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Abstract
The expression of oviduct-specific recombinant proteins in transgenic chickens is a promis-

ing technology for the production of therapeutic biologics in eggs. In this study, we con-

structed a lentiviral vector encoding an expression cassette for human neutrophil defensin

4 (HNP4), a compound that displays high activity against Escherichia coli, and produced

transgenic chickens that expressed the recombinant HNP4 protein in egg whites. After the

antimicrobial activity of the recombinant HNP4 protein was tested at the cellular level, a 2.8-

kb ovalbumin promoter was used to drive HNP4 expression specifically in oviduct tissues.

From 669 injected eggs, 218 chickens were successfully hatched. Ten G0 roosters, with se-

mens identified as positive for the transgene, were mated with wild-type hens to generate

G1 chickens. From 1,274 total offspring, fifteen G1 transgenic chickens were positive for the

transgene, which was confirmed by PCR and Southern blotting. The results of the Southern

blotting and genome walking indicated that a single copy of the HNP4 gene was integrated

into chromosomes 1, 2, 3, 4, 6 and 24 of the chickens. As expected, HNP4 expression was

restricted to the oviduct tissues, and the levels of both transcriptional and translational

HNP4 expression varied greatly in transgenic chickens with different transgene insertion

sites. The amount of HNP4 protein expressed in the eggs of G1 and G2 heterozygous trans-

genic chickens ranged from 1.65 μg/ml to 10.18 μg/ml. These results indicated that the pro-

duction of transgenic chickens that expressed HNP4 protein in egg whites was successful.

Introduction
The production of recombinant proteins using transgenic animals is a very powerful and
promising technique that can be used to yield diverse pharmaceutical proteins, such as hor-
mones [1], human hemoglobin [2], antibodies [3] and other products. Currently, methods for
the production of recombinant proteins within the mammary glands of several species, includ-
ing transgenic goats [4, 5], sheep [6, 7], cattle [8] and pigs [9], are being developed. Additional-
ly, some recombinant pharmaceutical proteins produced by numerous transgenic animals are
being applied to clinical use, such as recombinant human antithrombin III [10]. However,
these mammalian transgenic systems have several drawbacks that limit their practical

PLOSONE | DOI:10.1371/journal.pone.0127922 May 28, 2015 1 / 15

OPEN ACCESS

Citation: Liu T, Wu H, Cao D, Li Q, Zhang Y, Li N, et
al. (2015) Oviduct-Specific Expression of Human
Neutrophil Defensin 4 in Lentivirally Generated
Transgenic Chickens. PLoS ONE 10(5): e0127922.
doi:10.1371/journal.pone.0127922

Academic Editor: Salvatore V Pizzo, Duke
University Medical Center, UNITED STATES

Received: December 22, 2014

Accepted: April 20, 2015

Published: May 28, 2015

Copyright: © 2015 Liu et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was supported by a grant from
948 Program of the Ministry of Agriculture of China
(2012-G1), the National High Technology Research
and Development Program of China (2011AA100301)
and Key Technology Research and Development
Program of Guangdong Emerging Strategic
Industries (2012A020800005).The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0127922&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


application; for example, the process of extracting recombinant proteins from milk is onerous,
and the setting systems for transgenic mammals are time-consuming and expensive. By con-
trast, because of their shorter generation times, appropriate glycosylation and lower cost, trans-
genic birds are excellent bioreactors for the production of recombinant proteins [11].

However, the unique features of the reproductive system of birds and the fact that their em-
bryonic development occurs in a shelled egg make it difficult to obtain transgenic birds. In re-
cent decades, approaches to obtaining transgenic birds have been improved. By injecting
fertilized embryos with a reticuloendotheliosis virus near the blastoderm region, Salter (1986)
successfully obtained transgenic chickens that contained exogenous viral DNA [12]. Bosselman
(1989) injected a replication-defective reticuloendotheliosis virus beneath the blastoderm of
unincubated chicken embryos and found that the viral vectors were heritable in the progeny
[13]. Similarly, Harvey (2002), using a replication-deficient retroviral vector based on the avian
leukosis virus (ALV), produced transgenic chickens that expressed biologically active β-lacta-
mase in egg whites [14]. However, to date, the efficiency of germ-line transmission of transgen-
ic systems in birds is still very low and requires optimization.

Lentiviruses, a genus of viruses in the family Retroviridae, are characterized by a long incuba-
tion period. Lentiviruses deliver a portion of their viral RNA into the DNA of host cells and
have the unique ability to infect nondividing cells [15, 16]. Therefore, lentiviruses are recognized
as one of the most efficient gene delivery vectors. McGrew (2004) prepared transgenic chickens
using the equine infectious anemia virus (EIAV) and found that the efficiency of germ-line
transmission was 4–45% [17]. In addition, tissue-specific and constitutive expression of exoge-
nous genes in transgenic chickens has been achieved using lentiviral vectors [18, 19]. At present,
preparation of transgenic chickens using lentiviruses is considered feasible and efficient.

Antimicrobial peptides, a critical part of the innate immune system, are found in a wide
range of eukaryotic organisms, from humans to insects. Most of these peptides are less than 10
kDa in size [20, 21]. They display broad-spectrum effects and are able to kill bacteria [22],
fungi [23], viruses [24] and tumor cells [25]. Importantly, because of their potential for over-
coming bacterial resistance to drugs, antimicrobial peptides are increasingly being recognized
as promising therapeutics [26]. In mammals, defensins and cathelicidins are two major classes
of antimicrobial peptides [27]. One protein of interest that is an antimicrobial peptide is
HNP4, which is encoded by the DEFA4 gene and possesses six disulfide-linked cysteines. The
HNP4 peptide is isolated from the azurophil granules of neutrophils, which contain proteins
capable of killing bacteria. The mature HNP4 is a small peptide of 33 residues with a molecular
weight of 3,715 Da. Compared with other defensins, HNP4 displays more than 100-fold higher
activity against Escherichia coli and four-fold higher activity against both Streptococcus faecalis
and Candida albicans, and HNP4 is also able to inhibit the HIV virus [24, 28].

In the present study, we used lentiviral vectors to generate transgenic chickens, with the aim
of producing chickens with eggs containing the HNP4 protein. Oviduct-specific expression of
HNP4 was driven by the 2.8-kb Ova promoter, and the germ-line transmission of the transgene
was confirmed. Thus, we successfully generated transgenic chickens that expressed the HNP4
protein in egg whites.

Materials and Methods

Ethics statement
The care and use of all chickens in this study was strictly carried out in accordance with State
Key laboratory for Agrobiotechnology regulations, and all the operations were approved by the
Animal Welfare Committee of China Agricultural University.
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Vector construction
Because the HNP4 precursor displays no activity against bacteria, in this study, the coding se-
quences of the mature HNP4 were optimized based on the codon bias in the chicken and syn-
thesized by Sangon Biotech (Shanghai, China). The signal peptide of chicken lysozyme was
added to the 5’ end of the optimized HNP4 gene for secretion of protein in the oviductal tubu-
lar gland cells. In addition, to facilitate the purification of HNP4 protein from egg whites, a
His-tag sequence was also introduced at the 3’ end of the HNP4 sequence by PCR to form the
HNP4-His gene.

To test the antimicrobial activity of the HNP4 gene in vitro, the sequence of the HNP4-His
gene with Hind III and BamH I sites was cloned into pBud-EGFP, a plasmid modified from
pBudCE4.1 (Invitrogen, USA), to form the pBud-HNP4-His-EGFP plasmid.

The 2.8-kb Ova promoter containing both a steroid-dependent regulatory element (SDRE)
and the negative regulatory element (NRE) was amplified from genomic DNA of White Leg-
horn chickens by PCR and cloned into the pWPXL-GFP vector to replace the EF1-α promoter
and to generate the pWPXL-Ova-GFP vector. The HNP4 gene with its BamH I and Spe I sites
was cloned into the pWPXL-Ova-GFP plasmid by replacing the GFP coding sequence to gener-
ate the pWPXL-Ova-HNP4 (Ova-HNP4) lentiviral vector (Fig 1A). The pWPXL-HNP4-His
(Ova-HNP4-His) vector was constructed similarly (Fig 1B).

Cell transfection and antibacterial test
293T cells were transfected with the pBud-HNP4-His-EGFP plasmid using X-tremeGENE 9
DNA transfection reagent (Roche, Switzerland). After incubation of the transfected cells for
24 h, total RNA was extracted from the cells using TRIzol (Invitrogen, USA), and cDNA was
prepared using MLV reverse transcription enzymes (Promega, USA). The primers used for
RT-PCR amplification are listed in S1 Table. Protein for Western blot analysis was extracted
from 293T cells after incubation for 48 h using cell lysis buffer (Beyotime, China).

HNP4-His protein used for antibacterial activity tests was purified on HisPur Ni-NTA resin
(Thermo, USA) according to the manufacturer’s instructions. The wafer containing purified
HNP4-His protein was placed on an agar plate on which bacteria (DH5α) had been plated. A

Fig 1. Schematic representation of (A) the pWPXL-Ova-HNP4 and (B) pWPXL-Ova-HNP4-His lentiviral vectors used for oviduct-specific
expression in transgenic chickens. LTR, long terminal repeat;ψ, packing signal; RRE, rev response elements; cPPT, central polypurine tract; chicken
lysozyme signal peptide (area in black); HNP4, human neutrophil defensin 4; Probe, probe used for Southern blotting; WPRE, woodchuck hepatitis virus
posttranscriptional regulatory element. The locations of Primer-F and Primer-R (black arrows) used for screening the transgenic chickens are shown, and the
positions of the restriction site Bgl II and EcoR I used for Southern blot analysis are marked. The figure is not drawn to scale.

doi:10.1371/journal.pone.0127922.g001
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positive control wafer containing ampicillin and a negative control wafer containing water
were also used.

Lentiviral vector production
The 293FT cells were transfected with three plasmids (Ova-HNP4, psPAX2, pMD2G) to pro-
duce lentivirus using the X-tremeGENE 9 DNA transfection reagent (Roche, Switzerland). The
viral particles were harvested from the culture medium twice (after 24 h and 48 h of incuba-
tion) and then filtered through a 0.22 μm filter. The filtered viral particles were centrifuged at
5000 g/min for 1 h at 4°C in Amicon Ultra-15 centrifugal filters (Millipore, America) and then
centrifuged at 50,000 g/min for 2 h at 4°C. The virus particles were then resuspended in virus
stored buffer and stored at -80°C. Ova-HNP4-His lentiviral vectors were acquired using the
same method. Lentiviral titer was assayed using the Global UItraRapid Lentiviral Titer Kit
(System Biosciences, America) following the manufacturer’s instructions.

Generation and analysis of transgenic chimeric chickens
Transgenic chickens were prepared using surrogate shell methods [29]; all of the White Leg-
horn donor eggs used in the experiments were from newly fertilized eggs obtained from the
North Agricultural Technology company. The subgerminal cavity beneath the blastoderm at
stage X was microinjected with 1–2 μl of viral suspension and then placed in the first recipient
eggshells and incubated at 37°C at 50%-60% humidity for three days. The embryos were then
transferred to a second series of surrogate shells and incubated under the same conditions
until hatched.

To identify the transgene in chickens, DNA was extracted from heart, liver, spleen, lung,
kidney and muscle of the chicken embryos using a genomic DNA purification kit (Promega,
Wizard Genomic DNA Purification) and PCR was performed. To determine the efficiency of
lentiviral infection, 15 three-month-old G0 hens were randomly slaughtered, and the transgene
was identified in the heart, liver, spleen, lung, kidneys and ovaries of these animals.

The amount of DNA used for PCR amplification in G0 chimeric chickens was 1 μg. Because
the primers used for screening the transgenic chickens did not include the His-tag sequences,
the transgenic chickens with theHNP4 gene orHNP4-His gene could be detected by the same
primers.

Generation and analysis of G1 and G2 hemizygous transgenic chickens
The transgenic chimeric roosters were raised to sexual maturity, and DNA extracted from their
semen was screened by PCR. The germ-line positive roosters were crossed with non-transgenic
hens to produce G1 hemizygous chickens, and the G1 chickens were confirmed as hemizygous
by PCR. Southern blotting was also performed to confirm the copy number of the gene in the
G1 animals. Genomic DNA (10 μg) isolated from whole blood of G1 transgenic chickens was
digested with Bgl II and EcoR I restriction endonuclease, separated on a 0.7% wt/vol agarose
gel, and transferred to a nylon membrane (Roche, Switzerland). The primers used to probe the
Southern blots are listed in S1 Table. G2 hemizygous chickens were also obtained using the
same methods and were confirmed by PCR and Southern blotting.

GenomeWalking of transgenic chickens
The insertion site of the transgene was identified using the GenomeWalking Kit (Takara,
Japan). The random primers AP1, AP2, AP3, AP4 supplied with the kit and the specific prim-
ers SP1, SP2, SP3 designed based on the sequence of the pWPXL-Ova-HNP4-His plasmid were
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used. The sequences of the designed primers were: SP1, TGTTGGGCACTGACAATTCCG;
SP2, CTCAATCCAGCGGACCTTCCTT; and SP3, TCAGACGAGTCGGATCTCCCTT. PCR
amplification was performed according to the manufacturer’s (Takara) instructions, and the
resulting amplicons were sequenced by BGI (Shenzhen, China). The sequence of the amplicons
was searched using BLAST, available through the National Center for Biotechnology Informa-
tion (NCBI).

Expression analysis
Total RNA was extracted from the heart, liver, spleen, lung, kidney and oviduct tissue of G1

and G2 transgenic chickens using TRIzol reagent (Invitrogen, USA). Oviduct tissue of non-
transgenic chicken was used as a negative control. Complementary DNA was prepared from
4 μg of RNA using M-MLV reverse transcriptase (Promega, USA). The primers used for
RT-PCR amplification are listed in S1 Table.

Goldstar Taq (CWBIO, China) was used for RT-PCR under the following conditions: 95°C
for 10 min; 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and 72°C for 5 min.
Because the primers used for RT-PCR were not part of the His-tag sequences, the G1 and G2

transgenic chickens with theHNP4 andHNP4-His genes were analyzed using the same primers.
To validate the observed differences in expression levels, quantitative RT-PCR (qRT-PCR)

was performed on tissues from the oviducts of animals of different pedigrees using a LightCy-
cler 480 SYBR Green I Master Kit (Roche, Switzerland) and a LightCycler 480 II real-time PCR
detection system (Roche, Switzerland). The hens used for detection were 28 weeks of age, and
the PCR conditions were 95°C for 5 min followed by 45 cycles of 95°C for 15 s and 55°C for
1 min. PCR reactions were performed in triplicate for each sample. The44CT method was
used to calculate relative gene expression levels [30]. The internal control used for qRT-PCR
was the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene.

Immunofluorescence analysis
Oviduct tissue isolated from the slaughtered hens was fixed in 4% paraformaldehyde (PFA) for
24 h, then washed in water for 24 h, followed by paraffin embedding and sectioning at 5 μm on
a Thermo HM550 system (Thermo, America). The slides were rehydrated, retrieved for 20
minutes in antigen retrieval solution (Beyotime, China) with microwave heating and blocked
in blocking buffer (2% goat serum, 1% BSA, 0.1% Triton-X and 0.05% Tween 20 in PBS) for
2 h. The slides were then incubated in HNP4 antibody solution (1:50 dilution of α-defensin 4
Antibody; Santa Cruz Biotechnology, Inc, USA) overnight at 4°C followed by incubation in
secondary antibody solution (1:400 dilution of Alexa Fluor 594 Goat Anti-Rabbit IgG (H+L);
Invitrogen, USA) at 37°C for 2 h. The samples were analyzed using a Leica DM5500 B micro-
scope (Leica, Germany).

Measurement of HNP4 or HNP4-His concentration
To assay the recombinant protein expressed in egg whites, the egg whites were carefully sepa-
rated from the eggs collected from G1 and G2 heterozygous chickens in which the transgene
was integrated at different sites in the DNA. The amount of HNP4 or HNP4-His in egg whites
was assayed using an enzyme-linked immunosorbent assay (ELISA) and a commercially avail-
able kit [Defensin Alpha 4, Corticostatin (DEFa4) BioAssay ELISA Kit, USBiological Life Sci-
ences, USA] according to the manufacturer’s instructions.

Oviduct-Specific Expression of Human Neutrophil Defensin 4
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Results

Expression of the HNP4 gene in vitro
To evaluate the bioactivity of theHNP4 gene in vitro before injection into newly fertilized eggs,
the pBud-EGFP-HNP4-His plasmid, modified from the plasmid pBud-EGFP, was transfected
into 293T cells. Transfection efficiency was assessed according to the fluorescence of green
fluorescent proteins. Both the RT-PCR andWestern blot results indicated that the recombi-
nantHNP4-His gene was successfully expressed in the transfected 293T cells (Fig 2A and 2B).
The activity of the purified HNP4-His protein was assessed using the agar diffusion test. The
zone of inhibition indicated that the recombinant HNP4 expressed in vitro displayed antibacte-
rial activity (Fig 2C).

Generation of chimeric chickens expressing the HNP4 gene
The potent promoter of the ovalbumin gene had previously been used to express recombinant
proteins in the oviduct tissues of transgenic chickens, but the lengths of the reported Ova pro-
moters varied [19, 31]. In this study, the 2.8-kb Ova promoter containing both a SDRE and a
NRE was used to express HNP4 specifically in the oviducts of transgenic chickens [32].

For the generation of transgenic chickens with lentiviral vectors, the lentivirus was pseudo-
typed with the vesicular stomatitis virus glycoprotein (VSV-G). The woodchuck hepatitis virus
posttranscriptional regulatory element (WPRE), which increases both the titer of the virus and
the transgenic expression, was also added to our vector [33]. As assayed with the Global Ultra-
Rapid Lentiviral Titer Kit, the lentivirus titer was approximately 108–1011 IFU/ml. The mature
HNP4 protein has only 33 amino acids, and the presence of the His-tag might have affected the
antibacterial activity of the HNP4. To avoid this, the lentiviral vectors containing the HNP4
and HNP4-His expression cassettes were injected separately into newly fertilized eggs to pro-
duce G0 transgenic chickens using surrogate shells.

Fig 2. Expression and antimicrobial activity of recombinant HNP4 at the cellular level. A. RT-PCR analysis of theHNP4 transcripts expressed in
transfected 293T cells. Lanes 1–4 represent the 293T cells transfected with the pBud-GFP-HNP4-His vector and lane 5 represents the wild-type 293T cells.
B. Western blot analysis of HNP4 protein expression in transfected 293T cells. The results obtained from these samples were consistent with those obtained
using samples assayed by RT-PCR. C. Antimicrobial activity of the recombinant HNP4 in vitro. The total protein was extracted from the 293T cells
transfected with the pBud-EGFP-HNP4-His plasmid, and the HNP4-His protein was purified from the total protein. Ampicillin was used as a positive control at
a concentration of 50 μg/ml, and H2O was used as a negative control.

doi:10.1371/journal.pone.0127922.g002
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Because the space available for incubation was limited, we injected the embryos in batches.
The total number of eggs injected with the lentivirus was 669; of these, 206 were injected with
the vector containing the HNP4 gene and 463 with the vector containing the HNP4-His gene.
A total of 218 eggs were hatched into chickens; thus, the average hatching rate was 32.6%.
Some of the embryos died during development in the surrogate shells. Six tissues, including
heart, liver, spleen, lung, kidney and muscle, were isolated from the dead embryos and then
subjected to PCR identification. The results demonstrated that all of the dead embryos were
transgenic chimeric chickens (data not shown). To determine the efficiency of lentiviral infec-
tion, 15 three-month-old G0 hens were slaughtered, and equal amounts of genomic DNA ex-
tracted from the heart, liver, spleen, lung, kidney and ovary were analyzed with PCR to assess
the level of chimerism of the transgene in the G0 hens. The chimerism of the transgene differed
among both organs and individuals; all the hens tested were transgenic chimeric animals, as
shown in S2 Fig.

Generation and characterization of G1 and G2 transgenic chickens
To produce the G1 transgenic chickens, the G0 chickens were all raised to sexual maturity and
the semen samples from the G0 roosters were screened by PCR. Four founder roosters (desig-
nated G0-40, G0-48, G0-52 and G0-54) were transduced with the OVA-HNP4 vector, and six
other positive roosters (G0-64, G0-68, G0-70, G0-72, G0-90 and G0-106) were transduced with
the OVA-HNP4-His vector; the roosters with semen that tested positive were crossed with
non-transgenic hens. Although all 10 of the G0 roosters were germ-line-positive, only three
(G0-40, G0-52 and G0-72) passed the transgene to the next generation (Table 1).

Genomic DNA isolated from the combs of 167 offspring of rooster G0-40 was analyzed with
PCR; only one positive chicken was identified. Similarly, five and nine transgenic positive
chickens were obtained from the G0-52 and G0-72 founders, respectively. In total, fifteen G1

transgenic chickens—six pullets and nine cockerels—were identified with PCR (Fig 3A); the re-
sults were confirmed with Southern blotting. A predicted fragment of 1.6 kb was identified
from the G1 chickens after digestion with the Bgl II restriction endonuclease (Fig 3B), and the
junction fragment was also identified after digestion with the EcoR I restriction endonuclease
(Fig 3C). The Southern blot analysis of the genomic DNA revealed that the G1 transgenic
chickens carried a single copy of the transgene and that the G1 transgenic chickens had six dif-
ferent insertion sites for the transgene.

Table 1. Screening of the G1 transgenic chickens.

G0 roosters carrying the
transgene in semen

Number of G1 chickens for
PCR detection

Number of G1 chickens carrying
HNP4 or HNP4-His

G0-40 167 1

G0-48 54 0

G0-52 360 5

G0-54 243 0

G0-64 42 0

G0-68 29 0

G0-70 22 0

G0-72 267 9

G0-90 26 0

G0-106 64 0

doi:10.1371/journal.pone.0127922.t001

Oviduct-Specific Expression of Human Neutrophil Defensin 4

PLOS ONE | DOI:10.1371/journal.pone.0127922 May 28, 2015 7 / 15



Genome walking was performed to identify the locations of the transgene in the G1 chicken
genomes. The transgene of G1-6, G1-9 and G1-28 was integrated at the intergenic region on
chromosome 1, whereas in chickens G1-7, G1-12, G1-26, G1-31 and G1-L19, the transgene was
integrated into the thirteenth intron of the dynein axonemal heavy chain 11 (DNAH11) gene
on chromosome 2. The transgene of G1-27 was integrated at the fourteenth intron of the RNA
guanylyltransferase (Rngtt) gene located on chromosome 3; the transgene of G1-46 and G1-L5
was integrated at the intergenic location on chromosome 4; the transgene of G1-L2, G1-L6 and

Fig 3. Production and analysis of G1 transgenic chickens. A. PCR analysis of the G1 transgenic chickens. Lane 1, Marker; Lanes 2–16, DNA samples
isolated from the blood of G1 transgenic chickens; Lane 17, DNA sample isolated from the blood of nontransgenic chickens; Lane 18, positive control (Ova-
HNP4-His plasmid). B. Southern blot analysis of the G1 transgenic chickens. Genomic DNA samples extracted from the G1 transgenic and wild-type animals
were digested with Bgl II to confirm the integration of the transgene. Lanes 1–15, DNA samples from the blood of the G1 transgenic chickens; Lane 16, DNA
sample from the blood of a wild-type chicken. C. Copy number analyzed with Southern blotting. The genomic DNA samples were digested with EcoR I to
confirm the copy number in the G1 transgenic chickens. The results showed six different locations of insertion, and all the G1 chickens carried a single copy of
the transgene. Lanes 1–15 were the DNA samples extracted from the blood of the G1 transgenic chickens. D. Genome walking analysis of the insertion sites.
The results indicated that a single copy of the transgene was integrated into chromosomes 1, 2, 3, 4, 6 and 24 of the six chickens.

doi:10.1371/journal.pone.0127922.g003
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G1-L34 was integrated at the fifth intron of the phosphatase and tensin homolog (PTEN) gene
located on chromosome 6; and the transgene of G1-23 was integrated at the first intron of the
glutamate receptor ionotropic kainate 4 (Grik4) gene located on chromosome 24 (Fig 3D). The
results confirmed that the G1 chickens had six different insertion sites for the transgene
(Table 2). The results of the Southern blot analysis were consistent with this conclusion.

Only 10 G1 chickens (eight cockerels and two pullets) survived to sexual maturity. The ma-
ture G1 transgenic chickens were mated with nontransgenic chickens to generate the G2 trans-
genic chickens. The G2 chickens were also identified with PCR and Southern blotting, as
shown in S4 Fig. In the G2 chickens, the positive rate of the population was 0.5, according to
Mendelian inheritance. The statistical test for the positive rate was performed with the IBM
SPSS statistical software package, followed by t-tests (P> 0.05). There was no significant differ-
ence between the positive rate and the population positive rate, which corresponds to the Men-
delian inheritance (Table 3).

Oviduct-specific expression of HNP4 and HNP4-His in transgenic
chickens
Because we used the 2.8-kb fragment of the Ova promoter for production of the HNP4 protein
in the egg whites, we expected that HNP4 or HNP4-His would be specifically expressed in the
oviduct tissues. The transgenic hens G1-46 and G1-7 were selected for investigating the

Table 2. Genome walking analysis of the G1 chickens.

Number Sex Vector Location Gene

G1-6 male Ova-HNP4-His chr1:183,382,803 Intergenic

G1-9 female Ova-HNP4-His chr1:183,382,803 Intergenic

G1-28 male Ova-HNP4-His chr1:183,382,803 Intergenic

G1-7 female Ova-HNP4-His chr2:30,615,368 Thirteenth intron in the DNAH11

G1-12 male Ova-HNP4-His chr2:30,615,368 Thirteenth intron in the DNAH11

G1-26 female Ova-HNP4-His chr2:30,615,368 Thirteenth intron in the DNAH11

G1-31 male Ova-HNP4-His chr2:30,615,368 Thirteenth intron in the DNAH11

G1-L19 male Ova-HNP4-His chr2:30,615,368 Thirteenth intron in the DNAH11

G1-27 male Ova-HNP4-His chr3:75,377,333 Fourteenth intron in the Rngtt

G1-46 female Ova-HNP4 chr4:70,169,573 Intergenic

G1-L5 male Ova-HNP4 chr4:70,169,573 Intergenic

G1-L2 male Ova-HNP4 chr6:9,103,891 Fifth intron in the PTEN

G1-L6 female Ova-HNP4 chr6:9,103,891 Fifth intron in the PTEN

G1-L34 female Ova-HNP4 chr6:9,103,891 Fifth intron in the PTEN

G1-23 male Ova-HNP4 chr24:3,667,967 First intron in the Grik4

doi:10.1371/journal.pone.0127922.t002

Table 3. Number of G2 chickens derived from the G1 chickens.

Founder rooster Total number of offspring Number of positive offspring Positive rate

G1-12 119 63 0.529

G1-L2 72 35 0.486

G1-28 145 70 0.482

G1-31 136 72 0.529

G1-27 70 33 0.471

G1-L5 76 36 0.473

doi:10.1371/journal.pone.0127922.t003
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expression patterns of HNP4 or HNP4-His transgenes, respectively, at the transcriptional level
in six tissues (oviduct, heart, liver, spleen, lung and kidney). As expected, the RT-PCR results
indicated that the transgenes were specifically expressed in the oviduct tissue, and no signal
was detected in the other tissues or in the wild-type (WT) chickens (Fig 4A).

The RT-PCR results obtained with the G2 transgenic chickens G2-R201, G2-106, and G2-
246, which were derived from G1-46 and G1-7, were identical to those obtained with the G1

generation chickens. This finding demonstrated that the transgene was specifically expressed
in oviduct tissue and was stable in germ-line transmission.

To determine whether the insertion site of the transgene affected the expression of the gene
in the oviduct tissues, the qRT-PCR was performed in the oviduct tissues of hens with different
insertions for the transgene. We found that the level of HNP4 expression was highly variable in
transgenic chickens with different insertions for the transgene (Fig 4B), demonstrating that the
insertion sites significantly influenced the gene expression.

Recombinant proteins are expressed in the oviduct
We added chicken lysozyme signal peptides to the 5’ ends of theHNP4 andHNP4-His genes
because we expected that the recombinant proteins would be secreted in the egg whites. To lo-
calize the recombinant HNP4, immunofluorescence analysis was performed on magnum sec-
tions of the oviducts from the G1 heterozygous hens. The results obtained for chicken G1-46
and wild-type chickens (WT) showed that the HNP4 protein was expressed in the tubular
glands of the magnum portion of the oviduct (Fig 5A). The G2 heterozygous chickens were also
tested, and the results were consistent with those of the G1 chickens. These results indicated
that the recombinant proteins were expressed in the oviduct.

The yield of the HNP4 or HNP4-His protein in the egg whites of G1 and G2 heterozygous
chickens was measured using the enzyme-linked immunosorbent assay (ELISA), and the eggs
were from hens with different insertion sites. All the transgenic chickens produced HNP4 or
HNP4-His proteins in the egg whites, and their expression levels in the transgenic chickens

Fig 4. Expression of HNP4 and HNP4-His genes in transgenic chickens. A. RT-PCR analysis of the expression of the HNP4 and HNP4-His genes in the
transgenic hens (G1-46 with HNP4 and G1-7 with HNP4-His). Lanes 1–6 represent the oviduct, heart, liver, spleen, lung, and kidney tissues from the
transgenic hen (G1), respectively. Lane 7 represents the oviduct tissue from the nontransgenic hens. B. qRT-PCRwas used to quantify the transgene in the
G1 and G2 hens with different insertion sites. Column 1 represents the oviduct of G1 hen G1-46; columns 2–6 represent the oviducts of G2 hens G2-R43, G2-
R53, G2-245, G2-W199, and G2-G47, respectively; and NC represents the oviduct of a nontransgenic hen.

doi:10.1371/journal.pone.0127922.g004
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with different insertion sites ranged from 1.65 μg/ml to 10.18 μg/ml (Fig 5B). The results
showed that recombinant HNP4 was successfully expressed in the egg whites.

Discussion
Because abuse of antibiotics negatively affects human health, there is an urgent need for new
drugs to replace currently used antibiotics. Antimicrobial peptides are considered the best
choice for this purpose [26]; however, their application is limited because of the low yield of
these peptides using current production methods. One important antimicrobial peptide is
HNP4, which is expressed in the granules of neutrophils. Neutrophils defend the host against
bacteria and viruses, and HNP4 displays particularly high activity against bacteria [28]. In this
study, in an attempt to develop a new method to produce antimicrobial peptides, we produced
recombinant HNP4 in egg whites.

In recent years, lentiviral vectors have been thought to be the most effective tool for the pro-
duction of transgenic birds [17, 19, 34]. It has been shown that genes transduced by lentiviral
vectors can be stably transferred through the germ-line. In the present work, we injected a len-
tiviral vector into 669 embryos, from which 218 chickens were hatched. The average hatch rate
was 32.6%, which was lower than the hatch rate cited in previous reports using the surrogate
eggshells [35]. Therefore, our approach, which used surrogate eggshells, can be further refined.
The positive rate that we detected in G0 chickens was as high as 100%, and our results showed
that the lentivirus could efficiently infect various tissues, consistent with the characteristics of
lentiviruses [15]. Although we obtained a high number of G0 chickens, the number of germ-
line-positive roosters was very low. One reason for the low positives was that some of the G0

roosters died before sexual maturity, and we could not confirm whether the dead roosters were

Fig 5. Analysis of the expression of the HNP4 and HNP4-His genes at the translational level. A. Immunofluorescent detection of HNP4 in oviduct
sections. HNP4 protein (red) in the oviduct of hen G1-46 was visualized in a section of the magnum portion of the oviduct by staining with the HNP4 antibody;
the oviduct sections were also stained with the chicken lysozyme antibody (CLY) as a positive control. The oviduct sections of the wild-type (WT) chickens
were stained with the HNP4 antibody, but no signal was observed. B. Yields of HNP4 in the egg whites of the G1 and G2 hemizygous chickens. The egg white
solution was assayed by ELISA. The quantities of HNP4 varied greatly in the hens with different insertions, ranging from 1.65 μg/ml to 10.18 μg/ml.

doi:10.1371/journal.pone.0127922.g005
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germ-line-positive. Another reason was that the germ-line chimerism was low in the G0 chick-
ens. Finally, ten roosters were identified as positive with PCR. Southern blot was also per-
formed on the sperm DNA of G0 roosters, but we did not obtain any positive results because of
the low chimerism in our sample (data not shown). The efficiency of germ-line transmission
was lower (between 0.6% and 3.4%) than that reported previously [17].

Of the ten germ-line-positive roosters that we obtained, only three passed the transgene to
the next generation (Table 1). Some of the germ-line-positive roosters (G0-48, G0-64, G0-68,
G0-70, and G0-90) produced very little sperm, possibly because integration of the transgene
disrupted the genes associated with testis development. We also found that one chimeric cock
produced offspring with different transgene insertion sites, indicating that the lentiviruses had
inserted into multiple primordial germ cells.

To obtain oviduct-specific expression of the recombinant HNP4 protein in transgenic
chickens, we used the 2.8-kb chicken Ova promoter to drive the expression of the transgene
specifically in the tubular gland cells of the oviduct [19]. The promoter contains two regulatory
elements, SDRE and NRE. The SDRE, spanning from -892 to -780, increases ovalbumin gene
transcription in the presence of four steroid hormones, and the NRE, spanning from -308 to
-88, appears to have the dual role of repressing transcription in the absence of steroids and co-
operating with the SDRE to activate transcription in the presence of steroids [36]. Although
there are several SNPs in the promoter sequence of the chicken ovalbumin gene, no SNPs were
present in the core sequence of the Ova promoter (data not shown). As shown by the RT-PCR
analysis, expression of the transgene was restricted to the oviducts and was not detected in
other tissues, indicating that the 2.8-kb promoter successfully drove transgene expression in
the oviduct tissues. In a previous report [19], the 2.8-kb promoter was sufficient for high-level
production of recombinant proteins in the chicken oviduct; however, in our study, the quanti-
ties of HNP4 and HNP4-His proteins expressed in the egg whites were not as high as those re-
ported previously. The lower levels might be explained by differences in the location of the
inserted transgene; it is well known that the location of genes in chromosomes plays a major
role in their expression. In our study, we obtained 15 G1 heterozygous chickens with six differ-
ent insertion sites, and the expression levels of HNP4 varied in chickens with the different in-
sertions, as assayed with qRT-PCR and ELISA (Figs 4B and 5B), indicating that insertion
position was the primary factor affecting gene expression in our system. In recent years, prepa-
ration of transgenic chickens using primordial germ cells (PGCs) has been considered an effi-
cient method [37], and gene-targeted transgenic chickens have been successfully produced
using this method in other laboratories [38, 39]. Gene targeting is the fundamental method to
overcome positional effects, and the problem of positional effects in transgenic chickens might
be solved in the future with the development of PGC technology.

Gene silencing is one of the major obstacles to the generation of transgenic chickens. In this
study, we found no evidence of HNP4 silencing in any generation of the transgenic chickens
analyzed. However, we plan to continue to assess transgene expression in successive genera-
tions to confirm its stability.

In summary, we have developed a new system for producing recombinant HNP4 protein in
egg whites. The biological activity and security of the recombinant HNP4 proteins expressed in
the oviducts will be evaluated in future experiments and our study might provide a new clue
for producing antimicrobial peptides with oviduct bioreactor.

Supporting Information
S1 Fig. Transfection efficiency of 293T cells. 293T cells were transfected with pBud-
EGFP-HNP4-His, and control cells were transfected with an empty vector. GFP was expressed
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in the transfected cells after incubation for 24 h.
(TIF)

S2 Fig. PCR analysis of the partial G0 hens. The primers used to screen the transgenic chick-
ens generated an 881-bp PCR product. The figure shows some of the G0 hens detected using
this method; the G0 hens shown in the figure are G0-7, G0-37, G0-38, G0-50, G0-61, G0-62, and
G0-69. The amount of DNA from G0 chickens used for PCR was 1 μg. M, 100-bp ladder; 1,
heart; 2, liver; 3, spleen; 4, lung; 5, kidney; and 6, ovary; NC, negative control (oviduct of the
wild-type hen); and PC, positive control (plasmid).
(TIF)

S3 Fig. Family trees of the transgenic chickens. A. Three G0 chimeric chickens (G0-72, G0-52,
and G0-40) were crossed with nontransgenic hens to produce the G1 hemizygous chickens. In
total, 15 G1 chickens (G1-26, G1-7, G1-9, G1-12, G1-28, G1-31, G1-L19, G1-6, G1-27, G1- 46,
G1-L6, G1-L34, G1-L2, G1-L5 and G1-23) were obtained. B. The G2 chickens were obtained
using the same methods.
(TIF)

S4 Fig. Analysis of the G2 transgenic chickens. A. PCR analysis of the G2 transgenic chickens.
Lane 1, Marker, and Lanes 2–19, DNA samples isolated from the combs of G2 transgenic chick-
ens derived from G1-positive chickens. B and C. Southern blot analysis of the G2 transgenic
chickens. “+” represents positive G2 chickens, and “-” represents nontransgenic chickens. The
genomic DNA samples were digested with Bgl II (B) and EcoR I (C) to confirm the integration
and the copy number of the transgene in the G1 transgenic chickens.
(TIF)

S5 Fig. Expression ofHNP4 andHNP4-His genes in the G2 transgenic chickens. RT-PCR
analysis of the expression of the HNP4 and HNP4-His genes in the G2 transgenic hens (G2-
R201 with HNP4 and G2-106 and G2-246 with HNP4-His). Lanes 1–6 represent the tissues of
the oviduct, heart, liver, spleen, lung and kidney in the transgenic hens (G2), respectively. Lane
7 represents the oviduct tissue in the wild-type hens.
(TIF)

S6 Fig. Immunofluorescent detection of HNP4 in the oviduct sections of the G1 and G2

chickens.HNP4 protein (red) in the oviduct tissues of hens G2-R53, G2-245, G1-7 and G2-G47
was visualized in the sections of the magnum portion of the oviducts by staining with the
HNP4 antibody.
(TIF)

S1 Table. Primers list.
(DOCX)

S2 Table. Lentiviral vector injection into chicken embryos.
(DOCX)

Acknowledgments
We express our thanks to all members in Ning Li’s laboratory who contributed to the transgen-
ic chicken project, especially we thank the members of the transgenic chicken groups, Jingjing
Zhai, Yanshuang Dai for care of the transgenic chickens. We thank Hong Wang, Xiaojuan Liu,
Jing Liu for optimizing the conditions of surrogate eggshells. We are grateful to Jin He and
Chungang Feng for providing comments on the manuscript.

Oviduct-Specific Expression of Human Neutrophil Defensin 4

PLOS ONE | DOI:10.1371/journal.pone.0127922 May 28, 2015 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127922.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127922.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127922.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127922.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127922.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127922.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0127922.s008


Author Contributions
Conceived and designed the experiments: TL NL XH. Performed the experiments: TL HWDC
QL YZ. Analyzed the data: TL. Contributed reagents/materials/analysis tools: NL XH. Wrote
the paper: TL.

References
1. Vakili H, Jin Y, Nagy JI, Cattini PA. Transgenic mice expressing the human growth hormone gene pro-

vide a model system to study human growth hormone synthesis and secretion in non-tumor-derived pi-
tuitary cells: differential effects of dexamethasone and thyroid hormone. Molecular and cellular
endocrinology. 2011; 345(1–2):48–57. doi: 10.1016/j.mce.2011.07.024 PMID: 21801807

2. Ryan TM, Townes TM, Reilly MP, Asakura T, Palmiter RD, Brinster RL, et al. Human sickle hemoglobin
in transgenic mice. Science. 1990; 247(4942):566–8. PMID: 2154033

3. Lonberg N. Human monoclonal antibodies from transgenic mice. Handbook of experimental pharma-
cology. 2008;(181: ):69–97. PMID: 18071942

4. Denman J, Hayes M, O'Day C, Edmunds T, Bartlett C, Hirani S, et al. Transgenic expression of a vari-
ant of human tissue-type plasminogen activator in goat milk: purification and characterization of the re-
combinant enzyme. Bio/technology. 1991; 9(9):839–43. PMID: 1367545

5. Ko JH, Lee CS, Kim KH, Pang MG, Koo JS, Fang N, et al. Production of biologically active human gran-
ulocyte colony stimulating factor in the milk of transgenic goat. Transgenic research. 2000; 9(3):215–
22. PMID: 11032370

6. Schnieke AE, Kind AJ, Ritchie WA, Mycock K, Scott AR, Ritchie M, et al. Human factor IX transgenic
sheep produced by transfer of nuclei from transfected fetal fibroblasts. Science. 1997; 278
(5346):2130–3. PMID: 9405350

7. Wright G, Carver A, Cottom D, Reeves D, Scott A, Simons P, et al. High level expression of active
human alpha-1-antitrypsin in the milk of transgenic sheep. Bio/technology. 1991; 9(9):830–4. PMID:
1367357

8. Brophy B, Smolenski G, Wheeler T, Wells D, L'Huillier P, Laible G. Cloned transgenic cattle produce
milk with higher levels of beta-casein and kappa-casein. Nature biotechnology. 2003; 21(2):157–62.
PMID: 12548290

9. Paleyanda RK, Velander WH, Lee TK, Scandella DH, Gwazdauskas FC, Knight JW, et al. Transgenic
pigs produce functional human factor VIII in milk. Nature biotechnology. 1997; 15(10):971–5. PMID:
9335047

10. Avidan MS, Levy JH, Scholz J, Delphin E, Rosseel PM, Howie MB, et al. A phase III, double-blind, pla-
cebo-controlled, multicenter study on the efficacy of recombinant human antithrombin in heparin-resis-
tant patients scheduled to undergo cardiac surgery necessitating cardiopulmonary bypass.
Anesthesiology. 2005; 102(2):276–84. PMID: 15681940

11. Lillico SG, McGrewMJ, Sherman A, Sang HM. Transgenic chickens as bioreactors for protein-based
drugs. Drug Discovery Today. 2005; 10(3):191–6. PMID: 15708533

12. Salter DW, Smith EJ, Hughes SH,Wright SE, Fadly AM,Witter RL, et al. Gene insertion into the chicken
germ line by retroviruses. Poultry Science. 1986; 65(8):1445–58. PMID: 3035526

13. Bosselman RA, Hsu RY, Boggs T, Hu S, Bruszewski J, Ou S, et al. Germline transmission of exoge-
nous genes in the chicken. Science. 1989; 243(4890):533–5. PMID: 2536194

14. Harvey AJ, Speksnijder G, Baugh LR, Morris JA, Ivarie R. Expression of exogenous protein in the egg
white of transgenic chickens. Nature biotechnology. 2002; 20(4):396–9. PMID: 11923848

15. Naldini L. Lentiviruses as gene transfer agents for delivery to non-dividing cells. Current Opinion in Bio-
technology. 1998; 9(5):457–63. PMID: 9821272

16. Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH, et al. In vivo gene delivery and stable trans-
duction of nondividing cells by a lentiviral vector. Science. 1996; 272(5259):263–7. PMID: 8602510

17. McGrewMJ, Sherman A, Ellard FM, Lillico SG, Gilhooley HJ, Kingsman AJ, et al. Efficient production of
germline transgenic chickens using lentiviral vectors. Embo Reports. 2004; 5(7):728–33. PMID:
15192698

18. Chapman SC, Lawson A, Macarthur WC, Wiese RJ, Loechel RH, Burgos-Trinidad M, et al. Ubiquitous
GFP expression in transgenic chickens using a lentiviral vector. Development. 2005; 132(5):935–40.
PMID: 15673573

19. Lillico SG, Sherman A, McGrewMJ, Robertson CD, Smith J, Haslam C, et al. Oviduct-specific expres-
sion of two therapeutic proteins in transgenic hens. Proceedings of the National Academy of Sciences
of the United States of America. 2007; 104(6):1771–6. PMID: 17259305

Oviduct-Specific Expression of Human Neutrophil Defensin 4

PLOS ONE | DOI:10.1371/journal.pone.0127922 May 28, 2015 14 / 15

http://dx.doi.org/10.1016/j.mce.2011.07.024
http://www.ncbi.nlm.nih.gov/pubmed/21801807
http://www.ncbi.nlm.nih.gov/pubmed/2154033
http://www.ncbi.nlm.nih.gov/pubmed/18071942
http://www.ncbi.nlm.nih.gov/pubmed/1367545
http://www.ncbi.nlm.nih.gov/pubmed/11032370
http://www.ncbi.nlm.nih.gov/pubmed/9405350
http://www.ncbi.nlm.nih.gov/pubmed/1367357
http://www.ncbi.nlm.nih.gov/pubmed/12548290
http://www.ncbi.nlm.nih.gov/pubmed/9335047
http://www.ncbi.nlm.nih.gov/pubmed/15681940
http://www.ncbi.nlm.nih.gov/pubmed/15708533
http://www.ncbi.nlm.nih.gov/pubmed/3035526
http://www.ncbi.nlm.nih.gov/pubmed/2536194
http://www.ncbi.nlm.nih.gov/pubmed/11923848
http://www.ncbi.nlm.nih.gov/pubmed/9821272
http://www.ncbi.nlm.nih.gov/pubmed/8602510
http://www.ncbi.nlm.nih.gov/pubmed/15192698
http://www.ncbi.nlm.nih.gov/pubmed/15673573
http://www.ncbi.nlm.nih.gov/pubmed/17259305


20. Lehrer RI, Ganz T. Antimicrobial peptides in mammalian and insect host defence. Current Opinion in
Immunology. 1999; 11(1):23–7. PMID: 10047545

21. Reddy KV, Yedery RD, Aranha C. Antimicrobial peptides: premises and promises. International Journal
of Antimicrobial Agents. 2004; 24(6):536–47. PMID: 15555874

22. Hancock REW. Antibacterial peptides and the outer membranes of gram-negative bacilli. Journal of
Medical Microbiology. 1997; 46(1):1–3. PMID: 9003734

23. De Lucca AJ, Walsh TJ. Antifungal peptides: novel therapeutic compounds against emerging patho-
gens. Antimicrob Agents Chemother. 1999; 43(1):1–11. PMID: 9869556

24. Wu Z, Cocchi F, Gentles D, Ericksen B, Lubkowski J, Devico A, et al. Human neutrophil alpha-defensin
4 inhibits HIV-1 infection in vitro. Febs Letters. 2005; 579(1):162–6. PMID: 15620707

25. Hoskin DW, Ramamoorthy A. Studies on anticancer activities of antimicrobial peptides. Biochimica Et
Biophysica Acta-Biomembranes. 2008; 1778(2):357–75. PMID: 18078805

26. Bals R. Epithelial antimicrobial peptides in host defense against infection. Respiratory research. 2000;
1(3):141–50. PMID: 11667978

27. Ganz T. Defensins: antimicrobial peptides of innate immunity. Nature reviews Immunology. 2003; 3
(9):710–20. PMID: 12949495

28. Wilde CG, Griffith JE, Marra MN, Snable JL, Scott RW. Purification and characterization of human neu-
trophil peptide 4, a novel member of the defensin family. The Journal of biological chemistry. 1989; 264
(19):11200–3. PMID: 2500436

29. Perry MM. A complete culture system for the chick embryo. Nature. 1988; 331(6151):70–2. PMID:
3340149

30. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–8. PMID: 11846609

31. Byun SJ, Kim SW, Kim KW, Kim JS, Hwang IS, Chung HK, et al. Oviduct-specific enhanced green fluo-
rescent protein expression in transgenic chickens. Bioscience, biotechnology, and biochemistry. 2011;
75(4):646–9. PMID: 21512248

32. Park H- M, Haecker SE, Hagen SG, Sanders MM. COUP-TF plays a dual role in the regulation of the
ovalbumin gene. Biochemistry. 2000; 39(29):8537–45. PMID: 10913260

33. Schambach A, Bohne J, BaumC, Hermann FG, Egerer L, von Laer D, et al. Woodchuck hepatitis virus
post-transcriptional regulatory element deleted from X protein and promoter sequences enhances ret-
roviral vector titer and expression. Gene therapy. 2006; 13(7):641–5. PMID: 16355114

34. Kwon SC, Choi JW, Jang HJ, Shin SS, Lee SK, Park TS, et al. Production of biofunctional recombinant
human interleukin 1 receptor antagonist (rhIL1RN) from transgenic quail egg white. Biology of repro-
duction. 2010; 82(6):1057–64. doi: 10.1095/biolreprod.109.081687 PMID: 20147736

35. Borwompinyo S, Brake J, Mozdziak PE, Petitte JN. Culture of chicken embryos in surrogate eggshells.
Poultry Science. 2005; 84(9):1477–82. PMID: 16206571

36. Haecker SA, Muramatsu T, Sensenbaugh KR, Sanders MM. Repression of the ovalbumin gene in-
volves multiple negative elements including a ubiquitous transcriptional silencer. Molecular endocrinol-
ogy. 1995; 9(9):1113–26. PMID: 7491104

37. van de Lavoir MC, Diamond JH, Leighton PA, Mather-Love C, Heyer BS, Bradshaw R, et al. Germline
transmission of genetically modified primordial germ cells. Nature. 2006; 441(7094):766–9. PMID:
16760981

38. Park TS, Lee HJ, Kim KH, Kim J- S, Han JY. Targeted gene knockout in chickens mediated by TALENs.
Proceedings of the National Academy of Sciences of the United States of America. 2014; 111
(35):12716–21. doi: 10.1073/pnas.1410555111 PMID: 25139993

39. Schusser B, Collarini EJ, Yi H, Izquierdo SM, Fesler J, Pedersen D, et al. Immunoglobulin knockout
chickens via efficient homologous recombination in primordial germ cells. Proceedings of the National
Academy of Sciences of the United States of America. 2013; 110(50):20170–5. doi: 10.1073/pnas.
1317106110 PMID: 24282302

Oviduct-Specific Expression of Human Neutrophil Defensin 4

PLOS ONE | DOI:10.1371/journal.pone.0127922 May 28, 2015 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/10047545
http://www.ncbi.nlm.nih.gov/pubmed/15555874
http://www.ncbi.nlm.nih.gov/pubmed/9003734
http://www.ncbi.nlm.nih.gov/pubmed/9869556
http://www.ncbi.nlm.nih.gov/pubmed/15620707
http://www.ncbi.nlm.nih.gov/pubmed/18078805
http://www.ncbi.nlm.nih.gov/pubmed/11667978
http://www.ncbi.nlm.nih.gov/pubmed/12949495
http://www.ncbi.nlm.nih.gov/pubmed/2500436
http://www.ncbi.nlm.nih.gov/pubmed/3340149
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://www.ncbi.nlm.nih.gov/pubmed/21512248
http://www.ncbi.nlm.nih.gov/pubmed/10913260
http://www.ncbi.nlm.nih.gov/pubmed/16355114
http://dx.doi.org/10.1095/biolreprod.109.081687
http://www.ncbi.nlm.nih.gov/pubmed/20147736
http://www.ncbi.nlm.nih.gov/pubmed/16206571
http://www.ncbi.nlm.nih.gov/pubmed/7491104
http://www.ncbi.nlm.nih.gov/pubmed/16760981
http://dx.doi.org/10.1073/pnas.1410555111
http://www.ncbi.nlm.nih.gov/pubmed/25139993
http://dx.doi.org/10.1073/pnas.1317106110
http://dx.doi.org/10.1073/pnas.1317106110
http://www.ncbi.nlm.nih.gov/pubmed/24282302

