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In some serotypes of adenovirus (Ad), the penton base and attached trimeric fiber assemble into
dodecameric virus-like particles called penton-dodecahedron (Pt-Dd), which can be internalized and
used to deliver the vaccine antigens and drugs. Fowl adenovirus serotype 4 (FAdV-4) is an important
pathogen, causing seriously economic loss to poultry industry in China and other counties. Pt-Dd parti-
cles from FAdV-4 infected cells, as well as in those infected with recombinant human Ad expressing fiber-
1, fiber-2, and penton base of FAdV-4, were visualized by transmission electron microscopy. For the first
time, we proved that FAdV-4 produced Pt-Dd in infected cells. Pt-Dd can also be assembled by the over-
expressed recombinant proteins fiber-1, fiber-2, and penton base. Pt-Dd, as well as the recombinant pro-
teins fiber-1, fiber-2, and penton base, were then used to immunize chickens. The humoral immune
response, expression of selected immune molecules and challenge results were used to evaluate the
immune efficacy of the vaccine candidates. Pt-Dd induced the highest level of enzyme-linked
immunosorbent assay antibodies and significant high levels (p < 0.05) of interferonc, interleukin-4, and
major histocompatibility complex II expression in peripheral blood mononuclear cells at 48 h post-
infection. The challenge results showed that Pt-Dd, inactivated FAdV-4 vaccine, and fiber-1 induced
the best protection (100%), followed by fiber-2 (80%) and penton base (67%). The present study showed
that FAdV-4 -Pt-Dd and recombinant fiber-1 are promising FAdV-4 vaccine candidates and could be used
to replace the tissue-sourced inactivated FAdV-4 vaccine.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Adenoviruses (Ad) are large, non-enveloped viruses with an
icosahedral nucleocapsid containing a double-stranded DNA gen-
ome of approximately 36 KD [1]. They have a broad range of verte-
brate hosts and, in humans, more than 50 distinct adenoviral
serotypes have been found to cause a wide range of illnesses, from
mild respiratory infections in children to life-threatening multi-
organ diseases in people with a weakened immune system [2,3].
The capsid of the Ad is composed of three major capsid proteins
(hexon, penton base, and fiber) and four minor capsid proteins
(IIIa, VI, VIII, and IX; also known as cement proteins) [4,5]. The
pseudo-T = 25 icosahedral capsid has 12 pentons, each with tri-
meric fiber proteins, and 240 trimeric hexons [6].

In cells infected with some adenovirus serotypes, penton base,
with their attached trimeric fibers, assemble into dodecameric
virus-like particles (VLP) called Ad penton-dodecahedron (Pt-Dd)
[14]. Trimeric fiber and penton base are responsible for adenovirus
attachment and endocytosis, respectively [7,8]. Native Pt-Dd can
be observed in HAd-B3, E4, D9-, -B11, and -D15 infected cells [9–
11]. Pt-Dd can also be assembled spontaneously in the baculoviral
system [8,12] and in Escherichia coli [13] upon expression of the
penton base and fiber genes of HAd-B3. No such particles have
been found for HAd -C2 or -C5 [14–16]. Pt-Dd show a remarkable
cell penetration ability with 200–300 thousand VLPs per cultured
cell [17,18]; thus, it can be engineered to deliver several millions
of foreign cargo molecules into a single target cell [17–20].

Pt-Dd has been exploited to deliver antigen proteins [21] or
small molecule drugs [22] linked by an additional domain to the
penton base protein. In a previous study, Pt-Dd was used as a can-
cer vaccine vehicle to deliver model antigen ovalbumin (OVA)
fused with the linker WW domain from the ubiquitin ligase Nedd4
[21]. Pt-Dd can efficiently deliver WW-OVA into cultured cells and
the Pt-Dd/WW complex can be readily internalized by dendritic
cells. Immunization with WW-OVA/Pt-Dd induced an OVA-
specific CD8 + T cells immune response and robust humoral
responses in mice resulting in 90% protection against B16-OVA
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melanoma implantation in syngeneic mice [21]. Pt-Dd was also
used to carry multiple influenza virus epitopes, as an influenza vac-
cine. With this platform, the immunodominant epitopes of the
influenza M1 were properly presented by human dendritic cells,
thus triggering the efficient activation of antigen-specific T cell
responses and inducing cellular immunity in vivo in chickens [20].

Fowl adenoviruses (FAdVs) are classified into five species (A–E)
[23] and twelve serotypes (FAdV 1–7, 8a, 8b, 9–11) [24]. FAdV-4 is
the causative agent of the hydropericardium hepatitis syndrome
(HHS) that is characterized by hydropericardium, hepatitis, and
nephritis [24–26]. FAdV-4 is the predominant serotype of FAdVs in
southwestern China. As reported, about 86.4% (19/22) isolates were
FAdV-4 [27]. FAdVshavebeen found to infect2- to5-week-oldneona-
tal chicks [27], causing a mortality of approximately 30% to 70%
[28,29]. Inactivated vaccines [30–32], attenuated live vaccines
[33,34], and recombinant vaccines have been used to control HHS
and these types of vaccines have been proven to be effective in pro-
tecting against FAdV infection. In a previous study, scientists purified
Pt-Dd produced by FAdV-8b via density gradient centrifugation; this
purified Pt-Dd induced neutralizing antibodies and cytotoxic T-cell
responses in breeders, and successfully prevented clinical disease in
progeny via maternal antibody transfer [35]. FAdV-4might also pro-
duce Pt-Dd during infection; therefore, the present study utilized
HAdV-C5 to produce recombinant FAdV–4–Pt-Dd and used these
recombinant VLPs as a vaccine to prevent FAdV-4 infection.

2. Materials and methods

2.1. Viruses and cells

The replication-defective HAdV-C5 with E1 and E3 deletion was
purchased from TaKaRa (Dalian, China) and HAdV-C5-based
recombinants were propagated and titered in HEK-293 A (ATCC�

CRL-1573D) and HEK-293T (ATCC� CRL-3216TM) cells as reported
[36]. HK-2 cells (ATCC� CRL-2190TM) were used to produce recom-
binant proteins by infected with recombinant HAdV. All cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM) that was
supplemented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin and
were incubated at 37 �C in a humidified atmosphere of 5% CO2.
The fowl adenovirus strain SX15 was grown and titered in LMH
cells (Chicken Liver Hepatocellular carcinoma cell line, ATCC�

CRL-2117TM) and stored at �80 �C.

2.2. Construction of rAds (rAd-f1, rAd-f2, and rAd-p)

The respective open reading frames of fiber-1, fiber-2, and pen-
ton base were amplified by polymerase chain reaction (PCR) from
viral DNA (FAdV-4 isolate SXD15, refer to KU569296.1) using the
primers listed in Table 1. The PCR amplicons of fiber-1, fiber-2,
and penton base were cloned into a pAd-shuttle-CMV vector. The
recombinant adenoviral vectors were generated by homologous
recombination of linearized transfer vectors with pAdEasy-1 in
E. coli BJ5183 and confirmed by restriction enzyme digestion
(New England Biolabs) [37]. The rAds were generated by transfec-
tion of HEK293 A cells at 80% confluence in 24-well plate with 1 mg
plasmids (PacI linearized) using 3 mL of Trans Fast TM Transfection
Reagent (Promega, Madison, USA). When 90% of the cells showed
cytopathic effect (CPE, at about 10 days post transfection), rAds
were released by three cycles of rapid freezing and thawing and
stored at �80 �C after the addition of 10% glycerol.

2.3. Western blot

The proteins in cell lysates or in cell culture media derived from
HEK293 A cells or HK-2 cells infected with rAds were separated by
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto a nitrocellulose membrane (Pall
Corporation). The membrane was incubated overnight in blocking
solution (10% fat-free milk in phosphate buffered saline (PBS), PBS-
M) at room temperature and incubated with FAdV-4 fiber-1, fiber-
2, and penton base polyclonal mouse antiserum for 2 h. The mem-
brane was subsequently reacted for 1 h with goat anti-mouse IgG
conjugated with horseradish peroxidase (AS003) at a dilution of
1/2000 in PBS-M. Detection was performed using chemilumines-
cence luminol reagents (Super Signal West PicoTrial Kit, Pierce).
Utilizing gray scan with the software ImageJ and comparison with
the known concentration of marker bands, the concentrations of
proteins were calculated based on the obtained gray value of the
bands.
2.4. Observation of Ad virion and Pt-Dd by electron microscopy (EM)

Virus samples derived from HEK293 A cells or HK-2 cells
infected with rAds were applied to the clean side of carbon on mica
(carbon/mica interface) and negatively stained with 1% sodium sil-
icotungstate, pH 7.0. Micrographs were taken with a transmission
electron microscope (TECNAI G2 SPIRIT BIO), under low-dose con-
ditions with the microscope (FEI, America) at 100 kV and a maxi-
mum magnification of 300,000.
2.5. Observation of Pt-Dd internalization into cells by confocal
microscopy

HeLa cells (ATCC� CCL-2TM) were grown overnight on glass cov-
erslips (approximately 105 cells/cm2) in DMEM supplemented with
10% FBS at 37 �C under 5% CO2 atmosphere. Cells were incubated
for different periods with a 0.6 nM concentration of the FAdV-4
VLPs. After a given period of entry, cells were washed with PBS,
fixed, and permeabilized with cold methanol for 10 min. Cells were
then incubated with anti-fiber-1 mouse polyclonal serum at 1/200
in 50 mL 3% bull serum albumin and subsequently detected in red
by Cy3-conjugated goat anti-mouse antibody (BA1035, Bosterbio,
Wuhan) that was diluted 1/200 in the same buffer. Cell nuclei were
counterstained in blue with DAPI (5 mg/mL). Laser scanning confo-
cal microscopy was performed on an MRC600 (Andorra, England).
2.6. Immunization and challenge

Day-old Specific Pathogen Free chickens were randomly divided
into 7 groups of 15. The chickens in the first 5 groups received
0.5 mg of FAdV-4Pt-Dd VLPs, fiber-1, fiber-2, penton base, and inac-
tivated vaccine of FAdV-4 by intramuscular injection on day 7 and
again on day 14. The targeting proteins were in infected HK-2 cell
lysates and the concentrations of the proteins were calculated as
described in 2.3. The other two groups received PBS.

At day 21, all chickens except those in the negative control
group (PBS), were challenged with 105.5 TCID50 of FAdV-4 SX15
in 200 mL cell culture media by intramuscular injection. Sera
(n = 3 per group) were collected on days 14, 21, 28, and 35 to deter-
mine serum antibodies. Additionally, blood was collected at 24 h
post-challenge (hpc) to measure transcript levels encoding IL-4,
IFN gamma and MHC-II in PBMCs.

Viral loads in sera collected at day 28 and 35 were detected by
real-time PCR using the reported probe and primers as reported
[38]. A standard curve was produced by using serial dilutions of
the standard plasmid (pMD-18 T vector, Takara) harboring a
341 bp fragment of the L1 region of Hexon from 1 � 101 to
1 � 1011 copies/ll. Viral loads were calculated as reported [38].



Table 1
Primers used for recombinant adenoviruses construction.

Primer name Sequence (50–30)* Restriction site Product

fiber-1: forward 50-cgGGATCCATGTCGGCCCTAATCGCCTCCGCAG-30 BamH I 1295 bp

fiber-1: reverse 50-ccgCTCGAGTTAGGGGCCCGGAGCATTGTTCCCG-30 Xho I

fiber-2: forward 50-cgGATATCATGCTCCGGGCCCCTAAAAGAAGAC-30 EcoR V 1440 bp

fiber-2: reverse 50-agaatGCGGCCGCTTACGGGAGGGAGGCCGCTGG-30 Not I

Penton base: forward 50-cgGGATCCATGTGGGGGTTGCAGCCGCCGACGT-30 BamH I 1577 bp

Penton base: reverse 50-ccgCTCGAGCTACTGCAAGGTCGCGGAACTCAGA-30 EcoR I

hexon loop1: forward 50-cgGGATCCATGGATAACACGGGCACCAATTACC-30 BamH I 1272 bp

hexon loop1: reverse 50-gGAATTCTTAGTGGTGGTTGAAGGGGTTGACGTT-30 Xho I

* The underlined sequences represent the restriction site.
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2.7. Histopathology and immunohistochemistry analyses

Three surviving chickens from each group were randomly
selected and euthanized by CO2 asphyxiation at 6-day post-
challenge (dpc). Liver samples were fixed in 10% neutral formalin
for 52 h at room temperature. After routine treatment, liver tissues
were embedded in paraffin wax and cut into 4 to 5 mm slices. For
micro lesion observation, the slices were stained with hematoxylin
and eosin. In addition, immunohistochemical staining was con-
ducted to detect viral antigens in the livers. Briefly, slices were
incubated with mouse anti-FAdV polyclonal antibody (diluted
1:200) for 1 h and then reacted with horseradish peroxidase-
conjugated rabbit anti-mouse IgG (Solarbio, Beijing, China) for
1 h. Diaminobenzidine was used as the chromogenic substrate.
After counterstaining with hematoxylin and eosin, the slides were
dehydrated and mounted. Slides without the primary antibody
were used as negative controls.

2.8. Enzyme-linked immunosorbent assay (ELISA)

ELISA plates (Guangzhou Jet Bio-Filtration Co., Ltd., China) were
coated with 0.2 mg (each)/well of mixed purified fiber-1, fiber-2,
and penton base (expressed in E. coli and stored by our laboratory
as reported in our previous study [39]). Then, the plates were
Fig. 1. Production of rAd in HEK293 A cells and identification of recombinant protein
transfection with non-plasmid (mock) or linearized pAd-fiber-1, pAd-fiber-2, and pAd-
Western blot identification of fiber-1, fiber-2, and penton base protein expression in trans
2 and penton base of FAdV-4. Lane 1 was the positive control with lysate of LMH cells infe
Lanes 2,3, and 4 contained lysate of HEK293 A cells infected with rAd-f1, -p, and -f2, re
reacted with sera from chickens immunized with the correspond-
ing proteins. Commercial peroxidase-conjugated rabbit anti-
chicken IgG (Sigma) was used as the secondary antibody. Following
incubation with tetra-methylbenzidine substrate (Tiangen Biotech
(Beijing) Co., ltd., China), the reaction was stopped with 0.5 M sul-
furic acid and the optical density of each well was measured at a
wavelength of 450 nm.

To calculate antibody titer, serum sample containing FAdV-4
antibody and negative sera (SPF chicken sera) were diluted in serial
ratios (1:100, 1:200, 1:400, 1:800. . . and so on). Three replications
were used for each test. A positive or negative antibody determina-
tion is derived by comparing the test samples to Negative Controls.
Where (Test Sample OD450) < 2.1 � (Negative Control OD450)
= Negative. Where (Test Sample OD450) � 2.1 � (Negative Control
OD450) = Positive. The assigned titer value is indicative of the last
dilution in which the antibody was detected.
2.9. Statistical analysis

One-way ANOVA, followed by a Tukey post-test, was performed
for multiple comparisons. Differences were considered significant
at p � 0.05. Statistical analysis was run using SPSS (version 22)
software.
expression by western blot. (A) Micrographs of HEK293 A cells at 10 days post-
penton base. rAd-GFP was used as the control (2 days post-viral inoculation); (B)
fected HEK293 A cells with a mixture of polyclonal antibodies against fiber-1, fiber-
cted with FAdV-4. Lane 5 contained lysate of HEK293 A cells infected with rAd-GFP.
spectively.
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3. Results

3.1. Construction of recombinant viruses

Shuttle vectors containing expression cassettes for fiber-1,
fiber-2, and penton base of FAdV-4 under the control of the cyto-
megalovirus immediate early (CMV) promoter were constructed
and verified by sequencing (data not shown). By recombination
with Ad backbone vector pAdEasy-1 in BJ5183 cells, recombinant
adenoviral plasmids, pAd-fiber-1, pAd-fiber-2, and pAd-penton
base were obtained. Then, the recombinant plasmids were lin-
earized with endonuclease Pac I and used to transfect HEK293 A
cells to generate recombinant adenovirus (rAd), including rAd-f1
(expressing fiber-1), rAd-f2 (expressing fiber-2), and rAd-p
(expressing penton base). After approximately 10 days incubation,
cells transfected with recombinant plasmids showed CPE charac-
teristic of adenovirus infection while the mock-transfected cells
(control samples) retained their singularity (Fig. 1A).

The obtained rAds, rAd-f1, rAd-f2, and rAd-p were plaque-
purified three times and titered in HEK293 A cells and HEK293 T
cells. The titers of these three rAds that were tested in HEK293 A
and HEK293 T cells were all 4.1 � 108 plaque forming units (pfu)
per ml. Expression of the proteins, fiber-1, fiber-2, and penton base
with predicted sizes of 45.0, 49.3, and 57.4 kDa was confirmed by
Fig. 2. Transmission electron micrographs of Ad virions and/or Pt-Dds in cell culture med
infected with FAdV-4; (B, C) HAdV-C5 viral particles (100 nm) in cell culture media of HE
penton base Dds (50 nm) in cell culture media of HEK293 A cells infected with rAd-p;
infected with rAd-f1, rAd-f2, and rAd-p; (F) Pt-Dds in cell culture media of HK-2 cells co-i
and penton base in supernatant and cell lysate fraction of HEK293 A cells (lane 1,4) or H
infected cell sample, lane 3 and 5).
western blotting. As shown in Fig. 1B, the protein bands corre-
sponding to fiber-1, penton base, and fiber-2 are found in Lane 2,
3, and 4, respectively. Three protein bands were observed in Lane
1 with proteins from LMH cells infected with FAdV-4. No band
was observed in Lane 5, in which the proteins from HEK293 A cells
infected with rAd-GFP (expressing green fluorescent protein) were
added.

3.2. Fiber-1, fiber-2, and penton base derived from FAdV-4 or rAds
formed Pt-Dd

Virions of FAdV-4 approximately 100 nm in size and particles
50 nm in diameter (Pt-Dd) were observed in lysates of FAdV-4-
infected LMH cells by TEM (Fig. 2). The virions showed the charac-
teristic icosahedral symmetry of adenovirus and the Pt-Dds
showed an ordered structure, characteristic of dodecahedra.

To check whether Pt-Dd could also assemble by the expressed
recombinant proteins. HEK293 A cells, as well as HK-2 cells, were
infected with rAd-f1, rAd-f2, and/or rAd-p. Pt-Dds were observed
in HEK293 A cells and HK-2 cells co-infected with rAd-f1, rAd-f2,
and rAd-p (Fig. 2E and 2F). In addition, HAdV-C5 virions were
found in infected HEK293 A cells (Fig. 2B), but not in HK-2 cells.
Dodecahedrons formed in HEK293 A cells infected with rAd-p,
expressing FAdV-4 penton base alone (Fig. 2D), but not in cells
ia. (A) FAdv-4 virions (100 nm) and Pt-Dds (50 nm) in cell culture media of LMH cells
K293 A cells infected with rAd-f1 and rAd-f2 respectively; (D) HAdV-C5 virions and
(E) HAdV-C5 viral particles and Pt-Dds in cell culture media of HEK293 A cells co-
nfected with rAd-f1, rAd-f2, and rAd-p; (G) Western blot detection of fiber-1, fiber-2,
K-2 (lane 2,5) co infected with rAd-f1, rAd-f2, and rAd-p or control samples (non-



Fig. 3. FAdV-4–Pt-Dd internalized into HeLa cells as determined by confocal microscopy. FAdV-4– Pt-Dd are shown in red with a Cy3-conjugated mouse antibody against
fiber-1, while the nuclei are counterstained in blue with DAPI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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infected with rAd-f1 or -f2, expressing only one of the FAdV-4
fibers (Fig. 2B and 2C). As HAdV-C5 virions would not assemble
in non-complementing HK-2 cells and HAdV-C5 has no Pt-Dd
product, the obtained Pt-Dd in Fig. 2F could only be derived from
the overexpressed fiber-1, fiber-2, and penton base of FAdV-4. In
addition, Pt-Dd in cell culture supernatants and cell lysates were
detected with western blot (Fig. 2G) and the concentration of the
Pt-Dd in cell supernatants was approximately 50 mg/mL.
3.3. Internalization of FAdV-4 VLPs

To generate Pt-Dd without HAdV-C5 virions, rAd-f1 and rAd-f2
together with rAd-p were used to infect HK-2 cells. Culture media
were collected at 48 h post-infection. The cell culture media from
HK-2 cells infected with rAd-GFP were used as the control.

The internalization of Pt-Dds into HeLa cells was analyzed by
confocal microscopy after staining with polyclonal antibodies
against fiber-1, �2 and Cy3-labeled secondary antibodies. Pt-Dd
was observed to gather around cells as early as 10 min after inoc-
ulation (Fig. 3A) and the internalization was finished within 2 h, as
all the fluorescence was in the cells by that time (Fig. 3E) and no Pt-
Dds were detected in cell culture media with WB at that time (data
not shown). The internalization process was clearly related to the
time of incubation (Fig. 3A–3E). Each cell that had been incubated
with the collected supernatant contained thousands of Pt-Dds.
Fiber-1, -2 alone and GFP could not be internalized into cells
(data not shown).
3.4. Immune responses against FAdV-4 following chicken vaccination

Chickens were immunized on day 7 with approximately 0.5 mg
(0.1 mL) of recombinant proteins (in cell lysates) obtained by
transduction of HK-2 cells with the corresponding rAd and the
chickens were challenged with FAdV-4 on day 21 by intramuscular
injection. The chicken sera were collected on days 14, 21, and 35
post-immunization and antibodies were detected by enzyme-
linked immunosorbent assay (ELISA) with the mixed proteins
(E. coli expressed fiber-1, fiber-2, and penton base; 0.2 mg each in
one well) as reported previously [39]. Antibodies reached maximal
titer on day 28. The average antibody titers (log10) in chickens
immunized with Pt-Dd, fiber-1, fiber-2, penton base, or inactivated
vaccine were 4.56 ± 0.67, 3.54 ± 0.20, 3.82 ± 0.21, 1.46 ± 0.46, and
3.82 ± 0.00, and the chickens immunized with Pt-Dd gained signif-
icantly higher (p < 0.05) levels of antibodies than the other immu-
nized groups at day 21 (Fig. 4A).

Host responses in PBMCs collected at 24 hpc were evaluated by
quantitation of interferonc (IFN-c), interleukin-4 (IL-4), and major
histocompatibility complex II (MHC-II) expression using RT-qPCR
as reported previously [40]. As shown in Fig. 4B, 4C and 4D,
vaccination with Pt-Dd significantly increased the expression of
MHC-II, IFN-c, and IL-4 in PBMC compared to vaccination with
fiber-2 or penton base. Fiber-1 also induced high levels of
IL-4 expression (Fig. 4D).
3.5. Challenge protection test

All chickens except those in the non-infection control group
were challenged with 105.5 TCID50 of FAdV-4 SX15 by intramuscu-
lar injection. The FAdV-4 SX15 challenge resulted in 73.3% (11/15)
mortality in the challenge control group (GFP). Immunization with
Pt-Dd, fiber-1, fiber-2, penton base or inactivated vaccine reduced
the mortality from 73.3% to 0%, 0%, 20%, 33.3%, and 0%, respec-
tively, and the corresponding survival ratios were 26.7%, 100%,
80%, 67.7%, and 100%, respectively (Fig. 5).



Fig. 4. Humoral response and immune molecules expression induced by immunization. (A) Detection of FAdV-4 antibodies with ELISA; (B, C, D) Expression of MHC-II, IFN-c
and IL-4 in PBMCs, as determined by RT-qPCR. Data are presented as mean ± standard deviation and significant differences are marked with different letters (p � 0.05).

Fig. 5. Survival ratios of chickens to the challenge of virulent FAdV-4. Chickens
were challenged with 105.5 TCID50 of FAdV-4 SX15 strain by intramuscular injection
and the survival ratios were recorded for 7 days.
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3.6. Histology and immunohistochemistry

Histology and immunohistochemistry analyses showed that the
most serious micro lesions were observed in the livers of chickens
in the control group given GFP. The hepatic lobule structures were
completely missing. The hepatocyte tubes were arranged
haphazardly with severe congestion and inflammatory cell infiltra-
tion. Liver cells appeared necrotic with nuclear fragmentation
(Fig. 6 GFP). Immunization with penton base reduced the patholog-
ical changes mentioned above (Fig. 6 Penton base). However, the
hepatic lobule structures were still not very clear and parts of
the liver cells appeared necrotic with nuclear fragmentation
(Fig. 6 Penton base). Fiber-2 also did not protect liver microstruc-
tures well; however, the lesions were only slight and necrotic liver
cells were even fewer (Fig. 6 Fiber-2). Comparatively, Pt-Dd, fiber-
1, and the inactivated vaccine immune group provided better
protection against FAdV-4 infection based on observations of the
pathological tissue slices. The hepatic lobules had a clear structure
and the hepatocyte tubes were arranged orderly and closely in the
livers from these groups. Meanwhile, ecchymosis in the hepatic
lobules was observed in the livers from both groups, and immuno-
histochemical analysis indicated that serious infection occurred in
chickens immunized with GFP and penton base. Fewer FAdV-4-
positive signals were detected in the liver sections of chickens from
groups immunized with FAdV-4 VLPs and inactivated vaccine
group, although the difference was not significant among the
VLP, fiber-1, fiber-2, and inactivated vaccine (InV) immune groups
(Fig. 7A).

3.7. Testing viral loads in sera

Viral DNA copies in sera collected at day 28 and 35 were
detected using quantitative PCR (qPCR). The highest viral loads
were detected at day 28 i.e 7 dpc in sham immunized chickens
(in group rAd-GFP). Viral DNA copies in sera collected from
chickens in group rAd-GFP were about 106.81 copies/100 mL on
day 28 and 102.95 copies/100 mL at day 35 i.e 14 dpc. In sera of
immunized chickens, viral load ranges from 800 to 11,500
copies/ 100 mL at day 28 and reduced to 70 to 700 copies/100 mL
at day 35 (Fig. 7B).

4. Discussion

HAd vectors are commonly applied viral vectors for gene ther-
apy and delivery of vaccine antigens. The HAd vectors that are used
as vaccines are mostly replication-defective with certain essential
viral genes deleted and replaced by cassette expressing a foreign
gene [41]. In the present study, replication-defective HAdV-C5



Fig. 6. Observation of micro-lesions and detection of viral antigens in the liver (A) Histological analysis of the lesions in liver (hematoxylin and eosin). The lesions are shown
as cell body boggy, structure blurring, nuclear boggy (marked with arrow), even shattering, melting and so on. The most clear lesions are observed in the tissues from the non-
immunized chickens and then from the penton base and fiber-2 groups; (B) Detection of viral antigens using histology and immunohistochemistry analyses. Viral positive
signals (dark brown, partial of viral positive signals were marked with arrow) were detected in cells or hepatic sinusoid. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 7. Calculated viral positive cells in liver sections (A) and detected viremia with RT-qPCR (B). (A) Positive cells (stained by brown) were counted in five random fields per
slice and three slices were used for each sample. Average number of positive cells per fields was calculated and the mean values were used to show the viral loads in livers.
Fig. 6 represented a portion of the field used for the counts. (B) Viral DNA copies in sera were calculated according to the obtained standard curve. Viral DNA copies (100 mL
serum, Log10) were used to represent viremia. Data are presented as mean ± standard deviation and significant differences are marked with different letters (p � 0.05).
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was used to express the fibers and penton base of FAdV-4. The
HAdV-C5 vector has essential genes, E1A and E1B, deleted and
replaced by a cassette for expression foreign genes under the con-
trol of immediate early CMV promoter. The E1A region encodes
immediate early proteins, which play a role in initiating expression
of the �20 delayed early genes in the E1B, E2, E3, and E4 transcrip-
tion units that are essential for Ad replication [41]. E1B proteins
protect the infected cell from apoptosis induced by E1A expression.
In a productive infection, E1B 55 K protein also mediates efficient
transport of late viral mRNA transcripts to the cytoplasm [42].
These deleted HAdV-C5 vectors are constructed from plasmids or
Ad DNA containing the genetically modified Ad genome, and these
E1-deleted HAdV-C5-based vectors are grown up on complement-
ing cell lines such as HEK293 A, PER.C6, or N52.E6 which express
the E1A and E1B genes [43]. Thus, these E1-deleted HAdV-C5 vec-
tors would undergo continuous passage in HEK293 A cells. In HK-2
cells without E1A and E1B genes, HAdV-C5 would not replicate
though the foreign genes, under control of the IE CMV promoter,
would be expressed independently of adenovirus gene expression.
In the present study, HAdV-C5 virions, as well as Pt-Dds of FAdV-4
(HAdV-C5 has no Pt-Dd) were observed in HEK293 A cells that had
been infected by rAd-f1, rAd-f2, and rAd-p; however, no HAdV-C5
virions, only Pt-Dds, were found in infected HK-2 cells. Accord-
ingly, it would be interesting to produce Pt-Dds in cells which do
not express adenovirus E1.

Dodecahedra (Dd) composed of 12 pentons are found in cells
infected with HAdV-B3 [44]. These are synthesized in abundance
with 5.5 � 106 Dds produced per one infectious virus in Hela cells
[45]. As calculated at 24 h.p.i, approximately 200-fold more Dds
than total viral particles are found in HAdV-B3-infected Hela cells
determined by WB [45]. Ad Dd is different than other known VLPs
of non-enveloped viruses, such as human papilloma virus or Nor-
walk VLPs, whose VLPs morphologically mimic native virions. Ad
Dd is smaller and lacks several structural components of the Ad
viral particle resulting in functional and structural properties that
are different from those of the virus capsid. For example, Dd is able
to attach to and penetrate cells via interaction with heparan sul-
fate, a pathway not used by the virus of origin, HAdV-B3 [46,47].
Owing to its high endocytosis capacity, Pt-Dd has been investi-
gated extensively as an alternative vector for antigenic protein
[48] or small molecule drugs [49]. In the present study, the charac-
teristics of Pt-Dd from fAdV-4 were studied. By co-infection of
HEK293 A or HK-2 cells with recombinant Ad5 expressing fiber-
1, fiber-2, and penton base of fAdV-4, Pt-Dds were assembled,
and they could be efficiently internalized into human cells, Hela
cells (Fig. 3) and chicken embryo fibroblasts (data not shown).
Because fAdV-4 is not from a human source, there is less chance
that related antibodies would be found in human; therefore, the
fAdV-4 derived Pt-Dd could be a good drug delivery system for
human disease therapy.

HAdV-B3 Dds exhibit remarkable stability and can be stored for
long periods at 4 �C and even at room temperature [49]. Thawing
and reconstitution with water after being frozen and lyophilized
did not significantly influence their integrity. As previously
reported, Dds retain their particulate integrity in human serum
at 37 �C for at least 2 h [49]. Accordingly, Dds can be conveniently
stored and transported, and can be used as a vaccine or drug deliv-
ery system under various climates. Although we did not check the
stability of Pt-Dd of FAdV-4 in multiple environments , they can
penetrate HeLa cells after 4 weeks of storage at 4 �C (data not
shown).

In the present study, Pt-Dds of FAdV-4 VLPs were produced
using HAdV-C5, and the immune responses induced by Pt-Dd were
evaluated. Pt-Dd is readily internalized by dendritic cells which are
principal antigen-presenting cells. Pt-Dd, along with additional
antigens, might induce strong cell mediated immune responses.
Mice immunized with OVA linked to HAdV-B3 Pt-Dd by WW
domain developed OVA-specific CD8 + T cells and robust humoral
responses in mice [21]. Proteins or peptides alone do not easily eli-
cit a strong immune response. Pt-Dd, by improving the antigen
delivery, played the role of an adjuvant. In the present study,
immunization with Pt-Dd induced humoral antibody and
increased expression of mRNA encoding cytokines IL-4 and IFN-c
as well as MHC-II in PBMCs. In addition, Pt-Dd also induced higher
levels of humoral immune response with significant high levels of
antibodies in serum detected by ELISA. In a previous study, the
purified FAdV-8b VLPs also induced neutralizing antibodies and
cytotoxic T-cell responses as evidenced by a statistically significant
(p < 0.05) CD8 + T-cell proliferative response in breeders and pre-
vented disease in progeny via maternal antibodies transfer [35].
Accordingly, the Pt-Dd of FAdVs might be an ideal vaccine candi-
date for the control of related diseases.

In the current study, fiber-1 provided better protection than did
fiber-2 against challenge with FAdV-4. This result is different to our
previous study [39] and several other related studies [50,51], in
which fiber-2 induced better protection than fiber-1 against
FAdV-4 infection than fiber-1 [39,50,51]. It is interesting that, in
the current study, fiber-2 induced higher antibody levels whereas
fiber-1 induced higher expression of IL-4 and MHC-II by PBMCs
(Fig. 4). Further studies are required to reveal the reason behind
these differences. Pt-Dds of FAdV-4 induced most strong immune
responses and immune protection against the challenge of FAdV-
4. Since the cells and viral vector were same, we believe that the
enhanced immune responses were derived from the specific func-
tion of Pt-Dds, but not the components from HK-2 cell or HAdV-C5.
In addition, recombinant adenovirus expression GFP did not
induced FAdV-4 specific immune response and immune protection
against FAdV-4 infection.

In summary, Pt-Dds were assembled in human cells infected
with E1-deleted HAdV-C5 encoding penton base and both fiber
proteins of FAdV-4. These Pt-Dds could penetrate different types
of cells with high efficiency indicating that they could provide a
new delivery system for drugs or for antigenic molecules, in the
case of vaccines. Immunization with Pt-Dd induced high levels of
humoral antibody as well as IL-4, IFN-c and MHC-II expression in
PBMCs and offered complete protection against challenge with
FAdV-4.
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