f animals WbPy

Article

Impact of Prebiotics and Synbiotics Administered

in ovo on the Immune Response against Experimental
Antigens in Chicken Broilers

Tadeusz Stefaniak ', Jan P. Madej 2-*(”, Stanistaw Graczyk 1, Maria Siwek 3,
Ewa Lukaszewicz 409, Artur Kowalczyk #(%, Marcin Sieficzyk 500, Giuseppe Maiorano
and Marek Bednarczyk 3

1

6

Wroclaw University of Environmental and Life Sciences, Department of Immunology, Pathophysiology and
Veterinary Preventive Medicine, 50-375 Wroclaw, Poland; tadeusz.stefaniak@upwr.edu.pl (T.S.);
stanislaw.graczyk@upwr.edu.pl (5.G.)

Wroclaw University of Environmental and Life Sciences, Division of Histology and Embryology,
50-375 Wroclaw, Poland

UTP University of Science and Technology, Department of Animal Biotechnology and Genetics,
85-796 Bydgoszcz, Poland; siwek@utp.edu.pl (M.S.); marbed13@op.pl (M.B.)

Wroctaw University of Environmental and Life Sciences, Institute of Animal Breeding,

51-630 Wroctaw, Poland; ewa.lukaszewicz@upwr.edu.pl (E.L.); arturkowalczyk@upwr.edu.pl (A.K.)
Wroclaw University of Technology, Division of Medicinal Chemistry & Microbiology,

50-372 Wroclaw, Poland; marcin.sienczyk@pwr.edu.pl

University of Molise, Department of Agricultural, Environmental and Food Sciences,

86100 Campobasso, Italy; maior@unimol.it

*  Correspondence: jan_madej@interia.pl; Tel.: +48-713-205-486

check for
Received: 11 March 2020; Accepted: 4 April 2020; Published: 8 April 2020 updates

Simple Summary: The immune system of chickens matures in the course of embryonic development.
Early in ovo supplementation with bioactive substances leads to the long-term maintenance of
a high level of intestine bifidobacteria, reduces the number of detrimental microorganisms in the
gut, modulates the central and peripheral lymphatic organ development in broilers, and stimulates
gut-associated lymphoid tissues (GALT) development after hatching. In this investigation, we
studied whether the early in ovo application (at the 12th day of embryo incubation) of selected
bioactives (prebiotics and synbiotics) influences the humoral immune response against experimental
antigens, and the delayed-type hypersensitivity (DTH) skin reaction to experimental mitogen. This
study demonstrated that the in ovo application of bioactives did not significantly influence the
humoral immune response against T-dependent and T-independent model antigens. Prebiotics in
chickens immunized with T-dependent antigen (SRBC) protected them from a retarded rise of the
IgG concentration. Bioactives reduced the mortality of birds, markedly with inulin (-6.4%), and the
DTH reaction to phytohemagglutinin on the 7 and 21% day after hatching.

Abstract: The effect of the in ovo application of selected prebiotics and synbiotics on the humoral
immune response against T-dependent (SRBC) and T-independent (dextran) antigens and delayed-type
hypersensitivity (DTH) to phytohemagglutinin was studied. On the 12th day of incubation, 800 eggs
(Ross 308) were divided into five groups and injected into the egg air chamber with prebiotic inulin
(Prel), Bi’tos (Pre2), a synbiotic composed of inulin and Lactococcus lactis subsp. lactis IBB SL1 (Syn1),
a synbiotic composed of Bi*tos and L. lactis subsp. cremoris IBB SC1 (Syn2), and physiological saline
(control group; C). The chickens were immunized twice at the 7th and 21st day of life with SRBC and
dextran. A DTH test was performed on the 7th, 21st, and 35th day. The application of prebiotics and
synbiotics had no significant effect on the humoral immune response. SRBC-immunized in ovo Prel-
and Pre2-treated chickens showed significantly higher serum IgG levels than the control. A significant
effect on the DTH reaction was detected on the 7th (Prel < C) and 21st (Pre2 > Syn2) day. However;
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Bi’tos may transiently stimulate the cellular immune response on the 21st day. It may be concluded
that the application of inulin in an egg air chamber on the 12th day of incubation may stimulate the
secondary immune response. The inulin-treated group exhibited a lower mortality rate than the
control group.

Keywords: in ovo; delayed-type hypersensitivity; SRBC; dextran; immunoglobulin

1. Introduction

Many beneficial effects of the dietary application of nondigestible carbohydrates (prebiotics)
in poultry have been well-documented [1-6]. Inulin fermentation products in the gut have
anti-inflammatory effects [7]. Antigenic fragments of probiotics given orally can modulate the
innate and adaptive immune response [8] by stimulating the intestinal immune system [9,10] and can
also affect immune responses in other lymphatic organs [11]. Probiotics given orally to one-day-old
chicks stimulate the cellular immune response to phytohemagglutinin (PHA) and dinitrochlorobenzene
(DNCB) [12].

In ovo technology enables the administration of a given substance in a solution directly into the
incubating eggs [13-15]. Day 12 of incubation has been estimated as the optimal time for prebiotic
injection into the air chamber of the incubating egg [15,16]. Early in ovo supplementation with bioactive
substances (on the 12th day of chicken embryo development) leads to the long-term maintenance
of a high level of intestine bifidobacteria, reduces the number of detrimental microorganisms
in the gut [13,17,18], modulates the central and peripheral lymphatic organ development in
broilers [19], and stimulates gut-associated lymphoid tissues (GALT) development after hatching [20,21].
Galactooligosaccharides delivered in ovo mitigated heat-stress-induced chronic systemic oxidative
stress and decreased the Th2 response in slow-growing chickens [22]. Selected synbiotics given in ovo
can modulate the development of immune organs, e.g., the development of bursa of Fabricius and the
spleen, and lymphocyte proliferation in the thymus [23,24], or downregulate the immune-related gene
expression in the cecal tonsils and spleen in chickens [25]. However, the mechanisms underlying the
interaction between prebiotics and synbiotics and the host immune system are not known.

Therefore, the aim of this study was to evaluate whether the early in ovo application (at the
12th day of embryo incubation) of selected prebiotics and synbiotics influences the humoral immune
response against experimental antigens and the delayed-type hypersensitivity (DTH) skin reaction to
experimental mitogen.

2. Materials and Methods

2.1. Materials

The source material was described in Stefaniak et al. [26]. The scheme of the experiment, including
the division of embryos and chickens into experimental groups, is shown in Tables 1 and 2.
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Table 1. Number of embryos and chickens used in the experiment.

Groups and Number of Embryos/Chickens

Time Treatment
Prel Pre2 Synl Syn2 C
900 incubated eggs
E12 _7 randomly selected embryos sacrificed and used
before treatment for IgG (Y) estimation
E12 160 160 160 160 160 embryos given to expe%”lmental groups and
treated in ovo
E18 _7 _y _7 _7 _7 randqmly selected embryos from ea.ch group
sacrificed and used for IgG (Y) estimation
D1 145 137 114 145 130 hatched chickens
randomly selected chickens sacrificed and used
b1 7 -7 7 7 7 for IgG (Y) and IgG estimation
Da _7 _y _7 _7 _7 randomly selected chlckegs s§cr1f1ced and used
for IgG estimation
randomly selected chickens sacrificed and used
D7 -7 -7 -7 -7 -7 for IgG, SRBC, DEX (IgM), and DEX (IgG)
antibody estimation
Groups destined for an evaluation of the serum
IgG concentration and DTH test.
Prel(N) Pre2(N) Synl(N) Syn2(N) C(N)
D7 45 42 37 43 32 chickens randomly selected for N groups
D21 _7 _y _7 _7 _7 randomly selected Chlckeps sa?crlflced and used
for IgG estimation
-8 -8 -8 -8 -8 randomly selected chickens used for DTH
D35 _7 _y _7 _7 _7 randomly selected Chlckeps sa?crlflced and used
for IgG estimation
-8 -8 -8 -8 -8 randomly selected chickens used for DTH

C - control, Prel — prebiotic 1, Pre2 — prebiotic 2, Syn1 — synbiotic 1, Syn2 — synbiotic 2, N - nonimmunized groups,
IgG (Y) — yolk sac IgG concentration, IgG — serum IgG concentration, SRBC (RAT) — serum reverse agglutination
titer against SRBC, DEX (IgM) — serum anti-dextran IgM antibody, DEX (IgG) — serum anti-dextran IgG antibody,
and DTH - delayed-type hypersensitivity.

Table 2. Chickens immunized against T-dependent (SRBC) and T-independent (dextran) antigens.

Groups and Number of Embryos/Chickens

Time C C

SRBC DEX

Prel
SRBC DEX

Prel

Pre2
SRBC

Pre2
DEX

Synl
SRBC DEX

Synl Syn2 Syn2 Treatment

SRBC DEX

D7 25 25

D21 -7 -7

D21 18 18

D35 -7 -7

35 35

28 28

30

23

30

23

18t immunization
randomly
selected chickens
sacrificed and
used for IgG,
SRBC (RAT),
DEX (IgM),
and DEX (IgG)
2nd
immunization
randomly
selected chickens
sacrificed and
used for IgG,
SRBC (RAT),
DEX (IgM),
and DEX (IgG)

25 25 35 35

-7 -7 -7 -7

18 18 28 28

-7 -7 -7 -7

C - control, Prel — prebiotic 1, Pre2 — prebiotic 2, Synl — synbiotic 1, Syn2 — synbiotic 2, SRBC — SRBC-treated
groups, DEX — dextran-treated groups, IgG — serum IgG concentration, SRBC (RAT) — serum reverse agglutination
titer against SRBC, DEX (IgM) — serum anti-dextran IgM antibody level, and DEX (IgG) — serum anti-dextran IgG

antibody level.



Animals 2020, 10, 643 4 0f 15

2.2. In ovo Treatment

The experiments were conducted with the consent of the Local Ethical Committee for Animal
Experiments (24/2011, Bydgoszcz, Poland). The eggs were incubated at a commercial hatchery (Drobex,
Solec Kujawski, Poland) in a Petersime incubator (Zulte, Belgium), using standard conditions (37.8 °C
and a relative humidity of 61 + 63%). The eggs were candled at the 12th day of incubation and those
with developing embryos were used in the experiments. On the 12th day of incubation, the eggs
were injected into the air chamber with 0.2 mL of solution/suspension of bioactive substances, as
described in Stefaniak et al. [26]. Bioactive compounds (prebiotics or synbiotics) delivered in ovo
were as follows: 1.76 mg/egg inulin prebiotic (Prel) (Sigma-Aldrich GmbH, Schnelldorf, Germany);
0.528 mg/egg Galactooligosaccharides (GOS) prebiotic (trade name: Bi%tos) (Pre2) (Clasado Biosciences
Ltd., Jersey, UK); synbiotic composed of 1.76 mg/egg inulin and 1000 CFU/egg Lactococcus lactis subsp.
lactis IBB SL1 (Syn1); or a synbiotic composed of 0.528 mg/egg GOS and 1000 CFU/egg Lactococcus lactis
subsp. cremoris IBB SC1 (Syn2). These synbiotics were selected from several combinations of pre- and
probiotics by in vitro tests, followed by validation with an animal model [27,28]. The control group (C)
was injected with physiological saline.

2.3. Rearing Conditions

The rearing conditions were described in Stefaniak et al. [26]. The feed was free from pre- and
probiotics and antibiotics.

2.4. Collecting the Yolk Sac Content

On the 12th day of incubation (E12), from the pool of incubated eggs, seven eggs were randomly
selected and opened with scissors, the embryos were killed by decapitation, and the yolk sac content
was taken. Subsequently, on the 18th day of incubation (E18), seven eggs were randomly selected from
each experimental group, and the procedure was the same as on E12. On the day of hatching (D1) and
on the 4th (D4) day of life, seven chickens from each group at both time points were randomly selected,
weighed, and killed by decapitation. The yolk sac content collected both from embryos and chicks
was diluted to a ratio of 1:4 with phosphate-buffered saline (PBS, pH 7.3) and stored at —22 °C until
further use.

2.5. Immunization

On day 7 of age (D7), randomly selected chickens from each of the five groups (C, Prel, Pre2, Synl,
and Syn2) were divided into three subgroups: (1) SRBC—birds injected intramuscularly with 200 pL
of a 5% suspension of sheep red blood cells (SRBC) (Pro Animali, Wroclaw, Poland); (2) DEX—birds
immunized subcutaneously with 200 pL of solution containing 1 mg of dextran (molecular weight
5-40 MDa; Koch Light Laboratories, Ltd., Haverhill, Suffolk, UK) in PBS; and (3) N—nonimmunized,
destined for DTH testing and IgG estimation. The immunization procedure was repeated within
groups on day 21 of age (D21) (Table 2).

2.6. Blood Sampling and Serum Preparation

From seven chickens of each group on D1, D4, and D7, blood from the cervical vein was sampled
immediately after killing. On D21 and D35, the blood was taken by the same procedure from
seven chickens of 15 groups. Each of the five in ovo-treated groups (C, Prel, Pre2, Synl, and Syn2)
was divided into three subgroups: N—no additional treatment, DEX—immunized with dextran,
and SRBC—immunized with SRBC (Tables 1 and 2). The serum was separated by centrifugation at
2000x g for 8 min and stored at —20 °C until use.
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2.7. Evaluation of the I1gG Concentration in Chicken’s Serum and Yolk Sac Content

The chicken IgG concentration in the yolk sac (IgY) and blood serum was estimated using radial
immunodiffusion, according to Gasowska and Stefaniak [29]. Blood serum was undiluted, whereas
the yolk sac content was diluted with PBS (pH 7.3) at a ratio of 1:4. A standard curve (0.1, 0.25, 0.5, 1,
2,5, and 10 g of chicken IgG/L) was produced based on chicken IgG (Sigma) diluted in sheep serum
albumin (70 g/L).

2.8. Determination of the SRBC antibody (against T-dependent antigens)

The SRBC antibody was determined by microagglutination (modified by Hebishima et al. [30]).
Serum samples taken on D7, D21, and D35 were inactivated by incubation at 56 °C for 30 min. The serum
samples were serially diluted with PBS in twofold steps (1:1-1:128) in U-bottomed microplates (96 well,
MedLab), with 100 puL/well. In the next step, 25 uL of 2% SRBC suspension was added to each well.
The plates were incubated for 18 h at 4 °C and at room temperature concurrently. The results were
evaluated as follows: 0, no agglutination; +, doubtful; +, weak agglutination; ++, marked net of
agglutinated erythrocytes; +++, strong agglutination with curled-up borders. The numerical reverse
result of the highest positive dilution was calculated by the addition of the reverse titer 0.5, 1, 2, or 3,
respectively, to the intensity +, +, ++, or +++ of the highest positive dilution.

2.9. Determination of I1gG and IgM Dextran Antibodies Using ELISA

To determine the immune response of chickens against T-independent antigens in ELISA, dextran
was chosen [31]. Ninety-six-well microplates (F-bottomed, Nunc) were coated with dextran (molecular
weight of 5-40 MDa; Koch Light Laboratories, Ltd., UK) diluted in 0.15 M carbonate buffer at a pH
of 9.6 (50 uL/well dextran dilution (1 mg/mL)) and incubated for 3 h at 37 °C and overnight at 4 °C.
Microplates were washed three times with PBS at pH 7.3 containing 0.05% Tween 20 (microplate
washer Biotek EL x 50). Subsequently, serum diluted at a ratio of 1:100 was added (50 puL/well, in two
repetitions for each antibody class) and microplates were incubated for 2 h at room temperature under
stirring (ELPAN Laboratory Stirrer). The plates were then washed as described above and 50 pL/well
of the rabbit anti-chicken IgG (Sigma, 1:20,000) or goat anti-chicken IgM (Sigma, 1:20,000) horseradish
peroxidase (HRP) conjugates was added and incubated for 2 h at room temperature under stirring.
The plates were washed again as described above and substrate solution (100 pL, TMB, Sigma) was
added and incubated at room temperature in the dark for 20 min. The reaction was stopped by adding
25 uL. 2M H,SOg4/well. The absorbance was read at 450 nm (Microplate reader BioTek pQuant).

2.10. Evaluation of Mitogen-Induced Cutaneous Delayed-Type Hypersensitivity (DTH)

The cutaneous hypersensitivity to T-cell mitogen (phytohemagglutinin, PHA) was evaluated
according to Kean and Lamont [32], as modified by Graczyk et al. [33]. On D7, D21, and D35, eight
chickens from each of the five groups were randomly selected and injected with 100 ug PHA (Sigma)
dissolved in 100 uL PBS at pH 7.2. The injections were performed intradermally into the skin between
the third and fourth digits of the right foot on D7. An identical dose of PHA was administered into the
wing web of the right wing to 21-day-old and 35-day-old chickens. The PBS administered to the other
wing was assumed as the control. The thickness of the skin fold, found exactly at the place of injection
of the PBS or PHA, was measured before injection and 24 h after. Measurements were repeated three
times, using a constant-loading dial micrometer (Mitutoyo, Japan). The response level was determined
by calculating the wing index (WI) as the difference in the fold thickness before and 24 h after the
intradermal injection.

2.11. Statistical Analysis

Quantitative data were subjected to statistical analysis using Statistica 10.0 software (StatSoft Polska
Sp. z 0.0., Krakéw, Poland). The significance of differences between the results obtained was appraised
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using a one-way ANOVA test for data showing a normal distribution and a Kruskal-Wallis ANOVA
test for data that were not normally distributed. Where one-way ANOVA was statistically significant,
subgroup analysis was performed using Tukey’s honest significant difference test. The normal
distribution revealed the serum IgG concentration, serum reverse agglutination titer against SRBC,
serum anti-dextran IgM/IgG antibody levels, and DTH. The significance of differences in mortality was
appraised using a two-sample z test. A value of p < 0.05 was considered significant.

3. Results

3.1. Yolk Sac IgG (Y) Concentration

The yolk sac IgG (Y) concentration in the C group increased slightly between E12 and E18 (2.37
versus 4.54 g/L, respectively; p = 0.076), and an intermediate value was observed in the D1 group
(p > 0.05). There were no significant differences in IgG values between E18 and D1 for all experimental
groups, except for the Syn2 (4.41 versus 3.19 g/L for D1 and E18, respectively; p = 0.065). There were no
statistically significant differences in IgG values between the experimental groups within the individual
estimated periods (E18 and D1) (Figure 1).
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Figure 1. Yolk sac IgG (Y) concentration (mean + SD) in chickens between the 12th day of embryo
development (E12) and 1st day after hatching (D1): C — control, Prel — prebiotic 1, Pre2 — prebiotic 2,
Syn1 - synbiotic 1, and Syn2 — synbiotic 2.

3.2. Serum IgG Concentration

The results of the total serum IgG (g/L) concentration are presented in Figure 2. In all the
experimental groups, the concentration of total serum IgG decreased (p < 0.001) from D1 to D4 and
from D4 to D7, and then increased between D7 and D21 (p < 0.01) and from D21 to D35 (p < 0.05 and
p < 0.01). In fact, the serum IgG concentration at the hatching time was approximately 4 mg/mL in all
the groups, but decreased stepwise on D4 (about 2.5 mg/mL) and D7 (below 1 mg/mL). In addition, at
the hatching time (D1), the serum IgG concentration was higher in the Synl group when compared
to the Prel group (4.63 versus 3.62 g/L; p < 0.05), while no significant differences were found in IgG
values among the experimental groups at the time points of D4 and D7. Concentrations of IgG among
the non-treated (without SRBC or DEX stimulation) groups at each time point considered (D21N and
D35N) did not differ significantly (p > 0.05). Furthermore, immunization with SRBC did not influence
the IgG concentration in both prebiotic- and synbiotic-treated groups on D21. On the contrary, on D35,
the IgG level increased in prebiotic- and synbiotic-immunized groups. However, this increase was
only evident in prebiotic groups compared to the control (2.97 versus 4.15 mg/L for control and Prel
groups, respectively; p < 0.01. 2.97 versus 4.0 mg/L for control and Pre2 groups, respectively; p < 0.05).
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The immunization with dextran did not affect (p > 0.05) the IgG concentrations in all groups and at all

time points.
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@ Pre2
® Synl
W Syn2

Figure 2. Serum IgG concentration (mean + SD) in chickens between the 1st day (D1) after hatching
and 35th (D35) day of life: C — control, Prel — prebiotic 1, Pre2 — prebiotic 2, Syn1 — synbiotic 1, Syn2 —
synbiotic 2, N — untreated groups, SRBC — SRBC-treated groups, and DEX — dextran-treated groups;
significant difference A,B: p < 0.01; a,b: p < 0.05. The differences between D1 and D7 in the relevant
groups were significant (p < 0.001), as well as between D7 and D35N (p < 0.01).

3.3. Anti-SRBC and Anti-Dextran Antibodies

The results of the serum reverse agglutination titer against SRBC are reported in Figure 3. In all
the experimental groups, the concentration of serum reverse agglutination titers increased from D7 to
D21 and then from D21 to D35 (p < 0.05 and p < 0.001). Conversely, no significant differences (p > 0.5)
were found in the serum reverse agglutination titer values among the experimental groups at each
time point (D7, D21, and D35). The intensity of the serum IgM antibody reaction in DEX-treated
groups was found to be higher on D35 than that on D7 (p < 0.01) and D21 (p < 0.05). In contrast,
the serum IgM antibody values among experimental groups at each time point (D7, D21, and D35)
did not significantly differ (p > 0.05) (Figure 4a). A similar trend was observed for the serum IgG
anti-dextran antibodies concentration, for which the values were higher for each treatment on D35
with respect to D7 and D21 (p < 0.01), whereas the intensity of the IgG reaction did not differ (p > 0.05)

among groups at the respective time points (Figure 4b).
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Figure 3. Serum reverse agglutination titer (mean + SD) against SRBC: C — control, Prel — prebiotic 1,

Pre2 — prebiotic 2, Syn1 — synbiotic 1, and Syn2 — synbiotic 2.
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Figure 4. Serum anti-dextran IgM (a) and anti-dextran IgG (b) antibody level (mean + SD) in chickens
immunized with dextran: C — control, Prel — prebiotic 1, Pre2 — prebiotic 2, Syn1 — synbiotic 1, and Syn2
— synbiotic 2; D7 — 7th day, D21 - 21st day, and D35 — 35th day.

3.4. Delayed-Type Hypersensitivity (DTH)

The DTH reaction was more marked from D7 to D35 (p < 0.05 and p < 0.01); however, significant
increases were also observed in Pre2 from D7 to D21 (p < 0.05) and in the control and Syn2 from D21 to
D35 (p < 0.05 and p < 0.01). Within the time groups, at time D7, the Prel value was lower compared to
the control (0.77 versus 1.20 mm; p < 0.05), and at time D21, Pre2 was higher than Syn2 (1.54 versus
0.87 mm; p < 0.05). No significant differences were found for DTH among experimental groups at time
D35 (Figure 5).
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Figure 5. Delayed-type hypersensitivity (DTH) measured as an increase in skin fold thickness 24 h
after an intradermal injection of phytohemagglutinin (mean + SD): C — control, Prel — prebiotic 1, Pre2
— prebiotic 2, Synl — synbiotic 1, and Syn2 — synbiotic 2. Significant difference a,b; * p < 0.05 within
time groups.

3.5. Mortality Rate

The mortality rate was lower in inulin (Prel) compared to the other groups; however, significant
differences (p < 0.05) were only found between control and Prel groups (Table 3).
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Table 3. Mortality rate in pre- and symbiotic-treated chickens. C — control, Prel — prebiotic 1, Pre2 —
prebiotic 2, Syn1 — synbiotic 1, and Syn2 — synbiotic 2.

Number of Chickens at the

. . o
Groups Start of the Experiment Mortality Cases Mortality Rate (%)
C 130 11 851
Prel 145 3 21P
Pre2 137 8 5.8 b
Syn1 114 6 5.3ab
ab p < 0.05.

4. Discussion

The immune system of chickens matures during embryonic development. The first population of
T cells leaves the thymus on the 6th day of incubation [34]. The majority of lymphoid cells present in
the thymus on the 12th and 13th days possess the features typical of differentiated lymphocytes [35].
The second and third waves of T-cell migration from the thymus occur on the 12th day of incubation
and at hatching [34]. The emigration of B lymphocytes from the bursa of Fabricius takes place on
about the 18th day of incubation [34]. Therefore, in the light of the findings from the above studies, we
studied whether the application of prebiotics or synbiotics, injected into the air chamber on the 12th day
of incubation, was able to influence the further stages of immune system development. The acquired
immune system was evaluated considering the yolk sac IgG (Y) and serum IgG concentrations, the DTH
reaction upon an intradermal PHA injection, the humoral immune response, and the generation of
antibodies against T-dependent (SRBC) and T-independent (dextran) antigens.

In the chicken spleen, IgM-secreting cells were first apparent by 3 days of age, while IgG- and
IgA-secreting cells were not seen until 6 days after hatching [36]. Kaspers et al. [37] detected that during
the late phase of embryonic development, IgA can be transported from albumen into the yolk sac, thus
increasing the yolk protein concentration. Moreover, it might be speculated that changes in the dry
matter content and volume of the yolk sac on the last days of incubation may influence the protein
concentration, including the IgY concentration. At hatching time, the yolk sac IgG (Y) concentration of
the chicks (Ross 308) measured in this study (ranging from 3.69 to 4.62 mg/mL, Figure 1) was three times
lower than that found in one-day-old Hubbard Flex chicks [38]. The transfer of yolk immunoglobulins
into the embryos’ blood can already be detected on the 11th day of incubation, but its efficiency remains
low and increases rapidly from the 18th day of incubation [39]. Kramer and Cho [40] found that this
transport process begins at a slow rate on around the 7th day of incubation and increases stepwise
during the last three days before hatching. In fact, Kowalczyk et al. [41] found that on the 14th day of
incubation, the transport of IgG from the yolk sac to chickens’ blood reached about 30 pg/day, and its
capacity increased to 600 ug/day on the 18th day of incubation. However, from the more than 100 mg
of IgG present in the yolk sac, less than 10% is transported into the chickens’ blood. The transfer of
IgG (Y) from the yolk sac to chicken blood is dependent on FcRY (receptor specific for the chicken
IgG (Y) Fc fragment), expressed in the yolk sac membrane [42]. The successive decrease (Figure 2)
of serum IgG between the 1st (more than 4 mg/mL) and 7th (less than 1 mg/mL) day after hatching
indicates the utilization of maternal IgG obtained through the yolk sac and no signs of marked IgG
production by the chicken until D7. The decrease in yolk sac-derived serum IgG was probably due
to the utilization of antibodies against environmental antigens, transport into mucosal membranes,
and the biodegradation of proteins. Moreover, it is probable that the rapid increase in body weight (and
therefore the increase of the plasma volume) in the examined broiler chickens might be an additional
factor that decreased the serum IgG concentration. The rise of serum IgG on the 21st and 35th day of
life could be associated with the immune response to environmental antigens. Kowalczyk et al. [41]
found that the mean serum IgG concentration at the time of hatching in Leghorn chickens was slightly
above 1 mg/mlL; at the same time, Chrzastek and Wieliczko [38] detected a value of about 3 mg/mL in
Hubbard Flex broiler chickens. This is a lower concentration than that found in the Ross 308 chickens
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examined in this study. Several authors have indicated different time points as the start of IgG and
IgM synthesis in chicken. Khattab and Craig [43] demonstrated self IgG synthesis on the 11th day after
hatching. Kaspers et al. [44] determined the start of [gM synthesis between the 2nd and 4th day after
hatching and the start of IgG synthesis on the 2nd-7th day of life. The in ovo application of prebiotics
probably protected the chickens immunized with T-dependent antigen (SRBC) from the slower rise of
the IgG concentration (Prel and Pre2 D21SRBC versus Prel and Pre2 D35SRBC, respectively) that was
observed in the control group (C D21SRBC versus C D35SRBC) (Figure 2).

Brisbin et al. [10] used an SRBC antigen as a measure of the antibody-mediated immune response in
birds treated orally with Lactobacillus acidophilus, Lactobacillus reuteri, and/or Lactobacillus salivarius. Their
findings indicated that the systemic humoral immune response can be modulated by oral treatment
with lactobacilli, but it should be kept in mind that these bacteria may vary in their ability to modulate
the immune response. A statistically significant impact on the SRBC antibody level was detected in
birds supplemented with L. salivarius. The other two bacteria strains did not significantly affect the
systemic immune response. The lactobacilli bacteria used in the experiment of Brisbin et al. [10] are
members of the chicken intestinal microbiota. In the present study, the bacterial strains were given only
once, in 0vo, in the air chamber at E12, and were not identified as a natural component of the chicken
microbiome [23,45]. The presence of a low agglutination titer on D7 (in individual chickens from each
group before immunization), as observed in our study (Figure 3), indicates the occurrence of a natural
antibody that cross reacts with SRBC [46]. Commensal bacteria in the intestine interact with cells of
the gut-associated lymphoid tissues (GALT). Among the cells of the GALT, B-1 cells are considered
significant since these cells are involved in the production of natural antibodies [9]. Haghighi et al. [9]
showed that manipulation of the intestinal microbiota by the administration of probiotics can affect
natural antibody production in chickens. Natural antibodies are considered to be a crucial immune
barrier in the initial steps of the immune response before the antibodies against foreign antigens are
generated [47]. Based on the literature and the results obtained, it might be suggested that the in ovo
injection of synbiotics can affect natural antibody synthesis in chickens.

No statistically significant differences were observed regarding the rise of the IgG and IgM
anti-dextran antibody between control and experimental groups. The rise of the antibody seemed
to diminish after first immunization in prebiotic- and synbiotic-treated chickens on D21 (Figure 4).
However, after second immunization (D35), Prel chickens showed moderately higher IgM and IgG
anti-dextran antibody levels compared to the other groups. It may be suggested that the application of
Prel in the egg air chamber on the 12" day of incubation may stimulate the secondary immune response.

In the present study, the in ovo application of selected pre- and synbiotics affected the DTH skin
reaction on D7 (Prel < C) and D21 (Pre2 > Syn2), while no significant differences were found for DTH
on D35. Karimi Torshizi et al. [12] indicated that chickens fed with prebiotics in drinking water for
40 days showed an enhanced cellular response to a phytohemagglutinin injection. In our study, it
was found that DTH after an intradermal PHA injection increased according to the age between D7
and D35. The in ovo application of both prebiotics and synbiotics inhibited the DTH reaction on D7
(Figure 5), but this decrease was more evident between the control group and Prel group. It should be
mentioned that in our study, the age and method of application of prebiotics and synbiotics differed
from the parameters described in other studies.

The mortality rate in treatment groups ranged from 2.1% to 5.8%, while in the control group, it was
8.5%—a value significantly higher than that of the inulin-treated group (Prel). This might be connected
to the positive effect of this prebiotic on the immune response and health condition (reviewed in [48]).
In fact, inulin supplementation in monogastric animals may have indirect and direct effects. The indirect
impact refers to the stimulation of development of healthy intestinal microbial strains, which in turn
inhibit the proliferation of pathogenic bacteria that may cause infections and produce toxins harmful to
organisms [49,50]. The direct effect influences the activity of phagocytic cells [26], as well as nonspecific
mechanisms of humoral immunity [48]. Systemic pathogen exposure to Listeria monocytogenes and
Salmonella typhimurium or enteric exposure to Candida albicans in inulin-supplemented mice resulted in
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a reduced mortality compared with cellulose-supplemented controls [51]. A mixture of oligofructose
(OF) and high-polymer inulin given orally to rats stimulated SIgA production in the cecum [52].
The oral application of imulin and oligofructose induced the secretion of immunoregulatory IL-10
by ex vivo-activated lymphocytes of Peyer’s patches [53]. y-inulin enhances humoral and cellular
responses against a wide variety of antigens, stimulates Th1 and Th2 lymphocytes, and is a very potent
complement activator [54]. In this study, the control group chickens achieved the highest mean body
weight at the 35th day of life (2978g) (data not presented) and this differed significantly (p < 0.05) in
comparison to the Prel, Pre2, and Syn2 groups (mean body weights of 2447-2515g), but did not differ
in comparison to group Synl (2926g). This might have been influenced by the highest mortality rate
in the control group (Table 3), which caused the removal of the largest number of ill/slowly-growing
chickens, than in other groups.

Besides the synbiotics presented in this study, other bioactive substances have also proved their
immunomodulatory effects [23,24]. A significant upregulation of gene expression for IL-4, IL-6, IFN@3,
and IL-18 and downregulation of IL-12 gene expression were observed in spleens of chickens treated
with L. lactis subsp. cremoris IBB 477 SC1 with raffinose family oligosaccharides (RFO) compared to the
control [23]. The same synbiotic (L. lactis subsp. cremoris IBB SC1 with RFO) injected in ovo during
embryo development influenced the structure and development of immune organs [24]. The relative
spleen weight was significantly higher in chickens treated with L. lactis subsp. cremoris IBB SC1
combined with RFO and the histological view of the thymus displayed an increase in thymocyte
numbers in the cortex.

We did not observe an additive effect of the synbiotic. The same pattern was also observed in the
microarray data generated for the cecal tonsils, spleen, and large intestine. The explanation for this
phenomenon is related to different routes employed by prebiotics and synbiotics to access the embryo.
A soluble prebiotic, injected on the 12th day of embryo development, thanks to the vascularized
chorioallantoic membrane, is gradually transferred into the growing embryo. However, probiotic
bacteria, due to their size, are unable to penetrate the chorioallantoic membrane. Therefore, they are
only consumed by the chicken at the beginning of hatching [28]. An experimental simulation of this
hypothesis is presented in the review publication [16]. Prebiotics administered on the 12th day of
embryo development stimulate endogenous microbiota of the chicken gastrointestinal tract. Thanks to
next generation sequencing, it has been proved that the internal environment of a chicken egg is not
sterile [16]. A subsequent experiment on the synbiotic design in vitro and its further validation in vivo
showed that the differences in the synbiotic impact on the chicken organism are caused by a mutual
interaction between prebiotics and probiotics [18].

Available data have described only selected indicators of immunity, which made the interpretation
of our results difficult. Furthermore, the effect of prebiotics or synbiotics in animals depends
on many factors, such as the sources of microbiota, doses, frequency of applications, chemical
contamination, environmental conditions (elimination of stressors), and the mode and method of
administration [12,49,50].

5. Conclusions

In summary, the i 0vo application of prebiotics (inulin or Bi?tos) and synbiotics (inulin + Lactococcus
lactis subsp. lactis IBB SL1 or Bi’tos + Lactococcus lactis subsp. cremoris IBB SC1) did not significantly
influence the humoral immune response against T-dependent and T-independent model antigens.
The in ovo application of inulin or Bi’tos (in Prel and Pre2 groups) in chickens immunized with
T-dependent antigen (SRBC) protected them from retarded growth of the IgG concentration, which
was observed in the control group on D35. The concentrations of IgG in the yolk sac (from E18 to
D21) and blood serum (from D1 to D21) did not differ between groups. In contrast, a significant
effect on the DTH reaction to phytohemagglutinin was detected on the 7th (Prel < Control) and 21st
(Pre2 > Syn2) day after hatching, while no effect was found on day 35th of life. The inulin-treated
group (Prel) exhibited a lower mortality rate (—6.4%) than the control group. It may be concluded
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that the application of inulin in an egg air chamber on the 12th day of incubation may stimulate the
secondary immune response.

Author Contributions: Conceptualization, T.S., S.G., E.L. and M.B.; data curation, T.S., ].PM., and S.G.; formal
analysis, T.S., S.G., and M.B.; funding acquisition, M.B.; investigation, T.S., ] PM., S.G., M.S. (Maria Siwek), E.L.,
A K., and M.S. (Marcin Siericzyk); methodology, T.S., S.G., and M.B.; project administration, M.B.; visualization,
J.PM.; writing—original draft, T.S., JPM., and S.G.; writing—review and editing, G.M. and M.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by grant no. UMO-2011/01/B/NZ9/00642 from the National Science Center
in Cracow (Poland), and was partially supported by the Polish National Agency for Academic Exchange under
Grant No. PPI/APM/2019/1/00003.

Acknowledgments: Jacek Bardowski and Joanna Zylifiska from the Institute of Biochemistry and Biophysics,
Polish Academy of Sciences, Warsaw, are kindly acknowledged for providing the bacterial strains.

Conflicts of Interest: The authors declare no conflicts 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.

Abbreviations

C/Prel/Pre2/Syn1/Syn2, control and experimental groups treated at day 12 of embryo development with
physiological saline or respective pre- and synbiotics. C DEX/Prel DEX/Pre2 DEX/Syn1 DEX/Syn2 DEX, control and
experimental groups treated with pre- and synbiotics at day 12 of embryonic development, and later immunized
on the 7th and 21st day of life with dextran. C SRBC/Prel SRBC/Pre2 SRBC/Synl SRBC/Syn2 SRBC, control and
experimental groups treated with pre- and synbiotics at day 12 of embryonic development, and later immunized
on the 7th and 21st day of life with SRBC. C(N)/Pre1(N)/Pre2(N)/Syn1(N)/Syn2(N), control and experimental
groups treated with pre-and synbiotics at day 12 of embryonic development, selected for the DTH skin test. D1 (4,
7,14, 21, and 35), day of age. DEX, dextran. DTH, delayed-type hypersensitivity. E12 (18), day 12 (18) of embryo
development. PHA, phytohemagglutinin. SRBC, sheep red blood cells.

References

1.  Janardhana, V.; Broadway, M.M.; Bruce, M.P.; Lowenthal, ] W.; Geier, M.S.; Hughes, R.J.; Bean, A.G.D.
Prebiotics Modulate Immune Responses in the Gut-Associated Lymphoid Tissue of Chickens. J. Nutr. 2009,
139, 1404-1409. [CrossRef] [PubMed]

2. Mitsuoka, T.; Hidaka, H.; Eida, T. Effect of fructooligosacharides on intestine microflora. Nahrung 1987, 31,
426-436. [CrossRef] [PubMed]

3.  Ciesiolka, D.; Gulewicz, P.; Martinez-Villaluenga, C.; Pilarski, R.; Bednarczyk, M.; Gulewicz, K. Products and
biopreparations from alkaloid-rich lupin in animal nutrition and ecological agriculture. Folia Biologica 2005,
53, 59-66. [CrossRef]

4. Attia, Y.A,; Hassan, S.S.; Abd-El-Hamid, A.E.; Radwan, M.W. Response of broiler chickens to dietary
supplementation of ginger (zingiber officinale) continuously or intermittently in comparison with prebiotics.
Egypt Poult. Sci. ]. 2017, 37, 523-543.

5. Tayeri, V.; Seidavi, A.; Asadpour, L.; Phillips, C.J.C. A comparison of the effects of antibiotics, probiotics,
synbiotics and prebiotics on the performance and carcass characteristics of broilers. Vet. Res. Commun. 2018,
42,195-207. [CrossRef]

6. Wang, Y;; Dong, Z.; Song, D.; Zhou, H.; Wang, W.; Miao, H.; Wang, L.; Li, A. Effects of microencapsulated
probiotics and prebiotics on growth performance, antioxidative abilities, immune functions, and caecal
microflora in broiler chickens. Food Agric. Immunol. 2018, 29, 859-869. [CrossRef]

7. Petrovsky, N. Immunomodulation with microbial vaccines to prevent type 1 diabetes mellitus. Nat. Rev.
Endocrinol. 2010, 6, 131-138. [CrossRef]

8. Dobson, A.; Cotter, P.D.; Paul Ross, R.; Hill, C. Bacteriocin production: A probiotic trait? Appl. Environ.
Microbiol. 2012, 78, 1-6. [CrossRef]

9.  Haghighi, H.R; Gong, ].; Gyles, C.L.; Hayes, M.A.; Zhou, H.; Sanei, B.; Chambers, J.R.; Sharif, S. Probiotics
stimulate production of natural antibodies in chickens. Clin. Vaccine Immunol. 2006, 13, 975-980. [CrossRef]

10. Brisbin, ].T.; Gong, J.; Orouji, S.; Esufali, J.; Mallick, A.L; Parvizi, P.; Shewen, P.E.; Sharif, S. Oral treatment
of chickens with lactobacilli influences elicitation of immune responses. Clin. Vaccine Immunol. 2011, 18,
1447-1455. [CrossRef]


http://dx.doi.org/10.3945/jn.109.105007
http://www.ncbi.nlm.nih.gov/pubmed/19474157
http://dx.doi.org/10.1002/food.19870310528
http://www.ncbi.nlm.nih.gov/pubmed/3657917
http://dx.doi.org/10.3409/173491605775789443
http://dx.doi.org/10.1007/s11259-018-9724-2
http://dx.doi.org/10.1080/09540105.2018.1463972
http://dx.doi.org/10.1038/nrendo.2009.273
http://dx.doi.org/10.1128/AEM.05576-11
http://dx.doi.org/10.1128/CVI.00161-06
http://dx.doi.org/10.1128/CVI.05100-11

Animals 2020, 10, 643 13 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Cesta, M.E. Normal Structure, Function, and Histology of Mucosa-Associated Lymphoid Tissue. Toxicol.
Pathol. 2006, 34, 599-608. [CrossRef] [PubMed]

Torshizi, M.A.K.,; Moghaddam, A.R.; Rahimi, S.; Mojgani, N. Assessing the effect of administering probiotics
in water or as a feed supplement on broiler performance and immune response. Br. Poult. Sci. 2010, 51,
178-184. [CrossRef] [PubMed]

Bednarczyk, M.; Urbanowski, M.; Gulewicz, P.; Kasperczyk, K.; Maiorano, G.; Szwaczkowski, T. Field and
in vitro study on prebiotic effect of raffinose family oligosaccharides in chickens. Bull Vet Inst Pulawy 2011,
55, 465-469.

Cheled-Shoval, S.L.; Amit-Romach, E.; Barbakov, M.; Uni, Z. The effect of in ovo administration of mannan
oligosaccharide on small intestine development during the pre- and posthatch periods in chickens. Poult.
Sci. 2011, 90, 2301-2310. [CrossRef]

Villaluenga, C.M.; Wardeniska, M.; Pilarski, R.; Bednarczyk, M.; Gulewicz, K. Utilization of the chicken
embryo model for assessment of biological activity of different oligosaccharides. Folia Biol. (Praha). 2004, 52,
135-142. [CrossRef]

Siwek, M.; Slawinska, A.; Stadnicka, K.; Bogucka, ].; Dunislawska, A.; Bednarczyk, M. Prebiotics and
synbiotics - in ovo delivery for improved lifespan condition in chicken. BMC Vet Res. 2018, 14, e402.
[CrossRef]

Pilarski, R.; Bednarczyk, M.; Lisowski, M.; Rutkowski, A.; Bernacki, Z.; Warderiska, M.; Gulewicz, K.
Assessment of the effect of x-galactosides injected during embryogenesis on selected chicken traits. Folia
Biol. (Praha). 2005, 53, 13-20. [CrossRef]

Dunislawska, A.; Slawinska, A.; Stadnicka, K.; Bednarczyk, M.; Gulewicz, P; Jozefiak, D.; Siwek, M.
Synbiotics for broiler chickens-In vitro design and evaluation of the influence on host and selected microbiota
populations following in ovo delivery. PLoS ONE 2017, 12, e0168587. [CrossRef]

Madej, J.P; Stefaniak, T.; Bednarczyk, M. Effect of in ovo-delivered prebiotics and synbiotics on
lymphoid-organs’ morphology in chickens. Poult. Sci. 2015, 94, 1209-1219. [CrossRef]

Madej, J.P.; Bednarczyk, M. Effect of in ovo-delivered prebiotics and synbiotics on the morphology and
specific immune cell composition in the gut-associated lymphoid tissue. Poult. Sci. 2016, 95, 19-29. [CrossRef]
Pruszynska-Oszmalek, E.; Kolodziejski, P.A.; Stadnicka, K.; Sassek, M.; Chalupka, D.; Kuston, B.; Nogowski, L.;
Mackowiak, P.; Maiorano, G.; Jankowski, J.; et al. In ovo injection of prebiotics and synbiotics affects the
digestive potency of the pancreas in growing chickens. Poult. Sci. 2015, 94, 1909-1916. [CrossRef] [PubMed]
Pietrzak, E.; Dunislawska, A.; Siwek, M.; Zampiga, M.; Sirri, E.; Meluzzi, A.; Tavaniello, S.; Maiorano, G.;
Slawinska, A. Splenic Gene Expression Signatures in Slow-Growing Chickens Stimulated in Ovo with
Galactooligosaccharides and Challenged with Heat. Animals 2020, 10, 474. [CrossRef] [PubMed]
Stawinska, A.; Siwek, M.Z.; Bednarczyk, M.E. Effects of synbiotics injected in ovo on regulation of
immune-related gene expression in adult chickens. Am. ]. Vet. Res. 2014, 75, 997-1003. [CrossRef]
[PubMed]

Stawirniska, A.; Siwek, M.; Zylinska, J.; Bardowski, J.; Brzeziniska, J.; Gulewicz, K.A.; Nowak, M.;
Urbanowski, M.; Plowiec, A.; Bednarczyk, M. Influence of synbiotics delivered in ovo on immune organs
development and structure. Folia Biol. 2014, 62, 277-285. [CrossRef] [PubMed]

Plowiec, A.; Stawinska, A.; Siwek, M.Z.; Bednarczyk, M.F. Effect of in ovo administration of inulin and
lactococcus lactis on immune-related gene expression in broiler chickens. Am. J. Vet. Res. 2015, 76, 975-982.
[CrossRef] [PubMed]

Stefaniak, T.; Madej, ].P.; Graczyk, S.; Siwek, M.; Lukaszewicz, E.; Kowalczyk, A.; Sieficzyk, M.; Bednarczyk, M.
Selected prebiotics and synbiotics administered in ovo can modify innate immunity in chicken broilers. BMC
Vet. Res. 2019, 15, e105. [CrossRef]

Bednarczyk, M.; Lakota, P.; Zylinska, J.; Chmielewska, M.; Bardowski, J.; Dankowiakowska, A.; Maiorano, G.
In vitro and in vivo selection of bioactives enabling the stimulation of chicken microbiome. Ital. ]. Anim. Sci.
2013, 12, 132.

Stawinska, A.; Siwek, M.; Bednarczyk, M. In vitro screening of immunomodulatory properties of synbiotics
in chicken DT40 cell line. Anim. Sci. Pap. Rep. 2016, 34, 81-94.

Gasowska, A.; Stefaniak, T. Evaluation of the effects of egg yolk immunoglobulin (IgY) oral administration
to calves during the period of macromolecules absorption from the intestine. Folia Univ. Agric. Stetin. 2003,
45, 87-92.


http://dx.doi.org/10.1080/01926230600865531
http://www.ncbi.nlm.nih.gov/pubmed/17067945
http://dx.doi.org/10.1080/00071661003753756
http://www.ncbi.nlm.nih.gov/pubmed/20461578
http://dx.doi.org/10.3382/ps.2011-01488
http://dx.doi.org/10.3409/1734916044527502
http://dx.doi.org/10.1186/s12917-018-1738-z
http://dx.doi.org/10.3409/1734916054663474
http://dx.doi.org/10.1371/journal.pone.0168587
http://dx.doi.org/10.3382/ps/pev076
http://dx.doi.org/10.3382/ps/pev291
http://dx.doi.org/10.3382/ps/pev162
http://www.ncbi.nlm.nih.gov/pubmed/26112038
http://dx.doi.org/10.3390/ani10030474
http://www.ncbi.nlm.nih.gov/pubmed/32178295
http://dx.doi.org/10.2460/ajvr.75.11.997
http://www.ncbi.nlm.nih.gov/pubmed/25350090
http://dx.doi.org/10.3409/fb62_3.277
http://www.ncbi.nlm.nih.gov/pubmed/25403081
http://dx.doi.org/10.2460/ajvr.76.11.975
http://www.ncbi.nlm.nih.gov/pubmed/26512543
http://dx.doi.org/10.1186/s12917-019-1850-8

Animals 2020, 10, 643 14 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Hebishima, T.; Matsumoto, Y.; Soma, G.-1.; Kohchi, C.; Watabenabe, G.; Taya, K.; Hayashi, Y.; Hirota, Y. Inmune
Recovery Effects of Immunopotentiator from Pantoea agglomerans 1 (IP-PA1) on Low Antibody Productions
in Response to Salmonella Enteritidis Vaccine and Sheep Red Blood Cells in Dexamethasone-Treated Stressed
Chicken Models. J. Vet. Med. Sci. 2010, 72, 435-442. [CrossRef]

Fernandez, C.; Moller, G. Immunological unresponsiveness to native dextran B512 in young animals of
dextran high responder strains is due to lack of Ig receptors expression. Evidence for a nonrandom expression
of V-genes. |. Exp. Med. 1978, 147, 645-655. [CrossRef] [PubMed]

Kean, R.P; Lamond, S.J. Effect of injection site on cutaneous basophil hypersensitivity response to
phytohemagglutinin. Poult. Sci. 1994, 73, 1763-1765. [CrossRef] [PubMed]

Graczyk, S.; Wieliczko, A.; Pliszczak-Krdl, A.; Janaczyk, B. Humoral and cellular response of pheasants
vaccinated against Newcastle disease and haemorrhagic enteritis. Acta Vet. Brno 2006, 75, 379-386. [CrossRef]
Davison, E; Magor, K.E.; Kaspers, B. Structure and evolution of avian immunoglobulins. Avian Immunol.
2008, 1, 107-127.

Sugimoto, M.; Yasuda, T.; Egashira, Y. Development of the embryonic chicken thymus. I. Characteristic
synchronous morphogenesis of lymphocytes accompanied by the appearance of an embryonic thymus-specific
antigen. Dev. Biol. 1977, 56, 281-292. [CrossRef]

Lawrence, E.C.; Arnaud-Battandier, F.; Grayson, ].; Koski, LR.; Dooley, N.J.; Muchmore, A.V.; Blaese, R M.
Ontogeny of humoral immune function in normal chickens: A comparison of immunoglobulin-secreting
cells in bone marrow, spleen, lungs and intestine. Clin. Exp. Immunol. 1981, 43, 450-457.

Kaspers, B.; Bondl, H.; Gobel, T. Transfer of IgA from albumen into the yolk sac during embryonic
development in the chicken. Zentralbl Vet. A. 1996, 43, 225-231. [CrossRef]

Chrzastek, K.; Wieliczko, A. Influence of enrofloxacine, florfenicol, and ceftiofur on IgY in the yolk sac and
serum in chicks. Med. Weter. 2015, 71, 369-372.

Leslie, G.A. Ontogeny of the chicken humoral immune mechanism. Am. J. Vet. Res. 1975, 36, 482-485.
Kramer, T.T.; Cho, H.C. Transfer of immunoglobulins and antibodies in the hen’s egg. Immunology 1970, 19,
157-167.

Kowalczyk, K.; Daiss, J.; Halpern, J.; Roth, T.F. Quantitation of maternal-fetal IgG transport in the chicken.
Immunology 1985, 54, 755-762. [PubMed]

West, A.P; Herr, A.B.; Bjorkman, PJ. The chicken yolk sac IgY receptor, a functional equivalent of the
mammalian MHC-related Fc receptor, is a phospholipase A2 receptor homolog. Immunity 2004, 20, 601-610.
[CrossRef]

Khattab, M.S.; Craig, J.V. Ontogeny of allotype synthesis and decay of maternal allotype in young chickens.
Poult. Sci. 1970, 49, 973-976. [CrossRef] [PubMed]

Kaspers, B.; Schranner, I.; Losch, U. Distribution of Immunoglobulins During Embryogenesis in the Chicken.
J. Vet. Med. Ser. A 1991, 38, 73-79. [CrossRef]

Radziwill-Bienkowska, ].M.; Le, D.T.L.; Szczesny, P.; Duviau, M.P,; Aleksandrzak-Piekarczyk, T.; Loubiere, P;
Mercier-Bonin, M.; Bardowski, ].K.; Kowalczyk, M. Adhesion of the genome-sequenced Lactococcus lactis
subsp. cremoris IBB477 strain is mediated by specific molecular determinants. Appl. Microbiol. Biotechnol.
2016, 100, 9605-9617. [CrossRef]

Parmentier, H K.; Lammers, A.; Hoekman, J.].; De Vries Reilingh, G.; Zaanen, I.T.A.; Savelkoul, H.E]. Different
levels of natural antibodies in chickens divergently selected for specific antibody responses. Dev. Comp.
Immunol. 2004, 28, 39-49. [CrossRef]

Siwek, M.; Knol, E.F. Genetic aspects of biological processes underlying the defense system in the neonate.
Folia Biol. 2005, 53, 39-43. [CrossRef]

Koztowska, I.; Mar¢-Pierikowska, J.; Bednarczyk, M. Beneficial Aspects of Inulin Supplementation as
a Fructooligosaccharide Prebiotic in Monogastric Animal Nutrition-A Review. Ann. Anim. Sci. 2016, 16,
315-331. [CrossRef]

Attia, Y.A.;, Hamed, R.S.; Abd El-Hamid, A.E.; Shahba, H.A.; Bovera, F. Effect of inulin and
mannan-oligosaccharides compared with zinc-bacitracin on growing performance, nutrient digestibility and
hematological profiles of growing rabbits. Anim. Prod. Sci. 2015, 55, 80-86. [CrossRef]

Attia, Y.; Bovera, E; El-Tahawy, W.; El-Hanoun, A.; Al-Harthi, M.; Habiba, H.I. Productive and reproductive
performance of rabbits does as affected by bee pollen and/or propolis, inulin and/or mannan-oligosaccharides.
World Rabbit Sci. 2015, 23, 273-282. [CrossRef]


http://dx.doi.org/10.1292/jvms.09-0398
http://dx.doi.org/10.1084/jem.147.3.645
http://www.ncbi.nlm.nih.gov/pubmed/75938
http://dx.doi.org/10.3382/ps.0731763
http://www.ncbi.nlm.nih.gov/pubmed/7862616
http://dx.doi.org/10.2754/avb200675030379
http://dx.doi.org/10.1016/0012-1606(77)90270-6
http://dx.doi.org/10.1111/j.1439-0442.1996.tb00448.x
http://www.ncbi.nlm.nih.gov/pubmed/3980047
http://dx.doi.org/10.1016/S1074-7613(04)00113-X
http://dx.doi.org/10.3382/ps.0490973
http://www.ncbi.nlm.nih.gov/pubmed/4098630
http://dx.doi.org/10.1111/j.1439-0442.1991.tb00986.x
http://dx.doi.org/10.1007/s00253-016-7813-0
http://dx.doi.org/10.1016/S0145-305X(03)00087-9
http://dx.doi.org/10.3409/173491605775789380
http://dx.doi.org/10.1515/aoas-2015-0090
http://dx.doi.org/10.1071/AN13286
http://dx.doi.org/10.4995/wrs.2015.3644

Animals 2020, 10, 643 15 of 15

51. Buddington, K.K.; Donahoo, ].B.; Buddington, R K. Dietary oligofructose and inulin protect mice from enteric
and systemic pathogens and tumor inducers. J. Nutr. 2002, 132, 472-477. [CrossRef] [PubMed]

52.  Roller, M.; Rechkemmer, G.; Watzl, B. Nutritional Immunology—Research Communication Prebiotic Inulin
Enriched with Oligofructose in Combination with the Probiotics Lactobacillus rhamnosus and Bifidobacterium
lactis Modulates Intestinal Immune Functions in Rats. J. Nutr. 2004, 134, 153-156. [CrossRef] [PubMed]

53. Seifert, S.; Watzl, B. Inulin and Oligofructose: Review of Experimental Data on Immune Modulation. J. Nutr.
2007, 137, 2563-2567. [CrossRef] [PubMed]

54. Silva, D.G.; Cooper, P.D.; Petrovsky, N. Inulin-derived adjuvants efficiently promote both Th1l and Th2
immune responses. Immunol. Cell Biol. 2004, 82, 611-616. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1093/jn/132.3.472
http://www.ncbi.nlm.nih.gov/pubmed/11880573
http://dx.doi.org/10.1093/jn/134.1.153
http://www.ncbi.nlm.nih.gov/pubmed/14704309
http://dx.doi.org/10.1093/jn/137.11.2563S
http://www.ncbi.nlm.nih.gov/pubmed/17951503
http://dx.doi.org/10.1111/j.1440-1711.2004.01290.x
http://www.ncbi.nlm.nih.gov/pubmed/15550119
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	In ovo Treatment 
	Rearing Conditions 
	Collecting the Yolk Sac Content 
	Immunization 
	Blood Sampling and Serum Preparation 
	Evaluation of the IgG Concentration in Chicken’s Serum and Yolk Sac Content 
	Determination of the SRBC antibody (against T-dependent antigens) 
	Determination of IgG and IgM Dextran Antibodies Using ELISA 
	Evaluation of Mitogen-Induced Cutaneous Delayed-Type Hypersensitivity (DTH) 
	Statistical Analysis 

	Results 
	Yolk Sac IgG (Y) Concentration 
	Serum IgG Concentration 
	Anti-SRBC and Anti-Dextran Antibodies 
	Delayed-Type Hypersensitivity (DTH) 
	Mortality Rate 

	Discussion 
	Conclusions 
	References

