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Abstract: Campylobacter jejuni is an important foodborne pathogen. Despite the lack of clinical signs
associated with its colonization in poultry, it has been reported to interact with the intestinal immune
system. However, little is known about the interaction between C. jejuni and the chicken immune
system, especially in the context of hepatic dissemination. Therefore, to follow up on our previous
study showing intestinal colonization and hepatic spread of C. jejuni, cecal tonsils and liver samples
were collected from these birds to determine the mRNA levels of chemokines and cytokines. Serum
samples were also collected to determine serum amyloid A (SAA) concentrations and specific IgY
titers. Lack of Th17 induction was observed in the cecal tonsils of only the liver-contaminated groups.
This hepatic dissemination was accompanied by innate, Th1 and Th2 immune responses in livers, as
well as an increase in SAA concentrations and specific IgY levels in sera. Campylobacter appears to be
able to restrain the induction of the chicken gut immunity in particular conditions, possibly enhancing
its hepatic dissemination and thus eliciting systemic immune responses. Although Campylobacter is
often recognized as a commensal-like bacterium in chickens, it seems to modulate the gut immune
system and induce systemic immunity.

Keywords: Campylobacter jejuni; broiler chickens; intestinal colonization; liver dissemination;
cecal tonsils; local immune response; systemic immune response; serum amyloid A; anti-C. jejuni
IgY antibodies

1. Introduction

Campylobacter jejuni causes gastroenteritis in humans and can lead to chronic sequela
such as Guillain–Barré and Miller–Fisher syndromes [1]. The worldwide incidence of
C. jejuni has been increasing in recent years, making it one of the leading causes of bacterial
foodborne illnesses [2–4]. For example, in the United States, the incidence rate increased by
13% in 2019 compared to the three previous years (2016–2018) [5]. Campylobacteriosis is
primarily caused directly or indirectly by the consumption of undercooked or improperly
handled poultry products [6]. Although most C. jejuni infections are sporadic, outbreaks
have been reported after consumption of undercooked chicken livers [7,8].

In contrast to humans, chickens are known to carry high C. jejuni loads in their ceca
(up to 109 CFU/g of cecal content), largely without showing any clinical signs. However, it
was demonstrated that C. jejuni can stimulate the intestinal immune system of chickens
through its recognition by Toll-like receptors (TLRs) [9]. TLRs are located on the cell surface
or on the endolysosomal membrane of cells lining the chicken intestinal epithelium [10].
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C. jejuni lipooligosaccharide (LOS), lipopeptides, and unmethylated cytosine–phosphate–
guanine nucleotide DNA motifs are recognized by the chicken’s TLR4, TLR2, and TLR21,
respectively [9]. This recognition induces an innate immune response in broiler chickens
characterized by the increased expression of various pro-inflammatory chemokine and
cytokine-encoding genes in the ileal and cecal tissues (CXCLi2, IL-6, and IL-1β) [11–16], by
a modulation of the host defense peptide gene expression in the intestinal tissues [17–19],
and by an increase in the expression of the inducible nitric oxide synthase (iNOS)-encoding
gene in cecal tissue [20]. Furthermore, this early immune response leads to the infiltration
of heterophils in ileal and cecal tissues [11]. Following this innate immune response in
Campylobacter-colonized birds, the Th17 pathway is predominantly activated in response to
CXCLi2, IL-6, and IL-1β production [13,14]. Th17 cells are abundant in the intestinal lamina
propria; they prevent the entry of pathogenic bacteria and maintain the integrity of the
intestinal barrier by secreting pro-inflammatory cytokines, including IL-17A, IL-17F, and
IL-22 [21]. An anti-inflammatory response has also been observed in avian cecal tissues,
induced by the expression of IL-10 [12,13,16,22], a key regulatory cytokine designed to
restrain inflammation and ensure immune homeostasis. Lack of IL-10 expression may cause
mucosal damage and diarrhea in Campylobacter-colonized chickens [12]. However, the local
immune response appears to depend on the chicken genetic line [15,23,24], diet [15], and
intestinal microbiota composition [25], on the C. jejuni strain [24,26], and on the timing of
C. jejuni exposure [14,15,26].

Studies have shown that Campylobacter can induce systemic immunity after coloniza-
tion of poultry through an increase in the number of circulating monocytes/macrophages in
the chicken peripheral blood [27], in the anti-C. jejuni IgY levels in chicken sera [22,24,26,28],
and in the α-1-acid glycoprotein (an acute phase protein) concentration in turkey sera [29].
In addition, intra-abdominal injection of C. jejuni in Leghorn chickens caused a rapid rise
in the number of heterophils infiltrating the abdominal cavity [30]. Jennings et al. [31]
observed an activation of T cell responses in the livers of Campylobacter-inoculated birds.
Interestingly, some authors observed that C. jejuni translocation was accompanied by an
absence or a downregulation of the cecal immunity and the induction of an innate immune
response in the spleens of birds [20,22,32].

Although multiple C. jejuni genotypes are simultaneously present in the cecal content
of most infected broilers [33–35], previous immunological studies have been conducted
using a single C. jejuni strain. Therefore, research focusing on the local immune response in
the context of a co-colonization by different C. jejuni strains is needed. Moreover, although
recent scientific evidence has demonstrated the pathogen’s ability to cross the intestinal
barrier and to invade internal organs in broilers [20,24,36–38], the link with local and
systemic immune responses remains unclear. To address this absence in the literature, we
studied the local and systemic immune responses in chickens associated with intestinal
colonization by one or two C. jejuni strains as well as the hepatic dissemination of C. jejuni.
We assessed local immunity by analyzing the expression of chemokines, cytokines, and
host defense peptides in cecal tonsils, and we examined systemic immunity by measuring
the expression of cytokines in liver, the production of the major acute phase protein (serum
amyloid A), and the anti-C. jejuni IgY antibodies in chicken sera.

2. Materials and Methods
2.1. Experimental Design and Sample Collection

The current study was a continuation of a previous study designed to investigate the
impact of an inoculation of two C. jejuni strains on the intestinal colonization and hepatic
spread of the bacterium in broiler chickens (certificate issued by the Comité d’Éthique sur
l’Utilisation des Animaux: 19-Rech-2039) where details and justification of the experimental
designs, as well as detailed results, can be found [37]. Briefly, the two Campylobacter jejuni
strains used in this study—identified as G2008b and D2008b—were previously isolated
from the ceca of commercial broiler chickens and characterized in our laboratory as a
strong and a weak competitor for the colonization of the chicken gut, respectively [39].
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A total of 197 one-day-old chickens were divided into 8 groups that were placed in two
different experimental rooms at the Centre de Recherche Avicole of the Faculté de Médecine
Vétérinaire of the Université de Montréal. In both rooms, each group was housed in
individual pens that were separated by plexiglass and animals were raised on wood
shavings. Birds had ad libitum access to feed (standard mash commercial formulation)
and water. They were orally inoculated at 14 days old. Four groups were housed in room
1: (1) not inoculated (control #1); (2) inoculated with 103 CFU of D2008b (103 D2008b);
(3) inoculated with 103 CFU of G2008b (103 G2008b); and (4) inoculated with 103 CFU of
both strains at the same time (mix #1). Four other groups were housed in room 2: (5) not
inoculated (control #2); (6) inoculated with 107 CFU of D2008b (107 D2008b); (7) inoculated
with 103 CFU of G2008b (103 G2008b); and (8) inoculated with 107 CFU of D2008b and
103 CFU of G2008b at the same time (mix #2). Necropsies were performed on 8 or 9 birds
per group at 1 dpi (days post inoculation), 7 dpi, and 21 dpi. Before cervical dislocation,
5 mL of blood was collected by cardiac puncture at 7 dpi and 21 dpi. Blood samples were
incubated 2 h at room temperature and centrifuged at 1000× g for 15 min, and chicken sera
were stored at −20 ◦C. At time of necropsy, about 40 mg of cecal tonsils and liver samples
of birds were freshly collected and stored at −80 ◦C in 1 mL of RNAlater Stabilization
Solution (Invitrogen, Burlington, ON, Canada).

In order to monitor specific IgY levels in chicken sera, hyperimmune sera were required
to standardize titer determinations between ELISA plates. Therefore, four additional broiler
chickens were immunized intramuscularly at 14, 21, and 28 days old with 109 formalin-
killed whole C. jejuni (bacterins) suspended in 200 µL of PBS (Oxoid, Ottawa, ON, Canada)
containing 300 mg of Quil-A®. This experimentation was approved by the Comité d’Éthique
sur l’Utilisation des Animaux of the Faculté de Médecine Vétérinaire of the Université
de Montréal (certificate number: 20-Rech-2070). Bacterins were obtained by incubating
109 CFU of an equal mix of D2008b and G2008b in formalin (Fisher Scientific, Ottawa, ON,
Canada) for 24 h at 4 ◦C. After five washings, bacterins were plated on tryptic soy blood
agar (Fisher Scientific) to verify the absence of bacterial growth and stored at −80 ◦C until
injection. As previously described, 5 mL of blood were collected from birds at 35 days of
age using a cardiac puncture before cervical dislocation. Hyperimmunized chicken sera
were pooled together and stored in aliquots at −20 ◦C.

2.2. RNA Extraction from Cecal Tonsils and Liver Samples, and Reverse Transcription

RNA extractions were performed as previously described [37], with a mechanic lysis
step consisting of two runs of 20 s at 4 m/s for cecal tonsils and of one run of 10 s at 4 m/s
for liver samples. RNA was quantified and used for the reverse transcription to cDNA as
previously described [37].

2.3. Real-Time Quantitative PCR (qPCR) from cDNA

A total of 1 µL of cDNA was amplified in duplicate for each gene and each bird, as
previously described [37]. The PCR program consisted of an initial denaturation step of
10 min at 95 ◦C, followed by 40 cycles of 10 s at 95 ◦C, 10 s at an annealing temperature
indicated in Table 1, 10 s at 72 ◦C, and a final step of high-resolution melting to verify the
specificity of the PCR products. The relative expression levels of the target genes were
evaluated as previously described [37].

Table 1. Primer sequences used for RT-qPCR.

Target Gene Primer Sequences (5′–3′) Annealing Temperature Reference

β-actin F: CAACACAGTGCTGTCTGGTGGTA
R: ATCGTACTCCTGCTTGCTGATCC 60 [40]

Ribosomal protein L32 (RPL32) F: ATGGGAGCAACAAGAAGACG
R: TTGGAAGACACGTTGTGAGC 58 [41]
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Table 1. Cont.

Target Gene Primer Sequences (5′–3′) Annealing Temperature Reference

Chemokine [C-X-C motif] ligand
i2 (CXCLi2)

F: CCAAGCACACCTCTCTTCCA
R: GCAAGGTAGGACGCTGGTAA 60 [40]

Interleukin-1β (IL-1β) F: GTGAGGCTCAACATTGCGCTGTA
R: TGTCCAGGCGGTAGAAGATGAAG 63 [40]

Interleukin-10 (IL-10) F: TTTGGCTGCCAGTCTGTGTC
R: CTCATCCATCTTCTCGAACGTC 60 [42]

Interleukin-17A (IL-17A) F: CATGGGATTACAGGATCGATGA
R: GCGGCACTGGGCATCA 60 [13]

Interleukin-13 (IL-13) F: ACTTGTCCAAGCTGAAGCTGTC
R: TCTTGCAGTCGGTCATGTTGTC 60 [40]

Interferon-γ (IFN-γ) F: ACACTGACAAGTCAAAGCCGCACA
R: AGTCGTTCATCGGGAGCTTGGC 60 [40]

Avian β-defensin1 (AvBD1) F: GGTTCTTACTGCCTTGCTGT
R: TGACTTCCTTCCTAGAGCCT 57 [43]

Cathelicidin-2 (CATH2) F: GATGGTGACCTTAGGGCGGAA
R: CGAGATCAATCTACGCTGCAGAG 62 [17]

2.4. Quantification of Serum Amyloid A in Sera

Serum amyloid A (SAA) concentration in chicken sera was measured using a commer-
cial ELISA kit: chicken serum amyloid A ELISA (Life diagnostics Inc., West Chester, PA,
USA). According to the manufacturer’s instructions, ELISA was performed in duplicate
for each standard and diluted serum sample. Absorbances were read at 450 nm using a
Biochrom EZ Read 400 Microplate Reader (Biochrom, Cambridge, UK), and the concentra-
tions were determined from the standard curve by a four-parameter logistic regression.

2.5. Determination of Anti-C. jejuni IgY Titers in Sera

The C. jejuni strains G2008b and D2008b were grown on tryptic soy blood agar plates
(Fisher Scientific) for 24 h at 42 ◦C under microaerobic conditions using the gas pack
CampyGen system (Oxoid) and suspended in PBS (Oxoid). Total C. jejuni proteins were
obtained by sonication using a Sonics Vibra-Cell VC130 Ultrasonic Processor (Sonics and
Materials Inc., Newtown, CT, USA), consisting of five runs of 30 s at 0.4 watts with incuba-
tion for 60 s on ice between each run. Cellular debris were removed by centrifugation at
12,000× g for 15 min at 4 ◦C. Proteins were quantified using the Pierce BCA Protein Assay
Kit (ThermoFisher Scientific), aliquoted, and stored at −80 ◦C. The ELISA plates were
coated overnight at 4 ◦C with 100 µL per well of an equal total protein mix from both C.
jejuni strains at a concentration of 20 µg/mL. Plates were washed five times with PBS con-
taining 0.05% Tween-20 (Sigma-Aldrich, Oakville, ON, Canada) and blocked with 200 µL
of 2% BSA (Sigma-Aldrich) for 30 min at room temperature. To determine the C. jejuni IgY
titers, chicken sera were serially diluted 2-fold in PBS containing 0.05% Tween-20 and 2%
BSA, and 100 µL was incubated in plates for 1 h at room temperature. After five washes,
100 µL of the HRP-conjugated goat anti-chicken IgG (IgY) Fc fragment (diluted 1:40,000)
(Bethyl Laboratories #A30-104P, Montgomery, TX, USA) was added in wells for 1 h at room
temperature. Results were revealed by adding 100 µL of TMB-ELISA Substrate Solution
(ThermoFisher Scientific). To avoid variations between plates, the reaction was stopped
by adding 100 µL of 0.5 M H2SO4 when the absorbance of 1.0 at 450 nm was obtained for
pooled hyperimmunized chicken sera incubated in each ELISA plate. Absorbances were
read using a Biochrom EZ Read 400 Microplate Reader (Biochrom). C. jejuni IgY titer of
samples was the last dilution of serum with an absorbance ≤0.16 (cut-off).
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2.6. Statistical Analyses

Figures and statistical analyses were performed with GraphPad Prism 9.5.0 (GraphPad
Software Inc., La Jolla, CA, USA). A Shapiro–Wilk test was used to verify data normality.
An ANOVA test followed by Tukey’s multiple comparison tests were used to analyze
statistical differences of RT-qPCR results between groups within the same time point. A
Kruskal–Wallis test followed by Dunn’s post hoc tests were used to analyze statistical
differences of ELISA results between chicken groups within the same time point.

3. Results
3.1. Transcript Levels of Chemokine, Cytokines, and Host Defense Peptides in Cecal Tonsils of
Chickens Inoculated with C. jejuni

To investigate the induction of a local immune response in birds after inoculation
with C. jejuni, as well as its possible association with hepatic spread, we used RT-qPCR
to quantify the transcript levels of the CXCLi2 chemokine and IL-1β, IL-17A cytokines,
which are all markers of the Th17 immune response in cecal tonsils at the onset of the
gut colonization (i.e., 1 and 7 dpi) (see Figure 1). In addition, the mRNA amount of the
anti-inflammatory cytokine IL-10 was also quantified in the same samples. At 1 dpi in room
2, only the CXCLi2 transcript levels were significantly upregulated (p < 0.05) in the cecal
tonsils from birds inoculated with 107 CFU of D2008b compared to birds from the control
group and birds inoculated with the mix of the two C. jejuni strains, though its expression
decreased at 7 dpi. In room 1, we noted that the mRNA levels of Th17 indicators were only
significantly increased in cecal tonsils from chickens inoculated with 103 CFU of G2008b
compared to birds from the control group at 7 dpi. The same pattern was observed in birds
inoculated with 103 CFU of G2008b and housed in room 2. A significant increase in IL-10
expression was also noted at 7 dpi in the cecal tonsils of all C. jejuni-colonized groups, as
opposed to the uncolonized ones.

Figure 1. Cont.
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Figure 1. Transcript levels of chemokine CXCLi2 and cytokines IL-1β, IL-17A, IL-10 in cecal tonsils
of birds at 1 and 7 dpi: (A) relative mRNA amounts of CXCLi2 in cecal tonsils of birds in room 1;
(B) relative mRNA amounts of CXCLi2 in cecal tonsils of birds in room 2; (C) relative mRNA amounts
of IL-1β in cecal tonsils of birds in room 1; (D) relative mRNA amounts of IL-1β in cecal tonsils of
birds in room 2; (E) relative mRNA amounts of IL-17A in cecal tonsils of birds in room 1; (F) relative
mRNA amounts of IL-17A in cecal tonsils of birds in room 2; (G) relative mRNA amounts of IL-10 in
cecal tonsils of birds in room 1; (H) relative mRNA amounts of IL-10 in cecal tonsils of birds in room 2.
Data are presented as mean ± SEM. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively.

We also examined the mRNA levels of the host defense peptides AvBD1 and CATH2
(see Figure 2) in the same samples. No significant differences in AvBD1 and CATH2
transcript levels were detected in cecal tonsils between groups in either room at 1 and 7 dpi.

Figure 2. Cont.
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Figure 2. Transcript levels of host defense peptides AvBD1 and CATH2 in cecal tonsils of birds at
1 and 7 dpi: (A) relative mRNA amounts of AvBD1 in cecal tonsils of birds in room 1; (B) relative
mRNA amounts of AvBD1 in cecal tonsils of birds in room 2; (C) relative mRNA amounts of CATH2
in cecal tonsils of birds in room 1; (D) relative mRNA amounts of CATH2 in cecal tonsils of birds in
room 2. Data are presented as mean ± SEM.

3.2. Transcript Levels of Chemokine and Cytokines in the Liver of Broiler Chickens Inoculated with
C. jejuni

To study the induction of a systemic immune response following the hepatic spread of
C. jejuni that occurred at 7 dpi and 21 dpi in broiler chickens, we used RT-qPCR to quantify
the transcript levels of the pro-inflammatory chemokine CXCLi2, IL-1β cytokine, and the
anti-inflammatory cytokine IL-10 in the liver samples of birds (see Figure 3). In room 1, we
noted a significant upregulation of the IL-1β and IL-10 mRNA levels at 21 dpi in the liver of
birds inoculated with the mix, compared to other groups. In room 2, the mRNA amounts
of CXCLi2, IL-1β, and IL-10 increased in the liver of birds inoculated with the C. jejuni mix
at 7 dpi compared to birds from the control group and birds inoculated with 103 CFU of
G2008b. These amounts decreased at 21 dpi. In this same room, we observed a significant
upregulation of IL-1β expression at 7 dpi in birds inoculated with 107 CFU of D2008b
(p < 0.01).

Figure 3. Cont.
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Figure 3. Transcript levels of chemokine CXCLi2 and cytokines IL-1β, IL-10 in bird liver at 7 and
21 dpi: (A) relative mRNA amounts of CXCLi2 in bird liver in room 1; (B) relative mRNA amounts
of CXCLi2 in bird liver in room 2; (C) relative mRNA amounts of IL-1β in bird liver in room 1;
(D) relative mRNA amounts of IL-1β in bird liver in room 2; (E) relative mRNA amounts of IL-10 in
bird liver in room 1; (F) relative mRNA amounts of IL-10 in bird liver in room 2. Data are presented
as mean ± SEM. *, **, ***, and **** indicate p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.

We also examined the mRNA levels of IFNγ (as a marker of the Th1 immune response
activation) and IL-13 (as a marker of the Th2 immune response activation) in the same
samples (see Figure 4). In room 1, we observed a significant increase at 21 dpi in the levels
of these mRNAs in the liver of birds inoculated with the C. jejuni mix compared to the other
conditions. In room 2, we found that transcript levels of these two targets were significantly
upregulated in livers from birds inoculated with the C. jejuni mix at 7 dpi compared to
others, but levels were decreased at 21 dpi. Furthermore, in the same room, livers from
chickens inoculated with 107 CFU of D2008b showed higher mRNA levels of IFNγ and
IL-13 at 21 dpi than livers from uninoculated birds and from birds inoculated with 103 CFU
of G2008b.

Figure 4. Transcript levels of cytokines IFNγ and IL-13 in bird liver at 7 dpi and 21 dpi: (A) relative
mRNA amounts of IFNγ in bird liver in room 1; (B) relative mRNA amounts of IFNγ in bird liver in
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room 2; (C) relative mRNA amounts of IL-13 in bird liver in room 1; (D) relative mRNA amounts of
IL13 in bird liver in room 2. Data are presented as mean ± SEM. *, **, ***, and **** indicate p < 0.05,
p < 0.01, p < 0.001, and p < 0.0001, respectively.

3.3. Serum Amyloid A Quantification in Sera of Chickens Inoculated by C. jejuni

Acute phase proteins (APPs) are present in the bloodstream. They are largely syn-
thesized by hepatocytes in response to pro-inflammatory cytokines and are released after
infection, inflammation, trauma, neoplasia, or stress [44]. Serum amyloid A (SAA) is the
major and most sensitive APP in chickens. Therefore, for the first time, the concentration
of this APP was quantified in the sera of chickens inoculated by C. jejuni at 1 dpi, 7 dpi,
and 21 dpi using a commercial ELISA kit (see Figure 5). No significant differences were
observed between the chicken groups in room 1 at 1 dpi, 7 dpi, and 21 dpi. In contrast, in
room 2, we found that chickens inoculated with 107 CFU of D2008b at 7 dpi had signifi-
cantly higher SAA concentrations in serum than those uninoculated (p < 0.05) and those
inoculated with 103 CFU of G2008b (p < 0.05). Interestingly, we observed an increase in
SAA concentrations in some birds inoculated with the mix at 7 dpi—similar to the chickens
inoculated with 107 CFU of D2008b—despite the absence of significant differences with
uninoculated birds.

Figure 5. Serum amyloid A concentrations in sera of birds at 1, 7, and 21 dpi: (A) serum amyloid
A (SAA) concentration in sera of birds in room 1; (B) SAA concentration in sera of birds in room 2.
Horizontal bars illustrate the median for each group. * indicates p < 0.05.

3.4. Anti-C. jejuni IgY Antibody Levels in Sera of Chickens Inoculated with C. jejuni

To assess the adaptative systemic immune response in broiler chickens associated
with the intestinal colonization and hepatic spread of C. jejuni, anti-C. jejuni IgY titers were
measured by ELISA in the sera of birds at 7 and 21 dpi (see Figure 6). Serum samples from
birds inoculated with 103 CFU of G2008b at 21 dpi and housed in room 1 revealed IgY
levels 9.4-fold higher than titers measured from the control serum. We also noted a 31.6-fold
increase in anti-C. jejuni IgY antibodies in the serum of birds inoculated with the C. jejuni
mix compared to titers from the control group (p < 0.001). At the same time, in room 2, a
similar pattern was observed for birds inoculated with 103 G2008b. Moreover, these IgY
levels were significantly higher in birds inoculated with 107 CFU of D2008b (median: 21,516)
than in uninoculated birds (median: 1312; p < 0.0001) and in birds inoculated with 103 CFU
of G2008b (median: 5121; p < 0.05). We also observed a significant 13.4-fold increase in IgY
levels against C. jejuni in chickens inoculated with the C. jejuni mix compared to these same
levels in uninoculated birds (p < 0.001)
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Figure 6. IgY antibody levels against C. jejuni in sera of chickens at 7 and 21 dpi: (A) anti-C.
jejuni IgY titers in sera of birds in room 1; (B) anti-C. jejuni IgY titers in sera of birds in room 2.
Horizontal bars illustrate the median for each group. *, ***, and **** indicate p < 0.05, p < 0.001, and
p < 0.0001, respectively.

To facilitate the comparison and the understanding of all these findings, the main re-
sults of our previous study [37] and of the current study were summarized in
Tables 2 and 3.

Table 2. Summary of the main results of our previous study [37] and of the current study for chickens
housed in room 1 at 1, 7, and 21 dpi (unless otherwise specified).

Conditions Control #1 103 D2008b 103 G2008b Mix #1

Cecal colonization
of C. jejuni No No Yes Yes

Hepatic spread of
C. jejuni No No No Yes (at 21 dpi only)

Cecal immunity a No Th17 induction
Th17 induction at 7 dpi

Significant increase in IL-10
mRNA levels at 7 dpi

No Th17 induction
Significant increase in IL-10

mRNA levels at 7 dpi

Hepatic
Immunity b

No induction of
immune responses

No induction of immune
responses

Significant increase in IL-1β,
IL-10, IFNγ, and IL-13
mRNA levels at 21 dpi

Systemic immunity No increase in specific
IgY levels

No significant increase in
specific IgY levels at 21 dpi

(compared to control)

Significant increase in
specific IgY levels at 21 dpi

a Cecal immunity was assessed only at 1 dpi and 7 dpi ; b hepatic immunity was assessed only at 7 dpi and 21 dpi.

Table 3. Summary of the main results of our previous study [37] and of the current study for chickens
housed in room 2 at 1, 7, and 21 dpi (unless otherwise specified).

Conditions Control #2 107 D2008b 103 G2008b Mix #2

Cecal colonization of
C. jejuni No Yes Yes Yes

Hepatic spread of
C. jejuni No Yes (at 21 dpi only) No Yes (at 7 and 21 dpi

only)
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Table 3. Cont.

Conditions Control #2 107 D2008b 103 G2008b Mix #2

Cecal immunity a

Significant increase in
CXCLi2 mRNA levels at 1
dpi, but no Th17 induction

at 7 dpi
Significant increase in IL-10

mRNA levels at 7 dpi

Th17 induction at 7 dpi
Significant increase in
IL-10 mRNA levels at

7 dpi

No Th17 induction
Significant increase in
IL-10 mRNA levels at

7 dpi

Hepatic
Immunity b

Significant increase in
IL-1β mRNA levels at 7

dpi; and IL-1β, IL-10, IFNγ,
and IL-13 at 21 dpi

No induction of immune
responses

Significant increase in
CXCLi2, IL-1β, IL-10,

IFNγ, and IL-13 mRNA
levels at 7 dpi; and

IL-1β at 21 dpi

Systemic immunity

Significant increase in SAA
concentration at 7 dpi
Significant increase in

specific IgY levels at 21 dpi

No significant in-crease
in specific IgY levels at

21 dpi (compared to
control)

Significant increase in
specific IgY levels at

21 dpi

a Cecal immunity was assessed only at 1 dpi and 7 dpi ; b hepatic immunity was assessed only at 7 dpi and 21 dpi.

4. Discussion

Due to the lack of effective methods to prevent or reduce the colonization of broiler
chickens by C. jejuni, its persistence in commercial flocks has become a major public health
concern. Nevertheless, little is known about the mechanisms underlying the interaction
of C. jejuni with the chicken gut immune system, especially in a context of multi-strain
colonization, which appears to be common on farms. Although C. jejuni appears to be able
to cross the intestinal barrier and to invade internal organs in broilers through unknown
mechanisms, the relationship between liver invasion and local and systemic immune re-
sponses remains unclear. These processes can therefore be better understood by examining
the impacts of intestinal colonization by a single C. jejuni strain or mixed strains and the
impacts of their hepatic spread on the local and systemic immune responses in broilers.

In the previous study conducted by our group [37], no clinical signs were observed
and no significant difference in body weight was noted at 1, 7, and 21 dpi. Regarding the
gut establishment, we observed that very few birds were colonized by C. jejuni at 1 dpi. At
7 dpi and 21 dpi, C. jejuni was detected neither in the guts of uninoculated birds housed in
both rooms nor in birds inoculated with 103 CFU of D2008b housed in room 1 compared
to other chicken groups. As a result of our strain-specific qPCR approach, we confirmed
that throughout these animal experiments, birds inoculated with a single C. jejuni strain
were colonized by that strain only. In room 1 in the caecum of birds inoculated with the
mix, we saw D2008b colonization starting from 7 dpi only in the presence of G2008b,
and their colonization levels became almost equal at 21 dpi. Therefore, we hypothesized
that D2008b benefited from G2008b’s intestinal colonization, which may be related to a
commensalism mechanism between C. jejuni strains. In room 2, we observed inter-strain
competition for gut colonization, characterized by a predominance of G2008b in the ileum
and cecum at 21 dpi. In addition, we saw the D2008b translocation to the liver for birds
inoculated with the mix and housed in room 1 at 21 dpi in those inoculated with the mix
and housed in room 2 at 7 dpi and 21 dpi and in those inoculated with 107 CFU of D2008b
and housed in room 2 at 21 dpi without clinical signs throughout the animal experiments.
Therefore, we speculated that a high inoculum of C. jejuni and/or the presence of G2008b
appeared to facilitate and accelerate the hepatic spread of D2008b. Moreover, these hepatic
translocations appeared to be accompanied by a moderate and transient decrease in tight
junction protein expression levels in the ileum. We therefore concluded that G2008b is
more suitable for gut colonization, but it contributed to the establishment of D2008b in the
cecum and spread to the liver.
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In order to explore the local immune response of broiler chickens colonized with
single or mixed strains of C. jejuni, we analyzed the expression levels of Th17 pathway
indicators (CXCLi2, IL-1β, and IL-17A) and the anti-inflammatory cytokine IL-10 in the
cecal tonsils. At 1 dpi, the CXCLi2 mRNA levels were only significantly increased in the
cecal tonsils of chickens inoculated with 107 CFU of single D2008b, which is consistent with
the literature [11,15,20], suggesting that heterophils and macrophages might be attracted to
infection sites [45]. Therefore, we hypothesize that with a high bacterial inoculum mixed
and distinct strains of C. jejuni might have different effects on the timing of the innate
immune system activation. The pro-inflammatory cytokine IL-1β could be secreted after
CXCLi2 production and would mediate the Th17 signaling pathway with the production
of IL-17A in the challenged birds. Interestingly, in the present study, no increase in mRNA
levels of Th17 pathway indicators was observed at 7 dpi in the cecal tonsils of liver-
contaminated birds. Similar results showing the absence or reduction of a proinflammatory
response in cecal tonsils of inoculated birds have been reported [20,22], especially the Th17
response [32] before and/or during the C. jejuni translocation in chickens. The absence of
Th17 signaling at 7 dpi might compromise the integrity of the intestinal epithelial barrier,
which could, in turn, facilitate the reduced expression of tight junction proteins in the
presence of C. jejuni (as we previously reported [37]) and the ensuing hepatic spread.
Furthermore, the significant increase in IL-10 expression in the cecal tonsils of C. jejuni-
inoculated birds is in accordance with the literature [14,16,22] and would result in the
long-term colonization of C. jejuni in the intestine and the lack of observed pathologies [12].

In response to the activation of TLRs, phagocytes and epithelial cells lining the gastroin-
testinal tract also secrete two major families of host defense peptides (HDPs) in chickens:
β-defensins and cathelicidins [46]. Due to their antimicrobial and immunomodulatory
properties, HDPs play an important role in the first line of defense against the crossing of
the intestinal barrier by pathogens. In the current study, we found that C. jejuni did not
affect AvBD1 expression in cecal tonsils at 1 dpi and 7 dpi, except for some birds showing
an upregulation. Our findings appear to be consistent with those reported by Li et al. [19],
showing no significant differences of AvBD1 expression at 1, 3, and 15 dpi for chickens
inoculated with 104 CFU of C. jejuni. Our findings also showed that CATH2 expression
levels were not altered by C. jejuni in cecal tonsils of birds at 1 dpi and 7 dpi, which aligns
with findings reported by Li et al. [19]. Nonetheless, they contradict those reported by
van Dijk et al. [17], who showed a downregulation of CATH2 expression at 2 dpi in the
jejunum of chickens colonized by C. jejuni. We hypothesized that CATH2 expression might
be differently altered by Campylobacter between the jejunum and cecum probably due to
different C. jejuni loads and/or microbiota composition, as observed for the expression
of several β-defensins throughout the gastrointestinal tract of broiler chickens [18]. Fur-
thermore, since CATH2 is expressed only by heterophils [47], differences in heterophil
infiltration between the jejunum and the cecum in response to C. jejuni colonization could
also explain the observed divergences, as reported by Smith et al. [11]. Given that regula-
tion of HDPs expression by C. jejuni appears to be tissue-dependent, inoculum-dependent,
timepoint-dependent, and possibly strain-dependent, future studies should aim to better
characterize the role and control of HPD expression in the broiler chicken gut in response
to C. jejuni infection.

Analysis of the proinflammatory response in the bird livers revealed an increase in CX-
CLi2 and IL-1β transcripts for livers contaminated by C. jejuni compared with others, which
is in keeping with the hepatic dissemination observed in our previous study [37]. However,
in the present work, the expression of these markers in the liver of chickens inoculated
with 107 CFU of D2008b started to increase at 7 dpi, whereas we only found C. jejuni by
bacterial culture at 21 dpi. Therefore, we believe that in this group, the translocation would
start at 7 dpi with a C. jejuni load below the detection limit of 50 CFU/g in the liver. These
findings indicate that C. jejuni translocation might induce innate immunity in the liver,
possibly through its recognition by TLRs-expressing hepatocytes and/or hepatic immune
cells. As reported by Vaezirad et al. [20] and Mortada et al. [22], in C. jejuni-contaminated
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chicken spleens after inoculation, the inflammation observed in the present work was
also accompanied by an anti-inflammatory response. Consistent with the absence of liver
pathology observed in our previous study [37], these results suggest that C. jejuni might
contain the inflammatory response for its survival and establishment by mediating the
induction of regulatory cytokines such as IL-10. However, in our previous study, we noted
that the number of C. jejuni-contaminated livers seemed to decrease between 7 dpi and
21 dpi. This observation could be attributed to the latter triggering the adaptive immunity
to clear intracellular and/or extracellular C. jejuni by eliciting cellular Th1 and humoral
Th2 immune responses, as indicated by the upregulation of IFNγ and IL-13 expressions in
liver-contaminated groups. These results align with the increased proliferation of hepatic
T cells observed in livers of C. jejuni-inoculated chickens reported by Jennings et al. [31],
despite low levels of translocation. Nevertheless, all of these findings remain to be vali-
dated by performing additional in vivo assays to better understand the role of immunity in
C. jejuni establishment in the early stages of liver infection and in its late clearance.

APPs (acute phase proteins) are mainly synthesized by hepatocytes in response to
proinflammatory cytokines (IL-6, TNF-α and IL-1β) and released into the bloodstream [44].
They play an essential role in the innate immune response to restore homeostasis and to
contain microbial infections [48]. Therefore, they are widely used as physiological biomark-
ers for bacterial and viral infections and as a way to monitor vaccine responses. In chickens,
SAA is the major and the most sensitive APP that opsonizes Gram-negative bacteria [49]
and induces protective responses from immune cells [50]. In the current study, increased
SAA levels were only observed in room 2 at 7 dpi for some birds inoculated with D2008b
in the presence or absence of G2008b, corresponding to liver-contaminated groups in this
room. According to some authors, SAA concentrations in broiler chicken sera increase
during the acute phase infection after exposure to a stimulus, such as vaccination [51] or
Escherichia coli [52] and Salmonella Typhimurium infections [53]. However, its concentra-
tions rapidly drop due to its short half-life, which could explain why very few significant
differences were observed in this work. Interestingly, the SAA secretion appears to coincide
with the upregulation of IL-1β expression in the liver after C. jejuni translocation in room 2.
According to observations in Listeria monocytogenes-infected mice [54], we hypothesize that
the hepatic anti-inflammatory response following C. jejuni dissemination, described above,
might induce SAA synthesis to rapidly control the liver infection. Elevated SAA levels
might have contributed to the reduction in the number of C. jejuni-contaminated livers
observed between 7 and 21 dpi during our previous study [37]. Future studies should focus
on examining the effect of C. jejuni translocation on APP expression, especially SAA, to
better understand the underlying host clearance mechanisms against this microorganism
in the liver.

Finally, the effect of C. jejuni infection on adaptative systemic immunity was assessed
by measuring the IgY levels against C. jejuni. The observed increase in anti-C. jejuni IgY
titers in challenged birds at 21 dpi is consistent with studies reporting that specific IgY
levels started to increase between the second and third week post-inoculation [22,24,26,28].
In this work, the intestinal colonization alone resulted in low specific IgY levels in the
serum, whereas liver dissemination of C. jejuni increased these levels. Due to the low
C. jejuni dissemination rate reported in previous studies or the absence of monitoring of its
intestinal translocation [22,24,26,28], it is difficult to compare our data with the literature.
The slight increase in specific IgY levels in liver-uncontaminated chicken groups might be
due to the low intestinal immune response following the C. jejuni infection as described
above. These results lead us to suspect that intestinal colonization alone of C. jejuni does not
affect the adaptive systemic immunity much, which is consistent with its commensal-like
characteristics. Regarding the liver-contaminated groups, we hypothesize that elevated
levels of specific IgY might be associated with the induction of hepatic Th2 immunity in
response to C. jejuni translocation described above. However, we noted a delay between
the initiation of the Th2 immune response in livers and the increase in specific IgY levels in
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sera, possibly due to the transition from IgM to IgY. Future studies are needed to confirm
our findings, especially with other strains.

Taken together, we showed that C. jejuni interacts with the host immune system
and controls the proinflammatory response in avian cecal tonsils, which, in some cases,
decreases to near basal levels. The absence of this proinflammatory response could allow
Campylobacter to compromise gut integrity, thereby promoting its hepatic spread. When
the cecum was colonized by any of the strains used in this study, an anti-inflammatory
response was observed, which may have led to the tolerance of C. jejuni in the chicken
gut. Liver invasion induced an innate immune response, including the expression of
proinflammatory cytokines, which would lead to SAA secretion in an attempt to clear
the microorganism. In addition, the establishment of C. jejuni in the liver of infected
birds triggered Th1 and Th2 immune responses, causing the production of specific IgY
antibodies that could, in turn, have contributed to decreasing the translocation rate and the
hepatic clearance of the bacterium. All of these findings highlight a potential link between
C. jejuni intestinal colonization, its hepatic dissemination, and associated local and systemic
immune responses.

Although Campylobacter is often recognized as a commensal-like bacterium in chickens,
it appears to be able to modulate the gut immune system and to induce a systemic immunity,
possibly after its hepatic dissemination, without causing clinical signs or affecting chicken
performances. Albeit all these findings need to be confirmed by other studies, analysis of
SAA concentrations and specific IgY levels in sera could be used to identify and eliminate
contaminated livers in slaughterhouses. We also showed that immune response to strains
restricted to the gut environment differ from strains that spread to the liver. We therefore
recommend monitoring extraintestinal translocation for further studies that aim to look
at the immune response of birds to C. jejuni colonization, especially studies reporting the
results of vaccine challenges.

Author Contributions: Conceptualization, S.C., P.F. and A.T.; methodology, S.C., W.P.T. and A.T.;
validation, S.C., W.P.T. and A.T.; formal analysis, S.C., P.F. and A.T.; investigation, S.C.; resources,
S.C., W.P.T., M.-L.G. and A.T.; data curation, S.C.; writing—original draft preparation, S.C.; writing—
review and editing, S.C., W.P.T., P.F., M.-L.G. and A.T.; visualization, S.C. and A.T.; supervision,
A.T.; project administration, A.T.; funding acquisition, P.F. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Natural Sciences and Engineering Research Council of
Canada (grant number RDCPJ 520873-17), the Consortium de recherche et innovations en bioprocédés
industriels au Québec, the Swine and Poultry Infectious Diseases Research Centre (CRIPA), the
Groupe de Recherche sur les maladies infectieuses en production animale (GREMIP), and the Fonds
du Centenaire of the Faculté de Médecine Vétérinaire of the Université de Montréal.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee (Comité d’Éthique sur l’Utilisation des Animaux) of the Faculté de Médecine Vétérinaire
of the Université de Montréal (19-Rech-2039 date of approval: 6 November 2019; 20-Rech-2070 date
of approval: 31 March 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting reported results will be provided upon request.

Acknowledgments: We would like to thank all the members of the Research Chair in Meat Safety
for their help during necropsies and all the staff of the Centre de Recherche Avicole of the Fac-
ulté de Médecine Vétérinaire for their rigorous work and assistance. We are also grateful to
Marcelo Gottschalk and his research assistant Annie Gaudreau for their technical advice about the
ELISA approach.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Microorganisms 2023, 11, 1677 15 of 17

References
1. Keithlin, J.; Sargeant, J.; Thomas, M.K.; Fazil, A. Systematic review and meta-analysis of the proportion of Campylobacter cases

that develop chronic sequelae. BMC Public Health 2014, 14, 1203. [CrossRef]
2. European Food Safety Authority and European Centre for Disease Prevention and Control. The European Union One Health

2021 Zoonoses Report. EFSA J. 2022, 20, e07666. [CrossRef]
3. Public Health Agency of Canada. FoodNet Canada Annual Report 2018. Available online: https://www.canada.ca/en/

public-health/services/surveillance/foodnet-canada/publications/foodnet-canada-annual-report-2018.html (accessed on 14
December 2022).

4. Kaakoush, N.O.; Castano-Rodriguez, N.; Mitchell, H.M.; Man, S.M. Global Epidemiology of Campylobacter Infection. Clin.
Microbiol. Rev. 2015, 28, 687–720. [CrossRef] [PubMed]

5. Tack, D.M.; Marder, E.P.; Griffin, P.M.; Cieslak, P.R.; Dunn, J.; Hurd, S.; Scallan, E.; Lathrop, S.; Muse, A.; Ryan, P.; et al.
Preliminary Incidence and Trends of Infections with Pathogens Transmitted Commonly through Food—Foodborne Diseases
Active Surveillance Network, 10 U.S. Sites, 2015–2018. MMWR Morb. Mortal Wkly Rep. 2019, 68, 369–373. [CrossRef]

6. Domingues, A.R.; Pires, S.M.; Halasa, T.; Hald, T. Source attribution of human campylobacteriosis using a meta-analysis of
case-control studies of sporadic infections. Epidemiol. Infect. 2012, 140, 970–981. [CrossRef]

7. Little, C.L.; Gormley, F.J.; Rawal, N.; Richardson, J.F. A recipe for disaster: Outbreaks of campylobacteriosis associated with
poultry liver pate in England and Wales. Epidemiol. Infect. 2010, 138, 1691–1694. [CrossRef]

8. Lanier, W.A.; Hale, K.R.; Geissler, A.L.; Dewey-Mattia, D. Chicken Liver-Associated Outbreaks of Campylobacteriosis and
Salmonellosis, United States, 2000–2016: Identifying Opportunities for Prevention. Foodborne Pathog. Dis. 2018, 15, 726–733.
[CrossRef]

9. de Zoete, M.R.; Keestra, A.M.; Roszczenko, P.; van Putten, J.P. Activation of human and chicken toll-like receptors by Campylobacter
spp. Infect. Immun. 2010, 78, 1229–1238. [CrossRef] [PubMed]

10. Brisbin, J.T.; Gong, J.; Sharif, S. Interactions between commensal bacteria and the gut-associated immune system of the chicken.
Anim. Health Res. Rev. 2008, 9, 101–110. [CrossRef]

11. Smith, C.K.; Abuoun, M.; Cawthraw, S.A.; Humphrey, T.J.; Rothwell, L.; Kaiser, P.; Barrow, P.A.; Jones, M.A. Campylobacter
colonization of the chicken induces a proinflammatory response in mucosal tissues. FEMS Immunol. Med. Microbiol. 2008, 54,
114–121. [CrossRef]

12. Humphrey, S.; Chaloner, G.; Kemmett, K.; Davidson, N.; Williams, N.; Kipar, A.; Humphrey, T.; Wigley, P. Campylobacter jejuni is
not merely a commensal in commercial broiler chickens and affects bird welfare. mBio 2014, 5, e01364-14. [CrossRef] [PubMed]

13. Reid, W.D.; Close, A.J.; Humphrey, S.; Chaloner, G.; Lacharme-Lora, L.; Rothwell, L.; Kaiser, P.; Williams, N.J.; Humphrey, T.J.;
Wigley, P.; et al. Cytokine responses in birds challenged with the human food-borne pathogen Campylobacter jejuni implies a Th17
response. R. Soc. Open Sci. 2016, 3, 150541. [CrossRef] [PubMed]

14. Connerton, P.L.; Richards, P.J.; Lafontaine, G.M.; O’Kane, P.M.; Ghaffar, N.; Cummings, N.J.; Smith, D.L.; Fish, N.M.; Connerton,
I.F. The effect of the timing of exposure to Campylobacter jejuni on the gut microbiome and inflammatory responses of broiler
chickens. Microbiome 2018, 6, 88. [CrossRef]

15. Han, Z.; Willer, T.; Pielsticker, C.; Gerzova, L.; Rychlik, I.; Rautenschlein, S. Differences in host breed and diet influence
colonization by Campylobacter jejuni and induction of local immune responses in chicken. Gut Pathog. 2016, 8, 56. [CrossRef]
[PubMed]

16. Munoz, L.R.; Bailey, M.A.; Krehling, J.T.; Bourassa, D.V.; Hauck, R.; Pacheco, W.J.; Chaves-Cordoba, B.; Chasteen, K.S.; Talorico,
A.A.; Escobar, C.; et al. Effects of dietary yeast cell wall supplementation on growth performance, intestinal Campylobacter jejuni
colonization, innate immune response, villus height, crypt depth, and slaughter characteristics of broiler chickens inoculated
with Campylobacter jejuni at day 21. Poult. Sci. 2023, 102, 102609. [CrossRef]

17. van Dijk, A.; Herrebout, M.; Tersteeg-Zijderveld, M.H.; Tjeerdsma-van Bokhoven, J.L.; Bleumink-Pluym, N.; Jansman, A.J.;
Veldhuizen, E.J.; Haagsman, H.P. Campylobacter jejuni is highly susceptible to killing by chicken host defense peptide cathelicidin-2
and suppresses intestinal cathelicidin-2 expression in young broilers. Vet. Microbiol. 2012, 160, 347–354. [CrossRef]

18. Garcia, J.S.; Byrd, J.A.; Wong, E.A. Expression of nutrient transporters and host defense peptides in Campylobacter challenged
broilers. Poult Sci. 2018, 97, 3671–3680. [CrossRef]

19. Li, P.; Cui, Y.; Guo, F.; Guo, J.; Cao, X.; Lin, J.; Ding, B.; Xu, F. Campylobacter jejuni infection induces dynamic expression of avian
host defense peptides in vitro and in vivo. Vet. Microbiol. 2023, 277, 109631. [CrossRef]

20. Vaezirad, M.M.; Keestra-Gounder, A.M.; de Zoete, M.R.; Koene, M.G.; Wagenaar, J.A.; van Putten, J.P.M. Invasive behavior of
Campylobacter jejuni in immunosuppressed chicken. Virulence 2017, 8, 248–260. [CrossRef]

21. Littman, D.R.; Rudensky, A.Y. Th17 and regulatory T cells in mediating and restraining inflammation. Cell 2010, 140, 845–858.
[CrossRef]

22. Mortada, M.; Cosby, D.E.; Akerele, G.; Ramadan, N.; Oxford, J.; Shanmugasundaram, R.; Ng, T.T.; Selvaraj, R.K. Characterizing
the immune response of chickens to Campylobacter jejuni (Strain A74C). PLoS ONE 2021, 16, e0247080. [CrossRef] [PubMed]

23. Li, X.; Swaggerty, C.L.; Kogut, M.H.; Chiang, H.I.; Wang, Y.; Genovese, K.J.; He, H.; Zhou, H. Gene expression profiling of the
local cecal response of genetic chicken lines that differ in their susceptibility to Campylobacter jejuni colonization. PLoS ONE 2010,
5, e11827. [CrossRef] [PubMed]

https://doi.org/10.1186/1471-2458-14-1203
https://doi.org/10.2903/j.efsa.2022.7666
https://www.canada.ca/en/public-health/services/surveillance/foodnet-canada/publications/foodnet-canada-annual-report-2018.html
https://www.canada.ca/en/public-health/services/surveillance/foodnet-canada/publications/foodnet-canada-annual-report-2018.html
https://doi.org/10.1128/CMR.00006-15
https://www.ncbi.nlm.nih.gov/pubmed/26062576
https://doi.org/10.15585/mmwr.mm6816a2
https://doi.org/10.1017/S0950268811002676
https://doi.org/10.1017/S0950268810001974
https://doi.org/10.1089/fpd.2018.2489
https://doi.org/10.1128/IAI.00897-09
https://www.ncbi.nlm.nih.gov/pubmed/20038539
https://doi.org/10.1017/S146625230800145X
https://doi.org/10.1111/j.1574-695X.2008.00458.x
https://doi.org/10.1128/mBio.01364-14
https://www.ncbi.nlm.nih.gov/pubmed/24987092
https://doi.org/10.1098/rsos.150541
https://www.ncbi.nlm.nih.gov/pubmed/27069644
https://doi.org/10.1186/s40168-018-0477-5
https://doi.org/10.1186/s13099-016-0133-1
https://www.ncbi.nlm.nih.gov/pubmed/27843492
https://doi.org/10.1016/j.psj.2023.102609
https://doi.org/10.1016/j.vetmic.2012.05.034
https://doi.org/10.3382/ps/pey228
https://doi.org/10.1016/j.vetmic.2022.109631
https://doi.org/10.1080/21505594.2016.1221559
https://doi.org/10.1016/j.cell.2010.02.021
https://doi.org/10.1371/journal.pone.0247080
https://www.ncbi.nlm.nih.gov/pubmed/33720955
https://doi.org/10.1371/journal.pone.0011827
https://www.ncbi.nlm.nih.gov/pubmed/20676366


Microorganisms 2023, 11, 1677 16 of 17

24. Pielsticker, C.; Glunder, G.; Aung, Y.H.; Rautenschlein, S. Colonization pattern of C. jejuni isolates of human and avian origin and
differences in the induction of immune responses in chicken. Vet. Immunol. Immunopathol. 2016, 169, 1–9. [CrossRef]

25. Han, Z.; Willer, T.; Li, L.; Pielsticker, C.; Rychlik, I.; Velge, P.; Kaspers, B.; Rautenschlein, S. Influence of the Gut Microbiota
Composition on Campylobacter jejuni Colonization in Chickens. Infect. Immun. 2017, 85, e00380-17. [CrossRef]

26. Han, Z.; Pielsticker, C.; Gerzova, L.; Rychlik, I.; Rautenschlein, S. The influence of age on Campylobacter jejuni infection in chicken.
Dev. Comp. Immunol. 2016, 62, 58–71. [CrossRef]

27. Meade, K.G.; Narciandi, F.; Cahalane, S.; Reiman, C.; Allan, B.; O’Farrelly, C. Comparative in vivo infection models yield insights
on early host immune response to Campylobacter in chickens. Immunogenetics 2009, 61, 101–110. [CrossRef]

28. Cawthraw, S.; Ayling, R.; Nuijten, P.; Wassenaar, T.; Newell, D.G. Isotype, specificity, and kinetics of systemic and mucosal
antibodies to Campylobacter jejuni antigens, including flagellin, during experimental oral infections of chickens. Avian Dis. 1994,
38, 341–349. [CrossRef]

29. Sylte, M.J.; Sivasankaran, S.K.; Trachsel, J.; Sato, Y.; Wu, Z.; Johnson, T.A.; Chandra, L.C.; Zhang, Q.; Looft, T. The Acute
Host-Response of Turkeys Colonized with Campylobacter coli. Front. Vet. Sci. 2021, 8, 613203. [CrossRef] [PubMed]

30. Genovese, K.J.; He, H.; Swaggerty, C.L.; Byrd, J.A.; Kogut, M.H. Leukocyte Response to Campylobacter Intra-Abdominal Infection
in One Day Old Leghorn Chickens. Microorganisms 2023, 11, 613. [CrossRef] [PubMed]

31. Jennings, J.L.; Sait, L.C.; Perrett, C.A.; Foster, C.; Williams, L.K.; Humphrey, T.J.; Cogan, T.A. Campylobacter jejuni is associated
with, but not sufficient to cause vibrionic hepatitis in chickens. Vet. Microbiol. 2011, 149, 193–199. [CrossRef] [PubMed]

32. Gibbs, K.; Lacharme-Lora, L.; Dersjant-Li, Y.; Evans, C.; Wigley, P. A probiotic and mixed-enzymes combination reduces the
inflammatory response, faecal shedding and systemic spread of Campylobacter jejuni in broilers. J. Appl. Anim. Nutr. 2021, 9, 65–75.
[CrossRef]

33. Thomas, L.M.; Long, K.A.; Good, R.T.; Panaccio, M.; Widders, P.R. Genotypic Diversity among Campylobacter jejuni Isolates in a
Commercial Broiler Flock. Appl. Environ. Microbiol. 1997, 63, 1874–1877. [CrossRef]

34. Hiett, K.L.; Stern, N.J.; Fedorka-Cray, P.; Cox, N.A.; Musgrove, M.T.; Ladely, S. Molecular subtype analyses of Campylobacter spp.
from Arkansas and California poultry operations. Appl. Environ. Microbiol. 2002, 68, 6220–6236. [CrossRef]

35. Messens, W.; Herman, L.; De Zutter, L.; Heyndrickx, M. Multiple typing for the epidemiological study of contamination of
broilers with thermotolerant Campylobacter. Vet. Microbiol. 2009, 138, 120–131. [CrossRef] [PubMed]

36. Chaloner, G.; Wigley, P.; Humphrey, S.; Kemmett, K.; Lacharme-Lora, L.; Humphrey, T.; Williams, N. Dynamics of dual infection
with Campylobacter jejuni strains in chickens reveals distinct strain-to-strain variation in infection ecology. Appl. Environ. Microbiol.
2014, 80, 6366–6372. [CrossRef] [PubMed]

37. Chagneau, S.; Gaucher, M.-L.; Thériault, W.P.; Fravalo, P.; Thibodeau, A. Observations supporting hypothetical commensalism
and competition between two Campylobacter jejuni strains colonizing the broiler chicken gut. Front. Microbiol. 2023, 13, 1071175.
[CrossRef]

38. Humphrey, S.; Lacharme-Lora, L.; Chaloner, G.; Gibbs, K.; Humphrey, T.; Williams, N.; Wigley, P. Heterogeneity in the Infection
Biology of Campylobacter jejuni Isolates in Three Infection Models Reveals an Invasive and Virulent Phenotype in a ST21 Isolate
from Poultry. PLoS ONE 2015, 10, e0141182. [CrossRef] [PubMed]

39. Thibodeau, A.; Fravalo, P.; Taboada, E.N.; Laurent-Lewandowski, S.; Guevremont, E.; Quessy, S.; Letellier, A. Extensive
characterization of Campylobacter jejuni chicken isolates to uncover genes involved in the ability to compete for gut colonization.
BMC Microbiol. 2015, 15, 97. [CrossRef] [PubMed]

40. St Paul, M.; Mallick, A.I.; Haq, K.; Orouji, S.; Abdul-Careem, M.F.; Sharif, S. In vivo administration of ligands for chicken toll-like
receptors 4 and 21 induces the expression of immune system genes in the spleen. Vet. Immunol. Immunopathol. 2011, 144, 228–237.
[CrossRef]

41. Bages, S.; Estany, J.; Tor, M.; Pena, R.N. Investigating reference genes for quantitative real-time PCR analysis across four chicken
tissues. Gene 2015, 561, 82–87. [CrossRef]

42. Taha-Abdelaziz, K.; Alkie, T.N.; Hodgins, D.C.; Yitbarek, A.; Shojadoost, B.; Sharif, S. Gene expression profiling of chicken cecal
tonsils and ileum following oral exposure to soluble and PLGA-encapsulated CpG ODN, and lysate of Campylobacter jejuni. Vet.
Microbiol. 2017, 212, 67–74. [CrossRef] [PubMed]

43. Akbari, M.R.; Haghighi, H.R.; Chambers, J.R.; Brisbin, J.; Read, L.R.; Sharif, S. Expression of antimicrobial peptides in cecal tonsils
of chickens treated with probiotics and infected with Salmonella enterica serovar typhimurium. Clin. Vaccine Immunol. 2008, 15,
1689–1693. [CrossRef]

44. Kaab, H.T. Acute Phase Proteins as a Biomarker of Health and Disease in Chickens. Ph.D. Thesis, University of Glasgow, Glasgow,
UK, 2019.

45. Kaiser, P.; Stäheli, P. Chapter 10—Avian Cytokines and Chemokines. In Avian Immunology, 2nd ed.; Schat, K.A., Kaspers, B.,
Kaiser, P., Eds.; Academic Press: Boston, MA, USA, 2014; pp. 189–204.

46. Cuperus, T.; Coorens, M.; van Dijk, A.; Haagsman, H.P. Avian host defense peptides. Dev. Comp. Immunol. 2013, 41, 352–369.
[CrossRef]

47. van Dijk, A.; Tersteeg-Zijderveld, M.H.; Tjeerdsma-van Bokhoven, J.L.; Jansman, A.J.; Veldhuizen, E.J.; Haagsman, H.P. Chicken
heterophils are recruited to the site of Salmonella infection and release antibacterial mature Cathelicidin-2 upon stimulation with
LPS. Mol. Immunol. 2009, 46, 1517–1526. [CrossRef]

48. Cray, C.; Zaias, J.; Altman, N.H. Acute phase response in animals: A review. Comp. Med. 2009, 59, 517–526.

https://doi.org/10.1016/j.vetimm.2015.11.005
https://doi.org/10.1128/IAI.00380-17
https://doi.org/10.1016/j.dci.2016.04.020
https://doi.org/10.1007/s00251-008-0346-7
https://doi.org/10.2307/1591960
https://doi.org/10.3389/fvets.2021.613203
https://www.ncbi.nlm.nih.gov/pubmed/33889603
https://doi.org/10.3390/microorganisms11030613
https://www.ncbi.nlm.nih.gov/pubmed/36985187
https://doi.org/10.1016/j.vetmic.2010.11.005
https://www.ncbi.nlm.nih.gov/pubmed/21112163
https://doi.org/10.3920/JAAN2021.0003
https://doi.org/10.1128/aem.63.5.1874-1877.1997
https://doi.org/10.1128/AEM.68.12.6220-6236.2002
https://doi.org/10.1016/j.vetmic.2009.02.012
https://www.ncbi.nlm.nih.gov/pubmed/19303724
https://doi.org/10.1128/AEM.01901-14
https://www.ncbi.nlm.nih.gov/pubmed/25107966
https://doi.org/10.3389/fmicb.2022.1071175
https://doi.org/10.1371/journal.pone.0141182
https://www.ncbi.nlm.nih.gov/pubmed/26496441
https://doi.org/10.1186/s12866-015-0433-5
https://www.ncbi.nlm.nih.gov/pubmed/25958385
https://doi.org/10.1016/j.vetimm.2011.09.004
https://doi.org/10.1016/j.gene.2015.02.016
https://doi.org/10.1016/j.vetmic.2017.11.010
https://www.ncbi.nlm.nih.gov/pubmed/29173590
https://doi.org/10.1128/CVI.00242-08
https://doi.org/10.1016/j.dci.2013.04.019
https://doi.org/10.1016/j.molimm.2008.12.015


Microorganisms 2023, 11, 1677 17 of 17

49. Shah, C.; Hari-Dass, R.; Raynes, J.G. Serum amyloid A is an innate immune opsonin for Gram-negative bacteria. Blood 2006, 108,
1751–1757. [CrossRef]

50. Sack, G.H., Jr. Serum amyloid A—A review. Mol. Med. 2018, 24, 46. [CrossRef] [PubMed]
51. Kaab, H.; Bain, M.M.; Eckersall, P.D. Acute phase proteins and stress markers in the immediate response to a combined vaccination

against Newcastle disease and infectious bronchitis viruses in specific pathogen free (SPF) layer chicks. Poult. Sci. 2018, 97,
463–469. [CrossRef] [PubMed]

52. Kromann, S.; Olsen, R.H.; Bojesen, A.M.; Jensen, H.E.; Thofner, I. Assessment of automated assays for serum amyloid A,
haptoglobin (PIT54) and basic biochemistry in broiler breeders experimentally infected with Escherichia coli. Vet. Res. 2022, 53, 25.
[CrossRef]

53. Yazdani, A.; Asasi, K.; Nazifi, S. Evaluation of acute-phase proteins and inflammatory mediators changes in native chickens
experimentally infected with Salmonella typhimurium. Comp. Clin. Pathol. 2015, 24, 733–739. [CrossRef]

54. Hawkins, J.S.; Wu, Q.; Wang, Y.; Lu, C.Y. Deficits in serum amyloid A contribute to increased neonatal mortality during murine
listeriosis. Pediatr. Res. 2013, 74, 668–674. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1182/blood-2005-11-011932
https://doi.org/10.1186/s10020-018-0047-0
https://www.ncbi.nlm.nih.gov/pubmed/30165816
https://doi.org/10.3382/ps/pex340
https://www.ncbi.nlm.nih.gov/pubmed/29182756
https://doi.org/10.1186/s13567-022-01040-1
https://doi.org/10.1007/s00580-014-1972-0
https://doi.org/10.1038/pr.2013.164
https://www.ncbi.nlm.nih.gov/pubmed/24153400

	Introduction 
	Materials and Methods 
	Experimental Design and Sample Collection 
	RNA Extraction from Cecal Tonsils and Liver Samples, and Reverse Transcription 
	Real-Time Quantitative PCR (qPCR) from cDNA 
	Quantification of Serum Amyloid A in Sera 
	Determination of Anti-C. jejuni IgY Titers in Sera 
	Statistical Analyses 

	Results 
	Transcript Levels of Chemokine, Cytokines, and Host Defense Peptides in Cecal Tonsils of Chickens Inoculated with C. jejuni 
	Transcript Levels of Chemokine and Cytokines in the Liver of Broiler Chickens Inoculated with C. jejuni 
	Serum Amyloid A Quantification in Sera of Chickens Inoculated by C. jejuni 
	Anti-C. jejuni IgY Antibody Levels in Sera of Chickens Inoculated with C. jejuni 

	Discussion 
	References

