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Abstract: Campylobacter jejuni infection linked to the consumption of contaminated poultry products
is one of the leading causes of human enteric illness worldwide. Vaccination of chickens is one
of the potential strategies that could be used to control C. jejuni colonization. To date, various
C. jejuni vaccines using potential antigens have been evaluated, but a challenge in identifying the
most effective formulation is the wide variability in vaccine efficacies reported. A systematic review
was undertaken to compare C. jejuni vaccine studies. Based upon specific selection criteria eligible
papers were identified and included in the analysis. Vaccine efficacy reported from different C. jejuni
antigens, vaccine types, and vaccination regimens reported in these papers were reviewed. Our
analysis shows that total outer membrane proteins and cysteine ABC transporter substrate-binding
protein were among the most efficacious vaccine antigen candidates reported. This review also
highlights the importance of the need for increased consistency in the way C. jejuni vaccine studies in
poultry are designed and reported in order to be able to undertake a robust comparison of C. jejuni

vaccine candidates.
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1. Introduction

Campylobacter jejuni is considered an important zoonotic pathogen causing enteric
illness in humans globally [1-3]. Outbreaks are commonly linked to the consumption of
contaminated poultry products [4-6]. Poultry is considered a reservoir host of C. jejuni
because this pathogen commensally colonizes the intestines where it can be present in
large bacterial loads [7]. Based on quantitative risk assessment and regression models in
previous studies, a low C. jejuni prevalence (a percentage/proportion of colonized chickens
in a flock) between chicken flocks or a 1 to 2 log10 reduction of C. jejuni loads in broiler
intestines could lead to a decrease in public health risk [8-10]. Thus, both the reduction
in C. jejuni concentration and prevention of campylobacter colonization of chickens on
farms are the most effective approaches to reduce the risk of campylobacter contamina-
tion of chicken meat [9]. To date, researchers have endeavored to develop and evaluate
several interventions in primary broiler production including biosecurity monitoring [11],
use of feed additives [12-14], drinking water sanitation [15], use of bacteriophage [16],
probiotics [17,18], and bacteriocins [19]. Although some of these interventions have led
to significant reductions in C. jejuni loads in the intestines of chickens, none of them have
eliminated or prevented C. jejuni colonization of poultry.

Vaccination has been considered a potentially effective intervention for controlling
C. jejuni colonization of chickens. In recent decades, C. jejuni has been extensively studied,
with various prototype vaccines containing potential C. jejuni antigens being evaluated [20-30].
While these studies have typically reported that the prototype vaccines have elicited strong
immunogen specific immune responses, they have concurrently reported variable outcomes
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with respect to vaccine efficacy. Typically, these vaccine efficacies would be insufficient
in reducing C. jejuni concentration in gut samples and/or preventing colonization. As
a consequence, vaccines to prevent C. jejuni colonization of chickens are yet to become
commercially available.

This review aimed to summarize published studies on vaccines to prevent C. jejuni
colonization in chickens using a systematic review approach and identify vaccine antigens
most suitable for further development.

2. Materials and Methods

A systemic review was carried out according to the guidelines of the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyzes (PRISMA) [31]. The following
research questions were considered in this review.

Key research questions:

1. What antigens have been identified for use in potential vaccine candidates to
prevent C. jejuni colonization in chickens?

2. What are the most efficacious C. jejuni vaccine candidates in chickens identified?

2.1. Search Strategy (Literature Search Strategies/Identifying Data Source)
2.1.1. Databases Searched

Three electronic databases, PubMed Central, Scopus, and Elsevier ScienceDirect, were
searched to identify relevant studies for this review.

2.1.2. Keywords Used in the Search

The search was performed on January 4, 2021, using the following terms: “Campy-
lobacter” AND “Vaccine” AND “Chicken” (Table 1). All research articles were restricted to
English language only, all fields, and were previously published until 2020 (31 December).

Table 1. The algorithm of systematic search terminology.

Database

Term Search Outcome

PubMed Central

“Campylobacter”[All Fields] AND “Vaccine”[All Fields] AND “Chicken”[All Fields] AND
(“1970/01/01”[PDat]: “2020/12/31”[PDat])

Elsevier ScienceDirect

“Campylobacter” AND “Vaccine” AND “Chicken”

Scopus

TITLE-ABS-KEY (“Campylobacter” AND “Vaccine” AND “Chicken”) AND (LIMIT-TO
(PUBYEAR, 2020) OR LIMIT-TO (PUBYEAR, 2019) OR LIMIT-TO (PUBYEAR, 2018) OR
LIMIT-TO (PUBYEAR, 2017) OR LIMIT-TO (PUBYEAR, 2016) OR LIMIT-TO (PUBYEAR, 2015)
OR LIMIT-TO (PUBYEAR, 2014) OR LIMIT-TO (PUBYEAR, 2013) OR LIMIT-TO (PUBYEAR,
2012) OR LIMIT-TO (PUBYEAR, 2010) OR LIMIT-TO (PUBYEAR, 2009) OR LIMIT-TO
(PUBYEAR, 2008) OR LIMIT-TO (PUBYEAR, 2007) OR LIMIT-TO (PUBYEAR, 2006) OR
LIMIT-TO (PUBYEAR, 2005) OR LIMIT-TO (PUBYEAR, 2004) OR LIMIT-TO (PUBYEAR, 2003)
OR LIMIT-TO (PUBYEAR, 2002) OR LIMIT-TO (PUBYEAR, 2001) OR LIMIT-TO (PUBYEAR,
2000) OR LIMIT-TO (PUBYEAR, 1999) OR LIMIT-TO (PUBYEAR, 1998) OR LIMIT-TO
(PUBYEAR, 1997) OR LIMIT-TO (PUBYEAR, 1996) OR LIMIT-TO (PUBYEAR, 1995) OR
LIMIT-TO (PUBYEAR, 1994) OR LIMIT-TO (PUBYEAR, 1993) OR LIMIT-TO (PUBYEAR, 1992)
OR LIMIT-TO (PUBYEAR, 1991) OR LIMIT-TO (PUBYEAR, 1990) OR LIMIT-TO (PUBYEAR,
1989) OR LIMIT-TO (PUBYEAR, 1988) OR LIMIT-TO (PUBYEAR, 1987) OR LIMIT-TO
(PUBYEAR, 1986) OR LIMIT-TO (PUBYEAR, 1985) OR LIMIT-TO (PUBYEAR, 1984) OR
LIMIT-TO (PUBYEAR, 1983) OR LIMIT-TO (PUBYEAR, 1982) OR LIMIT-TO (PUBYEAR, 1981)
OR LIMIT-TO (PUBYEAR, 1980) OR LIMIT-TO (PUBYEAR, 1979) OR LIMIT-TO (PUBYEAR,
1978) OR LIMIT-TO (PUBYEAR, 1977) OR LIMIT-TO (PUBYEAR, 1976) OR LIMIT-TO
(PUBYEAR, 1975) OR LIMIT-TO (PUBYEAR, 1974) OR LIMIT-TO (PUBYEAR, 1973) OR
LIMIT-TO (PUBYEAR, 1972) OR LIMIT-TO (PUBYEAR, 1971) OR LIMIT-TO (PUBYEAR, 1970))

2.2. Selection Criteria

Eligibility of studies for inclusion in this review was determined using a two-step
process (primary and secondary inclusion/exclusion criteria) (Table 2).
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Table 2. Inclusion and exclusion criteria in this study.

Process Inclusion Criteria Exclusion Criteria
Primary:
1. Vaccine studies conducted in chickens
2. Primary research studies containing vaccinated Primary:
and unvaccinated groups ! 1. Review articles and guidelines
3. Information of vaccines and vaccination protocols 2. Non-vaccine studies, non-challenge studies, or
provided (vaccine formulas, antigen candidate, in vitro studies
Screening vaccine dosage, number of vaccination, route of 3. Non-chicken model studies
vaccine administration, age of chickens or 4. Non-Campylobacter vaccine studies

embryonic eggs when vaccination, challenge strain, 5. Non-English language

age of chickens at the challenge, sample size, and 6. No author name provided

chicken breed) 7. Unable to access the full text of papers

4. Evaluation and data of vaccine efficacy provided

5. English language

1. Vaccine studies conducted in broiler chickens
2. Studies described the levels of C. jejuni loads in
Eligibility cecal contents (log10 CFU/gram or CFU/gram)
and/or numbers of the individual (colonized 2 and
non-colonized 3) broiler chickens after vaccinations

Secondary:
1. Vaccines conducted in layer chickens
2. Co-administration studies other than vaccine studies
2. Studies evaluated immune response alone without an
effect of C. jejuni colonization after challenge
3. Studies evaluated the adjuvant efficacy alone or
non-C. jejuni antigens
4. Studies evaluated vaccine efficacy using samples
other than ceca (i.e., ileum and cloaca)

5. Studies conducted in some challenged chickens after
vaccination (defined as a seeder-bird
colonization model)

6. Studies that were unable to estimate C. jejuni loads
and/or the number of colonized broilers from figures

Secondary:

and challenge

! The non-vaccinated (control) groups were defined as the groups of chickens that were conducted in the same vaccine regimen, compared
with the vaccinated groups, but administrated with placebo, adjuvants only, parent vectored vaccines, or parent plasmids (without any
inserts); 2 Colonized chickens in this study were defined by detecting or enumerating C. jejuni from cecal samples collected using assays in
the original studies. > Non-colonized chickens were defined when the C. jejuni was unculturable or below the detection level of the assays

in study samples.

Vaccine trials using layers were excluded in this review due to reported differ-
ences in C. jejuni colonization and immune responses between layer and broiler chicken
breeds [32,33] and an expectation of reducing the public health risk [9,34]. If more than
one sample type (i.e., ceca and cloaca) were evaluated in a single study, the result for the
cecal sample was selected for the purposes of this study [30]. In applying this, we have not
differentiated trials using conventional (bacterial culture) and/or molecular techniques
(i.e., gPCR) to determine the colonization status of chickens at the end of vaccination
studies [35,36]. Previous studies reported that both bacterial culture and qPCR methods
had a high correlation (>99%) for enumerating C. jejuni in intestinal samples [22] and
no significant difference in the detection of Campylobacter in chicken faecal samples [37].
Studies where the required details for the vaccine efficacy data were not provided in a
usable format, the author (P.P.) contacted the study corresponding author of the original
articles requesting the missing data via email two times. None of the corresponding authors
responded to these requests.

Defining Vaccine Efficacy for Selecting Eligible Studies for This Review

The effectiveness of various C. jejuni controlling interventions at broiler farms is
commonly evaluated using reduction levels in the prevalence of colonized chickens in
a flock and/or reductions of C. jejuni loads in the broiler intestine at slaughterhouse [9].
Previous studies, EFSA [9] and Rosenquist et al. [34] have reported that a decrease in the
prevalence of C. jejuni between and within broiler flocks could reduce bacterial loads in
carcasses at slaughter and consequently reduce the incidence of human campylobacteriosis.
Moreover, Nauta et al. [10] reported that a 1-2 log reduction in C. jejuni loads in gut
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contents had an impact on the human health risk of campylobacteriosis with a relative
risk reduction by at least 44% based on regression and risk assessment models. Therefore,
articles reporting vaccine efficacy based upon prevalence or proportion of “diseased”
(i.e., colonized) chickens in a flock or group [38] and/or the reduction levels of C. jejuni
colonization in vaccinated and unvaccinated chicken groups after C. jejuni challenge, were
included in this review.

2.3. Data Extraction

All research articles identified from the three databases were entered in Microsoft
Excel datasheets and duplicate studies were removed by one author (P.P.). One author (P.P)
initially inspected the titles and abstracts from the individual articles to select articles for
inclusion in the review. If those titles and abstracts fitted the selection criteria, the full text of
each potential article was further examined for the final determinations of eligible studies.
At this stage, the full text was reviewed to classify the eligible studies and trials based
on the vaccine-controlled efficacy trials described and to extract the relevant information.
Subsequently, another independent reviewer (T.V.) validated the data and results. For
any disagreements, all conflicts were resolved by consensus, and a third author (T.J.M. or
R.A.H.) was asked to confirm whether the articles should be included or excluded. The
final lists of the eligible article were imported to the EndnoteX9 program for storage, and
consolidation (P.P.).

The extracted information of the individual eligible studies included article identifi-
cation (authors and publication year), the title of each article, study type, information of
animal models (poultry species), vaccine types, vaccine regimen (dosages of vaccine and
adjuvants, ages of chickens, antigen candidates, frequency of vaccination, and bacterial
challenge strains), samples collected, isolation test and outcome measurements of vaccine
efficacy between the vaccinated and unvaccinated groups at the end of study. The concen-
tration of C. jejuni loads in cecal contents and/or reduction levels of C. jejuni colonization
reported in text and tabulation and/or estimated from figures provided in the original
papers were included in this review. For multiple trials reported in each paper, each trial
was considered as a separate trial unless the trials using the same vaccine protocols and
evaluation methods. If only one control group was used to compare with more than one
type of vaccine in the same experiment, this control group was used for each comparison.
If two control groups were used in the DNA vaccine study, one control group with the
parent plasmids (no insertion of an antigen of interest) was used as the control group [39].
The extracted information was summarized in Microsoft Excel datasheets.

2.4. Data Analysis

The extracted data were analysed with the aim of conducting a systematic review
and/or meta-analysis. Based on the data extracted using a definition of prevalence detected
in vaccinated broilers, six eligible articles (18 trials) reporting different C. jejuni antigens,
vaccine types, and vaccine protocols were identified. Consequently, it was possible to
undertake a systematic review, but the data were insufficient to conduct a meta-analysis.
The outcomes of individual vaccine trials of the eligible studies were extracted, analysed,
and reported as a percentage (proportion) of colonized broilers and relative risk (RR) with
95% confidence interval (CI). Trials with RR < 1.00 were further analysed with respect to
vaccine efficacy as it indicates that the exposed (vaccinated) group could reduce a ratio
of the risk or possibility of disease (C. jejuni) occurrence, compared to the unexposed
(non-vaccinated) group [40]. While trials with RR is > 1.00 were reported as having no
effect in this review. The efficacy of vaccine was calculated as (1 — RR) and reported as a
percentage [39,41,42]. The R software program (Version 1.3.1056, the R Foundation, Vienna,
Austria) was used for calculating these estimates [43].

Trials demonstrating a log10 reduction of C. jejuni loads between vaccinated and
non-vaccinated broilers and reporting this as a geometric or arithmetic mean or median
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of log10 (CFU/gram) loads of each treatment group were included. Extracted data from
62 trials reported in 16 papers were included for this review.

3. Results
3.1. Search Results

A total of 1556 articles were retrieved from the three electronic databases (PubMed
Central, Scopus, and Elsevier ScienceDirect). Of these, 1488 articles (95.6%) were assessed
using the text of the title and abstract after the removal of duplicates. The selection process
used in the current study is shown in Figure 1.

Articles retrieved
from PubMed Central
(n=1112)

Articles retrieved from
Elsevier ScienceDirect
(n=348)

Articles retrieved from
Scopus (n =96)

Identification

Screening

Eligibility

Duplicate articles
excluded (n =68)

\ 4

\ 4

Titles and Abstracts
screened (n=1488)

Articles excluded (n = 1449)

\ 4

v

Full text assessed for eligibility
(n =39 with 186 trials)

Vaccine trials excluded:

e Prevalence of colonized broilers
focused (n=141)

e Investigation on (. jejuni colonization
focused (n = 124)

\

v

Eligible studies included for systematic review:

e Prevalence of colonized broilers (n = 13 with 45 trials)
e Investigation on . jejuni colonization (n = 16 with 62 trials)

Figure 1. Flow diagram of the selection process to identify articles to be included in the systematic review.

3.1.1. Screening Process

Following the screening of titles and abstracts, 1449 articles were excluded (Figure 1).
Of the excluded articles, 557 were review articles: 122 (Campylobacter biology, pathogenesis,
genes, control and prevention, and vaccines), 95 (human infectious diseases and commu-
nicable disease), 78 (antimicrobials and probiotics), 67 (micro-organism: microbial, virus,
bacteriophages protozoa and parasites), 49 (bacteria other than Campylobacter), 47 (immu-
nity and antigens), 35 (zoonosis, plant-based, and dietary), 21 (foodborne, waterborne, and
food safety), 16 (genetic controls, guidelines of prevention and diagnosis, internal organs,
and toxins), 13 (methods and biotechnologies), seven (birds, turkey, ferret, ruminant, and
rabbit), six (cancers, chicken gastrointestinal tract, poultry management, taxonomy, and
wastewater), and one (no author name provided). A total of 877 primary research studies
did not meet the selection criteria: 538 (non-Campylobacter studies), 237 (Campylobacter
studies but not vaccines), 85 (non-Campylobacter vaccine studies), and 17 (Campylobacter
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vaccines conducted in non-poultry animals, immunogenicity experiments, and unable to
obtain full-text). In addition, 12 and three excluded articles were proceeding abstracts and
non-English language, respectively.

3.1.2. Eligibility

The remaining 39 articles fulfilled the initial selection criteria for further assessing the
full text for eligibility and were published within the search period. From the 37 articles,
186 trials were identified, and these trials involved the evaluation of C. jejuni vaccines
conducted in chickens (layers and broilers). Of the 186 trials, 66 trials conducted in layer
chickens were excluded. Thus, 120 trials conducted in broilers were included for further
review using two different focuses of vaccine efficacy (the prevalence of colonized broilers
and significant log10 reduction levels) reported in text/tabulations of the original papers.

Based on the full-text evaluation using the investigation on the C. jejuni loads in
cecal contents, 58 of 120 vaccine trials in broilers were excluded as they were a seeder
colonization challenge model (n = 22), immunogenicity studies (n = 18), vaccine efficacy
evaluated from ileum and cloaca (1 = 15), trials using co-administration of vaccine and
probiotics (n = 2), vaccine efficacy reported as prevalence (n = 1). Consequently, 62 vaccine
trials fulfilled the selection criteria of this review. A summary of the details of these studies
is shown in Table 3.

Based on the full-text evaluation using the prevalence of colonized chickens, 75 of
120 trials (85.0%) were excluded. The majority of the excluded trials were vaccine trials
using a seeder colonization challenge model (n = 22), followed by data of number of
individual colonized broiler not reported or unable to estimate from figures (n = 18),
immune responses reported (1 = 18), vaccine efficacy evaluated from ileum and cloaca
(n =15; 4 articles) [22,28,44,45], and trials using co-administration of vaccine and probiotics
(n =2;1 article) [46]. The remaining 45 trials (10.1%) from 13 articles fulfilled the selection
criteria and were included in the systematic review.
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Table 3. Summary of Campylobacter jejuni vaccine trials in broilers evaluated based on isolation of Campylobacter jejuni from cecal contents.

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !

. . Bacterial Challenge  Age of Chickens at Reduction in Levels
Trial No Va.ccme Formulat.lons, Strain (Dose (logfo tie End of Study and/or £+ Standard Error of Mean) (Mean log10 Reference
: Antigens, and Regimens CFU)) and Day of (Days) Following Challenge CFU/gram) of
Challenge Vaccinated Broilers Non-Va.ccmated C. Jejuni Colomia-
Broilers tion Reported
Crude cell lysate vaccine
with 125 ug of total outer
membrane proteins (OMP) - i
1 encapsulated with poly C-Jej unCZISS 17365(8'0) 42 6.33 6.7 3 Nlon ilogm(filca?t 04 Annamalai et al. [47]
lactide-co-glycolide and bay 0§ 1 reduction
nanoparticles (OMP-NP),
orally with booster
Crude cell lysate vaccine L L
2 with 125 pg of OMP, orally o %1;1265(8'0) 42 593 6.73 ﬁonizlfnéici‘imnof Annamalai et al. [47]
with booster y 0g1Y reduchio
Crude cell lysate vaccine - 5 ;61176 (5.0) <1.00 (below Significant 5.7 log10
3 with 125 pg of OMPs-NP, J ]a S Dav s 42 dotec tioneh(r’ni b 6.73 & reffuc ti(;ns"g Annamalai et al. [47]
subcutaneously with booster y
Crude cell lysate vaccine L L
4 with 125 ug of OMP, orally € e]au r]:cll 85;173%(8'0) 42 d:tléggcggelliz\i,t) 6.73 Slg?égﬁ?:isilf 810 Annamalai et al. [47]
with booster y
Crude cell lysate vaccine L s
5 with 25 pg of OMP-NP, & o %1;12%(8'0) 4 553 6.73 I\{"“f(’)lgrnilfi‘i‘t;'z Annamalai et al. [47]
subcutaneously with booster y oY reductions
Crude cell lysate vaccine L L
6 with 250 g of OMP-NE, ~ © ]e];‘r’l; %1;12%(8'0) 42 583 6.7 3 I\{"I‘f(’)lgrnilf?tr?'9 Annamalai et al. [47]
orally with booster y g1 reductions
Crude cell lysate vaccine L L
7 with 25 g of OMP, orally ~ _ /411 81-176 (8.0) 42 513 6.73 Non-significant 16 ) ol et al. [47]

with booster

and Day 35

log10 reductions 4
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Table 3. Cont.
Levels of Campylobacter jejuni
. . Colonization (Mean log10 CFU/gram ! L
. . Bacterial Challenge  Age of Chickens at Reduction in Levels
Trial No. A‘r]:’:iccziz F:rf;nlgl:til;r;is Strain (Dose (log10 the End of Study and/orFili%tar}darg}]lE rlrlor of Mean) (Mean log10 Reference
gens, & CFU)) and Day of (Days) otlowing -hallenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFCInated C. Jejuni Colomia-
Broilers tion Reported
Crude cell lysate vaccine S L
8 with 250 g of OMP, orally /9711 81-176 (8.0) 42 573 6.73 Non-significant 10 s ol et al. [47]
: and Day 35 log10 reduction
with booster
10° CFU of L. lactis NZ9000 . 7.22 +0.106 in Significant 0.79 log10
. . 6.43 £ 0.107 in . AP,
strain vectored vaccine Trial#1 Trial#1 reduction in Trial#1
9 expressing C..]e]um . C. jejuni BCH71 (9.0) 35 8.06 - 0.05 in Trial#2 8.53 :I: 0.089 in Slgmflcan't 0.4%7 log10 Gorain et al. [48]
surface-exposed lipoprotein and Day 28 9.078 + 0.052 in Trial#2 reduction in #2
A (JIpA), intragastrically ' Trial #3 9.56 + 0.075 in Significant 0.482
with booster Trial#3 log10 reduction in #3
Subunit vaccine with 50 pg 6.89 + 0.091 in 7.00 + 0.107in Non-significant 0.11
of recombinant JIpA N Trial#1 Irial#l . . 10'g.10 in Trial#1
10 emulsified in Freund’s C. jejuni BCH71 (9.0) 35 7.90 + 0.05 in Trial#2 8.59 +0.069 in Significant 0.6910g10 . ot al. [48]
. - and Day 28 . Trial#2 in Trial#2
incomplete adjuvant, 9.15 4 0.080 in . L
subcutaneously with booster Trial#3 9-64 £ 0.0371n Significant 049 log10
Trial#3 in Trial#3
25 ug of Capsular
polysaccharide conjugated
with diphtheria toxoid of
Corynebacterium diphtheriae C. jejuni 81-176 (7.3) Significant 0.56 log10 .
11 vaccine (CPScon) mixed and Day 28 38 7.55 +0.15 8.11+0.15 reduction 3 Hodgins et al. [49]
with 10 ug of CpG ODN
2007, subcutaneously
with booster
25 pg of CPSconj mixed with S o
12 100 uL of Addavax, C. jejuni 81-176 (7.3) 38 747 +0.14 8.11+0.15 Significant 0.6410g10 g 416 et al. [49]

subcutaneously with booster

and Day 28

redcution ®
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Table 3. Cont.

Vaccine Formulations,

Bacterial Challenge

Age of Chickens at

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !
and/or &+ Standard Error of Mean)

Reduction in Levels

Trial No. ) . Strain (Dose (log10 the End of Study . (Mean log10 Reference
Antigens, and Regimens CFU)) and Day of (Days) Following Challenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFCInated C. Jejuni Colomia-
Broilers tion Reported
25 pg of CPSconj, C. jejuni 81-176 (7.3) Significant 0.73 log10 .
13 subcutaneously with booster and Day 28 38 7.38 +0.15 8.11£0.15 reduction Hodgins et al. [49]
DNA vaccine (prime) with
300 pg of purified DNA of
Campylobacter hemolysin
activation/secretion protein
(YP_001000437.1) cloned into s
pcDNA3 plasmids mixed C. jejuni Slgrnélfllfi?tjbi 10;5110
14 with 50 pig of CpG ODN2007  C97Anses640 (5.0) 4 4414215 8.02 + 1.19 cductions upo Meunier et al. [50]
. . heterologous
and subunit vaccine (boost) and Day 19 hallen
with 100 ug of recombinant chatienge
YP_001000437.1 protein
emulsified with
MONTANIDE™ ISA70 VG,
intramuscularly with booster
DNA vaccine (prime) with
300 pg of purified DNA of
YP_001000437.1 cloned into
pcDNA3 plasmids mixed Non-significant 1.92
with 50 pg of CpG ODN2007 C. jejuni logl0 GenEq/g
15 and subunit vaccine (boost) C97 Anses640 (5.0) 42 ?(“fjn:}‘g: 1/'8()) (5(;1511:11:: 2/'6§ reductions upon Meunier et al. [50]
with 100 ug of recombinant and Day 19 18 178 heterologous
YP_001000437.1 protein challenge

emulsified with
MONTANIDE™ ISA70 VG,
intramuscularly with booster
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Table 3. Cont.

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !

Reduction in Levels

A . Bacterial Challenge Age of Chickens at
TN, SeneTormulatons  Siin useloghy theEndorsugy "o SanddErororbean limiogo  peteene
’ CFU)) and Day of (Days) g Lhallenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFcinated C. jejuni Coloniia-
Broilers tion Reported
DNA vaccine (prime) with
300 pg of purified DNA of
flagellin protein family
(FlgL) cloned into pcDNA3 o Significant 2.03 log10
plasmids mixed with 50 pg C. jejuni reductions upon
16 of CpG ODN2007 and C97Anses640 (5.0) 42 5.99 + 1.48 8.02 +1.19 heterologous Meunier et al. [50]
subunit vaccine (boost) with and Day 19 challeng o
100 ug of recombinant FlgL 8
emulsified with
MONTANIDE™ ISA70 VG,
intramuscularly with booster
DNA vaccine (prime) with
300 pg of purified DNA of
FlgL Flonec.l mnto p.CDNA3 Non-significant 1.06
plasmids mixed with 50 pg C.ieiuni 10210 GenEq/
. of CpG ODN2007 and CoTA 9 610 (5.0 " 439 +2.37 545 + 2.61 59’ enkd’/s Meuni Lo
subunit vaccine (boost) with nses640 (5.0) (GenEq/g) (GenEq/g) reductions upon eunier et al. [50]
100 pg of recombinant FigL and Day 19 heterologous
HE e . & challenge
emulsified with
MONTANIDE™ ISA70 VG,
intramuscularly with booster
DNA vaccine (prime) with
300 pg of purified DNA of
hypothetical protein
(YP99838.1) cloned into L e
pcDNA3 plasmids mixed C. jejuni Sl%zgtf:t?;ioj 12;5110
18 with 50 pg of CpG ODN2007 C97 Anses640 (5.0) 42 5.94 + 1.48 8.02 +1.19 heterolo OES Meunier et al. [50]
and subunit vaccine (boost) and Day 19 &
challenge

with 100 ug of recombinant
YP99838.1 emulsified with

MONTANIDE™ ISA70 VG,
intramuscularly with booster
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Table 3. Cont.

Bacterial Challenge

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !

Age of Chickens at

and/or + Standard Error of Mean)

Reduction in Levels
(Mean log10

Reference

Vaccine Formulations .
i 4 Strain (Dose (log10
Trial No. Antigens, and Regimens CFU))(a nd D(ayg:)f the E1(1]c)1 a(;fs)Study Following Challenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFcinated C. jejuni Coloniia-
Broilers tion Reported
DNA vaccine (prime) with
300 pg of purified DNA of
YP99838.1 cloned into
P cDNA3 plasmids mixed C. jejuni No reduction upon
19 with 50 ug (.)f CPG. ODN2007 C97 Anses640 (5.0) 42 6.83 + 0.91 545+ 2.61 heterologous Meunier et al. [50]
and subunit vaccine (boost) and Dav 19 (GenEq/g) (GenEq/g) challenee
with 100 pg of YP99838.1 y &
emulsified with
MONTANIDE™ ISA70 VG,
intramuscularly with booster
DNA vaccine (prime) with
300 pg of purified DNA of
hypothetical protein
(YP99817.1) cloned into o Significant 4.27 log10
PcDNAS3 plasmids mixed C. jejuni eductions Upon
20 with 50 pg of CpG ODN2007 C97Anses640 (5.0) 42 3.75+1.49 8.02 +1.19 h p Meunier et al. [50]
. . eterologous
and subunit vaccine (boost) and Day 19 challenee
with 100 ug of recombinant &
YP99817.1 emulsified with
MONTANIDE™ ISA70 VG,
intramuscularly with booster
DNA vaccine (prime) with
300 pg of purified DNA of
YP99817.1 cloned into
I')tChDSIBIAg p;aémédggli\)l(;(iw C. jejuni 6.19 +2.16 5.45 + 2.61 No reduction upon
21 wi d bug (')t P boost C97Anses640 (5.0) 42 G E / G E / heterologous Meunier et al. [50]
and subunit vaccine (boost) and Day 19 (GenEq/g) (GenEq/g) challenge

with 100 ug of recombinant
YP99817.1 emulsified with
MONTANIDE™ [SA70 VG,

intramuscularly with booster
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Table 3. Cont.

Bacterial Challenge

Age of Chickens at

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !
and/or &+ Standard Error of Mean)

Reduction in Levels
(Mean log10

Reference

Vaccine Formulations .
Trial No. . L Strain (Dose (log10 the End of Study .
Antigens, and Regimens CFU)) and Day of (Days) Following Challenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFCInated C. Jejuni Colomia-
Broilers tion Reported
DNA vaccine with 300 ug of
purified DNA of YP99817.1 i .
cloned into pcDNA3 C. jejuni No reduction upon
22 . . . C97Anses640 (5.0) 42 7.04 623 heterologous Meunier et al. [50]
plasmids mixed with 50 ug and Dav 19 challenee
of CpG ODN2007, y g
intramuscularly with booster
Subunit vaccine with 100 pg
of recombinant YP99817.1 C. jejuni No reduction upon
23 emulsified with C97Anses640 (5.0) 42 7.87 7.03 heterologous Meunier et al. [50]
MONTANIDE™ ISA70 VG, and Day 19 challenge
intramuscularly with booster
DNA vaccine (prime) with
300 g of purified DNA of Non-significant 2.20
flagellar hook-basal body ) .
; 0g10 reductions
complex protein (FIgE-1) .
. (a wide range of
cloned into pcDNA3 S e .
lasmids mixed with 50 pig C. jejuni individual colonized
24 p C97Anses640 (5.0) 42 583 8.02+1.19 broilers was Meunier et al. [50]
of CpG ODN2007 and .
and Day 19 observed in the work

subunit vaccine (boost) with
100 pg of recombinant FIgE-1
emulsified with
MONTANIDE™ ISA70 VG,
intramuscularly with booster

of Meunier et al.)
upon heterologous
challenge
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Table 3. Cont.

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !

Reduction in Levels

A . Bacterial Challenge Age of Chickens at
TN, eneTomulaton | Siin Dose Gogid i Endorsuay MO SandrdEroraf e G iogto  pfornc
’ CFU)) and Day of (Days) g Lhallenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFcinated C. jejuni Coloniia-
Broilers tion Reported
DNA vaccine (prime) with
300 pg of purified DNA of Non-significant 1.72
flagellar hook-associated log10 reductions
protein (FIgK) cloned into (a wide range of
pcDNAS3 plasmids mixed C. jejuni individual colonized
25 with 50 pg of CpG ODN2007 C97Anses640 (5.0) 42 633 8.02 +£1.19 broilers was Meunier et al. [50]
and subunit vaccine (boost) and Day 19 observed in the work
with 100 ug of recombinant of Meunier et al.)
FlgK emulsified with upon heterologous
MONTANIDE™ ISA70 VG, challenge
intramuscularly with booster
DNA vaccine (prime) with
300 pg of multiple DNA
proteins (a combination of
purified YP_001000437.1,
FlgL, FIgK, FliE-1, YP99§17.1, Non-significant 0.12
and YP99838.1) cloned into .
. ) log10 reduction (No
P cDNAS3 plasmids mixed C. jejuni decrease of C. jejuni
26 with 50 ug of CpG ODN2007 g 0640 (5.0) 42 793 8.02 + 1.19 colonization reported  Meunier et al. [50]
and subunit vaccine (boost) - iy
and Day 19 in the original paper)

with 100 ug of recombinant
multiple proteins
(YP_001000437.1, FlgL, FlgK,
FliE-1, YP99817.1, and
YP99838.1) emulsified with
MONTANIDE™ ISA70 VG,
intramuscularly with booster

upon heterologous
challenge
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Table 3. Cont.

Trial No.

Vaccine Formulations,
Antigens, and Regimens

Bacterial Challenge
Strain (Dose (log10
CFU)) and Day of
Challenge

Age of Chickens at
the End of Study
(Days)

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !
and/or &+ Standard Error of Mean)
Following Challenge

Vaccinated Broilers

Non-Vaccinated
Broilers

Reduction in Levels
(Mean log10
CFU/gram) of
C. jejuni Coloniza-
tion Reported 2

Reference

27

DNA vaccine with 100 ug of
purified DNA of flagellin A
protein (FlaA) cloned into
pcDNA3 plasmid mixed
with 25 ug of CpG ODN2007,
subcutaneously with booster

C. jejuni 81-176 (5.0)
and Day 21

42

7.73
(geometric mean)

7.8 3 (geometric
mean)

Non-significant
0.1 geometric mean
log10 reduction

Meunier et al. [51]

28

DNA vaccine with 100 ug of
purified DNA of FlaA cloned
into pcDNA3 plasmid mixed
with 25 ug of CpG ODN2007,
intramuscularly with booster

C. jejuni 81-176 (5.0)
and Day 21

42

50°
(geometric mean)

5.2 3 (geometric
mean)

Non-significant
0.2 median log10
reductions

Meunier et al. [51]

29

DNA vaccine (prime) with
150 ug of purified DNA of
FlaA into pcDNA3 plasmid
mixed with 25 pg of CpG
ODN2007 and subunit
vaccine (boost) with 100 ng
of recombinant FlaA
emulsified with
MONTANIDE™ ISA70 VG,
intramuscularly with booster

C. jejuni 81-176 (5.0)
and Day 21

42

533
(geometric mean)

5.2 3 (geometric
mean)

No reduction

Meunier et al. [51]

30

Subunit vaccine with 240 pg
of recombinant
Campylobacter adhesion
protein to fibronectin
(CadF)® mixed with
MONTANIDE™ ISA 70 VG,
intramuscularly with booster

C. jejuni F38011 (8.3)
and Day 20

27

6.04 (median)

7.76 (median)

1.71 median log10
reductions °

Neal-McKinney et al.
[25]
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Table 3. Cont.

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !

. . Bacterial Challenge  Age of Chickens at Reduction in Levels
Trial No. AY:’:;C:;IZ Faor:;nlgleatillcr)lr;zs Strain (Dose (log10 the End of Study and/orFili%tar}darg}]lirlrlor of Mean) (Mean log10 Reference
gens, & CFU)) and Day of (Days) otlowing -hallenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFCInated C. Jejuni Colomia-
Broilers tion Reported
Subunit vaccine with 240 pg
recombinant FlaA® mixed . s i pagon (3.3) 3.35 medianlogl0  Neal-McKinney et al
31 with MONTANIDE™ ISA 70— /9 : 27 4.41 (median) 7.76 (median) 20 median fog cal-Mchmney et al.
VG, intramuscularly with and Day 20 reductions [25]
booster
Subunit vaccine with 240 ug
recombinant fibronectin-like
protein A (FlpA)® mixed C. jejuni F38011 (8.3) . . 3.11 median log10 Neal-McKinney et al.
32 with MONTANIDE™ ISA 70 and Day 20 27 4.65 (median) 7.76 (median) reductions ° [25]
VG, intramuscularly with
booster
No effect of
reduction due to the
Subunit vaccine with 240 ug l‘g\;gle (S); r;?fﬁ;;;g;i
recombinant a component of observed by the
33 multldrug efﬂux pump C. jejuni F38011 (8.3) o7 6.39 (median) 7.76 (median) authors from the Neal-McKinney et al.
(CmeC) ® mixed with and Day 20 .. [25]
MONTANIDE™ ISA 70 VG, original paper (even
intramuscularly with booster 1.57 I?Edlan log10
reduction calculated
from the supplement
table provided 5)
Subunit vaccine of 240 ug a
fusion protein of
recombinant L . .
34 CadF-FlaA-FlpA7 mixed C. jejuni F38011 (8.3) o7 4.6 (median) 7.76 (median) 3.16 medllan 105g10 Neal-McKinney et al.
with MONTANIDE™ ISA 70 and Day 20 reductions [25]

VG, intramuscularly
with booster
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Table 3. Cont.

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !

. . Bacterial Challenge  Age of Chickens at Reduction in Levels
Trial No. A‘rﬁicc:;; Faor:';nllileatilr(;r;is Strain (Dose (log10 the End of Study and/orF:I:HStar}darg}]lErlrlor of Mean) (Mean log10 Reference
gens, 8 CFU)) and Day of (Days) oTowing Lhallenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFCInated C. Je]unl Colomia-
Broilers tion Reported
Significant 3.30
median log10
3 . . reductions in Trial#1
10 cehlls of E. coli wzy:.kan 5.7 3 (median) in 9.0 3 (median) in upon heterologous
strain vectored vaccine L . .
35 exoressing C. ieiuni protein C. jejuni 81-176 (6.0) 35 Trial#1 Trial#1 challenge Nothaft et al. [46]
f lgti : I{ (JN_ 1p " and Day 28 7.6 3 (median) in 9.6 3 (median) in Significant 2.00 '
B et b Trial#2 Trial#2 median log10
orally with booster reductions in Trial#2
upon heterologous
challenge
A formalin-killed whole-cell
vaccine with 6.75 x 10 CFU  C. jejuni PD-316 (5.0) 3 3 Non-significant 0.7
36 of bacterins mixed with oil and Day 72 128 6.8 75 log10 reduction 5 Okamura et al. [52]
adjuvants, subcutaneously
A formalin-killed whole-cell
vaccine with 6.75 x 107 CFU
of bacterins mixed with C. jejuni PD-316 (5.0) 3 3 Non-significant 0.8
37 aluminum hydroxide gel and Day 72 128 6.7 75 log10 reduction ° Okamura et al. [52]
adjuvant, subcutaneously
with booster
Subunit vaccine with 40 pg
of recombinant NHC
38 flagellin mixed with 0.4 M C. jejuni 81-116 (5.0) o5 6.83 733 Non-significant 0.5 Radomska et al. [53]

urea, 10 mM Tris pH 9.0, 20%
glycerol, 5 mM sucrose, in
000

and Day 18

log10 reduction
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Table 3. Cont.
Levels of Campylobacter jejuni
. . 1
Vaccine F lati Bacterial Challenge Age of Chickens at Colog;zatlon (Mcelzan dloglO CI;U/gram Reduction in Levels
Trial No. A i.ccme or;nlg atons, Strain (Dose (log10 the End of Study andjor iﬁc’tar} ar }f,rlrlor of Mean) (Mean log10 Reference
ntigens, and Regimens CFU)) and Day of (Days) Following Challenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFCInated C. Jejuni Colomia-
Broilers tion Reported
Subunit vaccine with 20 ug
of recombinant NHC
flagellin mixed with 0.4 M C. jejuni 81-116 (5.0) 3 3 .
39 urea, 10 mM Tris pH 9.0, 20% and Day 18 25 7.3 7.3 No reduction Radomska et al. [53]
glycerol, 5 mM sucrose, in
0v0
107 CFU of Salmonella
Typhimurium (AaroA)
mutant-1 (STM-1) vectored -
40 vaccine expressing cysteine CJj e]au r:lcll zga 11365 (©.0) 49 7.83 8.93 1.1 log10 reductions 3 Saxena et al. [24]
ABC transporter y
substrate-binding protein
(GjaA) on chromosome
107 CFU of STM-1 vectored L
41 vaccine expressing CjaA in CJj e]au Iﬁ; %: 1365 ©.0) 49 753 9.03 1.5 log10 reductions ° Saxena et al. [24]
PMW?2 plasmids y
107 CFU of STM-1 vectored
vaccine expressing -
42 glycoprotein Cj1496 CJj e]a ur?cll 8561 11365(9'0) 49 8.33 8.93 0.6 1og10 reduction ° Saxena et al. [24]
periplasmic protein on y
chromosome
107 CFU of STM-1 vectored
43 vaccine expressing Gj1496  C. jejuni 81-116 (9.0) 49 803 9.03 1.01og10 reduction®  Saxena et al. [24]

periplasmic protein in
PMW?2 plasmids

and Day 35
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Table 3. Cont.
Levels of Campylobacter jejuni
. . 1
Vaccine F lati Bacterial Challenge Age of Chickens at Colog;zatlon (Mcelzan dloglO CI;U/gram Reduction in Levels
Trial No. accine Formulations, Strain (Dose (log10 the End of Study and/or £+ Star} ard Error of Mean) (Mean log10 Reference
Antigens, and Regimens CFU)) and Day of (Days) Following Challenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFCInated C. Jejuni Colomia-
Broilers tion Reported
107 CFU of STM-1 vectored
vaccine expressing .
4 Campylobacter invasion CJj e]a ufcll ?Dla 11365 ©.0) 49 7.73 8.93 1.2 log19 reductions ° Saxena et al. [24]
antigen B (CiaB) on Y
chromosome
107 CFU of STM-1 vectored L
45 vaccine expressing CiaB in CJj e]au r:lcll %;122(9'0) 49 8.63 9.03 0.4 log10 reduction ® Saxena et al. [24]
PMW?2 plasmids y
107 CFU of STM-1 vectored L
46 vaccine expressing CadF on CJ e]a ur?cll 85;11365(9'0) 49 7.83 893 1.1 log10 reductions 5 Saxena et al. [24]
chromosome y
107 CFU of STM-1 vectored L
47 vaccine expressing CadF in < ]e]:g cll ?31;1 1365 ©0) 49 753 9.03 1.5 log10 reductions 5 Saxena et al. [24]
PMW?2 plasmids y
107 CFU of STM-1 vectored
vaccine expressing CjaA, C. jejuni 81-116 (9.0) 3 3 . 5
48 CadF, CiaB, and cj1496 on and Day 35 49 7.0 8.9 1.9 log10 reductions Saxena et al. [24]
chromosome
107 CFU of STM-1 vectored
vaccine expressing CjaA, C. jejuni 81-116 (9.0) 3 3 . 5
49 CadF, CiaB, and cj1496 in and Day 35 49 6.8 9.0 2.2 1og10 reductions Saxena et al. [24]
PMW?2 plasmids
Subunit vaccine with 50 ug
of recombinant hemolysin
co-regulated protein (rHcp)  C. jejuni BCH 71 (8.0) 3 3 Significant 0.5 log10 .
50 mixed with Freund'’s and Day 28 % 6.9 8.9 reduction Singh et al. [54]

incomplete adjuvant, orally
with booster
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Table 3. Cont.

Levels of Campylobacter jejuni

Colonization (Mean log10 CFU/gram !

. . Bacterial Challenge  Age of Chickens at Reduction in Levels
Trial No. AVa’:'ccme For:lnltilat} ons, Strain (Dose (log10 the End of Study and/orFili%tar}darg}]lE rlrlor of Mean) (Mean log10 Reference
ntigens, and Regimens CFU)) and Day of (Days) ollowing Challenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFCInated C. Jejuni Colomia-
Broilers tion Reported
Subunit vaccine with 50 ug
of rHcp entrapped m Significant 1.0 log10
chitosan-Sodium C. iejuni BCH 71 (8.0) duction (
51 tripolyphosphate 74 nd Dav 28 ’ 35 6.53 7.53 rre 11:tc ;O; ?}? Singh et al. [54]
nanoparticles (CS-TPP NPs) a ay i?oinsl a re)
(CS-TPP-rhcp), orally origihal pape
with booster
Significant 2.14 log10
reductions in Trial#1
. . (reported in the
5 Cell lysffe Ry Z;ﬁh 3¢ jejuni 81-176 (7.0) 37 5.7 in Trial#1 7.8 in Trial#1 original paper) ~ Taha-Abdelaziz et al.
Hg Of &1 and Day 15 6.3 3 in Trial42 7.93 in Trial42 Significant 1.92 1og10 [55]
lysates, orally L
reductions in Trial#2
(reported in the
original paper)
Cell lysate vaccine with 21 S oo .
53 ug of C. jejuni cell C. jejuni 81-176 (7.0) 37 693 763 Non—mgmﬁca}nt 0.7 Taha-Abdelaziz et al.
and Day 15 log reduction [55]
lysates, orally
Significant 2.42 log10
reductions
(compared with PBS
as reported in the
Cell lysate vaccine with 4.3 si r(iffli%g;icl 1p ZST? 10
54 ug of C. jejuni cell lysates C. jejuni 81-176 (7.0) 37 553 7.93 & ro ducti'ons & Taha-Abdelaziz et al.
combined with 5 ug of and Day 15 ’ 6.93 [55]

E-CpG, orally

(compared with
E-CpG alone) in this
review as it was
presented in the
figure of the
original paper
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Table 3. Cont.

Trial No.

Vaccine Formulations,
Antigens, and Regimens

Bacterial Challenge
Strain (Dose (log10
CFU)) and Day of
Challenge

Age of Chickens at
the End of Study
(Days)

Levels of Campylobacter jejuni
Colonization (Mean log10 CFU/gram !
and/or &+ Standard Error of Mean)
Following Challenge

Vaccinated Broilers

Non-Vaccinated
Broilers

Reduction in Levels
(Mean log10
CFU/gram) of
C. jejuni Coloniza-
tion Reported 2

Reference

55

Subunit vaccine with 0.2 mg
of recombinant DNA
binding protein for biofilm
formation (Dps) mixed with
Freund’s complete adjuvant,
subcutaneously
with boosters

C. jejuni NCTC 11168

(5.0) and Day 34

44

8.12
(geometric mean)

7.96
(geometric mean)

No reduction

Theoret et al. [56]

56

Bacterial density (O.D.600 =
10.0, 0.50 mL) of Salmonella
Typhimurium strain x9088
vectored vaccine (OD600,
0.5 mL) expressing Dps,
orally with boosters

C. jejuni NCTC 11168

(5.0) and Day 34

36

3.72
(geometric mean)

6.2 (geometric mean)

Significant 2.48
(geometric mean)
log10 reductions

Theoret et al. [56]

57

2 x 100 CFU of Lactobacillus
lactis NZ3900 vectored
vaccine expressing cysteine
ABC transporter
substrate-binding protein
(GjaA) fused to heat-labile
enterotoxin B subunit (LTB)
of E. coli (CjaA-LT-B), orally
with boosters

C. jejuni NCTC 11168

(6.2) and Day 33

42

6.83

5.83

No reduction

Wang et al. [57]

58

2 x 101 CFU of Lactobacillus
lactis NZ3900 vectored
vaccine expressing CjaA,
orally with boosters

C. jejuni NCTC 11168

(6.2) and Day 33

42

6.03

583

No reduction

Wang et al. [57]
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Table 3. Cont.
Levels of Campylobacter jejuni
. . Colonization (Mean log10 CFU/gram ! L
. . Bacterial Challenge  Age of Chickens at Reduction in Levels
Trial No. AV&J:'ccme For:lnltilat.l ons, Strain (Dose (log10 the End of Study and/orF:I:HStar}darg}]lE rlrlor of Mean) (Mean log10 Reference
ntigens, and Regimens CFU)) and Day of (Days) ollowing Challenge CFU/gram) of
Challenge Vaccinated Broilers Non-VaFCInated C. Jejuni Colonlia-
Broilers tion Reported
Avirulent Salmonella Significant 6.0 log10
Typhimurium %3987 strain C. jejuni labeled with <3.00 (below reductions (reported
59 vectored vaccine (108 cells) pUOA18 (8.3) and 40 L e o 9.13 in the original paper) ~Wyszynska et al. [26]
. . detection limit)
expressing CjaA, orally Day 28 upon heterologous
with boosters challenge
108 CFU of Salmonella
Enteritidis (SE) vectored
vaccine expressing Omp18
protein (Cj0013), L . i
60 peptidoglycan associated ~ C-j¢/un field strain 43 7.14 £ 0.29 7.70 £ 0.29 Non-significant 0.56 Yang et al. [58]
. : (6.8) and Day 7 log10 reduction
lipoprotein of Salmonella
(PAL of Salmonella), and high
mobility group box 1 protein
(HMGB1), orally
108 CFU of SE vectored onifi
vaccine expressing HMGB1,  C. jejuni field strain 3 Nlo n-51gn1dlcar.1t 02 Y 1
61 PAL of Salmonella, and (6.8) and Day 7 43 75 7.70 £0.29 (r?fiiiren;fct;irtl) ang etal. [58]
Cj0013, orally &
108 CFU of SE vectored
62 vaccine expressing Cj0013, C. jejuni field strain 43 763 770 + 0.29 Non-significant 0.1 Yang et al. [58]

HMGBI, and PAL of
Salmonella, orally

(6.8) and Day 7

log10 reduction

! The arithmetic mean was the most commonly reported (mean C. jejuni loads in ceca) but some trials reported the geometric mean log10 or median log10 that are provided in in this table.; 2 Homologous challenge
using the C. jejuni vaccine strain was commonly used in the trials.; 3 The value of mean log10 was estimated from the figures presented in the original papers.; * Broilers administered poly lactide-co-glycolide
nanoparticles (NP) were the control group for the purposes of challenge as reported in the original paper.; ® In these studies the non-vaccinated (broilers) groups (some injected with PBS) that were challenged,
were considered the control groups in order to compare with the vaccinated groups; ® Prime/boost vaccination regimen consisted of an antigen fused with Glutathione S-transferase tagged proteins (GST) prime
followed by the antigen fused with polyhistidine tag proteins (HIS) in a booster vaccine; 7 Prime/boost vaccination regimen consisted of a combination of 80 g CadF-GST, 80 pg FlaA-GST, and 80 ug FIpA-GST
proteins in a prime followed by a combination of 80 ug CadF-His, 80 ug FlaA-His, and 80 ug FlpA-His proteins in a booster vaccine; GenEq/g, Genome equivalents per gram.



Microorganisms 2021, 9, 397

22 of 48

3.2. Vaccine Types

Overall, eight vaccine types (bacterial vector-based, subunit, DNA, a combination of
vaccine, killed-whole cells, cell lysate, crude cell lysate, and conjugated vaccines) were
identified in this review using the two definitions of vaccine efficacy. Based on the 62 trials
with the C. jejuni loads in ceca of the vaccinated and non-vaccinated broilers investigated,
the bacterial vector-based vaccines were the most frequently used in 19 trials from seven
papers. Of these, Salmonella Typhimurium (ST) and Salmonella Enteritis (SE) vectors were
used in 16 trials, followed by Lactobacillus lactis (L. lactis) (n = 2) and Escherichia coli (E. coli)
(n =1). Subunit vaccine (1 = 12) and DNA (prime) with subunit (boost) vaccine (n = 12)
were identified in six and two papers. Crude lysate vaccine was used in eight trials from
one paper. DNA, Whole-cell lysate, and conjugated vaccines were used in nine trials
from four papers. The remaining vaccine type used in two trials from one paper was a
killed-whole cell vaccine.

Based on the 45 trials with the prevalence of colonized broilers reported, subunit
vaccine was the most frequently used in 13 trials from seven papers, followed by a combi-
nation of DNA (prime) and subunit (boost) vaccines from 12 trials of two papers. The crude
cell lysate vaccine was found in eight trials of one paper [47]. The bacterial vector-based
vaccines used in six trials from three papers were E. coli wzy::kan strain [46], ST x9088
strain [56], and Avirulent ST x3987 strain [26]. While the use of whole-cell lysate (n = 3)
and DNA (n = 3) vaccines were found in three papers.

3.3. Vaccine Antigens and Vaccine Regimens

The C. jejuni antigens evaluated in the vaccine efficacy studies included in this review
are summarized in Table 4.

A total of 23 C. jejuni antigens used as single and/or multiple antigens in vaccine
trials were identified using both terms of vaccine efficacy in this review. Based on the 62
trials with evaluations of C. jejuni loads reported, variations of antigens used in the trials,
vaccine regimens, and the broiler age at the end of study (ranging from 25 to 128 days)
were identified (Table 3). Of these, total outer membrane proteins (OMP) used in the crude
lysate vaccine were the most frequent antigen evaluated after homologous challenge in 8
trials from one paper. This antigen was used either encapsulated with biodegradable and
biocompatible poly (lactide-co-glycolide) nanoparticles (OMP-NP) or non-encapsulated via
oral or subcutaneous vaccinations with a booster. Following this, cysteine ABC transporter
substrate-binding protein (CjaA) used in five trials from three papers were evaluated in
the oral vaccination with booster(s) using three different bacterial vectored vaccines: ST
(AaroA) mutant-1 (STM-1) (n = 3), L. lactis NZ3900 strain (n = 2) and, avirulent ST x398
strain (n = 1). Of these five trials, the only vaccine trial using the avirulent ST x398 strain
expressing CjaA was challenged with heterologous C. jejuni strains. Flagellin A protein
used in 4 trials (two papers) were evaluated three different vaccine types (DNA, subunit,
and DNA (prime)/subunit (boost) vaccines) and routes of administrations (intramuscularly
or subcutaneously with booster). Hypothetical protein YP99817.1 protein used in four trials
was evaluated using three different vaccine types booster as well, but only one vaccinated
route (intramuscularly with/without booster) was used and these trials were from only one
paper. Three antigens (i.e., Campylobacter adhesion protein to fibronectin (CadF), whole-cell
lysate, and capsular polysaccharide (CPS)) were used and evaluated upon homologous
challenge in nine trials from four different papers. CadF identified in two papers was
evaluated in subunit (intramuscularly with booster) and STM-1 vectored vaccines (orally
with booster) after homologous challenge. Whole lysate and CPS were used in six trials
from two papers. The whole-cell lysate was orally administrated with/without E-CpG,
whereas CPS was conjugated with diphtheria toxoid of Corynebacterium diphtheriae
vaccine (CPSconj) and mixed with 10 ug of CpG ODN 2007 for subcutaneous vaccination
with a booster. The remaining trials using other antigens were less frequent studies (less
than 2 trials) (Table 3).



Microorganisms 2021, 9, 397

23 of 48

Table 4. Summary of Campylobacter jejuni vaccine antigens identified in this review.

Vaccine Antigen

Role of Antigen in Promoting C. jejuni
Colonization of Host

Reference

Bacterin

Killed-whole bacterial cells (multiple
antigens) used for immunization

Okamura et al. [52]

C. jejuni glycoprotein Cj1496 Invasion Kakuda and DiRita [59]
Campylobacter adhesion protein to .

fibronectin (CadF) Adhesion Konkel et al. [60]
Ca‘mpylobucter invasion antigen B Invasion Konkel [61]
(CiaB)

Campylobacter surface-exposed Adhesion Jin et al. [62]

lipoprotein A (JIpA)

Capsular polysaccharide (CPS)

Serum resistance

Keo et al. [63]

Component of multidrug efflux pump
(CmeC)

Multidrug efflux system

Lin et al. [64]

Cysteine ABC transporter
substrate-binding protein (CjaA)

Campylobacter solute-binding protein and
a component of the ABC transport system

Muller et al. [65]

DNA binding protein for biofilm
formation (Dps)

Biofilm formation

Theoret et al. [56]

Fibronectin-like protein A (FIpA)

Adhesion

Konkel et al. [66]

Flagellar hook-associated protein
(FlgK)

Motility

Fernando et al., [67] and Neal-McKinney
and Konkel [68]

Flagellar hook-basal body complex
protein (FIgE-1)

Motility and deliver Campylobacter
invasion antigens (Cia proteins) to host
cells

Neal-McKinney and Konkel [68]

Flagellin

Motility

Nachamkin et al. [69]

Flagellin A protein (FlaA)

Motility, adherence, and invasion

Wassenaar et al. [70]

Flagellin protein family (FIgL)

Deliver Campylobacter invasion antigens
(Cia proteins) to host cells

Neal-McKinney and Konkel [68]

Hemolysin co-regulated protein (Hcp)

Secretion tube and effector protein in
Campylobacter jejuni Type VI secretion
system (T6SS) for adhesion and invasion

Liaw et al. [71] and
Lertpiriyapong et al. [72]

Hypothetical protein (YP_999817.1)

Not fully described

Meunier et al. [50]

Hypothetical protein (YP_999838.1)

Protein-protein interactions

Meunier et al. [50]

N-linked protein glycosylation
(N-glycan)

Protect C. jejuni surface proteins from gut
protease and attachment to host cells

Alemka et al. [73] and
Karlyshev et al. [74]

Outer membrane proteins

Adhesion and invasion

Chart et al. [75]

Peptidoglycan-associated essential
protein (PAL; Omp18; CjaD)

Maintenance cell wall

Godlewska et al. [76]

Whole-cell lysate

Adhesion and invasion

Konkel and Joens [77]

YP_001000437.1

Activation/secretion of hemolysin

Meunier et al. [50]

Based on the prevalence of colonized broilers reported, several antigens were also
identified in the 45 eligible trials conducted in various ages of broiler at the end of study
ranging between 25 and 44 days old (Table 5). The antigens used in the 45 trials were a
subset of the antigens used, based on the investigation of C. jejuni loads criteria except for
an extra trial which was a subunit vaccine using recombinant flagellin A protein (FlaA)
fused to heat-labile enterotoxin (LT-B) of E.coli (FlaA-LT-B) mixed with sodium carbonate,
delivered orally with a booster (designated as Trial no. 63) in this review (Table 5). Of
the 45 trials, the OMP (with/without NP) used in the crude lysate vaccine were the most
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common antigens used in eight trials, following this, FlaA (n = 5, three papers), hypothetical
protein YP_999817.1 (n =4, one paper), whole-cell lysate (1 = 3, one paper), and CjaA (n =3,
two papers). Seven antigens were used in 14 trials from five papers using different vaccine
formulations and regimens (Table 5). These seven antigens were DNA binding protein for
biofilm formation (Dps), flagellin, hemolysin co-regulated protein (Hcp), flagellin protein
family (FlgL), Campylobacter hemolysin activation/secretion protein (YP_001000437.1), C.
jejuni surface-exposed lipoprotein A (JlpA), and hypothetical protein YP99838.1. While
the remaining eight trials were utilized eight different antigens (six individual and two
multiple antigens).

3.4. Levels of C. jejuni Loads (log10 CFU/g) in Cecal Contents as Vaccine Efficacy

The four different outcomes of vaccine efficacy reported from the 62 trials were
identified in this review: no reduction (n = 9), log10 reductions (1 = 15), non-significant
log10 reductions (1 = 20), and significant log10 reductions (n = 18). The four different
reporting outcomes of log10 CFU/gram were also identified in this review (i.e., genome
equivalents per reaction per gram, median log10 reductions, geometric log10 reduction,
and arithmetic mean log10 reduction).

The 18 trials reported significant log10 reductions ranging between 0.5 log10 and
6.0 log10 of C. jejuni cecal loads upon homologous/heterologous challenge. Of these, an
avirulent ST 3987 strain vectored vaccine expressing CjaA (108 CFU) administrated orally
and a booster was the most significant levels of reductions (~6.0 log10) after heterologous
challenge reported [26]. Following this, the crude cell lysate vaccine contained 125 pg
of OMP or OMP-NP subcutaneously with booster (two trials) provided approximately
5.7 log10 reductions after homologous challenges, compared to the broiler vaccinated with
NP alone estimated from the figure provided in the original paper [47]. Eight trials reported
significant reduction levels of C. jejuni loads varied between 2.0 1og10 and 4.27 (mean or
median) log10 CFU/g after homologous/heterologous challenge. Of the eight trials, four
trials were a combination of DNA (prime) with subunit (boost) vaccines using four antigens:
Campylobacter hemolysin activation/secretion protein, FlaA, fibronectin-like protein A
(FlpA), flagellin protein family (FlgL), hypothetical protein YP99838.1, or hypothetical
protein YP99817.1, and a CadF-FlaA-FlpA) were from one paper [50]. Another four trials
(from three papers). Another four trials were cell lysate vaccines using 4.3 ug of C. jejuni
cell lysates with /without 5 nug of E-CpG (orally), E. coli wzy::kan strain vectored vaccine
expressing C. jejuni protein glycosylation (N-glycan) (orally with a booster, Salmonella
Typhimurium strain x9088 vectored vaccine expressing DNA binding protein for biofilm
formation (Dps) orally with a booster. The significant log10 reductions reported in seven
trials were less than 1.0 log10 CFU/g.

Moreover, 15 trials from two papers reported levels of log10 CFU/g reductions with-
out significant or non-significant reported. Of these, five trials with subunit vaccines
contained recombinant CadF, FlaA, FlpA, a component of multidrug efflux pump (CmeC),
a fusion protein of CadF-FlaA,-FlpA emulsified with MONTANIDE™ ISA70 VG intra-
muscularly with booster provide various reduction levels (between 1.37 and 3.16 median
log10 reductions) and the original paper reported the subunit with CmeC did not prevent
C. jeuni colonization after homologous challenge due to a wide range of C. jejuni loads in
the individual vaccinated broilers [25]. Ten trials (from one paper) used STM-1 vectored
vaccine expressing various antigens from the inserted plasmids or ST chromosome orally
with booster reported the reduction levels between 0.4 log10 CFU/g and 2.2 1og10 CFU/g
after homologous challenge, estimated from the figures provided in the original paper [24].
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Table 5. Summary of the vaccine efficacy from the eligible trials based on the prevalence of colonized broilers at the end of study.

Reductions of C. jejuni (1og10)

Colonization in Cecal Contents after

% Colonized

Vaccine F lati Age of 1 Broilers in th % Colonized . o
accine Formulations, .0 = © Challenge roilers in the Broilers in the . .1 ¢  Efficacy (%)
Trial No Antigens, and Vaccinated Relative Risk inst Reference
Re ime,ns End of Study Reduction Levels G Control Group (95% CI) agamnst
& (Days) Significant (Mean log10 (Pro rgrt}i)on) (Proportion) Colonization
(Yes/No) CFU/gram 2) P
Reported
Crude cell lysate
vaccine with 125 ug of
total outer membrane
proteins (OMP)
1 encapsulated with ploy 42 No rgjulgc;goi% 87.5(7/8) 57.1(4/7) 153 C(’>0076? No effect [47]
lactide-co-glycolide )
nanoparticles
(OMP-NP), orally
with booster
125 ug of crude cell
lysate vaccine with 0.8 log10 4 1.09 (0.47
2 OMP, orally 42 No reduction 34 62.5(5/8) 57.1(4/7) and 2.52) No effect [47]
with booster
125 ug of crude cell
lysate vaccine with
3 OMPs-NP, o) Yes 5710g 10, 0.0 (0/8) 57.1(4/7) 0.10 (001 9 [47]
reductions and 1.56)
subcutaneously
with booster
125 ug of crude cell
lysate vaccine with 5.7 log 10 4 0.10 (0.01
4 OMP, orally 42 Yes reductions®* 0.0(0/8) 57.1(4/7) and 1.56) %0 [471

with booster
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Table 5. Cont.

Reductions of C. jejuni (1og10)

Colonization in Cecal Contents after % Colonized

Trial#3

Vaccine Formulations Age of 1 Broilers in th % Colonized i i
Trial N Antigens, and " Chickens at the Challenge Isa:ci;;;ltled ¢ Broilers in the Relative Risk ® Efﬁcacy (%) Ref
rial No Reg im(;ns End of Study Reduction Levels Grou Control Group (95% CI) laga.mst' eference
g (Days) Significant (Mean log10 (Pro oré’on) (Proportion) Colonization
(Yes/No) CFU/gram 2) P
Reported
25 pug of crude cell
lysate vaccine with
5 OMP-NP, ") No 12log 10 62.5 (5/8) 571 (4/7) 1.09 (047 No effect [47]
reductions and 2.52)
subcutaneously
with booster
250 pg of crude cell
lysate vaccine with 0.9 log 10 0.66 (0.22
6 OMP-NP, orally 42 No reductions 3 37.5(3/8) 571 (4/7) and 1.97) 34 [47]
with booster
25 pug of crude cell
lysate vaccine with 1.6 log 10 4 Unable to Unable to
7 OMP, orally 42 No reductions®# 66.7 (ND) 57.1(4/7) calculate calculate [47]
with booster
250 pg of crude cell
lysate vaccine with 1.0log 10 4 0.88 (0.34
8 OMP, orally 42 No reduction 3* 50.0(4/8) 57.1(4/7) and 2.25) 13 [47]
with booster
0.79 log10
10° CFU of L. lactis reduction in
NZ9000 strain vectored Trial#1
vaccine expressing C. Yes 0.47 log10 1.00 (1.00
9 jejuni surface-exposed 35 Yes reduction in 100.0 (15/15) 100.0 (15/15) a.n a1 60) No effect [48]
lipoprotein A (JIpA), Yes Trial#2 ’
intragastrically 0.482 log10
with booster reduction in
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Table 5. Cont.
Reductions of C. jejuni (1og10)
Vaccine Formulations, . Age of COlomzatloncllrllaﬁ:;ale(iontents after B/:o?l(e)elr(:;lz :Iclie Yo ?olor}ized Efficacy (%) 7
Al N Anticens. and ” Chickens at the 8 Vaccinated Broilers in the Relative Risk © y (o Ref
Trial No R gens, End of Study Reduction Levels G Control Group (95% CI) agal nst. eterence
cgimens (Days) Significant (Mean log10 (Pro rg;ltri’on) (Proportion) Colonization
(Yes/No) CFU/gram ?) P
Reported
Subunit vaccine.with 0.1 1og10 in
50 pg of recombinant Trial#1
e 3 ria
JlpA emulsified in 0.69 log10 in 1.00 (1.00
10 Freund’s incomplete 35 NoYesYes ) Tri "(15#2 100.0 (15/15) 100.0 (15/15) ) a1 (')0 No effect [48]
adjuvant, 0 491‘11a . and 1.00)
49 log10 in
subcutaneously Trial43
with booster
DNA vaccine (prime)
with 300 ug of purified
DNA of Campylobacter
hemolysin
activation/secretion
protein
(YP_001000437.1)
cloned into pcDNA3 3.61logl0
lasmids mixed with reduction upon 0.88 (0.73
1 S(P)) ug of CpG ODN2007 42 Yes heterologolljls 87.5(14/16) 100.0 (15/15) and 1.05) 13 (50]
and subunit vaccine challenge

(boost) with 100 pg of
recombinant
YP_001000437.1 protein
emulsified with
MONTANIDE™ [SA70
VG, intramuscularly
with booster
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Table 5. Cont.

Reductions of C. jejuni (1og10)
Colonization in Cecal Contents after

% Colonized

% Colonized

Vaccine Age of 1 Broilers in th . o7
. Formulations, Chickens at the Challenge rorfers in the Broilers in the Relative Risk © Efﬁcacy (%)
Trial No Antigens, and End of Study Reduction Levels Vaéunated Control Group (95% CI) aga'lnSt. Reference
Regimens (Days) Significant (Mean log10 (Pro rg:‘[}i’on) (Proportion) Colonization
(Yes/No) CFU/gram ?) P
Reported
DNA vaccine
(prime) with 300 pg
of purified DNA of
YP_001000437.1
cloned into
pcDNAS3 plasmids
mixed with 50 ug of
CpG ODN2007 agnd 192 logl0
subunit vaccine 1 dGequ/g 12/1 15/1 0.85 (0.64 1
15 (boost) with 100 g No rehuctlons upon 80.0 (12/15) 93.8 (15/16) and 1.13) 5 [50]
of recombinant eterologous
challenge

YP_001000437.1
protein emulsified
with
MONTANIDE™
ISA70 VG,
intramuscularly
with booster
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Table 5. Cont.

Age of

Reductions of C. jejuni (1og10)

Colonization in Cecal Contents after

% Colonized

% Colonized

. Vaccline.Formula;ions, Chickens at the Challenge ! Broilefs in the Broilers in the Relative Risk ° Efﬁcacy (%) 7
Trial No r;{t;g‘ierl;sé Ie:;l End of Study Reduction Levels Vag:lnated Control Group (95% CI) aga.mst' Reference
& (Days) Significant (Mean log10 roup (Proportion) Colonization
(Yes/No) CFU/gram ?) (Proportion)
Reported
DNA vaccine (prime)
with 300 pg of purified
DNA of flagellin
protein family (FlgL)
cloned into pcDNA3
plasmids mixed with 2.03 log10
16 SOa;‘g ‘S’flgsﬁtgiﬁﬁw 7)) Yes reﬁ;i?ggfggﬁ:“ 100.0 (15/15) 100.0 (15/15) 1f3 510%()’ No effect [50]
(boost) with 100 pg of challenge
recombinant FIgL
emulsified with
MONTANIDE™ ISA70
VG, intramuscularly
with booster
DNA vaccine (prime)
with 300 pg of purified
DNA of FIgL cloned
into pcDNA3 plasmids
mixed with 50 pg of 1.06 log10
CpG ODN2007 and GenEq/g 0.80 (0.59
17 subunit vaccine (boost) 42 No reductions upon 75.0 (12/16) 93.8 (15/16) ) ) 20 [50]
. and 1.09)
with 100 pug of heterologous
recombinant FlgL challenge

emulsified with
MONTANIDE™ [SA70
VG, intramuscularly
with booster
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Table 5. Cont.

Reductions of C. jejuni (1og10)

Colonization in Cecal Contents after % Colonized

Age of

% Colonized

. Vaccline.Formula;ions, Chickens at the Challenge * Broilefs in the Broilers in the Relative Risk © Efﬁcacy (%) 7
Trial No I;{tlg‘?ns’ an End of Study Reduction Levels Vag:lnated Control Group (95% CI) against Reference
cgimens (Days) Significant (Mean log10 (Pro rgrtlson) (Proportion) Colonization
(Yes/No) CFU/gram ?) P
Reported
DNA vaccine (prime)
with 300 pg of purified
DNA of hypothetical
protein (YP99838.1)
cloned into pcDNA3
plasmids mixed with 2.08 log10
18 SOa;‘g ‘S’flgsﬁtgiﬁﬁw 42 Yes reﬁ;ﬁ?gg;ﬁ:“ 100.0 (14/14) 100.0 (15/15) 1f3 510%()’ No effect [50]
(boost) with 100 pg of challenge
recombinant YP99838.1
emulsified with
MONTANIDE™ [SA70
VG, intramuscularly
with booster
DNA vaccine (prime)
with 300 ug of purified
DNA of YP99838.1
cloned into pcDNA3
plasmids mixed with .
50 pg of CpG ODN2007 No reduction .
19 and subunit vaccine ") No gpon 100.0 (14/14) 93.8 (15/16) 1.07(0.94 No effect 150]
. eterologous and 1.21)
(boost) with 100 pg of
challenge

YP99838.1 emulsified
with MONTANIDE™
ISA70 VG,
intramuscularly
with booster
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Table 5. Cont.

Vaccine Formulations,
Antigens, and
Regimens

Trial No

Reductions of C. jejuni (1og10)
Colonization in Cecal Contents after
Challenge !

% Colonized
Broilers in the
Vaccinated
Group
(Proportion)

Age of
Chickens at the
End of Study
(Days)

Reduction Levels
(Mean log10
CFU/gram ?)

Reported

Significant
(Yes/No)

% Colonized
Broilers in the
Control Group

(Proportion)

Relative Risk ®
(95% CI)

Efficacy (%) 7
against
Colonization

Reference

DNA vaccine (prime)
with 300 pg of purified
DNA of hypothetical
protein (YP99817.1)
cloned into pcDNA3
plasmids mixed with
50 pg of CpG ODN2007
and subunit vaccine
(boost) with 100 pg of
recombinant YP99817.1
emulsified with
MONTANIDE™ [SA70
VG, intramuscularly
with booster

20

4.27 log10
reductions upon
heterologous
challenge

42 Yes 92.3 (12/13)

100.0 (15/15)

0.92 (0.79
and 1.08)

DNA vaccine (prime)
with 300 ug of purified
DNA of YP99817.1
cloned into pcDNA3
plasmids mixed with
50 pg of CpG ODN2007

21 and subunit vaccine
(boost) with 100 pg of
recombinant YP99817.1
emulsified with
MONTANIDE™ ISA70
VG, intramuscularly
with booster

No reduction
upon
heterologous
challenge

42 No 93.8 (15/16)

93.8 (15/16)

1.00 (0.84
and 1.20)

No effect [50]
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Table 5. Cont.
Reductions of C. jejuni (1og10)
Age of Colonization in Cecal (iontents after ];’/o ?IOIOI}iZ:!}Cli 9% Colonized . o
. Vaccine Formulations, Chickens at the Challenge ro1 efs mthe Broilers in the Relative Risk © Efficacy (%)
Trial No Vaccinated inst Reference
Antigens, and Regimens  End of Study Reduction Levels Gro Control Group (95% CI) agamnst
(Days) Significant (Mean log10 (Pro Oré’on) (Proportion) Colonization
(Yes/No) CFU/gram ?) P
Reported
DNA vaccine with 300 pg
of purified DNA of
YP99817.1 cloned into No reduction
pcDNAS3 plasmids mixed upon 1.00 (1.00
22 with 50 g of CpG 42 No heterologous 100.0 (15/15) 100.0 (15/15) and 1.00) No effect [50]
ODN2007, challenge
intramuscularly
with booster
Subunit vaccine with 100
ug of recombinant .
YP99817.1 emulsified No rsd;f“on 100(1.00
23 with MONTANIDE™ 42 No h P 100.0 (15/15) 100.0 (15/15) ) ) No effect [50]
ISA70 VG, eterologous and 1.00)
intramuscularly challenge
with booster
DNA vaccine (prime)
with 300 pg of purified
DNA of flagellar red 2'30 1110g10 d
hook-basal body complex ¢ uialr(: 2 2 fWI ¢
protein (FIgE-1) cloned indi & dual
into pcDNA3 plasmids ndivicual
mixed with 50 g of CpG colonized broilers 0.92 (0.77
24 ODN2007 and subunit 42 No le:lias prezsznt?ctl}:n 91.7 (11/12) 100.0 (15/15) and 1.09) 8 [50]
vaccine (boost) with 100 o%?r;al (; ere
ug of recombinant FIgE-1 & u oIr)1 P
emulsified with h pl
MONTANIDE™ ISA70 eterologous
challenge

VG, intramuscularly
with booster
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Table 5. Cont.

Reductions of C. jejuni (1og10)

Colonization in Cecal Contents after

% Colonized

Vaccine Formulations, Age of Challenge 1 Broilers in the % Colonized Effi (%) 7
Trial No Antigens, and " Chickens at the & Vaccinated Broilers in the Relative Risk ° ain to Reference
Re iméns End of Study Reduction Levels Grou Control Group (95% CI) la gainst
g (Days) Significant (Mean log10 (Pro oré’on) (Proportion) Colonization
(Yes/No) CFU/gram ?) P
Reported
DNA vaccine (prime)
with 300 pg of purified
DNA of flagellar 1.72 log10
hook-associated protein reductions but a
(FlgK) cloned into wide range of
pcDNAS3 plasmids individual
mixed with 50 pg of colonized broilers 1.00 (1.00
25 CpG ODN2007 and 42 No was presented in 100.0 (14/14) 100.0 (15/15) ) ) No effect [50]
. . . and 1.00)
subunit vaccine (boost) Figure 2A of the
with 100 ng of original paper
recombinant FIgK upon
emulsified with heterologous
MONTANIDE™ ISA70 challenge

VG, intramuscularly
with booster
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Table 5. Cont.
Reductions of C. jejuni (1og10)
Vaccine Formulations Age of C01omzatlOncllrllaﬁ:;ale(iontems after B/;')o?l(e)elr(;l;;z :Iiie % Colonized Effi (%) 7
Trial No Antigens, and " Chickens at the & Vaccinated Broilers in the Relative Risk ° ain to Reference
Re iméns End of Study Reduction Levels Grou Control Group (95% CI) C la gainst
g (Days) Significant (Mean log10 (Pro oré’on) (Proportion) olonization
(Yes/No) CFU/gram ?) P
Reported
DNA vaccine (prime)
with 300 pg of multiple
DNA proteins (a
combination of purified
YP_001000437.1, FlgL,
FlgK, FliE-1, YP99817.1,
and YP99838.1) cloned 0.12 log10
into pcDNA3 plasmids reduction (No
mixed with 50 pg of decrease of C.
CpG ODN2007 and jejuni colonization 1.00 (1.00
26 subunit vaccine (boost) 42 No reported in the 100.0 (9/9) 100.0 (15/15) a'n a1l (')0) No effect [50]
with 100 pug of original paper) ’
recombinant multiple upon
proteins heterologous
(YP_001000437.1, FlgL, challenge
FlgK, FliE-1, YP99817.1,
and YP99838.1)
emulsified with
MONTANIDE™ ISA70
VG, intramuscularly
with booster
DNA vaccine with 100
ug of purified DNA of
flagellin A protein
(FlaA) cloned into 0.1 geometric 115 (0.95
27 pcDNAS3 plasmid 42 No mean log10 100.0 (15/15) 100.0 (15/15) a'nd 1 4'11) No effect [51]
mixed with 25 pg of reduction 3 ’
CpG ODN2007,
subcutaneously

with booster
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Table 5. Cont.

Trial No

Vaccine Formulations,
Antigens, and
Regimens

Age of
Chickens at the
End of Study
(Days)

Reductions of C. jejuni (1og10)
Colonization in Cecal Contents after
Challenge !

Significant
(Yes/No)

Reduction Levels
(Mean log10
CFU/gram ?)

Reported

% Colonized
Broilers in the

Vaccinated
Group
(Proportion)

% Colonized
Broilers in the
Control Group

(Proportion)

Relative Risk ®
(95% CI)

Efficacy (%) 7
against
Colonization

Reference

28

DNA vaccine with 100
ug of purified DNA of
FlaA cloned into
pcDNAS3 plasmid
mixed with 25 pg of
CpG ODN2007,
intramuscularly
with booster

42

0.2 median log10
reductions®

75.0 (12/16)

87.5(14/16)

0.86 (0.61
and 1.20)

14

[51]

29

DNA vaccine (prime)
with 150 ug of purified
DNA of FlaA into
pcDNAS3 plasmid
mixed with 25 pg of
CpG ODN2007 and
subunit vaccine (boost)
with 100 ug of
recombinant FlaA
emulsified with
MONTANIDE™ ISA70
VG, intramuscularly
with booster

42

No reduction

100.0 (16/16)

87.5 (14/16)

1.14 (0.95
and 1.38)

No effect

30

Subunit vaccine with
240 pg of recombinant
Campylobacter adhesion
protein to fibronectin
(CadF) 8 mixed with
MONTANIDE™ ISA 70
VG, intramuscularly
with booster

27

Not reported

1.71 median log10
reductions °

100.0 (11/11)

100.0 (12/12)

1.00 (1.00
and 1.00)

No effect

[25]
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Table 5. Cont.

Reductions of C. jejuni (1og10)
Colonization in Cecal Contents after

% Colonized

Vaccine Formulations Age of 1 Broilers in th % Colonized i %) 7
Trial N Antigens, and " Chickens at the Challenge Isa:ci;;;ltled ¢ Broilers in the Relative Risk ° Efﬁcacy (%) Ref
rial No Reg im(;ns End of Study Reduction Levels Grou Control Group (95% CI) c laga.mst' eference
g (Days) Significant (Mean log10 (Pro oré’on) (Proportion) olonization
(Yes/No) CFU/gram ?) P
Reported
Subunit vaccine with
240 ug recombinant
FlaA 8 mixed with 3.35 median log10 0.92 (0.77
31 MONTANIDE™ ISA 70 27 Not reported reductions ® 91.7 (11/12) 100.0 (12/12) and 1.09) 8 [25]
VG, intramuscularly
with booster
Subunit vaccine with
240 ug recombinant
fibronectin-like protein 3.11 median log10 0.90 (0.73
32 A (FlpAl) mixed with 27 Not reported ' reductions 5g 90.0 (9/10) 100.0 (12/12) a.n a1 h) 10 [25]
MONTANIDE™ ISA 70 ’
VG, intramuscularly
with booster
No effect of
reduction due to
Subunit vaccine with th.e widest range
. in the level of
240 pg recombinant a o
component of bc olom(zjaglonh
. observed by the
multidrug efflux pump 1.00 (1.00
33 (CmeC) ® mixed with 27 Not reported authors from the 100.0 (12/12) 100.0 (12/12) and 1.00) No effect [25]

MONTANIDE™ JSA 70
VG, intramuscularly
with booster

original paper
(even 1.37 median
log10 reduction
calculated from
the supplement
table provided %)
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Table 5. Cont.

Reductions of C. jejuni (1og10)
Colonization in Cecal Contents after

% Colonized

Vaccine Formulations, . Age of Challenge 1 Broilers in the Yo ?olor}ized Efficacy (%) 7
Trial N Antigens,and  Chickensat the 8 Vaccinated Broilers in the  Relative Risk © y il Ref
rial No Reg iméns End of Study Reduction Levels aéc::: N Control Group (95% CI) against eterence
g (Days) Significant (Mean log10 (Pro oré’on) (Proportion) Colonization
(Yes/No) CFU/gram ?) P
Reported
Subunit vaccine of
240 pg a fusion protein
of recombinant
CadF-FlaA-FlpA° 3.16 median log10 0.78 (0.55
34 mixed with 27 Not reported reductions 5 77.8(7/9) 100.0 (12/12) and 1.10) 22 [25]
MONTANIDE™ ISA
70 VG, intramuscularly
with booster
3.30 median log10
. 3 .
108 cells of E. coli r;fijlc ;OE;O;H
eyian e
. S Yes challenge 0.60 (0.40
35 expressing C. jejuni 35 Yes 2.00 median log10 60.0 (9/15) 100.0 (15/15) and 0.91) 40 [46]
protein glycosylation reductions 3 in
(N—g.l ycan), orally Trial#2 upon
with booster heterologous
challenge
Subunit vaccine with
40 pg of recombinant
NHC flagellin mixed
38 with 0.4 M urea, 10 mM 25 No o L‘;ilr? X 88.9 (8/9) 90.0 (9/10) B gog 1 [53]
Tris pH 9.0, 20% ’

glycerol, 5 mM sucrose,
in ovo
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Table 5. Cont.
Reductions of C. jejuni (1og10)
Vaceine Formulations Age of Colonization in Cecal (iontents after ];’/o ?IOIOI}iZ:!ICli % Colonized . .
Trial N. Anticens. and ’ Chickens at the Challenge r‘(;l e;;“: d € Broilers in the Relative Risk ¢ Efﬁcacy (%) Ref
rial No Reg iméns End of Study Reduction Levels aécm: N Control Group (95% CI) la gainst eterence
g (Days) Significant (Mean log10 (Pro oré’on) (Proportion) Colonization
(Yes/No) CFU/gram ?) P
Reported
Subunit vaccine with
20 pg of recombinant
NHC flagellin mixed 1.00 (0.75
39 with 0.4 M urea, 10 mM 25 No No reduction 90.0 (9/10) 90.0 (9/10) ) ) No effect [53]
; o and 1.34)
Tris pH 9.0, 20%
glycerol, 5 mM sucrose,
in ovo
Subunit vaccine with
50 pg of recombinant
hemolysin co-regulated 0.5 loe10 1.00 (1.00
50 protein (rHcp) mixed 35 Yes ~ 108 100.0 (12/12) 100.0 (12/12) P No effect [54]
. , reduction and 1.00)
with Freund’s
incomplete adjuvant,
orally with booster
Subunit vaccine with
50 pg of rHep
entrapped in
chitosan-Sodium 1.0 log10 1.00 (1.00 and
51 tripolyphosphate 35 Yes reduction 100.0 (12/12) 100.0 (12/12) 1.00) No effect [54]
nanoparticles (CS-TPP
NPs) (CS-TPP-rhcp),
orally with booster
2.14 log10
. . reductions in
52 C: g lysitfe (‘:7 acecill:qel ‘cfeﬁh 37 Yes Trial#l 100.0 (20/20) 100.0 (19/19) 1.00 (1.00 No effect [55]
D Mg Ot LY Yes 1.9210g10 : : and 1.00)

lysates, orally

reductions in
Trial#2
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Table 5. Cont.

Age of

Reductions of C. jejuni (1og10)
Colonization in Cecal Contents after

% Colonized

% Colonized

. Vaccine.Formula;ions, Chickens at the Challenge ! Broilersinthe g 510 in the Relative Risk ¢ £1ieacy (%) ’
Trial No Ar;{tlg?ns, an End of Study Reduction Levels Vag:lnated Control Group (95% CI) against Reference
cgimens (Days) Significant (Mean log10 (Pro rgrtlson) (Proportion) Colonization
(Yes/No) CFU/gram ?) P
Reported
Cell lysate vaccine with 1.00 (1.00
53 21 pg of C. jejuni cell 37 No 0.7 log reduction 3 100.0 (10/10) 100.0 (9/9) ) ) No effect [55]
and 1.00)
lysates, orally
2.42 logl0
reductions
(compared with
PBS as reported in
Cell lysate vaccine with the original paper)
4.3 (g of C. jejuni cell Yes 142 log10 1.00 (1.00
54 ! ) % : 37 reductions 3 100.0 (9/9) 100.0 (10/10) : i No effect [55]
ysates combined with 5 No . and 1.00)
£ E-CpG. orall (compared with
K& © P y E-CpG alone) in
this review as it
was presented in
the figure of the
original paper
Subunit vaccine with
0.2 mg of recombinant
DNA binding protein
for biofilm formation 1.00 (1.00
55 (Dps) mixed with 44 No No reduction 100.0 (13/13) 100.0 (12/12) ) ) No effect [56]
, and 1.00)
Freund’s complete
adjuvant,
subcutaneously

with boosters
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Table 5. Cont.

Vaccine Formulations,
Antigens, and
Regimens

Trial No

Age of
Chickens at the
End of Study
(Days)

Reductions of C. jejuni (1og10)
Colonization in Cecal Contents after
Challenge !

% Colonized
Broilers in the

Vaccinated
Group
(Proportion)

Reduction Levels
(Mean log10
CFU/gram ?)

Reported

Significant
(Yes/No)

% Colonized
Broilers in the
Control Group

(Proportion)

Relative Risk ®
(95% CI)

Efficacy (%) 7
against
Colonization

Reference

Salmonella
Typhimurium strain
Xx9088 vectored vaccine
(OD600, 0.5 mL)
expressing Dps, orally
with boosters

56

36

2.48 (geometric
Yes mean) log10
reductions

100.0 (14/14)

100.0 (10/10)

1.00 (1.00
and 1.00)

No effect

2 x 100 CFU of
Lactobacillus lactis
NZ3900 vectored

vaccine expressing
cysteine ABC
transporter
substrate-binding
protein (CjaA) fused to
heat-labile enterotoxin
B subunit (LTB) of E.
coli (CjaA-LT-B), orally
with boosters

57

42

No No reduction 100.0 (6/6)

100.0 (6/6)

1.00 (1.00
and 1.00)

No effect

2 x 101 CFU of
Lactobacillus lactis
NZ3900 vectored

vaccine expressing
CjaA, orally
with boosters

58

42

No No reduction 100.0 (6/6)

100.0 (6/6)

1.00 (1.00
and 1.00)

No effect

[57]
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Table 5. Cont.

Reductions of C. jejuni (1og10)

Vaccine Formulations Age of COlonlzatloncllrllaﬁ:;ale(iontents after B/:o?l(e)elr(;l;ilz fIc\ie % Colonized Effi (%) 7
Trial No Antigens, and " Chickens at the & Vaccinated Broilers in the Relative Risk © id to Reference
Re iméns End of Study Reduction Levels Grou Control Group (95% CI) c laga'lns :
8 (Days) Significant (Mean log10 (Pro ortI;on) (Proportion) olonization
(Yes/No) CFU/gram ?) P
Reported
108 cells of avirulent 6.0 log10
Salmonella reductions
Typhimurium %3987 (reported in the 0.1 (0.01
59 strain vectored vaccine 40 Yes original paper) 0.0 (0/4) 100.0 (3/3) a.n a1 63) 89 [26]
(108 cells) expressing upon ’
CjaA, orally heterologous
with boosters challenge
Subunit vaccine with 1
0.56 (0.41

mg of CjaA-LT-B mixed
63 with sodium carbonate, 35 No reported Not reported 27.6 (40/145) 49.3 (70/142) and 0.76) 44 [78]

orally with booster

! Homologous challenge using the C. jejuni vaccine strain was commonly used in the trials.; > The arithmetic mean was the most commonly reported (mean C. jejuni loads in ceca) but some trials reported
the geometric mean log10 or median log10 that are provided in in this table.; 3 The value of mean log10 was estimated from the figures presented in the original papers.; 4 Broilers administered poly
lactide-co-glycolide nanoparticles (NP) were the control group for the purposes of challenge as reported in the original paper.; ® In these studies the non-vaccinated (broilers) groups (some injected with PBS) that
were challenged, were considered the control groups in order to compare with the vaccinated groups.; ® Relative risk was calculated in the current review based on the data provided in the original papers;
7 Efficacy estimate = (1 — RR) x 100 [39,41,42]; 8 Prime/boost vaccination regimen consisted of an antigen fused with Glutathione S-transferase tagged proteins (GST) prime followed by the antigen fused with
polyhistidine tag proteins (HIS) in a booster vaccine.; ° Prime/boost vaccination regimen consisted of a combination of 80 ug CadF-GST, 80 pg FlaA-GST, and 80 pg FlpA-GST proteins in a prime followed by a
combination of 80 ng CadF-His, 80 ug FlaA-His, and 80 ug FlpA-His proteins in a booster vaccine.; CI, Confidence Interval; GenEq/g, Genome equivalents per gram; NI, Not identified as the percentage of
colonized broilers reported in the original paper was not related to the number of colonized broilers provided in the same paper.
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Twenty trials from seven papers reported non-significant (geometric, arithmetic, or
median) log10 reduction (CFU/g or GenEq/g) upon homologous/heterologous challenge.
The levels of log10 reduction from 15 of 20 trials were reported between 0.1 and 1.6 (mean
or median) log10 reduction after homologous challenge. These trials were the crude lysate
vaccines with OMP, OMP-NP orally with booster [47], DNA vaccine with purified FlaA
cloned into pcDNA3 plasmids mixed with adjuvant subcutaneously or intramuscularly
with booster [51], formalin-killed whole-cell vaccine mixed with oil adjuvants [52], subunit
vaccine with 40 pg of recombinant NHC flagellin mixed adjuvant in ovo [53], and SE
vectored vaccine expressing Omp18 protein (Cj0013), peptidoglycan associated lipopro-
tein of Salmonella (PAL of Salmonella), and high mobility group box 1 protein (HMGB1)
orally [58]. Five trial used a combination of DNA (prime) and subunit (boost) vaccine with
four individual antigens and combinations of these antigens, delivered intramuscularly
with booster upon heterologous challenge reported reduction levels ranging between 0.12
and 2.2 log10 CFU/g (using qPCR or bacterial culture methods) and between 1.06 and
1.92 1og10 reductions in genome equivalents per gram (qPCR) [50].

Of further note, nine trials using hypothetical protein YP99817.1 in DNA (prime) and
subunit (boost), 20 pug of recombinant flagellin-NHC mixed adjuvant in subunit vaccine in
ovo, and L. lactis NZ3900 vectored vaccine expressing CjaA and heat-labile enterotoxin B
subunit (LTB) of E. coli (CjaA-LTB) failed to reduce C. jejuni colonization [50,53,56,57].

3.5. Prevalence of Colonized Broilers in Vaccine Efficacy

To further evaluate vaccine performance in this review, the trial outputs from eligible
studies were used to estimate vaccine efficacy using relative risks to enable comparisons to
be made between studies. A wide range of vaccine efficacies in vaccinated broilers was
identified, ranging from no effect of C. jejuni colonization to 100.0% prevention (Table 5).
Of 45 eligible vaccine trials, three trials reported C. jejuni detection was unculturable (below
detection limit) in all vaccinated broilers after homologous challenge (RR < 0.11) and
vaccine efficacy was approximately 90%.The three trials were 125 ug of crude cell lysate
vaccine with total OMP (subcutaneously with booster), 125 pg of crude cell lysate vaccine
with total OMP encapsulated with lactide-co-glycolide nanoparticles (subcutaneously with
booster), and 108 cells of an avirulent Salmonella enterica x3987 strain vectored vaccine
expressing CjaA (orally with booster). Following these, one trial using a subunit vaccine
with recombinant FlaA-LT-B mixed with sodium carbonate reported a significant reduction
of the number of colonized vaccinated broilers after heterologous challenge with the
prevalence of 27.6% [78] but the efficacy was 44% (Table 5).

In contrast, 28 trials failed to prevent C. jejuni colonization as all vaccinated broilers
were positive of C. jejuni with a relative risk of >1.00 (Table 5). Based on a comparison
of log10 CFU/g reductions, 10 trials report significant log10 reductions between 0.5 and
4.2 log10 CFU/g and 10 trials were non-significant log10 reductions ranging between 0.1
and 2.2 log10. While six and two trials were non-reduction and not reported, respectively
(Table 5).

4. Discussion

The development of efficacious C. jejuni vaccines for poultry is potentially an effec-
tive intervention strategy to reduce the risk of campylobacter infections in humans. In
this review, our goal was to evaluate the results of published C. jejuni vaccine studies
with the view to identifying the most efficacious antigens for further development. The
effective outcomes of controlling C. jejuni at farms are commonly evaluated using the
reduction of prevalence (proportion) of colonized broilers or the reduction of C. jejuni
loads in the intestine. When undertaking this review, it became apparent that the vari-
ability of how C. jejuni vaccine studies have been reported prevent direct comparisons
of vaccine efficacy from being made. Most studies report the outcome of vaccination as
either antigen-specific immune responses and/or reductions of the C. jejuni loads in the
intestines [22,25,45,47-51,54,55,79-82]. While many studies report significant reductions
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in C. jejuni loads, the actual reductions are highly variable. Consequently, it is difficult
to estimate the potential impacts of these studies on the risk of C. jejuni transmission
to humans.

Based on this review, 62 trials from 16 papers fulfilled the selection criteria and
were included using C. jejuni loads in vaccinated broilers [24-26,46-58]. The variations
of C. jejuni log10 reduction within these studies were estimated from different C. jejuni
loads (log10) in ceca between vaccinated and non-vaccinated chickens [49,50,80,82]. High
variations of significant log10 reductions of C. jejuni loads in the intestines of vaccinated
broilers were reported between 0.5 and 6.0 logl0 reductions among the studies using
different variables for statistical comparisons (i.e., geometric mean, arithmetic mean, or
median) [25,26,49,50,54-56]. Highly variable data of C. jejuni loads in the individual
vaccinated broilers were reported in some trials of the original papers was identified in
this review [25,50]. In some cases, where levels of log10 reductions were identified, the
outcomes of vaccine efficacy were reported as non-significant reduction or no decrease
in C. jejuni colonization [25,50]. While other studies reported levels of CFU/g reduction
of C. jejuni colonization between ~0.5 and ~1.9 were significant [49,54,55], other studies
reported similar reductions (<1.9 log10 CFU/g) as non-significant [25,50,58]. These suggest
that the statistical power of some studies was insufficient to discriminate between treatment
groups where the log10 reductions of colonization were modest. Nauta et al. [10] estimated
that a one or two log10 reduction of Campylobacter loads in cecal contents of broilers at
slaughterhouses could potentially reduce the risk of transmission to humans by at least 44%.
Therefore, more studies are needed to define the vaccine trial parameters required to enable
the robust measurement of log10 reductions and how these reductions impact on the risk
of human transmission. Defining these parameters is important as assessing the efficacy of
C. jejuni vaccines as it is likely to remain reliant on challenge studies. Several studies have
reported poor correlations between immune responses and reductions in the C. jejuni loads
in the intestines of chickens in vaccination/challenge studies [22,25,45,47,50,51,54,79,81,82].

As a result of these factors, the quantitative risk assessment model reported by Rosen-
quist et al. [34] was adopted for this review. The model predicts that a 30-fold reduction
in the broiler flock prevalence of C. jejuni would result in a 2-log10 reduction of carcass
contamination. The outcome of reducing carcass contamination by this amount could result
in a 30-fold decrease in the incidence of human campylobacteriosis. Similarly, EFSA [9]
using a model for C. jejuni prevalence targets to analyse the quantitative microbiologi-
cal risk assessment estimated that setting targets of 25% and 5% between broiler flock
prevalence would reduce to 50% and 90% of the public health risk, respectively. Thus,
these models enable the critical evaluation of published vaccine efficacy studies in the
context of public health outcomes. Consequently, in this review, we used the proportionate
number (prevalence) of C. jejuni positive/negative broiler chickens between vaccinated
and unvaccinated after challenge to evaluate the included studies as another definition of
vaccine efficacy. The prevalence of colonized broilers was taken from the text/tabulations
reported and/or estimated from figures provided in the original papers. Consequently, a
total of 45 trials from 13 papers fulfilled the inclusion criteria [25,26,46-48,50,51,53-57,78].
This highlights the need for future studies to consider the models of Rosenquist et al. [34]
and EFSA [9] to determine the impact of reducing C. jejuni loads in ceca of chickens on
the risk of carcass contamination. When considering the vaccine efficacy based upon
prevalence, OMP, OMP-NP, and CjaA antigens from three different vaccine trials (crude cell
lysate and avirulent ST x3987 strain vectored vaccines) were demonstrated to clear C. jejuni
colonization in the vaccinated broilers with RR < 0.11 and vaccine efficacy greater than
90%, compared with the control groups. These outcomes were comparable to significant
levels between 5.7 and 6.0 log10 reductions reported. Following this, a subunit vaccine
with 1 mg of recombinant FlaA-LT-B mixed with sodium carbonate reported significant
reductions in the number of colonized broiler with prevalence of 27.59% [78], but the RR
was 0.56 with the vaccine efficacy of 44%. Thus, based on the data reviewed using both
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definitions of vaccine efficacy, significant reduction levels more than 5.7 1og10 reductions
could provide the vaccine efficacy more than 90%.

One of the potential challenges for using vaccination to control C. jejuni colonization
is the lifespan of commercial broilers. The current review identified that the many eligible
vaccine efficacy studies used broilers with a wide age range, ranging from 24 to 46 days
by the end of the study (Tables 3 and 5). Commercial broiler chickens are commonly
slaughtered between 35 and 86 days of age, depending on the target market weight and
the type of farming system [83,84]. It has been reported that chicken B cell populations
do not fully mature until 42 days of age, which may also affect vaccine efficacy [85].
Chicken age is of further importance to vaccine efficacy with respect to timing of C. jejuni
colonization. Recent studies have reported that commercial broilers were colonized by C.
jejuni and/or C. coli by 10 days of age [86,87], suggesting that vaccination of chicks would
be of benefit to the poultry industry. However, maternal antibodies can interfere with
vaccine efficacy when live vectored vaccines are applied in young chicks [88]. To overcome
this issue, a subunit vaccine or a vectored vaccine with various routes of immunization (i.e.,
intranasal or in 0vo) that are not neutralized by maternal antibodies would be worthwhile
exploring [89-91]. Thus, the ideal C. jejuni vaccine will need to confer rapid immune
responses to antigens associated with preventing colonization and provide protection to
chickens from early in the production cycle through to slaughter.

Based upon the inclusion/exclusion criteria of this review using the prevalence of
colonized broilers, a meta-analysis could not be performed due to highly variable data.
Thus, it is recommended that future studies reporting C. jejuni efficacy studies are supported
by datasets that include, the numbers of colonized/non-colonized broiler chickens in
treatment groups. Where the outcomes of trials are reported as a degree of colonization
(e.g., CFU/g of fecal matter) individual chicken data should be reported to enable future
meta-analyses of vaccine studies.

The compiled dataset of published C. jejuni poultry vaccine studies reviewed here has
highlighted the highly variable nature of how these prototype vaccines have been evaluated
and reported. However, it is clear from the results of these vaccine studies, some of these
could potentially lead to a commercial vaccine in the future. Thus, it is recommended that a
standardized evaluation model and reporting system be developed for C. jejuni vaccination
studies. The standardized evaluation model would need to include, bird type (e.g., broiler
and layer), age of bird, type of vaccine, antigen (source and dose), type of adjuvant where
applicable, route of vaccination, method of challenge, time to challenge, and challenge
dose(s) being the minimal reporting requirements. In terms of evaluating efficacy, while
various outcomes would be acceptable, such as protected /not protected or reductions in
colonization loads, based on bacterial culture and/or molecular (i.e., quantitative PCR or
mass spectrometry) detection, it is crucial that individual bird data should be made readily
available. Standardization, particularly of efficacy trial outcome reporting, would enable a
more robust evaluation of putative antigens and their formulations between studies.

5. Conclusions

Of the C. jejuni antigens evaluated in this study, it was concluded that the OMP (125 pg)
formulated with and without PLGA-NP delivered subcutaneously and the oral vaccination
with subunit vaccine with recombinant FlaA-LT-B mixed with sodium carbonate were the
most efficacious candidate vaccines to reduce C. jejuni colonization of broilers identified to
date. Further evaluation of this “antigen complex” is clearly warranted, perhaps using OMP
preparations from gene deletion mutants to identify which components are contributing to
the protection, using the proposed evaluation model described above. Overall, the data
assessed in this review supports the conclusion that the development of a C. jejuni vaccine
to prevent the colonization of poultry is feasible. Such a vaccine would be crucial in helping
the global poultry industry minimize risks to the consumers of their products.
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