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In ovo immunization of chicken embryos with live vaccines is an effective strategy to protect chickens
against several viral pathogens. We investigated the immune response of chicken embryos to purified
recombinant protein. In ovo delivery of Salmonella flagellin to 18-day old embryonated eggs resulted in
elevated pro-inflammatory chIL-6 and chIL-8 (CXCL8-CXCLi2) cytokine transcript levels in the intestine
but not in the spleen at 24 h post-injection. Analysis of the chicken Toll-like receptor (TLR) repertoire
in 19-day old embryos revealed gene transcripts in intestinal and spleen tissue for most chicken TLRs,
including TLR5 which recognizes Salmonella flagellin (FliC). The in ovo administration of FliC did not alter
TLR transcript levels, except for an increase in intestinal chTLR15 expression. Measurement of the anti-
body response in sera collected at day 11 and day 21 post-hatch demonstrated high titers of FliC-specific
antibodies for the animals immunized at the late-embryonic stage in contrast to the mock-treated con-
trols. The successful in ovo immunization with purified bacterial antigen indicates that the immune sys-
tem of the chicken embryo is sufficiently mature to yield a strong humoral immune response after single
exposure to purified protein. This finding strengthens the basis for the development of in ovo protein-
based subunit vaccines.
� 2018 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Protection of chickens against bacterial and viral pathogens is
important for animal and human health. An effective and conve-
nient protection strategy is active immunization of embryonated
eggs [1–4]. During this procedure, the vaccine is injected into the
amniotic sac or intramuscularly into the chicken embryo usually
at 3 days prior to hatch i.e., at day 18 of embryonic development
(ED18) [5]. The immunization evokes antibodies directed against
the vaccine antigens, resulting in protection early after hatching.
In ovo vaccination is commercially widely used to protect against
viral infections. Most licensed vaccines consist of live attenuated
viruses that can still replicate and provoke an immune response
but do not cause illness [6]. More recently, non-replicating
adenovirus-vector based vaccines have been developed [7,8]. In
ovo delivery of subunit vaccines that consist of a mixture of puri-
fied antigens is still in its infancy. Successful in ovo immunization
has been achieved with recombinant Eimeria protein [9–11] but
immunization with a recombinant protein of Campylobacter jejuni
failed to induce a significant immune response [12]. The reason
for the variable immune response to recombinant bacterial pro-
teins after in ovo delivery is unknown.

One factor that aids the generation of a potent immune
response upon immunization is the use of vaccine adjuvants or
other immunomodulatory agents such as cytokines. These com-
pounds promote the immunogenicity of vaccine antigens and
influence the quality of the adaptive immune response [13–15].
The repertoire of potential adjuvants for use in chickens was
boosted by the discovery of functional chicken Toll-like receptors
(TLR) [16,17]. Members of the TLR family of pathogen recognition
receptors sense microbial ligands and translate these signals into
pro-inflammatory signals that promote amongst others antigen
presentation by dendritic cells, and T- and B-cell responses
[18–20]. TLR agonists are beginning to be applied as vaccine adju-
vants in humans [21,22], but also in the chicken [23]. The effect of
TLR stimulation on the immune response seems most effective
when the antigen of interest has intrinsic TLR-stimulating activity
or is conjugated to an effective TLR agonist.

TLR ligands that are investigated as adjuvants in chickens
include flagellin [24,25] and CpG oligodeoxynucleotides
[10,26,27] .These compounds target chTLR5 and chTLR21 recep-
tors, respectively [28–31]. A prerequisite for the use of TLR agonists
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as an adjuvant in combination with in ovo vaccination is the
expression and function of the relevant TLR receptors at the late
embryonic stage. Transcriptional profiling of immune genes during
chicken embryo development indicates early but variable presence
of TLR transcripts throughout the embryonic development [32–
34].

In the present study we investigated the expression of TLR
genes at the day of in ovo immunization and the effect of in ovo
delivery of a recombinant bacterial antigen with intrinsic TLR5
stimulating activity on the generation and duration of an
antigen-specific humoral immune response. We provide evidence
that a single-dose injection of recombinant Salmonella flagellin into
the amniotic sac of chicken embryos results in an intestinal cyto-
kine response and the induction of specific IgY antibodies that
can easily be detected up to 21 days post-hatch.
2. Materials and methods

2.1. Construction, expression, and purification of recombinant
Salmonella His-tagged flagellin

Recombinant flagellin (FliC) of Salmonella enterica serovar
Enteritidis (S. Enteritidis) was produced as previously described
[35] with some minor modifications. Briefly, the fliC gene of S.
Enteritidis strain 90-13-706 was amplified by PCR as described
[29], cloned with an N-terminal 6xHis-tag into the pT7.7 protein
expression vector [36], and transformed into E. coli BL21 star
(DE3). Protein expression was induced by adding 1 mM of IPTG
to bacteria (OD550 of 0.4) grown (37 �C) in LB broth containing
100 mg/ml of ampicillin. Four hours after induction, bacteria were
harvested by centrifugation and resuspended into urea solution
(8 M urea in 100 mM Tris-HCl, 100 mM NaH2PO4, pH 8). After 16
h of incubation (20 �C, constant rotation), the insoluble fraction
were removed by centrifugation. The supernatant containing the
FliC protein was mixed (1 h) with Ni-NTA beads (Qiagen). After
washing of the beads with 4 � 4 ml of 8 M urea solution with pH
6.3, bound FliC protein was eluted with 4 � 0.5 ml of 8 M urea
solution with pH 5.9 and, subsequently, with 4 � 0.5 ml of 8 M
urea solution with pH 4.5. The FliC containing fractions were deter-
mined by 12.5% SDS-PAGE, pooled, and stored in 4 M urea solution.
Protein concentrations were measured with the Pierce BCA protein
assay kit.
Table 1
Chicken RT primers used in this study [37].

RNA target Primer sequence (50-30)

chTLR1b Forward AGAAAAGGCTCCAGGCTACGA
Reverse TACGACGTTCCCCAGTTGTGT

chTLR2t1 Forward TGAAGCTGATGTGGAAGCA
Reverse ACACCGTGATTTTGCCTGTGA

cTLR2t2 Forward GATGCCAGCGCCAATAACTTTA
Reverse TCCATCAGTGACAGCTGCACA

chTLR3 Forward GCACCTGTGAAAGCATTGCTT
Reverse AATGGAGCACTGTCCTTGCA

chTLR4 Forward CCTGAAATGGGTCAAGGAAAAG
Reverse CTGTGGTTGGGTTGGGATG

chTLR5 Forward GAAATTGGAACACAACGCGTC
Reverse CGGAGTATGGTCAAACGTTGC

chTLR7 Forward GGCTGTGAATGAATGAATGGGTGA
Reverse GCTGAATGCTCTGGGAAAGG

chTLR15 Forward GAAAATAAGCCCTTCGATGCCT
Reverse TGTTGCCAAGTAACAGGATGCC

chTLR16 Forward TTGCTTGCACGTCTTCGACAT
Reverse TTAGGAAGACCGTGTCCAGGTG

chTLR21 Forward GCAGCTAGCCGCTCCTTTT
Reverse CCTTCTTCTTCCTCCTCCTCTCC

chGAPDH Forward TGCTGTGCTGGCCATCTTT
Reverse GCTTTGGACGTGCTCCAAA
2.2. Animal experiments

Fertilized eggs from SPF (Ross 308) broilers (Gezondheidsdienst,
Deventer, the Netherlands) were kept at 38 �C and 65–75% relative
humidity in a forced air egg incubator. At embryonic day 18, the
eggs were candled to check their fertilization, and then divided
into three groups of 15 eggs. Group 1 received 20 lg of FliC protein
diluted in 100 ml of 10 mM Tris (pH 9.0)/20% glycerol/5 mM
sucrose/80 mM urea (FliC group). Embryonated eggs of group 2
were injected with 100 ml of the same solution lacking FliC protein
(mock group). The eggs of group 3 were kept intact and received no
treatment (non-injected group). For in ovo delivery we followed
the procedure described by Sharma [1]. Briefly, after cleaning the
eggs with 0.5% hypochlorite (bleach), a small hole was made at
the air cell end of the egg using an 18G sterile needle. A 22G
one-inch bevel needle (Monoject) was then used to manually deli-
ver 20 mg of flagellin (or solvent) through the air sac membrane
directly into the amniotic fluid. After 24 h of incubation (to allow
transport to the embryo), the embryos of five eggs from each group
were aseptically removed to isolate the gut and spleen tissue.
Organ samples were immediately frozen in liquid nitrogen and
stored at �80 �C until further analysis. The remaining eggs were
kept in the incubator until hatch. After hatch, the chickens were
reared in a ground stable under controlled hygienic conditions
for up to 21 days. Chickens were given access to water and com-
mercial broiler diet ad libitum without antibiotics or coccidiostats.
At day 11 post-hatch, blood samples were taken from the wing
vein for antibody analysis. At day 21 post-hatch, all chickens were
sacrificed by electrocution and blood was collected by exsanguina-
tion. After blood clotting and centrifugation (2000�g, 5 min, 4 �C),
sera were collected and stored at -20 �C until analyzed. The entire
experiment was repeated in the same setup with eggs from a com-
mercial (non-SPF) flock (Lagerweij, Lunteren, the Netherlands). The
in ovo immunization procedure did not influence the hatchability
and chicken survival. All experiments were conducted in accor-
dance with protocols approved by the Dutch experimental animal
committee (DEC).
2.3. RNA isolation and RT-PCR analysis

Total RNA was isolated from 50 (±5) mg of the collected embry-
onic tissue specimens. Samples were homogenized (6500�g for 50
s at 4 �C) in a MagNA Lyser instrument (Roche) using Lysing Matrix
D tubes (MPbio) filled with 1 ml of RNA-Bee (Bio-connect USA).
Total RNA was extracted using the RNA-Bee isolation kit according
to the instructions of the manufacturer. The quantity and purity of
the extracted RNA was measured at 260/280 nm in a NanoDrop
ND-1000 spectrophotometer (Isogen Life Science). After treatment
with DNAse (1 U/mg of RNA, Fermentas), one microgram of RNA
was reverse transcribed to cDNA using the Revert AidTM First Strand
cDNA Synthesis Kit (Fermentas) according to the manufacturer’s
instructions. Transcripts of chicken TLR genes and (as control) the
chicken GAPDH gene (chGAPDH), were determined by PCR using
the primers listed in Table 1 [37]. In all cases, RT-negative control
samples were run to verify the absence of contaminating DNA. PCR
amplification was performed using 1 ml of cDNA, 200 nM of each
primer, 1 mM of dNTPs, and 1 Unit of Taq DNA polymerase (Fer-
mentas) in a total reaction volume of 20 ml. The following cycle
conditions were used: one initialization step at 95 �C for 5 min,
35 cycles of denaturation at 95 �C for 30 s, annealing at 62 �C for
30 s, and extension at 72 �C for 35 s, followed by one cycle at 72
�C (10 min). RT-PCR products were resolved by electrophoresis
using 2% TBE agarose gels stained with ethidium bromide and
imaged under UV illumination (Pharmacia Biotech). Results shown
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are representative of one of two replicates and with cDNA isolated
from the indicated tissues of five embryos of 19-day old chickens.

2.4. Quantitative real-time PCR analysis

Cytokine mRNA levels in the isolated tissue samples were mea-
sured by RT-qPCR as described previously [38]. Briefly, RT-qPCR
was performed using the Reverse Transcriptase qRT-PCR Master
Mix-Kit (Erurogentec, Seraing, Belgium). For each condition, 50
ng of DNaseI (Fermentas) treated RNA was used as template. The
sets of primers and probes that were used are listed in Table 2
[38]. The amplification reactions were performed in a Roche Light-
Cycler� 480 using the following conditions: Reverse Transcription
step at 48 �C (30 min), followed by 10 min at 95 �C, 40 sequential
cycles of 15 s at 95 �C and 1 min at 60 �C. Each sample was run
in duplicate. Transcript levels were normalized to those for the
chicken housekeeping gene chGAPDH. For each gene, results were
expressed as fold change in mRNA level of the immunized embryos
compared to the non-injected controls according to Schmittgen &
Livak [39] using the formula: (1) D Ct target gene – D Ct GAPDH
for each sample, (2)D Ct target gene treated –D Ct target gene con-
trol. The fold change in mRNA for each gene transcript was deter-
mined using the formula: Fold change = 2�D (D Ct gene treated � D Ct

gene control). To calculate the relative expression levels for FliC-
injected and mock-treated, the transcript levels in samples of indi-
vidual embryos were compared with the mean value of the group
of non-injected embryonated eggs, yielding a mean ± SEM value for
the mock-treated and FliC-injected groups. The SEM values thus
represent the variation in fold difference between individual
chickens.

2.5. Cell culture, transfection, and gene reporter assay

The HeLa-57A cell line, stably transfected with a NF-jB lucifer-
ase reporter construct [40], was generously provided by Dr. R. T.
Hay (Institute of Biomolecular Sciences, University of St. Andrews,
St. Andrews, Scotland, U.K.). Cells were routinely propagated in 25-
cm2 tissue culture flasks (Corning) in DMEM with 10% FCS at 37 �C
in a 5% CO2 atmosphere.

For transfection, cells were propagated in 24-well tissue culture
plates in DMEM with 10% FCS until 70% confluence was reached
(�24 h). Then, cells were transiently transfected with plasmid
pTracer 3xFLAG-chtlr5 or (as control) empty vector, in DMEM
without FCS using FuGENE HD (Roche Diagnostics) at a lipid to
DNA ratio of 3:1, as previously described [29]. After 4 h of incuba-
Table 2
Quantitative RT-PCR primers and probes used in this study [38].

RNA
target

Primer/
probe

Sequence (50-30)

chGAPDH Forward GCCGTCCTCTCTGGCAAAG
Reverse TGTAAACCATGTAGTTCAGATCGATGA
Probe (FAM)-AGTGGTGGCCATCAATGATCC-(TAMRA)

chIL-8 Forward GCCCTCCTCCGGTTTCAG
Reverse CGCAGCTCATTCCCCATCT
Probe (FAM)-TGCTCTGTCGCAAGGTAGGACGCTG-

(TAMRA)
chIL1-b Forward GCTCTACATGTCGTGTGTGATGAG

Reverse TGTCGATGTCCCGCATGA
Probe (FAM)-CCACACTGCAGCTGGAGGAAGCC-(TAMRA)

chINF-b Forward ACAACTTCCTACAGCACAACAACTA
Reverse GCCTGGAGGCGGGACATG
Probe (FAM)-TCCCAGGTACAAGCACTG-(TAMRA)

chIL-6 Forward GCTCGCCGGCTTCGA
Reverse GGTAGGTCTGAAAGGCGAACAG
Probe (FAM)-AGGAGAAATGCCTGACGAAGCTCTCCA-

(TAMRA)
tion (37 �C), the mediumwas replaced with fresh medium contain-
ing DMEMwith 10% FCS. Functional assays were performed at 48 h
post-transfection.

ChTLR5 signaling was essentially assessed as described [41]. In
brief, transfected cells were stimulated with 10 ng ml�1 of Sal-
monella flagellin (or solvent) for 5 h, rinsed with PBS, and immedi-
ately lysed in reporter lysis buffer (Promega). Firefly luciferase
activity was measured with a luciferase assay system (Promega)
using a luminometer (TD-20/20, Turner Designs). Purified flagellin
showed no contamination with DNA or TLR2 ligands and low
amounts of LPS activity as previously indicated by chTLR21,
chTLR2/16 and chTLR4 reporter assays [42].

2.6. Measurement of FliC-specific IgY antibodies

Flagellin-specific IgY antibodies were detected using Maxisorb
96-wells ELISA plates coated (16 h, 4 �C) with 2.5 mg ml�1 of FliC
protein in carbonate-bicarbonate buffer. Plates were washed 5
times with PBS-T (10 mM phosphate buffer, 150 mM NaCl, 0.05%
Tween 20, pH 7.4), blocked (2 h) with 5% FCS diluted in PBS, and
incubated (1 h, 20 �C, constant shaking) with serial dilutions
(1:20–1:2560) of chicken sera in assay buffer (5% FCS, 0.5%Tween
20 in Tris-buffered saline). After rinsing of the wells with PBS-T,
goat-anti-chicken IgY-Fc antibody conjugated to horse reddish per-
oxidase (HRP) (AAI29P, AbD Serotec, dilution: 1:2500 in assay buf-
fer) was added. After 1 h of incubation, the wells were rinsed with
PBS-T and HRP substrate (3,30,5,50-Tetramethylbenzidine, TMB)
was added. After 10 min of incubation (in the dark), the enzyme
reaction was stopped by adding H2SO4. Absorption (450 nm) was
measured using a Fluostar Omega spectrophotometer. Antibody
titers for the sera of each of the hatched chickens were defined
as the highest sera dilution giving statistically significant differ-
ences between the immunized and control group.

2.7. Statistical analysis

GraphPad Prism 6.05 software was used for all statistical anal-
yses. Data were analyzed by multiple t-test using the Holm-Šidák
method for comparison of cytokine transcript levels of FliC-
injected, mock-injected and non-injected groups and for compar-
ison of antibody levels of FliC-injected and mock-injected groups.
Differences were considered to be statistically significant at P <
0.05.

2.8. Ethics statement

All procedures involving animals were conducted in accordance
with protocols approved by the Dutch experimental animal com-
mittee (DEC).
3. Results

3.1. In ovo delivery of molecules

To investigate the fate of recombinant protein delivered into the
amniotic fluid, we first monitored the tissue distribution of Patent
Blue V (2.5%) after injection into 18-day old embryonated eggs.
Macroscopic examination of the tissues of the embryos at day 1
post-injection revealed strong staining of the distal part of the
intestine but not of other organs of the embryo. In these experi-
ments, the length of the needle (22G, one-inch) that was used for
in ovo delivery into the amniotic sac was critical as injection with
needles of different length failed to reach into the amniotic sac or
resulted in local staining of the embryo at the injection site with-
out accumulation of the stain in the chicken gut.
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3.2. Expression of Toll-like receptors in the embryonic gut

To enable a rational choice of a TLR agonist as in ovo vaccine
adjuvant, we next investigated the expression of TLR genes in gut
and spleen tissue isolated from five non-injected 19-day-old
embryonated eggs from SPF chickens. RT-PCR transcript analysis
on extracted tissue RNA demonstrated that both organ tissues con-
tained transcripts encoding chTLR1b, chTLR2t1, chTLR2t2, chTLR3,
chTLR4, chTLR5, chTLR7, and chTLR21 (Fig. 1). There were no con-
sistent differences in the detection of transcript between proximal,
distal, or caecal gut tissue (not shown). ChTLR15 and chTLR16
(TLR1a) appeared predominantly present in spleen tissue but
weakly expressed in gut tissue (Fig. 1). All RNA samples used for
cDNA synthesis were demonstrated to be free from genomic DNA
contamination by the absence of transcripts in the non-reverse
transcribed samples (data not shown). Together, the TLR transcript
results suggest that most TLR receptors are present at the main
intestinal antigen delivery site in 19-day old embryos.
3.3. Expression and purification of recombinant Salmonella FliC

As chTLR5 was found to be expressed at the late embryonic
stage, we choose the FliC flagellin protein of Salmonella Enteritidis
to test the immune response after in ovo immunization with puri-
fied protein to embryonated eggs. from SPF chickens. The FliC pro-
tein carries intrinsic chTLR5 stimulating (adjuvant) activity [29].
The recombinant protein, which was cloned with N-terminal His-
tag to enable purification, migrated on SDS-PAGE as a single pro-
tein band with the expected apparent molecular mass of 64 kDa.
Fig. 1. Expression profile of the chicken TLR repertoire. Reverse transcription
polymerase chain reaction (RT-PCR) was performed on the indicated tissues of (A)
non-injected and (B) FliC-injected embryonated eggs at embryonic day 19 to
determine TLR gene expression. PCR products were separated on 2% agarose gels
and visualized with ethidium bromide. For each tissue, two representative results
from five embryos from SPF chickens are shown. Numbers on the horizontal axis
represent the TLR class. M indicates 100, 200 and 300 base pair DNA markers. G3P:
GAPDH.
The protein band reacted with anti-FliC antibodies in western blots
(Fig. 2A). As the protein tended to aggregate in saline buffer, stock
solutions were dissolved in 4 M urea. TLR activation assays using
chTLR5 transfected HeLa 57A cells that carry an NF-jB luciferase
reporter gene demonstrated that the purified FliC protein stimu-
lated NF-jB activity in a chTLR5 dependent fashion (Fig. 2B), con-
firming its intrinsic TLR5 stimulating activity [29].

Next, we injected 20 lg of the purified FliC protein into 18-day
old embryonated eggs. RT-PCR analysis on RNA isolated from the
gut and spleen tissue of the embryos isolated at one day post-
injection showed grossly similar TLR expression profiles as
observed for the non-injected embryonated eggs of this age with
exception of chTLR15 (Fig. 1B). The transcript of the TLR15 gene
appeared with a much stronger intensity in the gut tissue after
the injection of FliC. ChTLR15 is activated by microbial proteases
[43] but its contribution to the immune response is unknown.
ChTLR16 (TLR1a) remained weakly expressed in the gut tissue after
flagellin exposure. Injection of FliC into the eggs did not influence
the subsequent hatching and survival of the chickens.
3.4. Effect of FliC injection on cytokine gene expression

We also tested for changes in the expression of inflammatory
genes in the gut and spleen tissue after the in ovo delivery of FliC
protein to embryonated eggs from SPF chickens. Quantitative RT-
PCR transcript analysis on RNA isolated at day 1 post-injection
revealed that FliC induced a strong upregulation (30–75-fold) of
chIL-6 and chIL-8 (CXCL8-CXCLi2) mRNA levels in both the small
intestine and caecal tissue when compared to the levels present
in the mock-injected embryos (Fig. 3). The upregulation was not
observed when the same volume of buffer was injected into the
eggs. The injection of the flagellin did not induce significant
changes in transcript levels of the genes in spleen tissue (Fig. 3).
Additional comparative transcript analysis demonstrated minimal
differences in chIL-1b and chINF-b transcripts between the FliC-
injected and mock-injected embryonated eggs for all tested tissues
(Fig. 3). Overall, the results indicate that in ovo delivery of FliC pro-
tein to 18-day chicken embryos induces a potent and specific
intestinal innate immune response at one day post-injection.
Fig. 2. Purity and function of recombinant Salmonella FliC. (A) SDS-PAGE and
Western blot of His-tagged Salmonella FliC antigen used for immunization. Protein
was visualized with Coomassie Brillant Blue (gel) and FliC-specific antisera (blot).
(B) NF-jB activation of HeLa-57A cells transfected with chTLR5 after exposure (5h)
to purified FliC or solvent. Stimulation of NF-jB is expressed as relative light units
(RLU). Data are the mean ± SEM of three experiments. Molecular mass is indicated
in kilodaltons (kDa). The asterisk indicates statistical significance (**P < 0.01).



Fig. 3. Expression of chIL-8 (CXCLi2), chIL-6, ch-IL1b, and chINFb transcripts. Expression of the inflammatory genes in the indicated tissues at one day after in ovo delivery of
purified FliC to 18-day old embryonated eggs from SPF chickens as determined by RT-qPCR. Results for each of the indicated genes are expressed as the mean ± SEM fold
difference between the average mRNA level in the indicated tissues of four FliC- and mock-injected embryonated eggs compared to non-injected controls. Significant
differences in DmRNA values between the FliC- and mock-injected groups were analyzed using log transformed data as described in Section 2 and are indicated by asterisks.
***P < 0.005; **P < 0.01.
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3.5. Antibody response after in ovo protein delivery

To investigate the effect of in ovo immunization with FliC pro-
tein on the generation of an antibody response, the presence of
FliC-directed IgY antibodies was followed in time. Sera were col-
lected at day 11 and day 21 post-hatch from the FliC-injected,
mock-injected, and non-treated experimental groups of embry-
onated eggs. In the first experiment, embryonated eggs from SPF
chickens were used to exclude an effect of possible maternal
FliC-specific antibodies. The presence of anti-FliC antibodies was
detected by enzyme-linked immunosorbent assay (ELISA) using
purified FliC as antigen. Mean antibody titers were defined as the
highest sera dilution giving statistically significant differences
between the FliC-injected and mock-injected groups. Results
showed a mean antibody titer of 1:1280 at day 11 post-hatch for
the FliC-injected group (Fig. 4A). At day-21 post-hatch, FliC anti-
body levels had dropped to a mean titer of 1:160 (Fig. 4B). Repeti-
tion of the experiment with embryonated eggs from a commercial
chicken flock yielded similar results including the decline in anti-
body titer in the period between day-11 and day 21 (Fig. 4C and
D). In this experiment, the mean titer for the FliC-injected group
declined from 1:640 on day 11 to 1:80 on day 21. Overall, the
results indicate that in ovo delivery of purified flagellin with
TLR5 stimulating activity induces a potent immune response that
can easily be detected at day-11 post-hatch but that has declined
at day 21 of age.

4. Discussion

The present study was designed to evaluate the ability of
chicken embryos to mount an immune response after in ovo deliv-
ery of Salmonella flagellin. Evidence is provided that antigen
injected into the amniotic fluid of 18-day old fertilized eggs
reaches the intestine of the embryo and evokes a local cytokine
response within 24 h, and gives rise to the development of
flagellin-specific antibodies that can be detected until at least
day 21 post-hatch. The results indicate that at the late embryonic
stage the chicken immune system is sufficiently mature to respond
to in ovo injected protein antigens. This implies that in ovo immu-
nization with protein-based subunit vaccines may be a feasible
approach to limit bacterial infections early after hatching.

The strategy of in ovo vaccination as a method to protect young
birds against infections is well established. The procedure is suc-
cessfully used worldwide to deliver live attenuated vaccines that
limit the spread of viral diseases such as Marek’s disease and New-
castle disease [4,44,6,26]. To our knowledge, in ovo immunization
with protein subunit vaccines is much less developed and not com-
mercially applied, possibly for vaccine efficacy, the need of adju-
vant, or economic reasons. We investigated the feasibility of this
approach by analysis of the evoked local intestinal innate response
and the antigen-specific antibody kinetics after in ovo delivery of a
recombinant protein with intrinsic adjuvant activity. We used Sal-
monella flagellin as an antigen as this protein is immunogenic in
adult chickens [45]. This immunogenicity may be partly attributed
to the intrinsic activity of Salmonella flagellin to activate chTLR-5
[29,46,28,47]. Our results indicate that in ovo immunization with
recombinant flagellin results in a potent adaptive immune
response. This finding seems at variance with the reported incom-
plete development of the secondary immune organs in late embry-
onic and neonatal chickens [48]. However, our results are in line
with the response observed after in ovo delivery of non-
replicating adenovirus-vector based vaccines [7,8], heat-killed
Campylobacter organisms [49], and recombinant Eimeria proteins
[9,11]. These results strongly suggest that the chicken immune sys-
tem at the late embryonic stage is sufficiently mature to respond to
subunit vaccine antigens.



Fig. 4. FliC-specific IgY reactivity in serially-diluted sera of FliC immunized embryos at day 11 and day 21 post-hatch as measured by ELISA. Both sera from hatched chicken
from eggs of (A, B) SPF and (C, D) commercial flocks were tested. Sera from chicken hatched from mock-injected or non-injected embryonated eggs served as controls. The
numbers on the X-axis represent the reciprocal of the serum dilution. Data represent mean ± SEM values of the reactivity of individual chicken sera. The highest dilutions
which yielded a statistically significant difference in antibody reactivity between the FliC- and mock-injected groups are indicated with arrows.
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Both the intestinal accumulation of injected materials [50,51]
and the increased cytokine transcript levels in the intestinal tissue
at 24 h after in ovo antigendelivery indicate that the deliveredmate-
rials enter the intestine of the embryo via the oral or cloacal route.
The induction of mucosal chIL-6 and chIL-8 (CXCL8-CXCLi2) tran-
scripts indicates that naive embryonic intestinal tissue (i.e., not pre-
viously exposed to microbiota) is capable to respond to the
delivered antigen. This effect is likely mediated through TLR5 as
after flagellin purification other chTLR stimulating activity is either
non-detectable (chTLR2 and chTLR21) or very low (chTLR4) [42]
while chickens lack the TLR4-MyD88-independent activation path-
way [17]. Furthermore, to our knowledge intracellular receptors for
flagellin appear lacking in chickens. Activation of recombinant
chTLR5 by Salmonella FliC promotes chIL-6 and chIL-8 gene tran-
scription [29]. Additionally, our RT-PCR results clearly demonstrate
intestinal chTLR5 expression at day 19 of embryonic development.
Previous analysis of TLR expression during chicken embryogenesis
indicates the presence of transcripts as early as day 3 of embryonic
development [34] although expression patterns vary during subse-
quent embryonic development [33,34]. Notably, in ovo delivery of
flagellin protein at day18didnot increase chIL-6 or chIL-8 transcript
levels in spleen tissue, despite the presence of chTLR5. This suggests
that the injectedflagellinmaynot have been transportedbeyond the
intestinal delivery site. Alternatively, it can be argued that the
reported immature status of spleen immune tissue of the embryo
[47] prevented an appropriate response.

The strong humoral immune response towards bacterial flag-
ellin measured at day-11 post-hatch clearly demonstrates that in
ovo immunization of chicken embryos with a purified highly
immunogenic protein with intrinsic adjuvant activity also evokes
a potent adaptive immune response. This result implies that not
only the innate immune system but also the adaptive immune sys-
tem is sufficiently mature at the late embryonic stage to respond to
a single injection with purified antigen that carries intrinsic adju-
vant activity. This is important as the strategy of protein subunit
immunization deviates from the successful in ovo immunization
with live attenuated vaccines. After delivery of these vaccines,
the virus may still replicate in vivo resulting in enhanced and pro-
longed exposure to the antigen. The recent use of bacterial flagellin
as a constituent in viral vaccine [23] underlines the potency of the
adjuvant activity of flagellin in the generation of a protective
immune response.

A potential disadvantage of in ovo immunization with isolated
protein antigens without additional boosting early post-hatch
may be the rapid waning of antibody titers. Indeed, analysis of
the sera of chickens collected at days 11 and 21 post-hatch
revealed persistent but gradually declining flagellin antibody
titers. Yet, flagellin-specific antibodies could be detected for up
to at least three weeks post-hatch, indicating that in ovo injection
results a relatively long lasting humoral response. The observed
gradual decline in anti-flagellin titer may reflect a reduced anti-
body production but may also be attributed to a dilution of the
antibodies due to the rapid growth of the broiler chicken. If needed,
boosting of the chicken with isolated flagellin (e.g. via drinking
water) or by natural antigen exposure during the first weeks of life
may reverse the waning of antibody levels [49]. Of note, successful
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and commercially applied live attenuated vaccines against viral
diseases are considered to protect broilers for the duration of 4–
6 weeks, when desired, longer protection can be achieved with
re-vaccination.

Overall, our results indicate that in ovo immunization with
recombinant bacterial flagellin protein evokes a potent humoral
immune response that can be detected for up to at least three
weeks post-hatch. This finding combined with those obtained for
non-replicating virus vaccines and Eimeria proteins indicate that
in ovo application of bacterial subunit vaccines is a feasible
approach. Major target organisms of bacterial in ovo vaccines
may be the pathogenic E. coli species and the dominant zoonotic
pathogens Salmonella Enteritidis and Campylobacter jejuni. In ovo
vaccination is attractive because of the low vaccine dose and the
proven history of being safe and suitable for mass vaccination
[52]. A major challenge remains to identify conserved antigens that
together with flagellin provide sufficient cross-protection between
strains.
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