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a b s t r a c t

Our previous study demonstrated that chickens immunized subcutaneously with an Eimeria recombinant
profilin protein vaccine emulsified in a Quil A/cholesterol/DDA/Carbopol (QCDC) adjuvant developed par-
tial protection against experimental avian coccidiosis compared with animals immunized with profilin
alone. Because in ovo vaccination is presently used in commercial applications worldwide throughout
the poultry industry, the current study was undertaken to investigate chicken embryo vaccination with
profilin plus QCDC adjuvant. Eighteen day-old embryos were immunized with isotonic saline (control),
profilin alone, QCDC alone, or profilin plus QCDC, and orally challenged with live Eimeria maxima at 7
days post-hatch. Body weight gain, fecal oocyst output, and intestinal cytokine transcript levels were
assessed as measures of protective immunity. While immunization with profilin alone or QCDC alone
did not alter body weight gain of infected chickens compared with the saline control group, vaccination
with profilin plus QCDC increased body weight gain such that it was equal to the uninfected controls.

Immunization with profilin plus QCDC also reduced fecal oocyst shedding compared with unimmunized
controls, although in this case QCDC failed to provide an adjuvant effect since no difference was observed
between the profilin-only and profilin/QCDC groups. Finally, increased levels of transcripts encoding IL-
1�, IL-15, and IFN-� were seen in the intestinal tissues of animals given profilin plus QCDC compared
with the profilin-only or QCDC-only groups. In summary, this study demonstrates an adjuvant effect of

in an
accin
QCDC on body weight ga
with an Eimeria profilin v

. Introduction

Coccidiosis is an economically important disease in poultry
hat is caused by several species of Eimeria apicomplexan proto-
oa that colonize the intestinal mucosa. Infected animals exhibit a

ariety of clinical manifestations, including inefficient feed utiliza-
ion, impaired body weight gain, and, in severe cases, mortality
1]. Prophylactic medication has been successfully used to con-
rol avian coccidiosis, but alternative strategies are sought due to
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the increasing emergence of drug-resistant parasites in commer-
cial production settings [2,3]. Although live parasite vaccines have
been developed, they pose the risk of unintended infection under
the immunosuppressive conditions associated with high-density
commercial rearing conditions [4,5]. As an alternative, noninfec-
tious subunit protein and DNA vaccines have been generated. In
particular, subcutaneous immunization of young broiler chickens
with a recombinant profilin protein induced high levels of inter-
feron (IFN)-� production by splenic T cells [6]. Additionally, in
ovo vaccination of 18-day-old embryos with DNA plasmids encod-
ing the profilin gene provided partial protection against challenge
infection with live Eimeria [7]. Profilin is a component of Eimeria
parasites that activates Toll-like receptor 11, and is involved in

actin-dependent gliding motility, parasite migration across biolog-
ical barriers, and host cell invasion [8–10].

In spite of these encouraging results, immunization with
recombinant proteins has, in general, shown limited success in
stimulating broad-spectrum protective immunity against multiple

dx.doi.org/10.1016/j.vaccine.2010.09.051
http://www.sciencedirect.com/science/journal/0264410X
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occidia species due to their low antigenicity and restricted expres-
ion during the parasite life cycle [11,12]. Coadministration of
vian recombinant cytokines as vaccine adjuvants along with
imeria protein vaccines enhances their immunogenicity [13–16].
owever, cytokine adjuvants are not as effective as conventional
eterinary adjuvants and identification of additional immunos-
imulators for use in commercial poultry vaccination is needed.
CDC is a new adjuvant complex composed of Quil A, cholesterol,
imethyl dioctadecyl ammonium bromide (DDA) and Carbopol
hat enhances immune responses against multiple types of vac-
ines in a variety of veterinary settings [17,18]. Our prior study
emonstrated that broiler chickens immunized subcutaneously
ith recombinant profilin in combination with QCDC developed
artial protection against experimental avian coccidiosis compared
ith animals given profilin alone [18]. Because in ovo vaccination

f chickens is currently used in commercial production facilities
nd offers the advantages of inducing early and heightened immu-
ity compared with post-hatch immunization [19,20], the present
tudy was conducted to evaluate the adjuvant effect of QCDC during
mbryo vaccination with profilin against avian coccidiosis.

. Materials and methods

.1. Chickens and in ovo immunization

Embryonated eggs of inbred broiler chickens (Moyer’s Chicks,
nc., Quakertown, PA) were incubated for 18 days and candled to
elect well-developed embryos. The eggs were injected with 100 �l
ontaining sterile phosphate buffered saline (PBS, pH 7.4), QCDC
lone, profilin alone (50 �g), or profilin (50 �g) plus QCDC using
he Intelliject system (AviTech, Easton, MD) (Fig. 1). The final con-
entrations of QCDC components used alone or with profilin were
2.0 �g/ml of Quil A (E.M. Sergeant Pulp & Chemical Co., Clifton,
J), 12.0 �g/ml of cholesterol (FabriChem, Trumbull, CT), 0.6 �g/ml
f DDA (Fluka, Buchs, Switzerland), and 0.75 mg/ml of Carbopol®

74P (Lubrizol, Wickliffe, OH). In brief, each egg was cleaned and
ositioned in a holder under the injection needle with the large end
n top. With the help of a vacuum system, the needle penetrated
he shell past the air cell, delivered the inoculum into the amniotic
avity and was disinfected after each inoculation. In addition, the
ystem was designed to avoid creating negative pressure inside of
he egg, thus reducing the risk of cross-contamination [12]. At 3
ays post-immunization, the chickens were hatched and provided
ith feed and water ad libitum. Chickens were kept in brooder pens

n an Eimeria-free facility for 7 days post-hatch and transferred into
arge hanging cages (2 birds/cage) at a separate location where they

ere infected with Eimeria maxima and kept until the end of the
xperimental period. All experiments were performed according to
uidelines established by the Beltsville Agriculture Research Center
mall Animal Care Committee.
.2. Expression and purification of recombinant profilin

The profilin gene was originally cloned by immunoscreening
n E. acervulina cDNA library using a rabbit antiserum against

Fig. 1. Schematic outline of th
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E. acervulina merozoites [6]. The 1086-base pair profilin cDNA was
subcloned into the pMAL plasmid (New England Biolabs, Ipswich,
MA) with an NH2-terminal maltose-binding protein epitope tag and
a Factor Xa protease cleavage site between maltose-binding pro-
tein and profilin. Transformed Escherichia coli DH5� bacteria were
grown to mid-log phase, induced with 1.0 mM of isopropyl-�-d-
thiogalactopyranoside for 3 h at 37 ◦C, collected by centrifugation
and disrupted by sonication on ice (Misonix, Farmingdale, NY). The
recombinant profilin protein was isolated on an amylose affinity
column (New England Biolabs) according to the manufacturer’s
instructions, digested with Factor Xa to release profilin from the
solid phase and repassed through the amylose column to remove
contaminating maltose-binding protein.

2.3. Eimeria infection and measurements of body weight and
fecal oocyst shedding

At 7 days post-hatch, chickens (20/group) were orally infected
with 1.0 × 104 sporulated oocysts of E. maxima as described [21,22].
Body weights were measured at 0 and 9 days post-infection. For
determination of fecal oocyst shedding, birds (12/group) were
placed in oocyst collection cages and fecal samples were collected
between 6 and 9 days post-infection. Oocyst numbers were deter-
mined using a McMaster chamber according to the formula: total
oocysts/bird = [oocyst count × dilution factor × (fecal sample vol-
ume/counting chamber volume)]/2 [23,24].

2.4. Quantification of cytokine mRNA levels

Intestinal jejunum tissues were obtained from chickens
(4/group) at 9 days post-infection, cut longitudinally, and washed
3 times with ice-cold Hanks’ balanced salt solution containing
100 U/ml of penicillin and 100 �g/ml of streptomycin (Sigma, St.
Louis, MO). The mucosal layer was carefully removed using a sur-
gical scalpel and total RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA). Five micrograms of total RNA were treated with 1.0 U
of DNase I and 1.0 �l of 10× reaction buffer (Sigma) and incu-
bated for 15 min at room temperature. One �l of stop solution was
added to inactivate DNase I and the mixture was heated at 70 ◦C for
10 min. RNA was reverse-transcribed using the StrataScript first-
strand synthesis system (Stratagene, La Jolla, CA) according to the
manufacturer’s recommendations. Quantitative RT-PCR oligonu-
cleotide primers for chicken interleukin (IL)-1�, IL-15, and IFN-�
and the GAPDH internal control are listed in Table 1. Amplifica-
tion and detection were carried out using equivalent amounts of
total RNA using the Mx3000P system and Brilliant SYBR Green
qPCR master mix (Stratagene). Standard curves were generated
using log10 diluted standard RNA and the levels of individual tran-
scripts were normalized to those of GAPDH by the Q-gene program
[25]. Each sample was analysed in triplicate. To normalize individ-

ual replicates, the logarithmic-scaled threshold cycle (Ct) values
were transformed to linear units of normalized expression prior to
calculating means and SEM for the references and individual tar-
gets, followed by the determination of mean normalized expression
using the Q-gene program [18,26–28].

e experimental design.
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Table 1
Oligonucleotide primers used for quantitative RT-PCR.

Type mRNA Target Primer sequences PCR Product Size (bp) Genbank accession no.

Reference GAPDH F: 5′-GGTGGTGCTAAGCGTGTTAT-3′

R: 5′-ACCTCTGTCATCTCTCCACA-3′
264 K01458

Pro-inflammatory IL-1� F: 5′-TGGGCATCAAGGGCTACA-3′

R: 5′-TCGGGTTGGTTGGTGATG-3′
244 Y15006

′ GAGT ′

TCTTT
CTATT
TC-3′
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Th1 IL-15 F: 5 -TCTGTTCTTCTGTTCT
R: 5′-AGTGATTTGCTTCTG

IFN-� F: 5′-AGCTGACGGTGGAC
R: 5′-GGCTTTGCGCTGGAT

.5. Statistical analyses

All data was expressed as mean ± SEM values of 4–12 chick-
ns/group with triplicates/sample. Comparisons of the mean values
ere performed by one-way analysis of variance followed by the

ukey’s HSD test using SPSS software (SPSS 15.0 for Windows,
hicago, IL). Differences between groups were considered statis-
ically significant at P < 0.05.

. Results

.1. Effect of vaccination with profilin plus QCDC on body weight
ain

Animals that had been vaccinated with profilin alone or with
CDC alone and infected with E. maxima displayed reduced body
eight gains between 0 and 9 days post-infection compared with
ninfected controls (P < 0.05) (Fig. 2). In fact, the weight gains of
he profilin-only (461.2 ± 13.4 g) and QCDC-only (457.6 ± 15.9 g)
roups were identical to the PBS control group (410.4 ± 12.5 g). In
ontrast, animals immunized with profilin plus QCDC had signif-
cantly greater body weight gains (486.1 ± 13.9 g) compared with
he PBS controls.

.2. Effect of vaccination with profilin plus QCDC on fecal oocyst
hedding

Fecal oocyst shedding was decreased in the profilin alone
7 7
1.46 ± 0.08 × 10 ) and profilin plus QCDC (1.22 ± 0.04 × 10 )

roups compared with the PBS control group (2.57 ± 0.24 × 107)
nd with the QCDC-only group (2.33 ± 0.13 × 107) (P < 0.05) (Fig. 3).
owever, no difference in oocyst shedding was observed between

he profilin alone and profilin plus QCDC groups.

ig. 2. Effects of vaccination with profilin plus QCDC on body weight gain. Eighteen
ay-old embryos were immunized with PBS (control), QCDC alone (QCDC), profilin
lone (Profilin), or profilin plus QCDC (Profilin/QCDC). Chickens were uninfected
r orally infected with 1.0 × 104 sporulated oocysts of E. maxima at 7 days post-
atch, and body weight gains between 0 and 9 days post-infection were calculated.
ach bar represents the mean ± SEM (n = 12). Bars not sharing the same letters are
ignificantly different according to the Tukey’s HSD test (P < 0.05).
GATG-3
GGTA-3′

243 AF139097

ATT-3′ 259 Y07922

3.3. Effect of vaccination with profilin plus QCDC on intestinal
cytokine transcript levels

The levels of mRNA transcripts encoding IL-1�, IL-15 and IFN-�
in the intestinal jejunum were increased in the profilin plus QCDC
group compared with the PBS control, QCDC alone, and profilin
alone groups (P < 0.05) (Fig. 4).

4. Discussion

Novel vaccination strategies using recombinant proteins from
mucosal pathogens have successfully induced protective immunity
against a variety of infectious diseases, including avian coccidiosis
[6,17,18,22]. In our previous in vivo study, chickens immunized
post-hatch with profilin plus QCDC showed increased body weight
gain following E. acervulina infection compared with animals given
PBS or profilin alone [18]. However, subcutaneous immuniza-
tion with profilin alone or with profilin plus QCDC did not affect
fecal oocyst output compared with PBS controls, and the levels
of intestinal mRNAs for IL-1�, IL-15, and IFN-� were equal in
the profilin alone and profilin/QCDC groups. In the current study,
we sought to determine whether in ovo immunization with pro-
filin plus QCDC would provide beneficial effects on post-infection
weight gain, oocyst shedding, and cytokine expression, as well as
to extend the analysis to E. maxima, another parasite species com-
mon to commercial production facilities. Our results demonstrated
that vaccination with profilin plus QCDC increased chicken body
weight gain compared with the profilin- and QCDC-only groups,

such that it was equal to the uninfected controls. Immunization
with profilin plus QCDC also reduced oocyst output compared
with unimmunized controls, although in this case QCDC failed
to provide an adjuvant effect since no difference was observed

Fig. 3. Effects of vaccination with profilin plus QCDC on fecal oocyst shedding. Eigh-
teen day-old embryos were immunized with PBS (control), QCDC alone (QCDC),
profilin alone (Profilin), or profilin plus QCDC (Profilin/QCDC). Chickens were unin-
fected or orally infected with 1.0 × 104 sporulated oocysts of E. maxima at 7 days
post-hatch, and fecal oocyst numbers were determined between days 6 and 9 post-
infection. Each bar represents the mean ± SEM (n = 12). Bars not sharing the same
letters are significantly different according to the Tukey’s HSD test (P < 0.05).
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ig. 4. Effect of vaccination with profilin plus QCDC on intestinal cytokine transc
QCDC), profilin alone (Profilin), or profilin plus QCDC (Profilin/QCDC). The levels o
ormalized to GAPDH transcript levels at 9 days post-infection. Each bar represen
re significantly different according to the Tukey’s HSD test (P < 0.05).

etween the profilin-only and profilin/QCDC groups. Finally, ani-
als given profilin plus QCDC had increased intestinal levels of

ranscripts encoding IL-1�, IL-15 and IFN-� compared with the
rofilin-only or with the QCDC-only groups. The reason why pro-
lin plus QCDC had no significant effect on parasite shedding
ompared with profilin alone is unclear, but this observation is in
greement with published reports indicating the absence of a corre-
ation between Eimeria-induced body weight loss and fecal oocyst
hedding [26,29].

The adjuvant effect of QCDC has been demonstrated using vet-
rinary vaccines against E. coli, the feline leukemia virus, bovine
iral diarrhea virus, Mycoplasma hyopneumoniae, avian and canine
nfluenza viruses, canine coronavirus, and bovine rotavirus [17].
n humans, Quil A-like saponin adjuvants, such as QS-21, are
urrently being used in clinical trials [30,31]. DDA stimulates pre-
ominantly Th1 cells when co-administered systemically or locally
ith antigen, and has no reported toxic effects in humans [32–35].
hickens immunized with Eimeria merozoite antigens in combina-
ion with DDA displayed longer lasting immunity compared with
Corynebacterium parvum adjuvant [36]. Carbopol, a mucoadhe-

ive acrylic polymer, has been extensively investigated due to its
igh viscosity at low concentrations and low toxicity [37]. Carbopol
as been used to enhance the efficacy of recombinant canarypox
iral vectors for equine herpes virus vaccination [38], but no prior
tudies have examined the effects of Carbopol on poultry vaccines.

The positive effect of immunization with profilin plus QCDC
n body weight gain suggests that the mode of action of this
accine/adjuvant complex may influence intestinal physiology,
ncrease nutrient absorption, and/or prevent Eimeria cytotoxicity
18,28,39]. Furthermore, the increased levels of proinflammatory
nd Th1 cytokines in the profilin/QCDC group imply that local
mmune defense mechanisms are also activated under these exper-

mental conditions. In this regard, the importance of cell-mediated
mmunity in conferring protection against avian coccidiosis is well
ocumented [18,24,28,39] and other studies have verified a bene-
cial role of cell-mediated immunity for gut proinflammatory, Th1
nd Th2 cytokines following Eimeria infection [39–42]. One of the
vels. Eighteen day-old embryos were immunized with PBS (control), QCDC alone
scripts encoding IL-1� (A), IL-15 (B), and IFN-� (C) were quantified by RT-PCR and
mean ± SEM from triplicate samples/bird (n = 4). Bars not sharing the same letters

mechanisms by which adjuvants stimulate immunity is through
increased cytokine expression, and several adjuvants have been
shown to increase the levels of cytokine gene transcripts, including
those examined in this study [18,43].

In summary, our results demonstrate an adjuvant effect of QCDC
on body weight gain and intestinal cytokine responses following in
ovo vaccination of chickens with the Eimeria profilin vaccine. Future
studies to elucidate the molecular and cellular immune mecha-
nisms mediated by QCDC in various clinical conditions will be of
benefit to the commercial poultry industry.
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