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Oral Inoculation of Chickens with a Candidate Fowl Adenovirus 9
Vector
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Fowl adenoviruses (FAdVs) are a potential alternative to human adenovirus-based vaccine vectors. Our previous studies demon-
strated that a 2.4-kb region at the left end of the FAdV-9 genome is nonessential for virus replication and is suitable for the inser-
tion or replacement of transgenes. Our in vivo study showed that the virus FAdV-9A4, lacking six open reading frames (ORFs) at
the left end of its genome, replicates less efficiently than wild-type FAdV-9 (WtFAdV-9) in chickens that were infected intramus-
cularly. However, the fecal-oral route is the natural route of FAdV infection, and the oral administration of a vaccine confers
some advantages compared to administration through other routes, especially when developing an adenovirus as a vaccine vec-
tor. Therefore, we sought to investigate the effects of FAdV-9 in orally inoculated chickens. In the present study, we orally inocu-

lated specific-pathogen-free (SPF) chickens with FAdV-9 and FAdV-9A4 and assessed virus shedding, antibody response, and
viral genome copy number and cytokine gene expression in tissues. Our data showed that FAdV-9A4 replicated less efficiently
than did wtFAdV-9, as evidenced by reduced virus shedding in feces, lower viral genome copy number in tissues, and lower anti-
body response, which are consistent with the results of the intramuscular route of immunization. Furthermore, we found that
both wtFAdV-9 and FAdV-9A4 upregulated the mRNA expression of alpha interferon (IFN-a), IFN-v, and interleukin-12 (IL-
12). In addition, there was a trend toward downregulation of IL-10 gene expression caused by both viruses. These findings indi-
cate that one or more of the six deleted ORFs contribute to modulating the host response against virus infection as well as virus

replication in vivo.

F owl adenoviruses (FAdVs), of the genus Aviadenovirus and
the family Adenoviridae (1), have a worldwide distribution
and can be isolated from both sick and healthy birds (2). Infec-
tion with pathogenic FAdVs can lead to inclusion body hepa-
titis (IBH) in broiler chickens, causing very significant losses to
the poultry industry worldwide, including in Canada (3, 4).
FAdVs are transmitted horizontally and vertically, can cause
persistent infections, and are excreted through feces and the
respiratory tract (2, 5).

To date, the genomes of four fowl adenoviruses (those of FAdV-1,
FAdV-9,FAdV-8, and FAdV-4) have been fully sequenced (6-9), and
they are about 10 kb larger than those of mastadenoviruses.

Human adenoviruses (HAdVs) and other mammalian adeno-
viruses are used both as oncolytic viruses (10-12) and vaccine
vectors (13, 14). FAdVs are also suitable vectors; for example,
FAdV-1- and FAdV-8-based recombinant viruses have induced
protective immune responses against infectious bursal disease vi-
rus and infectious bronchitis virus, respectively (15, 16).

The nonpathogenic FAdV-9 has also been developed as a
virus vector. We demonstrated that the tandem repeat region 2
(TR-2) at the right end of the genome is dispensable and is
suitable for foreign gene insertion (17). More recently, a 2.4-kb
region at the left end of the FAdV-9 genome, containing two
putative motifs of the packaging signal domain and six open
reading frames (ORFs), was shown to be nonessential for virus
replication in vitro and in vivo; however, a deletion virus
(FAdV-9A4) that lacks the six ORFs (0, 1, 1A, 1B, 1C, and 2)
replicated less efficiently than the wild-type (unmodified)
FAdV-9 (wtFAdV-9) in chickens inoculated intramuscularly,
and the antibody (Ab) level was lower in the FAdV-9A4-inoc-
ulated birds (18). We have also demonstrated that the left end
of the FAdV-9 genome is a suitable site for the insertion and
replacement of foreign genes (19). Moreover, in chickens im-
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munized with a recombinant virus containing the enhanced
green fluorescence protein (EGFP) gene, antibodies were de-
tected against the foreign protein (20). All these studies suggest
the importance of the left-end genes of the FAdV-9 genome in
virus replication, immune response modulation, and vector
design. Moreover, the optimization of delivery routes and reg-
imens is important for overcoming the potential limitations of
AdV-based vaccines for both human and animal applications
(21).

FAdVs are normally transmitted by the fecal-oral route, so we
wanted to learn more about the replication of our vector virus and
its effect on the chicken immune system after oral administration.
Therefore, the aims of the present work were to study virus repli-
cation and host response in chickens that were inoculated orally
with an FAdV vector virus (FAdV-9A4) and a wild-type virus
(WtFAdV-9). Specifically, virus shedding in feces, viral genome
copy number in tissues, antibody response, and expression levels
in tissues of selected cytokine genes, alpha interferon (IFN-a),
IFN-v, interleukin-10 (IL-10), and IL-12 were determined.

MATERIALS AND METHODS

Viruses and cells. FAdV-9 (strain A-2A) and FAdV-9A4 were propagated
and titrated in chicken hepatoma cells (CH-SAH) as described previously
(22). The cells were maintained in Dulbecco’s modified Eagle’s medium
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TABLE 1 Virus titers in the feces of chickens orally inoculated with FAdV-9A4 or wtFAdV-9

FAdV-9A4 wtFAdV-9
% of chickens % of chickens

Day p.i. Titer (PFU/ml) shedding the virus Titer (PFU/ml) shedding the virus
0 ND* 0 ND 0
1 1.04 X 10% * 1.50 X 102 88.9 8.26 X 10% + 5.81 X 10? 100
3 ND 0 2.14 X 10> = 1.46 X 10° 100
5 ND 0 3.97 X 10° + 4.07 X 10° 100
7 1.60 X 10" = 3.51 X 10" 25 4.16 X 10* * 3.89 X 10? 100
10 ND 0 1.94 X 10% £ 2.65 X 10? 80
14 ND 0 3.21 X 10" + 3.12 X 10° 53.3
21 ND 0 ND 0
28 ND 0 ND 0

“ND, not detected.

and nutrient mixture Ham’s F-12 medium (DMEM-F12) supplemented
with 10% non-heat-inactivated fetal bovine serum (FBS), 2 mM 1-glu-
tamine, 100 U/ml penicillin, and 100 g/ml streptomycin.

Animal experiment. The experiment was reviewed and approved by
the Animal Care Committee of the University of Guelph in accordance
with the Guide to the Care and Use of Experimental Animals of the Ca-
nadian Council on Animal Care. One hundred thirty-five 1-day-old spe-
cific-pathogen-free (SPF) White Leghorn chickens were obtained from
the Canadian Food Inspection Agency (CFIA) (Ottawa, Canada) and
were housed in the isolation unit of the University of Guelph. At 7 days of
age, the chickens were wing tagged and randomly divided into three
groups (groups I, II, and III). On day 10, the chickens were inoculated
orally with 1.5 X 10”7 PFU/chick with wtFAdV-9 (group I), FAdV-9A4
(group II), or PBS (group III). The chickens were observed daily for clin-
ical signs of infection. To detect virus in the feces, cloacal swabs were
collected in 1 ml PBS with antibiotics at0, 1, 3, 5, 7, 10, 14, 21, and 28 days
postinoculation (d.p.i.) and were stored at —80°C until processing. Sam-
ple preparation and virus titration were performed as described previ-
ously (18). A sample was regarded as negative if it tested negative at least
twice and at two different times. Blood samples were collected from all
chickens on 0, 7, 14, 21, and 28 d.p.i., and sera were tested for antibodies
by enzyme-linked immunosorbent assay (ELISA) using purified FAdV-9
as an antigen and following the method described previously (23). Five
chickens from each group were randomly drawn for euthanasia and nec-
ropsyon1,2,3,4,5,7,14, 21, and 28 d.p.i. Liver, cecal tonsil, spleen, and
bursa of Fabricius samples were collected and sectioned into two portions:
one was placed in a sample bag and stored at —80°C for viral genome copy
number determination, as described previously (24), and the other was
collected in a 1.5-ml sterile Eppendorf tube containing RNAlater (Invit-
rogen Canada, Inc., Burlington, Ontario, Canada) and stored at —80°C.
The expression levels of the IFN-a, IFN-v, IL-10, and IL-12 p40 cytokine
genes were evaluated by real-time quantitative PCR (RT-qPCR), with
B-actin as a reference gene, as described previously (25-27).

Statistical analysis. Statistical analyses were performed using Graph-
Pad Prism 5.0 software (San Diego, CA). A one-way analysis of variance
(ANOVA) was used to determine significant differences between the
groups. The critical level for significance was set at a P value of <0.05. The
data were expressed as mean = standard error of the mean (SEM), deter-
mined from five individual birds at the designated days.

RESULTS

Throughout the experiment, no clinical signs of infection were
seen in any groups of chickens, and there were no pathological
lesions at necropsy.

Virus shedding. Virus titers in cloacal swabs were deter-
mined by the plaque assay. No virus was detected in any groups
of chickens before inoculation and in the mock-infected group
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throughout the study. The virus titers in groups inoculated
with wtFAdV-9 and FAdV-9A4 are shown in Table 1. For
FAdV-9A4, virus was detected only at days 1 and 7 p.i., and the
titers were significantly lower than those of wtFAdV-9-infected
chickens. In the wtFAdV-9-infected group, virus was detected
with high titersat 1 to 14 d.p.i., but virus was not detected at the
later days (21 and 28 d.p.i.). The highest titer appeared at 5 d.p.1
with 4.0 X10° PFU/ml.

Viral genome copy number in tissues. Viral genome copy
numbers in liver, cecal tonsil, bursa of Fabricius, and spleen sam-
ples were determined by quantitative PCR (qPCR), and the results
are summarized in Table 2. No viral DNA was detected in the
mock-infected chickens. Throughout the study, viral DNA was
detected in cecal tonsil and spleen samples from both virus-in-
fected groups from 1 d.p.i. until 21 d.p.i. and also in liver samples
collected at 1, 3, 5, and 7 d.p.i. At day 14 p.i., 40% and 60% of the
liver samples had detectable virus levels for the FAdV-9A4 and
wtFAdV-9 groups, respectively. At 21 d.p.i. only 20% of the sam-
ples, and only from the wtFAdV-9 group, were positive for virus.
Viral DNA was also detected in some samples of the bursa of
Fabricius until day 14 p.i.; however, the genome copy numbers
were low compared to those in other tissue samples. The viral
genome copy number was highest in cecal tonsil samples, and it
was higher in the wtFAdV-9 group than in FAdV-9A4-infected
chickens.

Antibody response. The presence of FAdV-9-specific Ab was
determined by ELISA as described previously (23) and is shown in
Fig. 1. No antibodies were detected in any groups before inocula-
tion or in the mock-infected group at any time. Over the study,
antibody levels increased in both the wtFAdV-9- and FAdV-9A4-
infected groups from week 1 p.i. until the end of the experiment at
week 4 p.i. The antibody response to wtFAdV-9 was significantly
higher (P < 0.001) than that to FAdV-9A4 throughout the exper-
iment.

Cytokine gene expression in tissues. The expression of mRNA
of cytokines in the spleen, liver, bursa of Fabricius, and cecal tonsil
samples was measured by RT-qPCR.

The expression of IFN-a, IFN-y, IL-10, and IL-12 genes in
spleen samples is shown in Fig. 2. There was a statistically signifi-
cant upregulation (P < 0.05) in the expression of IFN-« in the
spleen samples from wtFAdV-9-infected chickens at 7 d.p.i. com-
pared to that in the mock-infected group. In addition, the expres-
sion of IFN-y was significantly upregulated (P < 0.05) at both 5
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TABLE 2 Viral genome copy numbers in tissues of chickens orally inoculated with FAdV-9A4 or wtFAdV-9

FAdV-9A4

wtFAdV-9

Viral genome copy no.

Tissue sample (copies/p.g total tissue

% of tissues Viral genome copy no. (copies/jg % of tissues

Day p.i. type” DNA) with virus” total tissue DNA) with virus”
1 L 427 X 10% + 1.84 X 10* 100 1.72 X 10° * 1.76 X 10* 100
CT 1.68 X 10* + 1.58 X 10° 100 1.88 X 10° * 1.32 X 10° 100
B 1.15 X 10* * 4.84 X 10" 100 2.17 X 10° = 1.71 X 10? 100
S 8.77 X 10* + 6.43 X 10" 100 2.29 X 10° * 4.62 X 107 100
3 L 2.08 X 10" * 6.42 X 10° 100 4,12 X 10% = 1.18 X 10* 100
CT 2.98 X 10% *= 1.71 X 10" 100 1.21 X 10° * 3.08 X 10° 100
B 6.52 X 10° + 3.76 X 10° 40 9.65 X 10° + 2.71 X 10° 60
S 3.75 X 10% + 2.05 X 10* 100 6.03 X 107 + 2.36 X 10* 100
5 L 3.39 X 10" + 3.88 X 10° 100 8.92 X 10% *+ 5.64 X 10* 100
CT 2.65 X 10° + 7.46 X 10 100 9.80 X 10° * 9.35 X 107 100
B 1.86 X 10" = 2.68 X 10° 60 3.42 X 10* = 7.14 X 10" 60
S 9.54 X 10" + 7.1 X 10° 100 1.75 X 10* * 2.01 X 10" 100
7 L 4.55 X 10" + 4.56 X 10° 100 2.12 X 10% = 2.46 X 10" 100
CT 6.54 X 107 + 2.79 X 10* 100 7.53 X 10° + 5.86 X 10* 100
B 8.90 X 10° + 2.76 X 10° 40 8.28 X 10" + 2.93 X 10° 80
S 8.15 X 10" + 3.71 X 10° 100 1.46 X 10*> *= 1.71 X 10! 100
14 L 1.62 X 10" + 3.24 X 10° 40 7.64 X 10" +2.72 X 10° 60
CT 7.30 X 10" + 5.45 X 10° 100 1.77 X 10* * 1.63 X 10" 100
B 6.73 X 10° + 2.26 X 10° 40 3.22 X 10" +5.50 X 10° 40
S 2.65 X 10! + 2.35 X 10° 100 1.27 X 10*> = 5.21 X 10! 100
21 L ND* 0 1.56 X 10" = 4.35 X 10° 20
CT 435X 10" £ 1.15 X 10° 100 1.44 X 10° + 2.93 X 10! 100
B ND 0 ND 0
S 1.52 X 10" + 5.76 X 10° 100 1.15 X 10* = 2.71 X 10" 100

@1, liver; CT, cecal tonsil; B, bursa of Fabricius; S, spleen.
b The percentage of tissues in which the viral genome was detected.
“ND, not detected.

and 7 d.p.i. upon wtFAdV-9 infection compared to that in both
the FAdV-9A4-infected and mock-infected groups. IL-12, similar
to the pattern of IFN-v, was also significantly upregulated (P <
0.05) in the spleen samples from wtFAdV-9-infected chickens at 3,
5, and 7 d.p.i. compared to that in the other two groups. More-
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FIG 1 Antibody (IgG) response to FAdV-9 in chickens orally inoculated with
FAdV-9A4 (checkered bars) or wtFAdV-9 (striped bars) and in mock-inocu-
lated chickens (white bars), as measured by ELISA, shown as S/P (sample-to-
positive) ratios. *, statistical significance (P < 0.05) compared to the mock-
infected group. Brackets above the bars indicate comparison between
wtFAdV-9- and FAdV-9A4-infected chickens.
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over, there was also a significant upregulation (P < 0.05) of the ex-
pression of IL-12 in the spleen samples from FAdV-9A4-infected
chickens. The expression of IL-10 showed some variations, including
both upregulation and downregulation, upon wtFAdV-9 or FAdV-
9A4 infection, although they were not significant (P > 0.05). It
should be noted that IL-10 was downregulated, although not signifi-
cantly, by wtFAdV-9 at 5 and 7 d.p.i., while IFN-y was significantly
upregulated.

The expression of IFN-a, [FN-y, IL-10, and IL-12 genes in liver
samples is presented in Fig. 3. Similar to the cytokine patterns in
spleen samples, upregulation in the expression of IFN-a, IFN-v,
and IL-12 was found in the wtFAdV-9-infected group at certain
d.p.i. not seen in the mock-infected group. For example, IFN-a
was significantly upregulated (P < 0.05) at 3, 5 and 7 d.p.i., as was
the case for IFN-y at 3, 5, and 14 d.p.i. and for IL-12 at all desig-
nated time points except 1 d.p.i. Additionally, compared to FAdV-
9A4 infection, the wtFAdV-9 caused a greater level (P < 0.05) of
induction of IFN-q, IFN-v, and IL-12 at 7, 3, and 7 d.p.i., respec-
tively. In FAdV-9A4 infection, upregulation was noted for only
IFN-y at 3 and 5 d.p.i. (P < 0.05). The expression of IL-10 was
downregulated (P < 0.05) in wtFAdV-9-infected chickens at 5
d.p.i, while IFN-y was significantly upregulated (0.001<<P < 0.05)
at that time.
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FIG 2 Cytokine mRNA expression in spleen samples from wtFAdV-9 (striped bars), FAdV-9A4 (checkered bars), and mock-infected (white bars) chickens.
Target and reference gene expression levels were quantified by RT-qPCR, and levels are presented relative to 3-actin expression and normalized to a calibrator.
Error bars represent standard error of the means. The significance of the regulation level between any two groups was analyzed. *, significant (P < 0.05)
upregulation compared to the mock-infected group; **, very significant (0.001 < P < 0.05) upregulation compared to the mock-infected group. Brackets above
the bars indicate comparison between wtFAdV-9- and FAdV-9A4-infected chickens.

The expression of IFN-a, IFN-y, IL-10, and IL-12 genes in
bursa of Fabricius samples is illustrated in Fig. 4. There was a
statistically significant upregulation (P < 0.05) of the expression
of IFN-a in bursa samples from wtFAdV-9-infected chickens at 5,
7, and 14 d.p.i. and in bursa samples from FAdV-9A4-infected
chickens at 14 d.p.i. compared to that in the mock-infected group.
For the expression of IFN-v, significant upregulation (P < 0.05)
was found at 5 and 14 d.p.i. in only the wtFAdV-9-infected chick-
ens. IL-12 was upregulated significantly by both wtFAdV-9 at 7
and 14 d.p.i. and by FAdV-9A4 at 14 d.p.i. On the other hand, the
expression of IL-10 was noted for downregulation at 14 d.p.i,,
while IFN-y was significantly upregulated (0.001<< P < 0.05) in
the wtFAdV-9 group at that time.

The expression of the IFN-a, IFN-v, IL-10, and IL-12 genes
in cecal tonsil samples is presented in Fig. 5. There was no
significant difference (P > 0.05) in the expression of IFN-a,
IFN-v, and IL-10 between any two groups. However, there
might be some downregulation of IL-10 expression at 5 and 7
d.p.i. Unlike other cytokines, IL-12 was significantly upregu-
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lated (P < 0.05) by wtFAdV-9 infection at 7 and 14 d.p.i. com-
pared to the mock-infected group.

DISCUSSION

In the present study, we investigated virus replication and host
responses in chickens that were orally inoculated with our adeno-
virus vector candidate, FAdV-9A4, which lacks six ORFs at the left
end of the viral genome. FAdV-9A4, although it replicated less
efficiently in vivo than did wtFAdV-9, induced an antibody re-
sponse, albeit at a lower level than in wtFAdV-9-inoculated birds.
The cytokine gene expression profiles upon virus infection
showed that wtFAdV-9 significantly upregulated the mRNA ex-
pression of IFN-a, IFN-vy, and IL-12 in all tested tissues except
cecal tonsils at least at one tested time point throughout the ex-
periment, while FAdV-9A4 did not.

Human adenoviruses, such as HAdV-5, have been extensively
investigated for vectored vaccine and gene therapy due to their
aptitude for inducing potent innate and adaptive immune re-
sponses (10, 13, 28). However, the use of HAdV-based vectors is
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FIG 3 Cytokine mRNA expression in liver samples from wtFAdV-9 (striped bars), FAdV-9A4 (checkered bars), and mock-infected (white bars) chickens. Target
and reference gene expression levels were quantified by RT-qPCR and are presented relative to 3-actin expression and normalized to a calibrator. Error bars
represent the standard error of the means. The significance of the regulation level between any two groups was analyzed. *, significant (P < 0.05) up- or
downregulation compared to the mock-infected group; **, very significant (0.001 < P < 0.05) up- or downregulation compared to the mock-infected group.
Brackets above the bars indicate comparison between wtFAdV-9- and FAdV-9A4-infected chickens.

hampered by the widespread preexisting immunity in humans
(13). This initiated interest in the development of nonhuman
AdVs, including FAdVs, which are an attractive choice both as
vaccine vectors for poultry (15, 16) and as gene therapy vectors.
The optimization of delivery routes and application regimens
of AdV vectors are also needed to counteract the limitations of
HAdV-based vaccines (21). Moreover, oral administration of
AdV vectors is better able to avoid systemic neutralizing antibod-
ies than are other routes of administration (29, 30).
Nonpathogenic FAdV-9 is being studied and developed as a
vector in our laboratory. Earlier, we employed both oral and in-
tramuscular administration routes to evaluate the Ab response to
FAdV-9 (23). However, in that study (23), virus was given through
water and feed, which means the amount of virus dose taken up by
the chickens was unknown. In more recent studies (18, 20), we
evaluated the FAdV-9A4 vector virus administered intramuscu-
larly (i.m.), and in the present work, the chickens were inoculated
orally. Similar to with i.m. administration, virus was rarely de-
tected (only at days 1 and 7 p.i.) in the feces of the orally inoculated
FAdV-9A4 group and with titers very significantly lower than
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those of the wtFAdV-9 group. The route of inoculation did not
alter the period of virus shedding for wtFAdV-9-infected chick-
ens. After oral inoculation, virus was detected by both plaque assay
and quantitative PCR at 1 d.p.i., which showed the highest viral
genome copy number throughout the study. One explanation is
that the detected viruses were from the initial inoculum, i.e., the
parental viruses. At 3 d.p.i., the viral genome copy number
dropped markedly in all tissue samples. A second peak of viral
genome copy numbers in the liver and bursa of Fabricius samples
from the wtFAdV-9 group occurred at 5 d.p.i., which was well in
accord with the highest titer detected at that time point. Similar
trends have been seen for FAdV-8 (8). Viral genome copy num-
bers, indicating the virus load in different tissues, were signifi-
cantly higher in the wtFAdV-9 group than in the FAdV-9A4 group
tissue samples except in spleen and were shown to be the highest in
the cecal tonsil samples. Similar results have been obtained for
both FAdV-8 (8) and FAdV-4 (unpublished data).

The antibody response after oral inoculation in the wtFAdV-9
group was significantly higher (P < 0.001) than in the FAdV-9A4
group throughout the study (Fig. 1), which is similar to the i.m.

cviasm.org 1193


http://cvi.asm.org

Deng et al.

IFN-a
£
S 8.0x10" -
. *
T R '_I
- ,—| *
3 6.0x10" - sk l
< L =
= i — —]
4.0x101 4 ] —]
g ot — x TH]
g e =
2 2.0x10" 4| A —
b T - —
) M —]
> R —]
E 0 .l — L] T L] —
& 3 5 7
Days post-inoculation
IL-12
.:.'
£1.2x10° -
B
Q.
=
S I :
1 4
38.0x10 ]_ = l
St —1 -
=} — |
: = |E
2 — —] —
£4.0x10% 4 _ LT = — —
[ — — — —]
] — —] —] —]
o — _— ]
5] — —— — ||
2 —] —] — —
= — = —] —]
T) 0 T T T
-2 1 3 5 7

Days post-inoculation

IFN-y
=
S 1.5x10° -
T
a
2
&
Z 1.0x10° - l
< —
=] —] "
2 A e L B
$ 5.0x10¢ 4 — = .
= - —] —] Lk
w o — [} s
< o — — | E
4 Py —} e
2 :l — ] :I
% 0 C L] — L] . :
=2 1 3 S 7 14
Days post-inoculation
IL-10
=
S 2.0x107 -
T
a
e
S. 1.5x10?2 -+ I
- —]
== —1
= —]
= 1.0x102 —
= —
g =
£ 5.0x10° 4 —
L —]
@ ]
2 —
< 0 ' —
&~ 1 3

Days post-inoculation

FIG 4 Cytokine mRNA expression in bursa of Fabricius samples from wtFAdV-9 (striped bars), FAdV-9A4 (checkered bars), and mock-infected (white bars)
chickens. Target and reference gene expression levels were quantified by RT-qPCR and are presented relative to B-actin expression and normalized to a calibrator.
Error bars represent the standard error of the means. The significance of the regulation level between any two groups was analyzed. *, significant (P < 0.05) up-
or downregulation compared to the mock-infected group; **, very significant (0.001<< P < 0.05) up- or downregulation compared to the mock-infected group.
Brackets above the bars indicate comparison between wtFAdV-9- and FAdV-9A4-infected chickens.

inoculation results of Corredor and Nagy (18). The fact that the
mutant virus elicits a less-robust antibody response than the wild-
type virus might be advantageous when the same vector virus is
considered in a secondary treatment or vaccination. The i.m. in-
oculation induced a higher Ab level not only for wFAdV-9 but for
FAdV-8 (8) and FAdV-4 as well (our unpublished data).

In addition to the Ab response, we investigated the expression
of IFN-a, IFN-y, IL-12, and IL-10 genes at different days after oral
inoculation. Type I IFNs are essential for the mediation of potent
antiviral responses, and they also upregulate IFN-y production in
natural killer (NK) cells, which induces a T helper 1 (Th1) re-
sponse that will activate cytotoxic T lymphocytes (CTLs) against
virus-infected cells. One of the major roles of IL-10 is to counter-
act the effects of Th1 responses by inhibiting IFN-y synthesis (31).
Chicken IL-10 also possesses a similar function (32). In the pres-
ent study, a trend of downregulation of IL-10 gene expression in
both wtFAdV-9 and FAdV-9A4 groups was found, which was not
surprising considering that IFN-vy expression was upregulated by
both viruses. Likewise, it was also apparent that IL-10 gene expres-
sion, similar to expression of other cytokine genes, was downregu-
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lated to a larger extent in wtFAdV-9-infected birds than in FAdV-
9A4 birds. Previous studies (33, 34) showed that the inflammatory
response against an AdV vector in mice was transient and did not
extend beyond 24 h, followed by a somewhat resting period of
inflammatory gene expression that occurred in the liver samples
lasting until 72 h.p.i. At days 4 to 5 p.i. a second dominant peak of
inflammatory gene expression appeared in the liver samples,
which is consistent with the adaptive immune response (35). The
cytokine gene expression in our study was investigated from only
day 1 p.i., and thus, the first peak of inflammatory gene expression
might have been missed, although this is unlikely. Nevertheless,
the second peak beginning about 5 d.p.i. was confirmed.

IFN-a and IFN-y mRNA expression was upregulated in all
tissues, except in the cecal tonsils, of the wtFAdV-9-infected
group. The upregulation of these two cytokines was not remark-
able soon after infection (day 1 p.i.), but it became statistically
significant at days 3, 5, and 7 p.i. These data were similar to the
results of our study on FAdV-8 (27). FAdV-9A4 infection also
upregulated the expression of IFN-o and IFN-y mostly in the liver
and bursa of Fabricius samples. However, the upregulation by
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FIG 5 Cytokine mRNA expression in cecal tonsil samples from wtFAdV-9 (striped bars), FAdV-9A4 (checkered bars), and mock-infected (white bars) chickens.
Target and reference gene expression levels were quantified by RT-qPCR and are presented relative to 3-actin expression and normalized to a calibrator. Error
bars represent the standard error of the means. The significance of the regulation level between any two groups was analyzed. *, significant (P < 0.05) up- or
downregulation compared to the mock-infected group; **, very significant (0.001<< P < 0.05) up- or downregulation compared to the mock-infected group.
Brackets above the bars indicate comparison between wtFAdV-9- and FAdV-9A4-infected chickens.

FAdV-9A4 was less than that by wtFAdV-9 and was statistically
significant in the liver samples only at days 3 and 5 p.i. A signifi-
cant difference was also noted for the expression of IFN-a and
IFN-vy between wtFAdV-9 and FAdV-9A4 groups, which might be
due to the less-efficient replication of FAdV-9A4 in inoculated
chickens. However, it might also be due to the deleted ORFs (0, 1,
1A, 1B, 1C, and 2) that potentially have roles in modulating the
host immune response against FAdV infection, as wtFAdV-9 in-
duced a significantly higher IFN-y expression than FAdV-9A4 at 3
and 5 d.p.i. in spleen samples, where no significant difference was
found in terms of the viral genome copy number.

IL-12 is a pleiotropic heterodimeric cytokine comprising two
subunits (p35 and p40) and is secreted by monocytes, macro-
phages, and dendritic cells (36). In mammals, the key role of IL-12
is the initiation and progression of the Th1-type immune response
that is typically associated with IFN-vy induction by resting and
activated T and NK cells, through inducing the proliferation of the
activated T and NK cells (37, 38). Both the p40 and p35 genes of
chicken interleukin-12 (chIL-12) are cloned and characterized
(39), and similar to the mammalian IL-12, chIL-12 also induces
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IFN-vy synthesis and proliferative activity of freshly exposed
chicken spleen cells. We found that the mRNA expression of IL-12
(p40) was upregulated throughout the study in all selected tissues
from both the wtFAdV-9 and FAdV-9A4 groups. We found that
the mRNA expression of IL-12 (p40) was upregulated in all se-
lected tissues of wtFAdV-9-infected chickens. Moreover, we also
noted that on the days when IL-12 was significantly upregulated,
IFN-vy was also upregulated, which is in agreement with the results
of Degen and coworkers (39).

In conclusion, we investigated virus replication and host re-
sponses of orally inoculated chickens with a candidate FAdV vec-
tor virus, FAdV-9A4. Based on virus shedding and the number of
viral genome copies in selected tissues, virus replication in FAdV-
9A4 was less efficient than that in wtFAdV-9, which was similar to
that of intramuscular inoculation. We also demonstrated that
both wtFAdV-9 and FAdV-9A4 generally upregulated the mRNA
expression of IFN-a, IFN-v, and IL-12 and had a trend of down-
regulation of IL-10 gene expression in vivo. wtFAdV-9 normally
caused a larger extent of regulation than FAdV-9A4. Our data
suggest that the six deleted ORFs of FAdV-9A4 play an important
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role not only in virus replication in vivo but also in modulating the
host response against FAdV infection, the areas we are currently
studying.
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