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Abstract
Background

Mucosal and systemic immune responses are different strategies to cope with environmental stimuli. In
ovo delivery of prebiotic, probiotic, or synbiotic into the avian embryo allows for indigenous microbiota
stimulation. Intestinal microbiota in animals is responsible for immune system maturation. The genetic
component is critical in host-microbiota crosstalk and immune system development. The goal of this
study was to compare mucosal and systemic immune responses in two distinct chicken genotypes
stimulated in ovo.

Results

The experiment was constructed in full-factorial design and was aimed to study the effects of two
chicken genotypes (chicken broilers or native chickens), four in ovo-delivered compounds
(GOS/galactooligosaccharides/prebiotic, Lactococcus lactis subsp. cremoris/probiotic, or
GOS+L.lactis/synbiotic, vs. physiological saline) and three different stimuli (LPS or LTA vs. physiological
saline) on a panel of cytokine genes (IL-1B, IL-2, IL-4, IL-6, IL-10, IL-12p40, and IL-17) expressed in caecal
tonsils and spleen. We tested signi�cance of the main effects and their interactions. Genotype had the
most signi�cant in�uence on all gene expression signatures in both tissues (P < 0.001 for all genes,
except P < 0.05 for IL-10 in spleen). Immune challenge was the second most signi�cant main effect, and
in�uenced IL-1β, IL-6 IL-10 (P < 0.001), and IL-17 genes (P < 0.05) in caecal tonsils, and all genes in spleen
(P < 0.001), except IL-4 (P > 0.05). In ovo stimulation in�uenced IL-2, IL-4, and IL-10 in caecal tonsils (P <
0.05), as well as IL-2 and IL-12p40 in spleen (P < 0.05).

Conclusions

The mucosal and systemic immune responses of chicken broilers and native chickens showed distinct
patterns. Genotype in�uenced gene expression signatures of all immune-related genes, but chicken
broilers developed stronger immune responses than native chickens. LPS triggered both mucosal (caecal
tonsils) and systemic (spleen) immune responses in chicken broilers, but only systemic (spleen) in native
chickens. In ovo stimulation with bioactive compounds (especially prebiotic) modulated innate immune
responses to LPS. GOS delivered in ovo induced the most pronounced responses to LPS, which validated
its further application as a potent immunomodulator for in ovo applications.

Background
Mucosal and systemic immune responses are different strategies to cope with pathogens. Mucosal
immune responses are generated locally by the mucosa-associated lymphoid tissue (MALT). Mucosa
lines body cavities and passages, and provides a barrier function between the microbiota inhabiting the
mucosal surfaces and the milieu of the body. MALT comprises lymphoid cells and organs scattered along
the mucosa. Mucosal immune responses are generated locally against pathogens while tolerating



Page 3/24

commensal microbiota encountered at the mucosa (1). Pathogens that are not neutralized by the
mucosal immune responses enter the bloodstream and are transported to other lymphoid organs, such as
lymph nodes or spleen. These organs �lter lymph and blood, and generate the systemic immune
responses against recognized antigens. Systemic immune responses include innate and adaptive
mechanisms, such as in�ammation, phagocytosis, cell-mediated and humoral immune responses (2).
Transient immune responses can be triggered by Toll-like Receptor (TLR) ligands, such as lipoteichoic
acid (LTA) and lipopolysaccharide (LPS). LTA is a component of a cell wall of Gram-positive bacteria,
whereas LPS is an endotoxin produced by Gram-negative bacteria. These compounds are recognized by
TLR1/2 (LTA) and TLR4 (LPS) (3). Upon antigen recognition of the TLR ligand by the respective TLR, the
immune responses are generated. The onset of the mucosal and systemic immune responses is
manifested by the cytokine secretion, including cytokines involved in in�ammation (IL-1β, and IL-12),
Th1/Th2 polarization (IL-6, IL-10 and IL-12), Th1 (IL-2), Th2 (IL-4), and Th17 (IL17)-mediated immune
responses (4).

Both, mucosal and systemic immune responses are modulated by the microbiota and its metabolites
inhabiting various niches of the mucosa (5). Mucosal immune responses in the MALT are typically
associated with maintaining healthy microbiota composition and barrier function of the gut. The
microbiota composition and immune responses of the host rely on environmental stimuli, biosecurity
level, housing, litter, feed access, climate, and geographical location (6). Development of microbiota is
correlated with maturation of the immune system and starts already in the perinatal period. An avian
model allows for a direct stimulation of the microbiota prior to hatching, by injecting bioactive
compounds in ovo (into the egg). In ovo delivered bioactive compounds (prebiotics, probiotics and
synergistic combination of both, i.e., synbiotics) stimulate intestinal microbiota, which primes the avian
immune system during perinatal period (7). In this manner, an early stimulation of the intestinal
microbiota has a potent effect on the immune responses further in life (8-11), including responses to
stress (12, 13).

The intensive selection of high-performing poultry resulted in development of distinct genetic types with
superior growth and feed e�ciency (i.e., fast-growing meat-type poultry known as chicken broilers) or egg
laying potential (i.e., egg-type chickens). Aside from commercially selected chicken broilers and layers,
there are dual-purpose breeds, which are slow-growing, native chickens used for meat and eggs
production. Along with distinct anatomy and physiology of broilers and layers, they differ in type and
level of the immune responses. In fast-growing broiler chickens, the immune responses are based on IgM
antibodies, which represent short-term humoral immune responses. In contrast, layers mount higher titers
of IgG antibodies, representing long-term adaptive immune responses, combined with strong cellular
immune responses (14). The immune organs of the native chickens analyzed in this study (i.e., caecal
tonsils and spleen) were populated with signi�cantly higher proportion of B and T cells compared to
broilers, which indicates higher immunocompetence of their immune system (15).

The poultry genetics determines the immune responses to intestinal microbiota modulation. For example,
a disrupted intestinal homeostasis induced by administration of dextran sulfate sodium (DSS) early in
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life (days 11-18 post-hatching) was less severe in broilers than in layers, which was manifested by lower
mortality and less damaged intestinal morphology (16). Chicken broilers treated DSS, in contrast to
layers, did not activate potent mucosal immune responses to in�ammatory challenge. Their local
humoral responses were based on increased IgM vs. IgY titers against LPS. On the other hand, improved
intestinal homeostasis by in ovo delivered prebiotics, probiotics, and synbiotics resulted in clear
differences in immune system morphology between chicken broilers and native GP chickens (10, 15).
Spleen index, which is correlated with the immune responses, was higher in native chickens than in
broilers, and it was even boosted in native chickens by in ovo-delivered synbiotic (10). We determined that
synbiotic delivered in ovo enhanced development of germinal centers (GC) in spleen of native chickens
(but not chicken broilers) (15). On the other hand, bioactive compounds (prebiotic, probiotic, and
synbiotic) delivered in ovo increased the number of adaptive immune cells (T and B lymphocytes) in
caecal tonsil and spleen of chicken broilers (but not native chickens) (15). 

Based on the above, we hypothesize that distinct chicken genotypes will respond in a different manner to
in ovo stimulation of intestinal microbiota with bioactive compounds followed by immune challenge with
TLR ligands (LTA and LPS). The goals of this paper were to (1) determine the local and systemic immune
responses in chickens to pro-in�ammatory antigens, and (2) estimate the effects of host genetics and in
ovo stimulation with prebiotic, probiotic, or synbiotic on the strength of the immune responses mounted
upon the challenge.

Methods
Experimental design

The two trials have been conducted based on the full-factorial design, using chicken genotypes (chicken
broiler and native chicken), four in ovo- injected compounds (prebiotic, probiotic, synbiotic, vs.
physiological saline), and three types of immune challenge (LPS, LTA, vs. physiological saline) as factors.
Figure 1 presents experimental design described in this study. The treatments were followed by
harvesting caecal tonsils and spleen to study local and systemic immune-related gene expression.

Animal procedures

The animals used in the trials were: broiler chicken (Ross 308, Aviagen) for Trial 1 and native chicken (GP,
Green-legged Partridgelike) for Trial 2. Both trials started with egg incubation (600 eggs/genotype)
followed by in ovo injection of respective bioactive compound on day 12 of incubation. The bioactive
compounds for in ovo injection included: prebiotic (GOS, galactooligosaccharides, 3.5 mg/egg), probiotic
(Lactococcus lactis subsp. cremoris, 105 CFU/egg), or synbiotic (GOS, 3.5 mg/egg + L. lactis, 105

CFU/egg). Control eggs were mock-injected with sterile physiological saline. The injection volume for all
eggs was 0.2 ml and the injection site was air cell. After in ovo injection, the hole was sealed and the
incubation continued. For more details on in ovo procedures, refer to Slawinska, Dunislawska (17).

Table 1. Chemical composition of commercial feeds used for chicken broilers and native chickens
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Items Chicken broilers Native chickens

Starter

(D 1-10)

Grower I

(D 11-21)

Grower II

(D 22-33)

Finisher

(D 34-42)

Starter

(D 1-28)

Grower

(D 19-42)

MEN [MJ/kg] 12.50 12.95 13.35 13.41 11.9 11.7

Crude protein [g/kg] 220 200 190 184 200 185

Crude �ber [g/kg] 28.00 30.0 31.0 32.0 34.0 35.0

Lysine [g/kg] 13.8 12.5 11.3 10.5 11.0 10.0

Methionine+Cystine [g/kg] 10.3 9.5 8.8 8.2 8.2 7.2

Threonine [g/kg] 9.2 8.3 7.6 7.2 7.6 7.0

Tryptophan [g/kg] 2.2 2.0 1.9 1.9 2.1 2.0

After hatching, the chicks were housed in litter pens (4 replicates/group, 8 animals each) for 42 days.
Feeding and environmental conditions were adjusted to age and genotype of the birds. Table 1 gives an
overview of the diets applied. On the slaughter day, chickens were injected intraperitoneally with
lipoteichoic acid (LTA, Sigma Aldrich, cat.# L2515, 0.5 mg/kg body weight), lipopolysaccharide (LPS,
Sigma-Aldrich, cat.# L2880, 0.5 mg/kg body weight), or mock-injected with physiological saline. Animals
were sacri�ced two hours post-injection and gene expression of the major immune mediators was
performed in caecal tonsils and spleen. Tissue samples (n=8) were collected two hours after immune
challenge. Samples of spleen and caecal tonsils were dissected and preserved in 3 ml �xRNA (EURx,
Gdansk, Poland).

RNA isolation and RT-qPCR

Total RNA was isolated from caecal tonsils and spleen samples. The tissues were �rst homogenized in
1ml TRI Reagent (MRC, Cincinnati, OH, US) using a rotor-stator homogenizer (TissueRuptor, Qiagen,
GmbH, Hilden, Germany). The lysate was puri�ed using Universal RNA Puri�cation Kit (EURx, Gdansk,
Poland). The concentration and purity of the eluted RNA was measured with NanoDrop (Thermo
Scienti�c/NanoDrop Technologies, Wilmington, NC, USA). The total RNA was assessed for integrity by
agarose gel electrophoresis.

Gene expression analysis was done using 2-step RT-qPCR. The amount of 5 µg of total RNA was reversely
transcribed with Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scienti�c, Vilnius,
Lithuania). Obtained cDNA was diluted to working concentration of 70 ng/µl and stored at -20°C. RT-
qPCR reactions were run using Maxima SYBR Green qPCR Master Mix (2x) (Thermo Scienti�c, Vilnius,
Lithuania). RT-qPCR reaction mix included: 1x Maxima SYBR Green qPCR Master Mix, 1 µM of each
oligonucleotide primer and 2 µl of diluted cDNA. The reaction volume was adjusted to 10 µl with
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nuclease-free water. Each RT-qPCR reaction was performed in two technical replicates. Sequences of
oligonucleotide primers used to amplify the immune-related genes are listed in Table 2.

Table 2. Immune-related genes and primers for RT-qPCR analysis

Gene symbol Gene ID Primer sequence (5’→3’) Reference

Target genes

IL-1β 395196 F: GGAGGTTTTTGAGCCCGTC

R: TCGAAGATGTCGAAGGACTG

(18)

IL-2 373958 F: GCTTATGGAGCATCTCTATCATCA

R: GGTGCACTCCTGGGTCTC

(13)

IL-4 416330 F: GCTCTCAGTGCCGCTGATG

R: GGAAACCTCTCCCTGGATGTC

(8)

IL-6 395337 F: AGGACGAGATGTGCAAGAAGTTC

R: TTGGGCAGGTTGAGGTTGTT

(19)

IL-10 428264 F: CATGCTGCTGGGCCTGAA

R: CGTCTCCTTGATCTGCTTGATG

(20)

IL-12p40 404671 F: TTGCCGAAGAGCACCAGCCG

R: CGGTGTGCTCCAGGTCTTGGG

(21)

IL-17 395111 F: GGGATTACAGGATCGATGAGGA

R: GAGTTCACGCACCTGGAATG

(13)

Reference genes

ACTB 396526 F: CACAGATCATGTTTGAGACCTT

R: CATCACAATACCAGTGGTACG

(22)

UB 396190 F: GGGATGCAGATCTTCGTGAAA

R: CTTGCCAGCAAAGATCAACCTT

(22)

 Thermal cycling was performed in LightCycler II 480 (Roche Diagnostics, Basel, Switzerland), using 384-
well plate format. Thermal pro�le was as follows: initial denaturation (95°C for 20 min), followed by 40
cycles of ampli�cation (15 s at 95°C), annealing (20 s at 58°C), and elongation (20 s at 72°C).
Fluorescence acquisition was done after each elongation step. At the end of RT-qPCR run, a melting curve
was generated, by gradual increase in temperature up to 98°C with continuous �uorescence
measurement.
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Statistical analysis

The experiment was performed according to three-way factorial design, in which genotype (broiler vs.
native chicken), in ovo delivered bioactive compound (prebiotic vs. probiotic vs. synbiotic vs. control), and
immune challenge (LTA vs. LPS vs. control) were considered independent variables and the dCt of each
target gene was a dependent variable. Statistical analysis was performed independently for each tissue
(caecal tonsils and spleen), using a three-way ANOVA model with interactions. The main factors and their
interactions were considered signi�cant at P < 0.05, P < 0.01, or P < 0.001. The statistical analysis was
done using SAS Enterprise Guide 9.4 (SAS Institute, Cary, NC, USA).

Relative gene expression analysis was performed based on Ct values from RT-qPCR data. The delta delta
Ct (ddCt) algorithm was used to calculate Fold Change (FC) of the gene expression in experimental
groups in comparison to their respective controls (23). The normalization of the mRNA expression of the
target genes was done with two reference genes (ACTB and UB). To calculate delta Ct (dCt), the mean Ct
of the two reference genes were subtracted from Ct of each target gene (dCt = Ct target – Ct reference).
Calibration of the relative gene expression was done for each genotype/tissue independently. A calibrator
was C group (mock-injected in ovo and mock-immunized). The dCt value of the calibrator was subtracted
from dCt of the experimental groups (ddCt = dCt experimental – dCt calibrator). FC was calculated with the

following formula: FC = 2-ddCt. The ddCt calculations were done in MS Excel and the FC values were
visualized using GraphPad Prism 7 (GraphPad, La Jolla, CA, USA).

Results
Main effects

In this study, we tested signi�cance of the main effects (i.e., genotype, in ovo stimulation and immune
challenge), and their interactions on the immune-related gene expression in caecal tonsils and spleen,
which represent mucosal and systemic immune responses (Table 3). The main effect with the most
signi�cant in�uence on all gene expression signatures in both tissues was genotype (P < 0.001 for all
genes, except P < 0.05 for IL-10 in spleen). The second most signi�cant main effect was immune
challenge, which in�uenced IL-1β, IL-6 IL-10 (P < 0.001), and IL-17 genes (P < 0.05) in caecal tonsils, and
all genes in spleen (P < 0.001), except IL-4 (P > 0.05). Results of ANOVA showed that in ovo stimulation
in�uenced IL-2, IL-4, and IL-10 in caecal tonsils (P < 0.05) as well as IL-2 and IL-12p40 in spleen (P <
0.05).

Table 3. Effects of genotype, in ovo stimulation, immune challenge, and their interaction on gene
expression signatures in caecal tonsil and spleen in chicken
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Gene Genotype   (G) 1 Immune

(I) 2

In Ovo

(O) 3
(G) x (O) 4 (G) x (I) 5 (O) x (I) 6 (G) x (O)

x (I) 7

Caecal tonsils

IL-1β < 0.001 < 0.001 ns ns < 0.01 ns ns

IL-2 < 0.001 ns <0.05 ns ns ns ns

IL-4 <.0001 ns <0.05 ns ns =0.05 =0.05

IL-6 <.0001 <.0001 ns ns < 0.01 ns ns

IL-10 < 0.001 < 0.001 <0.05 ns < 0.001 ns ns

IL-12p40 < 0.001 ns ns ns ns ns <0.05

IL-17 < 0.001 <0.05 =0.05 ns ns ns <0.05

Spleen  

IL-1β < 0.01 < 0.001 ns <0.05 <0.01 ns ns

IL-2 < 0.001 < 0.001 <0.01 ns < 0.001 ns ns

IL-4 < 0.001 ns ns ns ns ns ns

IL-6 < 0.01 < 0.001 =0.05 < 0.001 ns ns ns

IL-10 >0.05 < 0.001 ns ns ns ns ns

IL-12p40 < 0.001 < 0.001 <0.05 ns < 0.001 ns <0.05

IL-17 < 0.01 < 0.001 ns ns ns ns ns

Effects: 1 Genotype (G): Ross broiler chicken or Green-legged Partridgelike; 2 Immune (I) challenge with
lipopolysaccharide (LPS) or lipoteichoic acid (LTA) by intraperitoneal injection on day 42 post-hatching; 3

In ovo (O) stimulation with prebiotic (GOS - galactooligosaccharides), probiotic (Lactococcus lactis
subsp. cremoris) or synbiotic (GOS + L. lactis) vs. physiological saline (C) on day 12 of egg incubation; 4

interaction between genotype and in ovo stimulation; 5 interaction between genotype and immune
challenge; 6 interaction between in ovo stimulation and immune challenge; 7 interaction between
genotype, in ovo stimulation, and immune challenge; Gene expression analysis was done with RT-qPCR.
The signi�cance of effects that were calculated with three-way ANOVA. Signi�cance levels: p < 0.05, p <
0.01 or p < 0.001 (signi�cant), and p > 0.05 (non-signi�cant, NS).

Figures present mucosal (Figure 2) and systemic (Figure 3) immune responses to in ovo stimulation and
immune challenge determined in caecal tonsils (Figure 2) and spleen (Figure 3) of chicken broilers and
native chickens. Presented data indicate that the most potent systemic immune response was triggered
by LPS in the spleen (Figure 3), in comparison to data obtained for mucosal immune responses in caecal
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tonsils (Figure 2). The genes with the highest relative expression in spleen in response to LPS were: IL1-β
(FC up to 60 in PRE, broilers), IL-6 (FC up to 900 in PRE, broilers), IL-10 (FC up to 32 in PRE, broilers) and
IL-17 (FC up to 120 in PRE, broilers).

Interactions

Mucosal immune responses in caecal tonsils

We determined a number of signi�cant interactions between the main effects in the gene expression
signatures in caecal tonsils. We found two-way interactions between genotype and immune challenge
for: IL-1β, IL-6 (P < 0.01), and IL-10 (P < 0.001). Based on the gene expression patterns (Figure 2), IL-1β, IL-
6, and IL-10 genes were differentially expressed between chicken broilers and native chickens immunized
with LPS. In broilers, caecal expression of pro-in�ammatory genes, IL-1β (FC up to 4.4 in SYN/LPS) and
IL-6 (FC up to 12.66 in SYN/LPS) was higher than in native chickens (FC of IL-1β up to 2.18 in C/LPS and
FC of IL-6 up to 2.48 in SYN/LPS). Gene expression pattern of anti-in�ammatory cytokine IL-10 was also
differentially expressed in chickens immunized with LTA and LPS. In broilers, IL-10 gene expression was
up-regulated, especially after LPS challenge (FC up to 4.69 in C/LPS). In native chickens, IL-10 was down-
regulated (FC down to -1.50 in PRE/LPS).

In caecal tonsils, we found three-way interactions (between all main effects) for IL-12p40 and IL-17 (P <
0.05). Among the different mRNA gene expression pro�les, the most striking results were obtained for
native chickens (PRE/LPS). In ovo control (C) native chickens challenged with LPS expressed up-
regulated gene expression signatures of both genes (FC IL-12p40 = 1.56 in C/LPS and FC IL-17 = 2.05 in
C/LPS), while in ovo delivery of prebiotic dampened expression of both genes (FC IL-12p40 = -1.56 in
PRE/LPS and FC IL-17 = -1.93 in PRE/LPS) in caecal tonsils of native chickens.

Systemic immune responses in spleen

In spleen, we found two-way interactions between genotype and immune challenge for IL-1β (P < 0.01), IL-
2, and IL-12p40 (P < 0.001). In all those genes, the differences in the gene expression pro�le between
broiler and native chickens were found in C (mock-challenged) and LTA-challenged groups. In C group, the
gene expression pro�le of IL-1β, IL-2, and IL-12p40 indicated low up-regulation in broilers and low down-
regulation in native chickens. LTA was the same, except from IL-1β, which was moderately up-regulated in
both broilers (FC up to 2.9 in SYN/LTA) and native chickens (FC up to 3.56 in PRO/LTA). LPS up-regulated
IL-1β (FC up to 61 in PRE/LPS/broilers and 28 in C/LPS/native chickens) and IL-2 (FC up to 3.83 in
PRO/LPS/broilers and 4.09 in SYN/LPS/native chickens) in both genotypes, but down-regulated IL-12p40
(FC down to -4.38 in PRE/LPS/broilers and -2.68 in C/LPS/native chickens). In summary, native chickens
did not activate immune responses when not challenged. Upon LTA challenge, they activated only pro-
in�ammatory responses (IL-1β), but not Th1 responses (IL-2 and IL-12p40). LPS activated pro-
in�ammatory (IL-1β) and Th1 responses (IL -2) responses in both genotypes. In spleen, we found two-way
interactions between genotype and in ovo stimulation for IL-1β (P < 0.05) and IL-6 (P < 0.001). Finally, we
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found one three-way interaction (between all main effects) for systemic immune responses in mRNA
expression of IL-12p40 in spleen (P < 0.05).

Discussion
Genotype

Broilers and native chickens analyzed in this study represent distinct genotypes, that are characterized by
different set of traits. Broilers are four-way crosses between heavily selected genetic lines. The extreme
selection pressure implemented in contemporary broiler modulated not only growth and feed e�ciency,
but also mechanisms of the immune responses. Cheema, Qureshi (24) determined that broilers from
1957 had greater relative weight of bursa of Fabricius, caecal tonsils and spleen, and mounted higher
humoral immune responses against SRBC in comparison to broiler from 2001. On the other hand,
contemporary broiler scored higher in tests evaluating cellular and in�ammatory immune responses (24).
Genetics underlying such a shift in the immune responses due to selection towards growth rate has been
attributed to variation accumulated in the genes TLR3 and PLIN3 (25). Native chickens analyzed in
contrast to heavily selected broiler was Green-legged Partridgelike (GP). GP is a Polish heritage chicken
line, unselected since 1960s and currently kept in conservative �ocks (26). GP is a light-weight chicken,
traditionally kept as a dual-purpose backyard chicken. It’s an excellent model for immunological studies
(8, 27) due to conserved genetic status (28), as well as their resilience and sturdiness (26).

Immune challenge

The intraperitoneal challenge with LTA and LPS antigens was performed to evaluate the level of the
mucosal and systemic immune responses in caecal tonsils (Figure 2) and spleen (Figure 3) of the
chickens stimulated in ovo. The intraperitoneal immunization is often referred to as mucosal vaccination,
because it aims to stimulate local mucosal immune responses (i.e., secretory IgA production at the
mucosal site). Mucosal vaccination has been used to develop local immunity against Salmonella
typhimurium in chickens (29). In the current study, the chickens were challenged intraperitoneally with
nonpathogenic antigens, which are puri�ed microbe-associated molecular patterns (MAMPs) isolated
from Staphylococcus aureus (LTA) and Escherichia coli (LPS).

Exposure to LPS is associated with the condition called endotoxemia, which results in overexpression of
in�ammatory mediators, leading to a septic shock and increased mortality (30). During intraperitoneal
injection, the tested compound is deposited in the body cavity, from where it diffuses to the surrounding
tissues as well as to the circulatory system (31). Since spleen �lters the blood and samples the antigens
from the bloodstream, it is the primary organ to mount immune responses and neutralize the antigens.
On the other hand, caecal tonsils belong to GALT, which is also susceptible to endotoxemia-mediated
injury (30). GALT is primed by the orally administered antigens rather than the peritoneal ones (32). Innate
immune responses mounted in the GALT are either stimulatory (i.e., against oral pathogens) or
tolerogenic (i.e., unresponsive to commensal or bene�cial bacteria). Oral tolerance is developed in the
GALT by early contact with intestinal microbiota and helps maintaining intestinal homeostasis. The
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cellular mechanism by which harmful bacteria are differentiated from bene�cial ones is mediated by
GALT-associated dendritic cells (CD103+ DCs), which cooperate with other cells in the gut (33). In this
manner, acquired oral tolerance primes caecal tonsils to exert lower level of in�ammatory responses. 

LTA challenge exerted less pronounced effects in both tissues compared to LPS, which is a strong
in�ammatory stimuli. LTA is an exopolysaccharide sourced from cell walls of Gram-positive bacteria,
including many commensal species, including Lactobacillus. Even though LTA induces acute
in�ammatory responses in the gut by activating TLR2, its major function is to enhance gut integrity via
stimulating tight junctions in the intestinal epithelia (34). In vivo studies clearly indicate that mice treated
orally with TLR2 ligand, Pam3CSK4 (synthetic LTA), were less susceptible to mucosal injury by increased
integrity of intestinal epithelium (34). Recognition of LTA in the gut is mediated by DCs (e.g., CD103+ DCs
subtype, mentioned earlier), and results in production of in�ammatory and regulatory cytokines (35). For
this reason, LTA activated gene expression signatures in caecal tonsils, but exerted no
immunostimulation in the spleen.

In ovo stimulation

Effects of in ovo stimulation on immune-related gene expression signatures in chickens is of particular
interest due to an early effect of intestinal microbiota development on immune system maturation in the
neonatal chicks. According to the review of Taha-Abdelaziz, Hodgins (36), the bene�cial effects of early
dietary interventions on the immune system in chickens are expressed in three areas: development of
lymphoid organs, gastrointestinal microbiome, and immune competence. Our previous and the current
research indicates that in ovo-delivered prebiotics, probiotics, and synbiotics affect all three aspects of
poultry immunology. Regarding the �rst aspect, which is lymphoid organs development, in ovo
stimulation signi�cantly in�uenced colonization of caecal tonsils and spleen with Bu-1+, CD4+, and CD8+

cells in the chickens analyzed in this paper (15). The in�uence depended on the bioactive compound,
chicken genotype, and age. In broilers, in ovo stimulation increased CD4+ cells in caecal tonsils (Day 7),
CD4+ and CD8+ cells in caecal tonsils and spleen (Day 21), as well as Bu-1+ cells in caecal tonsils and all
type of lymphoid cells in spleen (Day 42). In native chickens, synbiotic increased CD4+ and CD8+ cells in
spleen (but not in caecal tonsils) (Days 2, 21, and 42). Regarding the second aspect of early dietary
interventions, i.e., gastrointestinal microbiome, to date we demonstrated that in ovo delivery of GOS
prebiotic signi�cantly increased counts of lactobacilli and bi�dobacteria in feces of newly hatched chicks
(37). These effects were long-lasting, and remained signi�cant also on day of slaughter (11).
Lactobacillus-based synbiotics delivered in ovo on day 12 of egg incubation increased Lactobacillus spp.
and Enterococcus spp. in ileum of the Cobb broiler chickens (18). The current study reports that in ovo
stimulation modulates immune competence (the third aspect of early dietary interventions) in broiler and
native chickens.

The results presented in this paper strongly support our earlier �ndings, that in ovo stimulation with GOS
prebiotic modulates splenic gene expression of IL-4 in fast-growing chicken broilers (12), and both, IL-2
and IL-4, in slow-growing chickens (13). We have also found that ra�nose family oligosaccharides
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(RFOs) and RFO-based synbiotics, modulate IL-4 and IL-12p40 gene expression in caecal tonsils and
spleen of chicken broilers (38) and native chickens (GP) (8). In this study, we have complemented the
earlier data with additional treatments, i.e., immune challenge with LTA or LPS antigens. Results of the
interactions between genotype, in ovo stimulation, and immune challenge in caecal tonsils and spleen are
discussed below (section 3.4).

Interactions

Mucosal immune responses in caecal tonsils

Caecal tonsils are the largest aggregates of lymphoid tissue present in the chicken GALT. As such, they
represent a major site of mucosal immune responses. IL-1β and IL-6 are involved in acute in�ammatory
responses. Both cytokines are activated by microbes, including enteric infection with Eimeria or
Salmonella (39). Increased gene expression of IL-1β and IL-6 in broiler chickens immunized with LPS
re�ects acute in�ammatory responses mounted by GALT. Haghighi, Abdul-Careem (40) reported that the
IL-6 gene expression was increased in caecal tonsils of broiler chickens infected with Salmonella, but the
in�ammatory effects of infection were mitigated by probiotics. In the current study, broiler chickens
immunized with LPS (also present in Salmonella) increased IL-1β and IL-6 gene expression in caecal
tonsils, but it was not in�uenced by in ovo-delivered bioactive compounds. IL-10 is anti-in�ammatory
cytokine and its expression counterbalances pro-in�ammatory activity of IL-1β and IL-6 (41). Regulation
of in�ammation by the negative feedback is the supposed mechanism of IL-10 up-regulation in
individuals expressing high abundance of pro-in�ammatory mediators (IL-1β and IL-6).

The regulatory effects of bioactive compounds delivered in ovo were more pronounced in native chickens
rather than in broiler chickens. Such results are not surprising, since in our early research on in ovo
stimulation we found that the prebiotics and synbiotics applied on day 12 of egg incubation, down-
regulate immune related gene expression signatures in caecal tonsils of native chickens (GP) (8) and
chicken broilers (18, 38). However, this is the �rst time that we report effects of in ovo stimulation (day 12
of egg incubation) together with the immune challenge in two distinct chicken genotypes. Regulatory
effect of GOS prebiotic (PRE) on IL-12p40 and IL-17 gene expression in GALT is considered bene�cial,
since it helps reducing LPS-induced in�ammation in the intestines. Both cytokines are expressed by CD4+
cells (T lymphocytes) in response to in�ammatory agents. The role of IL-12p40 cytokine is to drive pro-
in�ammatory Th1-type responses, while pleiotropic cytokine IL-17 (also known as IL-17A) stimulates pro-
in�ammatory Th17-type responses (42). Th17-type immune responses has been investigated recently
due to their involvement in autoimmune diseases (43). Increased number of Th17-type cells as well as IL-
17 cytokine eliminates therapeutic effects of oral tolerance in mice (44). Intestinal level of IL-17 varies
depending on microbiota composition. For example, Lactobacillus fermentum IM12 suppressed LPS-
activated IL-17 level in mice (45). On the other hand, dietary GOS increased IL-17 in caecum of
Campylobacter-infected broiler chickens, but did not ameliorate the infection (46). We suppose, that
decreased activity of IL-17 in prebiotic-supplemented and LPS-challenged native chickens might be a
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good biomarker of anti-in�ammatory effects of prebiotics and probiotics delivered in ovo. But it requires
more insight to determine the speci�c effects on immune responses. 

Systemic immune responses in spleen

The pronounced difference between broilers and native chickens in in�ammatory immune responses to in
ovo stimulation were found in C group (mock-challenged). In chicken broilers, splenic gene expression of
IL-1β and IL-6 was up-regulated, while in native chickens – it was down-regulated. In other words, chicken
broilers mounted higher pro-in�ammatory responses to in ovo stimulation than native chickens. As
mentioned earlier, potent activation of the cellular and in�ammatory immune responses is typical for the
lymphoid system of chicken broilers (24). Broilers have been heavily selected for growth traits and feed
e�ciency (47). Such strong selection pressure affected immune system of the broiler chickens. Acquired
immune responses takes weeks to develop functional antibodies against pathogens. Since, a typical
lifespan of fast-growing broilers is only 35-42 days, strong innate immune responses are more likely to
�ght infection (48). Increased mRNA expression levels of pro-in�ammatory cytokines are under genetic
control. Thus, the chicken broilers analyzed in this study were more reactive to in ovo microbiota
stimulation and activated stronger signatures of systemic, in�ammatory immune responses than native
chickens. 

IL-12p40 encodes a subunit p40, which is shared between IL-12 and IL-23 cytokines in both avian and
mammalian organisms (49). In spleen, IL-12p40 is produced by activated antigen presenting cells, such
as macrophages or dendritic cells. It drives natural killer (NK) cells to secrete IFN-  and directs immune
responses towards Th1-type cell-mediated immunity (50). The most pronounced interaction in the
systemic immune responses was down-regulation of the IL-12p40 mRNA abundance in the spleen of
PRE/LPS/broilers (FC ~ -4.4). In our earlier studies we associated splenic mRNA abundance of IL-12p40
with responses to thermal stress in chicken broilers (12) and native chickens (13). Responses mounted by
the immune system after acute or chronic exposition to heat stress resemble responses to LPS injected
intraperitoneally into the body cavity. Both of those immune responses are aimed to neutralize circulating
LPS molecules. In heat stress studies, the LPS molecules were sourced from intestinal bacteria, and in
this study they were directly injected. In previously mentioned heat stress studies and in the current study,
we found that GOS delivered in ovo successfully dampened LPS-stimulated IL-12p40 mRNA abundance.
GOS has been known for its immunomodulatory properties in animal (51) and human models. In
chickens, it promotes bene�cial intestinal microbiota and alleviates the effects of the foodborne
pathogens like Salmonella (52). In broiler chickens, GOS delivered in ovo has con�rmed bi�dogenic
effects and bene�cial effects on mucosal gene expression, enhancing gut barrier function (11).

Conclusions
The mucosal and systemic immune responses of chicken broilers and native chickens showed distinct
patterns. Genotype in�uenced gene expression signatures of all immune-related genes, but chicken
broilers developed stronger immune responses than native chickens. LPS triggered both mucosal (caecal
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tonsils) and systemic (spleen) immune responses in chicken broilers, but only systemic (spleen) in native
chickens. In ovo stimulation with bioactive compounds (especially prebiotic) modulated innate immune
responses to LPS. GOS delivered in ovo induced the most pronounced responses to LPS, which validated
its further application as a potent immunomodulator for in ovo applications, especially in chicken
broilers.

Abbreviations
ACTB – beta actin

ddCt – delta delta Cycle threshold

DSS - dextran sulfate sodium

G - genotype

GALT – gut-associated lymphoid tissue

GC – germinal center

GP – green-legged partridgelike

GOS - galactooligosaccharides

I – immune challenge

IgG – Immunoglobulin G

IgM – Immunoglobulin M

IgY – Immunoglobulin Y

IL-1β – interleukin 1 beta

IL-2 – interleukin 2

IL-4 – interleukin 4

IL-6 – interleukin 6

IL-10 – interleukin 10

IL-12p40 – interleukin 12 subunit p40

IL-17 – interleukin 17

L. lactis – Lactococcus lactis subsp. cremoris



Page 15/24

LPS - lipopolysaccharide

LTA – teichoic acid

MALT – mucosa-associated lymphoid tissue

O – in ovo stimulation

RT-qPCR – Reverse transcription-quantitative Polymerase Chain Reaction

TLR – Toll-like receptor

UB – ubiquitin beta

Declarations
Ethics approval and consent to participate

The animal study complied with Directive 2010/63/EU. The protocols were approved by the Local Ethics
Committee for Animal Experiments (Bydgoszcz, Poland) (study approval reference number 16/2014).

Consent for publication

Not applicable

Availability of data and material

The datasets used in the current study are available from the corresponding author on reasonable
request.

Competing interests

The authors declare that they have no competing interests.

Funding

This work was supported by the National Science Centre in Cracow, Poland (grant number UMO-
2013/11/B/NZ9/00783).

Authors’ contributions

AS and MS conceived the study and designed the work, AD performed the data acquisition, AK and EŁ
performed the animal study. AS was a major contributor in writing the manuscript. All authors read and
approved the �nal manuscript.

Acknowledgements



Page 16/24

Not applicable

References
1. Belkaid Y, Hand TW. Role of the microbiota in immunity and in�ammation. Cell. 2014;157(1):121-41.

2. Janeway Jr CA, Travers P, Walport M, Shlomchik MJ. Principles of innate and adaptive immunity.
Immunobiology: The Immune System in Health and Disease 5th edition: Garland Science; 2001.

3. Keestra AM, de Zoete MR, Bouwman LI, Vaezirad MM, van Putten JP. Unique features of chicken Toll-
like receptors. Developmental & Comparative Immunology. 2013;41(3):316-23.

4. Kaiser P, Stäheli P. Avian cytokines and chemokines. Avian immunology: Elsevier; 2014. p. 189-204.

5. Molloy MJ, Bouladoux N, Belkaid Y, editors. Intestinal microbiota: shaping local and systemic
immune responses. Seminars in immunology; 2012: Elsevier.

�. Kers JG, Velkers FC, Fischer EA, Hermes GD, Stegeman JA, Smidt H. Host and environmental factors
affecting the intestinal microbiota in chickens. Frontiers in microbiology. 2018;9:235.

7. Siwek M, Slawinska A, Stadnicka K, Bogucka J, Dunislawska A, Bednarczyk M. Prebiotics and
synbiotics–in ovo delivery for improved lifespan condition in chicken. BMC veterinary research.
2018;14(1):402.

�. Slawinska A, Siwek MZ, Bednarczyk MF. Effects of synbiotics injected in ovo on regulation of
immune-related gene expression in adult chickens. Am J Vet Res. 2014;75(11):997-1003.

9. Slawinska A, Plowiec A, Siwek M, Jaroszewski M, Bednarczyk M. Long-Term Transcriptomic Effects
of Prebiotics and Synbiotics Delivered In Ovo in Broiler Chickens. PloS one. 2016;11(12):e0168899.

10. Slawinska A, Siwek M, Zylinska J, Bardowski J, Brzezinska J, Gulewicz KA, et al. In�uence of
synbiotics delivered in ovo on immune organs development and structure. Folia Biol (Krakow).
2014;62(3):277-85.

11. Slawinska A, Dunislawska A, Plowiec A, Radomska M, Lachmanska J, Siwek M, et al. Modulation of
microbial communities and mucosal gene expression in chicken intestines after
galactooligosaccharides delivery In Ovo. PloS one. 2019;14(2):e0212318.

12. Slawinska A, Mendes S, Dunislawska A, Siwek M, Zampiga M, Sirri F, et al. Avian model to mitigate
gut-derived immune response and oxidative stress during heat. Biosystems. 2019;178:10-5.

13. Pietrzak E, Dunislawska A, Siwek M, Zampiga M, Sirri F, Meluzzi A, et al. Splenic Gene Expression
Signatures in Slow-Growing Chickens Stimulated in Ovo with Galactooligosaccharides and
Challenged with Heat. Animals. 2020;10(3):474.

14. Koenen ME, Boonstra-Blom AG, Jeurissen SH. Immunological differences between layer- and broiler-
type chickens. Vet Immunol Immunopathol. 2002;89(1-2):47-56.

15. Madej J, Skonieczna J, Siwek M, Kowalczyk A, Łukaszewicz E, Slawinska A. Genotype-dependent
development of cellular and humoral immunity in spleen and cecal tonsils of chickens stimulated in
ovo with bioactive compounds. Poultry Sci. 2020;99(9):4343-50.



Page 17/24

1�. Simon K, Arts J, de Vries Reilingh G, Kemp B, Lammers A. Effects of early life dextran sulfate sodium
administration on pathology and immune response in broilers and layers. Poultry Sci.
2016;95(7):1529-42.

17. Slawinska A, Dunislawska A, Plowiec A, Radomska M, Lachmanska J, Siwek M, et al. Modulation of
microbial communities and mucosal gene expression in chicken intestines after
galactooligosaccharides delivery in ovo. PLOS one 2018.

1�. Dunislawska A, Slawinska A, Stadnicka K, Bednarczyk M, Gulewicz P, Joze�ak D, et al. Synbiotics for
broiler chickens—in vitro design and evaluation of the in�uence on host and selected microbiota
populations following in ovo delivery. PloS one. 2017;12(1):e0168587.

19. Chiang H-I, Berghman LR, Zhou H. Inhibition of NF-kB 1 (NF-kBp50) by RNA interference in chicken
macrophage HD11 cell line challenged with Salmonella enteritidis. Genetics and molecular biology.
2009;32(3):507-15.

20. Rothwell L, Young JR, Zoorob R, Whittaker CA, Hesketh P, Archer A, et al. Cloning and characterization
of chicken IL-10 and its role in the immune response to Eimeria maxima. J Immunol.
2004;173(4):2675-82.

21. Brisbin JT, Gong J, Parvizi P, Sharif S. Effects of lactobacilli on cytokine expression by chicken spleen
and cecal tonsil cells. Clin Vaccine Immunol. 2010;17(9):1337-43.

22. De Boever S, Vangestel C, De Backer P, Croubels S, Sys SU. Identi�cation and validation of
housekeeping genes as internal control for gene expression in an intravenous LPS in�ammation
model in chickens. Vet Immunol Immunopathol. 2008;122(3-4):312-7.

23. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001;25(4):402-8.

24. Cheema M, Qureshi M, Havenstein G. A comparison of the immune response of a 2001 commercial
broiler with a 1957 randombred broiler strain when fed representative 1957 and 2001 broiler diets.
Poultry Sci. 2003;82(10):1519-29.

25. Zou A, Nadeau K, Wang PW, Lee JY, Guttman DS, Sharif S, et al. Accumulation of genetic variants
associated with immunity in the selective breeding of broilers. BMC genetics. 2020;21(1):1-14.

2�. Witkowski A, Kasperczyk K, Slawinska A, Bednarczyk M. The breed of the month: Green-legged
Partridgelike. An old native polish hen. . GlobalDiv Newsletter. 2009(9):12-5.

27. Slawinska A, Witkowski A, Nieuwland M, Minozzi G, Bednarczyk M, Siwek M. Quantitative trait loci
associated with the humoral innate immune response in chickens were con�rmed in a cross between
Green-Legged Partridgelike and White Leghorn. Poult Sci. 2011;90(9):1909-15.

2�. Siwek M, Wragg D, Slawinska A, Malek M, Hanotte O, Mwacharo JM. Insights into the genetic history
of Green-legged Partridgelike fowl: mtDNA and genome-wide SNP analysis. Anim Genet.
2013;44(5):522-32.

29. Muir WI, Bryden WL, Husband AJ. Evaluation of the e�cacy of intraperitoneal immunization in
reducing Salmonella typhimurium infection in chickens. Poult Sci. 1998;77(12):1874-83.



Page 18/24

30. Ghosh C, Bishayi B. Characterization of Toll-like receptor-4 (TLR-4) in the spleen and thymus of
Swiss albino mice and its modulation in experimental endotoxemia. Journal of immunology
research. 2015;2015.

31. Claassen V. Intraperitoneal drug administration. Neglected Factors in Pharmacology and
Neuroscience Research. Techniques in the Behavioral and Neural Sciences. 1994;12.

32. McGhee JR, Michalek SM, Kiyono H, Eldridge JH, Colwell DE, Williamson SI, et al. Mucosal
immunoregulation: environmental lipopolysaccharide and GALT T lymphocytes regulate the IgA
response. Microbiology and immunology. 1984;28(3):261-80.

33. Chistiakov DA, Bobryshev YV, Kozarov E, Sobenin IA, Orekhov AN. Intestinal mucosal tolerance and
impact of gut microbiota to mucosal tolerance. Frontiers in microbiology. 2015;5:781.

34. Cario E, Gerken G, Podolsky DK. Toll-like receptor 2 controls mucosal in�ammation by regulating
epithelial barrier function. Gastroenterology. 2007;132(4):1359-74.

35. Kalina WV, Mohamadzadeh M. Lactobacilli as natural enhancer of cellular immune response.
Discovery medicine. 2009;5(26):199-203.

3�. Taha-Abdelaziz K, Hodgins DC, Lammers A, Alkie TN, Sharif S. Effects of early feeding and dietary
interventions on development of lymphoid organs and immune competence in neonatal chickens: A
review. Vet Immunol Immunop. 2018;201:1-11.

37. Bednarczyk M, Stadnicka K, Kozlowska I, Abiuso C, Tavaniello S, Dankowiakowska A, et al. In�uence
of different prebiotics and mode of their administration on broiler chicken performance. Animal.
2016:1-9.

3�. Plowiec A, Slawinska A, Siwek MZ, Bednarczyk MF. Effect of in ovo administration of inulin and
Lactococcus lactis on immune-related gene expression in broiler chickens. Am J Vet Res.
2015;76(11):975-82.

39. Wigley P, Kaiser P. Avian cytokines in health and disease. Braz J Poultry Sci. 2003;5(1):1-14.

40. Haghighi HR, Abdul-Careem MF, Dara RA, Chambers JR, Sharif S. Cytokine gene expression in
chicken cecal tonsils following treatment with probiotics and Salmonella infection. Veterinary
microbiology. 2008;126(1-3):225-33.

41. Arendt MK, Sand JM, Marcone TM, Cook ME. Interleukin-10 neutralizing antibody for detection of
intestinal luminal levels and as a dietary additive in Eimeria challenged broiler chicks. Poultry Sci.
2016;95(2):430-8.

42. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, et al. Interleukin 17–
producing CD4+ effector T cells develop via a lineage distinct from the T helper type 1 and 2
lineages. Nature immunology. 2005;6(11):1123-32.

43. Kuwabara T, Ishikawa F, Kondo M, Kakiuchi T. The role of IL-17 and related cytokines in in�ammatory
autoimmune diseases. Mediators of in�ammation. 2017;2017.

44. Kawakami H, Koya T, Kagamu H, Kimura Y, Sakamoto H, Yamabayashi C, et al. IL‐17 eliminates
therapeutic effects of oral tolerance in murine airway allergic in�ammation. Clinical & Experimental
Allergy. 2012;42(6):946-57.



Page 19/24

45. Lim S-M, Jang H, Jang S-E, Han M, Kim D-H. Lactobacillus fermentum IM12 attenuates in�ammation
in mice by inhibiting NF-κB-STAT3 signalling pathway. Bene�cial microbes. 2017;8(3):407-19.

4�. Flaujac Lafontaine GM, Richards PJ, Connerton PL, O’Kane PM, Ghaffar NM, Cummings NJ, et al.
Prebiotic driven increases in IL-17A do not prevent Campylobacter jejuni colonization of chickens.
Frontiers in Microbiology. 2020;10:3030.

47. Tallentire CW, Leinonen I, Kyriazakis I. Breeding for e�ciency in the broiler chicken: A review.
Agronomy for Sustainable Development. 2016;36(4):66.

4�. Swaggerty CL, Pevzner IY, He H, Genovese KJ, Nisbet DJ, Kaiser P, et al. Selection of broilers with
improved innate immune responsiveness to reduce on-farm infection by foodborne pathogens.
Foodborne Pathogens and Disease. 2009;6(7):777-83.

49. Kim W, Lim Y, Lillehoj HS. Detection of chicken interleukin-23, a heterodimeric cytokine with
monoclonal antibodies reacting p19 and p40 subunits. Am Assoc Immnol; 2018.

50. Liu J, Cao S, Kim S, Chung EY, Homma Y, Guan X, et al. Interleukin-12: an update on its
immunological activities, signaling and regulation of gene expression. Current immunology reviews.
2005;1(2):119-37.

51. Chu H, Tao X, Sun Z, Hao W, Wei X. Galactooligosaccharides protects against DSS-induced murine
colitis through regulating intestinal �ora and inhibiting NF-κB pathway. Life Sciences.
2020;242:117220.

52. Hughes R-A, Ali RA, Mendoza MA, Hassan HM, Koci MD. Impact of dietary galacto-oligosaccharide
(GOS) on chicken’s gut microbiota, mucosal gene expression, and Salmonella colonization. Frontiers
in veterinary science. 2017;4:192.

Figures



Page 20/24

Figure 1

Experimental design of the study on effects of in ovo stimulation with bioactive compounds and immune
challenge in broilers and native chickens. Experiment planned according to 2x4x3 factorial design.
Independent variables included: two distinct genotypes (chicken broiler, native chicken), four in ovo
stimulations (three experimental and mock control), and three in ovo challenge groups (LTA, LPS and
mock control). Incubated eggs (n=600 per each genotype) were stimulated in ovo on day 12 of incubation
with three bioactive compounds: prebiotic (GOS - galactooligosaccharides), probiotic (Lactococcus lactis
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subsp. cremoris) and synbiotic (GOS + L. lactis). Hatched chicks were reared in the group pens. On day
42 post-hatching immune challenge was applied (intraperitoneal injection of LTA – lipoteichoic acis and
LPS – lipopolysaccharides). Samples of caecal tonsils and spleen were harvested 2 hours post-challenge
for relative gene expression analysis of cytokine genes.

Figure 2
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Mucosal immune responses to in ovo stimulation and immune challenge determined in caecal tonsils of
chicken broilers and native chickens. In ovo stimulation carried out on day 12 of egg incubation using
three bioactive compounds: prebiotic (GOS - galactooligosaccharides), probiotic (Lactococcus lactis
subsp. cremoris) and synbiotic (GOS + L. lactis). Controls were mock-injected. Hatched chicks were
reared in the group pens. On day 42 post-hatching immune challenge was applied (intraperitoneal
injection of LTA – lipoteichoic acis and LPS – lipopolysaccharides). Controls were mock-injected.
Samples of caecal tonsils were harvested 2 hours post-challenge fo relative gene expression analysis of
cytokine genes. Relative gene expression performed using RT-qPCR and SYBR green chemistry. Cytokine
genes: IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12p40, and IL-17 were target genes. ACTB and UB were used as
reference genes. Calculations were based on ΔΔCt method. Down-regulated data were transformed using
a formula: 2/-FC. Graph prepared with GraphPad Prism 7 (GraphPad, La Jolla, CA, USA).
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Figure 3

Systemic immune responses to in ovo stimulation and immune challenge determined in spleen of
chicken broilers and native chickens. In ovo stimulation carried out on day 12 of egg incubation using
three bioactive compounds: prebiotic (GOS - galactooligosaccharides), probiotic (Lactococcus lactis
subsp. cremoris) and synbiotic (GOS + L. lactis). Controls were mock-injected. Hatched chicks were
reared in the group pens. On day 42 post-hatching immune challenge was applied (intraperitoneal
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injection of LTA – lipoteichoic acis and LPS – lipopolysaccharides). Controls were mock-injected.
Samples of spleen were harvested 2 hours post-challenge fo relative gene expression analysis of cytokine
genes. Relative gene expression performed using RT-qPCR and SYBR green chemistry. Cytokine genes: IL-
1β, IL-2, IL-4, IL-6, IL-10, IL-12p40, and IL-17 were target genes. ACTB and UB were used as reference
genes. Calculations were based on ΔΔCt method. Down-regulated data were transformed using a
formula: 2/-FC. Graph prepared with GraphPad Prism 7 (GraphPad, La Jolla, CA, USA).


