015b) induced sterile immunity in the natural host (Silva
etal. 2015a). Experimental assessment of vaccine efficacy in
natural hosts is therefore preferable, but experiments with
pregnant cows for example are extremely expensive and
require large animal biosafety level 3 facilities (Dorneles et al.
2015). In spite of these limitations, experimental assessment
of vaccine protection is well established and highly relevant
(Olsen etal. 1999, Poester et al. 2006). However, experimental
assessment of vaccines in natural hosts may be influenced by
several factors that do not affect the mouse model, including
nutritional and immunological status, age, and environmental
stress (Olsen et al. 2015).

Surprisingly, in spite of the dogma in the field of Brucella
vaccinology that live attenuated vaccines are required for
appropriate levels of protection, this study demonstrated
that experimental vaccine formulations based on inactivated

Table 5. Multivariate meta-regression analysis of variables influencing the difference of risk provided by experimental
brucellosis vaccines in natural hosts from 2000 to 2016

Confidence interval

Variable Coefficient* Standard error P value — —
Upper limit Lower limit
Vaccine category - Reference: naturally attenuated - p<0.001
Mutant 0.0839 0.0905 0.357 -0.0968 0.2646
Subunit -0.3979 0.1206 0.002** -0.6387 -0.1572
Vectored -0.1885 0.1446 0.197 -0.4772 0.1001
Inactivated 0.4742 0.1714 0.007** 0.1319 0.8164
Vaccination route - Reference: subcutaneous - p<0.001
Intramuscular -0.2232 0.1064 0.040** -0.4356 -0.0106
Oral -0.4547 0.2138 0.037** -0.8817 -0.0277
Challenge route - Reference: conjunctival - p<0.001
Conjunctival and prepucial 0.0666 0.093 0.477 -0.1191 0.2524
Subcutaneous 0.3139 0.1274 0.016** 0.0595 0.5682
Constant 0.5861 0.0607 <0.001 0.4650 0.7073

* Positive regression coefficients indicate that the variable has better protection than the reference when statistically significant. Negative coefficients

indicate the opposite; ** statistically significant differences (p<0.05).
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Brucella provided significantly higher protection as evidenced
by their difference of risk when compared to naturally
attenuated vaccine strains. A possible drawback of these
inactivated vaccine formulations is long term immunity, which
may justify the fact that the broadly used Brucella vaccines
are live attenuated strains including B. abortus S19, B. abortus
RB51, and B. melitensis Rev.1 (Cheville et al. 1993, Olsen &
Stoffregen 2005, Corbel 2006). These strains promote good
levels of long lasting protection and they are associated with
a cellular immune response (Seder & Hill 2000, Titball 2008),
which is required for controlling Brucella infection (Baldwin
& Goenka 2006). Therefore, our meta-analysis data must be
interpreted with caution since it does not assess long term
immunity as most studies included in this analysis evaluated
short term protection.

Together, the studies on inactivated vaccines included
in this meta-analysis indicate that inactivated vaccines are
capable of reducing incidence of infection in maternal and
fetal tissues as well as preventing abortion in pregnant
females. Olsen etal. (2015) demonstrated that an inactivated
Brucella vaccine provided superior protection when two
doses were administered with one year interval, resulting
in reduction of the number of abortions when compared to
non vaccinated bison or those vaccinated with a single dose.
Development of inactivated Brucella vaccines are promising
since in spite of good levels of protection, live attenuated
vaccines retain virulence and are capable of causing abortion
in vaccinated pregnant females. Live attenuated vaccines
also often interfere with routinely used serologic tests.
Furthermore, the Rev.1 vaccine strain is not allowed in areas
free of B. melitensis (Cheville et al. 1992, Schurig et al. 2002,
Vemulapalli et al. 2002, Dorneles et al. 2015). Furthermore,
live attenuated strains are not applicable to humans since
they have residual virulence, and can potentially cause human
infection and disease (Waag et al. 2002, Rockx-Brouwer et
al. 2012). Conversely, inactivated vaccines have desirable
features for an ideal vaccine since it does not cause disease
or infection in vaccinated animals, preventing any possibility
of vaccine-induced abortion (Schurig et al. 1995, Ko & Splitter
2003). Avaccine is considered effective when it is capable of
preventing development of the disease or minimizes risk of
infection in vaccinated animals (Grill6 etal. 2009). Therefore,
the difference of risk is related to protection evidenced by
reduction in abortion rates, generation of weak newborns,
and decrease in bacterial loads in vaccinated animals (Elzer
etal. 1998, Nol et al. 2016).

This study also demonstrated that subunit vaccines are
less protective than naturally attenuated vaccine strains.
Development of protective Brucella subunit vaccines is very
challenging due to the difficulty to identify immunogenic and
protective antigens, and the low probability of induction of
protective immunity dependent on a single antigen (Titball
2008, Plotkin 2010, Yang et al. 2013). Subunit vaccines have
also proven less protective in the mouse model (Carvalho
et al. 2016), although some individual studies resulted in
promising results, which may not correlate with protection
in natural hosts (Dorneles et al. 2015).

Routes of vaccination and challenge influenced protection
in natural host species under experimental conditions.
This study demonstrated that the subcutaneous route of
vaccination provides better results, which is in good agreement

with previous reports (Marin et al. 1990, Todd et al. 2013,
Carvalho etal. 2016). Importantly, the subcutaneous route is
recommended for commercially available Brucella vaccines
including S19, RB51, and Rev.1 (Beckett & Macdiarmid 1985,
Xie et al. 2018).

CONCLUSION

Spite of new technologies for vaccine development, additional
studies are needed to improve Brucella vaccine development
since protection remained stable over the past decades.
Interestingly, inactivated vaccine formulations demonstrated
better protection, suggesting that this approach should be
considered for future studies in the field of Brucella vaccinology.
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