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ABSTRACT In poultry production, vaccination is an
effective measure to protect chickens from diseases. Vac-
cination, however, is a stressor that may induce stress
responses that interfere with the growth and develop-
ment of chickens. The interaction between the skeletal
and immune systems on bone quality has gained more
attention. In the present study, the influence of high fre-
quency vaccinations on the bone development of layer
pullets was investigated. Thirty 35-day-old SPF White
Leghorn layer pullets were obtained and randomly sub-
jected to the following treatments: vaccinated against
Newcastle disease (ND) with LoSota vaccine once at
35-day-old (V1, control); 4 times at 35, 49, 63, and 77 d
of age (V4); and 7 times at 35, 42, 49, 56, 63, 70, and
77 d of age (V7). The body weight and organ index
of the spleen, thymus, and tibia were recorded. The
antibody titer and serum and the tibia calcium and
phosphorus concentrations were measured. The tran-

scription levels of the IL-6, IL-17, TNF-α, receptor acti-
vator of NF-κB ligand (RANKL), and osteoprotegerin
(OPG) genes were determined in spleen, thymus, and
the tibia. The results showed that V7 decreased body
weight and increased the ND antibody titer, compared
to V1-chickens. The expression levels of IL-6, IL-17, and
TNF-α were upregulated in spleen, thymus, and the
tibia of V7 chickens. In the tibia, RANKL was upregu-
lated, while OPG was downregulated by V7 treatment.
The results indicate that high frequency vaccination
induces immune stress and impairs bone development.
The results suggest that the augmented cytokine ex-
pression in immune organs and the tibia is associated
with activation of the OPG/RANKL pathway, which,
in turn, enhances osteoclastogenesis. The appropri-
ate frequency of vaccination should support optimal
bone development and full immunoprotection in layer
pullets.

Key words: vaccination, bone development, OPG/RANKL, immune stress, layer pullets

INTRODUCTION

In cage laying hens, osteoporosis is a condition that
involves the progressive loss of structural bone during
the laying period, resulting in increased bone fragility
and susceptibility to fracture (Whitehead and Fleming,
2000). Cage layer osteoporosis is a serious animal
welfare problem (Webster, 2004). The feeding regime
during the pullet rearing phase, a period of substantial
musculoskeletal growth, offers a proactive approach to
reducing osteoporosis by improving bone composition
(Casey-Trott et al., 2017).
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In human beings, the effect of the skeletal and
immune systems on bone quality has gained more
attention (Arron and Choi, 2000). Osteoimmunology
is an emerging research area that deals with the
mutual interactions between bone and the immune
system (Rauner et al., 2013). The close relationship
between inflammatory disease and bone loss has
been established clinically in humans (Redlich and
Smolen, 2012; Mbalaviele et al., 2017). In poultry,
vaccines are widely applied to prevent and control
contagious poultry diseases (Marangon and Busani,
2007). To ensure the health of layers during the laying
period, frequent vaccination against antigens is an
effective strategy during the pullet rearing period
in commercial layer production. Hence, the influ-
ence of vaccination on bone development needs to be
investigated.

The receptor activator of NF-κB (RANK) ligand
(RANKL), which belongs to the TNFR ligand family
(Anderson et al., 1997), is a type II transmembrane
protein comprising 371 amino acids expressed in os-
teoblasts and chondrocytes. The binding of RANK
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Figure 1. The schematic graph of experimental protocol. V1, vaccinated one time; V4: vaccinated four times; V7: vaccinated seven times; ND:
vaccination against Newcastle Disease with LoSota vaccine by eye drop; SL: sham treated with saline.

Table 1. The primers sequences used in the gene expression anal-
yse of via quantitative real-time polymerase chain reaction (qRT-
PCR).

Gene Primer sequence (5′-3′)

β-actin-F CTGGCACCTAGCACAATGAA
β-actin-R CTGCTTGCTGATCCACATCT
IL-6 F CGCCCAGAAATCCCTCCTC
IL-6 R AGGCACTGAAACTCCTGGTC
OPG F CGCTTGTGCTCTTGGACATT
OPG R GCTGCTTTACGTAGCTCCCA
RANKL F TGTTGGCTCTGATGCTTGTC
RANKL R TCCTGCTTCTGGCTCTCAAT
NF-κB-F CTCTCCCAGCCCATCTATGA
NF-κB-R CCTCAGCCCAGAAACGAAC
IL-17-F CTCCTCTGTTCAGACCACTGC
IL-17-R ATCCAGCATCTGCTTTCTTGA
TNF-F GAGCGTTGACTTGGCTGTC
TNF-R AAGCAACAACCAGCTATGCAC

and RANKL plays a crucial role in osteoclast survival,
differentiation, and activation, and it promotes bone
resorption (Malliga et al., 2011; Huang et al., 2013;
Xiong et al., 2014). The differentiation of osteoclasts
is mainly triggered by RANKL. By binding to pre-
osteoclasts, RANKL stimulates the differentiation of
preosteoclasts into osteoclasts (Burgess et al., 1999;
Dar et al., 2018). Osteoclast activation results in the
resorption of bone matrix that increases serum calcium
and phosphate (Mueller et al., 1964). Osteoprotegerin
(OPG), a secreted glycoprotein, is a decoy receptor
for RANKL. OPG can competitively bind RANKL,
hindering the binding between RANKL and RANK,
can inhibit osteoclast activity and can impede bone
resorption and increase bone density (Simonet et al.,
1997; Gori et al., 2000). OPG, RANKL, and RANK
interact to form an OPG/RANKL/RANK system that
regulates bone metabolic balance (Klejna et al., 2009).
The OPG/RANKL pathway plays a dominant role in
osteoclastogenesis, which is involved in bone formation
and resorption during bone remodelling (Zhang et al.,
2009). In chickens, the functions of the avian RANKL
and its receptors, RANK and OPG, are evolutionarily
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Figure 2. Effect of vaccination frequency (1, 4, and 7 times) on the
body weights of layer pullets. V1: vaccinated 2 time; V4: vaccinated 4
times; V7: vaccinated 7 times. a, b: Means sharing different letters in
the same column (from top to bottom, V1, V4, V7) are significantly
different (P < 0.05). The data are presented as the mean ± SEM
(n = 8).

conserved (Sutton et al., 2015). Chicken RANKL is an
important factor required for inducing osteoclastogen-
esis similar to its mammalian homologue (Wang et al.,
2008). Constructed pcDNA3.1 (+)/chOPG transfected
into CEFs expressed bioactive OPG protein that was
able to inhibit osteoclast function (Hou et al., 2011).
Suppressing the RANKL/OPG pathway may be in-
volved in trace mineral element deficiency and resulted
in metaphyseal osteoporosis (Liu et al., 2015). In
modern layer production systems, the immune system
is frequently challenged by antigens, and frequent
vaccinations are required due to the long reproductive
cycle. Hence, we hypothesized that the vaccination
frequency may have an effect of the bone development
of layer pullets.

Moreover, accumulating data indicated RANKL/
RANK serves not only as essential player for the
development and activation of osteoclasts, but also
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Figure 3. Effect of vaccination frequency (1, 4, and 7 times) on serum antibody titres against NDV (A) during 70 to 77-day-old, and on serum
calcium (B) and serum phosphorus (C) at 84-day-old in layer pullets. V1: vaccinated 1 time; V4: vaccinated 4 times; V7: vaccinated 7 times.
The data are presented as the mean ± SEM (n = 7–8); x,y,z: Means labelled with different letters in the same time point differ significantly
(P < 0.05).

for immune function. RANK and RANKL have been
proved to be important regulators of interactions be-
tween T cells and dendritic cells (Anderson et al., 1997).
RANKL is involved in the regulation of lymph-node
organogenesis and lymphocyte development and the
mice deficient in RANKL signaling lack lymph nodes
and have severe defects in the spleen microarchitecture
(Kong et al., 1999; Weih and Caamano, 2003). The
RANKL/RANK signaling axis plays an important role
in the orchestration of protective immune responses
in the spleen marginal zone, which has important
implications for the host response to viral infection
and induction of acquired immunity (Habbeddine et
al., 2017). RANK/RANKL/OPG axis is involved in
the regulation of thymus medullary microenvironments
(McCarthy et al., 2015). The correct differentiation of
medullary thymic epithelial cells that act as mediators
of the central tolerance process by which self-reactive
T cells are eliminated while regulatory T cells are
generated (Akiyama et al., 2008, 2013; Sobacchi et al.,
2019). Hence, the expressions of RANKL and OPG
were investigated in the spleen and thymus.

In the present study, SPF chickens were used to eval-
uate the effect of vaccination frequency on bone de-

velopment. The layer pullets were subjected to one of 3
vaccination regimens that involved vaccination either 1,
4, or 7 times from 35 to 77 d of age. Bone development,
the expression levels of cytokines in immune organs and
the tibia, and the status of the OPG/RANKL pathway
were determined.

MATERIALS AND METHODS

All procedures used in this study were approved by
the Animal Care Committee of Shandong Agricultural
University (P. R. China) and were carried out in accor-
dance with the guidelines for experimental animals of
the Ministry of Science and Technology (Beijing, P. R.
China).

Experimental Design

Thirty 35-day-old SPF White Leghorn layer pullets
were obtained from Jinan SAIS SPF Poultry Co. Ltd.
(Jinan, Shandong). All the chickens were reared in sin-
gle cages and had free access to feed and water dur-
ing the whole experimental period. The pullets were
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Figure 4. Effect of vaccination frequency (1, 4, and 7 times) on the tibia index (A), calcium content (B), phosphorus content (C), and bending
strength (D) of the tibias of layer pullets. V1: vaccinated 1 time; V4: vaccinated 4 times; V7: vaccinated 7 times. The data are presented as the
mean ± SEM (n = 8–10). *, P < 0.05.

divided into three groups and were subjected randomly
to the following treatments: vaccinated against New-
castle disease with the LoSota vaccine according to the
industry practice (Qilu Animal Health Products Comp.
Jinan, P. R. China) by eye drop once at 35 d of age
(V1, control); 4 times at 35, 49, 63, and 77 d of age
(V4); or 7 times at 35, 42, 49, 56, 63, 70, and 77 d of
age (V7). When the experimental chickens were vac-
cinated against Newcastle vaccine, the other chickens
were sham treated with saline and the experimental
procedure was schematically graphed in Figure 1. The
experiment lasted 8 wk, and the body weights of chick-
ens were recorded before and after the experiment. At
77 d of age, a blood sample was obtained daily for 7 d
from each chicken of the three treatments. Serum was
separated by centrifugation at 1500 g for 10 min and
was stored at −20°C for antibody titer measurement.
At 84-day-old, the end of the experiment, all chickens
were fasted overnight, and eight chickens were randomly
selected from each treatment. After a blood sample was
taken from a wing vein, the chicken was euthanized by
cervical dislocation. After they were dissected, the thy-
mus, spleen, and right tibia were weighed and sampled.

The tissue samples were immediately snap-frozen in liq-
uid nitrogen and were stored at −80°C for further anal-
ysis. Serum was separated by centrifugation at 1500 g
for 15 min and was stored at −20°C until analysis.

Serum HI Antibody Assay

Briefly, 2-fold serial dilutions of serum were made in a
96-well, V-shaped bottom microtiter plates containing
50 μL physiological saline in all wells, and then, 50 μL
NDV antigen (4 HA units) was added into all the wells
except for the last row, which served as the controls.
Serum dilutions ranged from 1:2 to 1:2048. The anti-
gen serum mixture was incubated for 10 min at 37°C.
Then, 50 μL 1% rooster erythrocyte suspension was
added to each well, and the plate was re-incubated for
30 min. A positive serum, a negative serum, erythro-
cytes, and antigens were also included as controls. The
highest dilution of serum causing complete inhibition
was considered the endpoint. The geometric mean titer
was expressed as reciprocal log2 values of the highest
dilution that displayed HI.
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Figure 5. Effect of vaccination frequency (1, 4, and 7 times) on the spleen organ index (A), IL-6 mRNA (B), IL-17 mRNA (C), and TNF-α
mRNA (D) in the spleens of layer pullets. V1: vaccinated 1 time; V4: vaccinated 4 times; V7: vaccinated 7 times. The data are presented as the
mean ± SEM (n = 7–10). *, P < 0.05; **, P < 0.01.

Serum Calcium and Phosphorus

Serum concentrations of Ca and P were measured by
using commercial kits (Jiancheng Bioengineering Insti-
tute, Nanjing, China). All procedures were carried out
according to the manufacturers’ instructions.

The Tibia Calcium and Phosphorus
Contents

The right tibia sample was treated with a mixture of
alcohol and benzene 2:1 for 96 h for degreasing and was
then dried at 105°C to constant weight. The degreased
bone sample was used for the measurement of calcium
and phosphorus content.

Bone Bending Strength

Whole femur mechanical properties (structural
strength/stiffness) and material properties (flexural
strength/modulus) were quantified using a 3-point
bending test (Fleming et al., 1998). The tibia was cen-
tred over two supports (4 cm span) with a 1 N preload
before loading to failure at a rate of 2 mm/min with
the anterior surface in tension. The three-point bending

test was carried out by a microcomputer-controlled
electronic universal testing machine (Jinan Shi Jin
Neng). When the bone fracture occurred, the maximum
bending force F was measured according to the formula
“aw = (8*F*L)/π/d3,” where L is the spacing of the
two support points, and d is the diameter of the bone.

Real-Time PCR Analyses

Total RNA was extracted from the thymus, spleen,
and tibia using TransZol Up (TransGen Biotech,
China). Then, the concentration of the RNA was mea-
sured by spectrophotometry (Eppendorf, Germany),
and the RNA purity was verified by calculating the ra-
tio between the absorbance values at 260 and 280 nm
(A260/280 ≈ 1.75–2.01). Next, reverse transcription
was performed using total RNA (1 μg) for first-strand
cDNA synthesis with the Transcriptor First Strand
cDNA Synthesis Kit (Roche, Germany). The cDNA was
amplified in a 20 μL PCR system containing 0.2 μmol/L
each specific primer (Sangon, China) and of the SYBR
Green master mix (Roche, Germany) according to the
manufacturer’s instructions. Real-time PCR was per-
formed at the ABI QuantStudio 5 PCR machine (Ap-
plied Biosystems; Thermo, USA); primer sequences are
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Figure 6. Effect of vaccination frequency (1, 4, and 7 times) on the thymus organ index (A), IL-6 mRNA (B), IL-17 mRNA (C), and TNF-α
mRNA (D) in the thymus of layer pullets. V1: vaccinated 1 time; V4: vaccinated 4 times; V7: vaccinated 7 times. The data are presented as the
mean ± SEM (n = 7–10). *, P < 0.05.

shown in Table 1. The mRNA expression levels of IL-6,
IL-17, TNF-α, RANKL, and OPG were measured.

Statistical Analysis

The data are expressed as the means ± SEM. The re-
sults were analysed using one-way ANOVA via the Sta-
tistical Analysis Systems statistical software package
(Version 8e; SAS Institute Inc., Cary, NC, USA). Dif-
ferences between means were evaluated using Duncan’s
significant difference tests. For variables body weight
and ND antibody titre, the Repeated Measurement
Analysis was conducted to estimate the main effects of
vaccination frequency, with each chicken as replicate.
Means were considered significant at P < 0.05.

RESULTS

The increased vaccination frequency had a significant
influence (P < 0.05) on body weight from 63-day-old,
and the V1-chickens had higher body weights than the
V7-chickens (Figure 2). At 70 to 77 d of age, The ND
antibody titer was significantly higher in V7-chickens
than in V1-chickens at all the measuring time points

(P < 0.05, Figure 3A). Compared to V1, however, the
V4 chickens showed higher ND titer only at days 3, 4, 5,
and 6 (P < 0.05). In contrast, there was no detectable
difference between V4 and V7 treatments (P > 0.05).

The serum calcium and phosphorus levels were
not changed by vaccination frequency (P > 0.05,
Figure 3B, C). Vaccination frequency had no significant
influence (P > 0.05) on the tibia index or on calcium or
phosphorus contents (Figure 4A, B, C). Compared to
the bone bending strength of V1-chickens, V7-chickens
had lower bone bending strength (P < 0.05, Figure 4D).

The organ index of the spleen was not changed by
different vaccination frequencies (P > 0.05, Figure 5A).
In the spleen, compared to V1-chickens, the mRNA
levels of IL-6, IL-17, and TNF-α were significantly
increased in V7-chickens (P < 0.01) and in V4-chickens
(P < 0.05, Figure 5B, C, D). In contrast, no detectable
difference was observed between V4 and V7 treatments
(P > 0.05). Compared to the V1 group, the mRNA level
of RANKL was significantly upregulated (P < 0.01)
in the V4 and V7 groups, whereas the OPG mRNA
level was not different between groups (P > 0.05,
Figure 5).

The organ index of thymus was not changed by dif-
ferent vaccination frequencies (P > 0.05, Figure 6A). In
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Figure 7. Effect of vaccination frequency (1, 4, and 7 times) on the
IL-6 mRNA (A), IL-17 mRNA (B), and TNF-α mRNA (C) in the
tibias of layer pullets. V1: vaccinated 1 time; V4: vaccinated 4 times;
V7: vaccinated 7 times. The data are presented as the mean ± SEM
(n = 6–8). *, P < 0.05; **, P < 0.01.

the thymus, V7-chickens had higher expression levels of
IL-6 (P = 0.059), IL-17 (P < 0.01), and TNF-α (P <
0.05), compared to V1-chickens (Figure 6B, C, D). V7-
chickens had higher IL-17 than V4-chickens (P < 0.05),
whereas V4-chickens tended to have higher TNF-α ex-
pression levels (P = 0.06) than V1-chickens.

In the tibia, compared to the V1 group, the ex-
pression levels of IL-6 (P = 0.098), IL-17 (P < 0.01),
and TNF-α (P < 0.01) were increased in V7-chickens
(Figure 7A, B, C). The IL-17 (P < 0.01) and TNF-α
mRNA levels (P < 0.05) were higher in the V7 group
than that in the V4 group.

Compared to the tibia, the expression level of
RANKL was relatively lower in the spleen and thymus
(P < 0.001, Figure 8A). In contrast, OPG expressed
at a comparable level in the thymus compared to the
tibia, while the spleen had lower expression levels of
OPG (P < 0.001, Figure 8B). In the spleen, compared
to the level in V1 chickens, the mRNA level of RANKL
was increased in V7 (P < 0.01) and V4 chickens
(P < 0.05, Figure 8C). In contrast, RANKL was not
altered in the thymus (P > 0.05, Figure 8E). The gene
expression of OPG was not changed by vaccination
frequency in the spleen or in the thymus (P > 0.05,
Figure 8D, F). Compared to RANKL expression in
the V1 group, the mRNA level of RANKL was in-
creased in the V7 group (P < 0.01) but not in the V4
group (P > 0.05, Figure 8G). Conversely, the OPG
expression level was significantly decreased in the V4
and V7 groups compared to the level in the V1 group
(P < 0.01, Figure 8H).

DISCUSSION

In the present study, the influence of vaccination fre-
quency on the bone development of layer pullets was
investigated. The results indicate that high frequency
vaccination induces immune stress and impairs the tibia
development. This result suggests that augmented cy-
tokine expression in immune organs and the tibia is as-
sociated with activation of the OPG/RANKL pathway,
which, in turn, enhances osteoclastogenesis.

In poultry production, vaccination is an effective
measure to protect chickens from diseases (Marangon
and Busani, 2007). Vaccination, however, is a stres-
sor that may induce a stress response. For example,
a combined Newcastle disease and infectious bronchi-
tis vaccine administration to SPF chicks via the in-
traocular route results in an acute phase response and
an increased heterophil/lymphocyte ratio (Kaab et al.,
2018). Hence, we speculated that high frequency vac-
cination may have a disadvantageous influence on the
development of layer pullets. In the present study, the
relatively lower body weight in the V7 treatment group
indicated that high frequency vaccination has an un-
desirable effect on the development of layer pullets.
Augmented immune stress induced by vaccination is
speculated to be associated with the undesirable in-
fluence of high frequency vaccination. This specula-
tion was supported by the previous work by (Wang
et al., 2015), who reported that ND vaccine chal-
lenge reduces growth performance of broilers dur-
ing an early period after the first immunization and
that relatively lower doses of ND vaccine inoculation
are beneficial for feed efficiency of broiler chickens.

740 MENGZE ET AL.



(A)

(C) (D)

(E) (F)

(G) (H)

(B)

Figure 8. The relative expression profile of receptor activator of nuclear factor κB ligand (RANKL) and osteoprotegerin (OPG) in thymus,
spleen, and tibia (A, B) and the effect of vaccination frequency (1, 4, and 7 times) on the expression in thymus (C, D), spleen (E, F), and tibia
(G, H) of layer pullets. V1: vaccinated 1 time; V4: vaccinated 4 times; V7: vaccinated 7 times. The data are presented as the mean ± SEM
(n = 6–8). *, P < 0.05; **, P < 0.01.

Indeed, it has been reported that the physiological and
metabolic levels of chickens will change significantly af-
ter LPS challenge (Webel et al., 1998; Xie et al., 2000;
Koutsos and Klasing, 2001). The bacteriological chal-

lenges by Clostridium spp., E. coli, or Salmonella
spp. suppress the feed intake and body weight gain
of broilers, and a meta-analysis indicated that all of
these challenges increased maintenance requirements
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(Remus et al., 2014). Hence, the result suggests that
high-frequency vaccination-induced stress could be re-
sponsible for the suppressed body weight gain. More-
over, the difference of body weight among V1, V4,
and V7 chickens showed a trend of decreasing body
weight with increasing time in a vaccination-frequency-
dependent manner, suggesting that the higher the vac-
cination frequency is, the greater the undesirable im-
pact on the growth and development of chickens.

In broilers, bone homeostasis appears to be severely
disturbed during an inflammatory response (Mireles
et al., 2005). In line with a previous study, the present
results showed that high frequency vaccination reduced
bending strength of the tibia, indicating that high fre-
quency vaccination may impair the bone development
of layer pullets. The bone bending strength is consid-
ered a sensitive indicator of acute phase response during
immune challenge (Mireles et al., 2005). Calcium is im-
portant for maintaining the normal shape and function
of bone (Onyango et al., 2003; Garcia and Dale, 2006).
In this study, the unchanged calcium and phosphorus
concentrations in serum and the tibia indicated that
circulating and tibial calcium and phosphorus levels
may not effectively reflect the influence of immune
challenge. In LPS-challenged broilers, the plasma
calcium concentration is changed as the catabolism
of bone is induced during the acute phase response
to inflammation (Mireles et al., 2005). Although the
calcium and phosphorus contents in the tibia were not
significantly influenced by treatment, there was a sim-
ilar trend in calcium and phosphorus levels to decrease
with vaccination frequency. The relatively poor density
and mineral content of bone is likely to reduce effective
bending strength of the tibiotarsus of broilers (Williams
et al., 2000). This result may imply that bone calcium
and phosphorus is associated with reduced bone quality
in pullets subjected to high frequency vaccination.

In this study, the expression of RANKL and OPG
were investigated in the tibia. The significantly upreg-
ulated RANKL and downregulated OPG in V7-chickens
compared to V1-chickens indicated that osteoclastoge-
nesis was activated. Decreased OPG/RANKL mRNA
expression is suggested to be involved in the metaphy-
seal osteoporosis in tibia of broilers (Liu et al., 2015).
Hence, the results of this study suggest that high fre-
quency vaccination has a detrimental influence on bone
development via the OPG/RANKL pathway in layer
pullets.

The immune system is closely related to bone
metabolism (Okamoto, et al., 2017; Takayanagi, 2007).
The ND antibody titer was highest in the V7-chickens,
demonstrating that repeated immunizations stimulated
the immune system. In accordance with the result,
the expression levels of IL-6, IL-17, and TNF-α were
increased by V7 treatments in the spleen, thymus, and
tibia, indicating enhanced cytokine expression in im-
mune organs and in the tibia. In humans, the immune
system is involved in the development of bone metabolic
diseases such as rheumatoid arthritis, osteoporosis and

osteolysis (Schett, 2009). Inflammatory factors, such
as IL-6, IL-1, TNF, IL-7, and IL-17, primarily promote
bone resorption and tend to have a negative balance of
bone metabolism. In the present study, the expression
levels of IL-6, IL-17, and TNF-α were upregulated in
V7-chickens in the immune organs and in the tibia,
indicating that high frequency vaccination activates
the immune system, leading to increased expression of
inflammatory cytokines not only in immune organs but
also in the tibia. Cytokines such as IL-6 and TNF-α are
important for bone resorption, and they can promote
bone resorption by increasing RANKL expression. IL-
17 can upregulate the expression of RANKL, thereby
destroying the balance of RANKL/OPG and causing
bone destruction. Taken together, the present results
suggest that high frequency vaccination-induced im-
mune challenge evokes the OPG/RANKL pathway and
impairs bone development.

In conclusion, high frequency vaccination may induce
immune stress and impair bone development. The aug-
mented cytokine expression in both immune organs and
in the tibia is associated with the activation of the
OPG/RANKL pathway, which, in turn, enhances os-
teoclast activity. The optimal frequency of vaccination
should allow for optimal bone development and for full
immunoprotection in layer pullets.
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