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There currently are commercial fowlpox virus (FPV)-vectored vaccines for use in chickens, including
TROVAC-AIV HS5, which expresses the hemagglutinin (HA) antigen of an avian influenza virus and can confer
immunity against avian influenza in chickens. Despite the use of recombinant FPV (rFPV) for vaccine delivery,
very little is known about the immune responses generated by these viruses in chickens. The present study was
designed to investigate host responses to rFPV in vivo and in vitro. In cultured cells infected with TROVAC-AIV
HS, there was an early increase in the expression of type I interferons (IFN), Toll-like receptors 3 and 7 (TLR3
and TLR7, respectively), TRIF, and MyD88, which was followed by a decrease in the expression of these genes
at later time points. There also was an increase in the expression of interleukin-1 (IL-13), IL-8, and
beta-defensin genes at early time points postinfection. In chickens immunized with TROVAC-AIV HS, there
was higher expression of IFN-y and IL-10 at day 5 postvaccination in spleen of vaccinated birds than in that
of control birds. We further investigated the ability of the vaccine to induce immune responses against the HA
antigen and discovered that there was a cell-mediated response elicited in vaccinated chickens against this
antigen. The findings of this study demonstrate that FPV-vectored vaccines can elicit a repertoire of responses
marked by the early expression of TLRs, type I interferons, and proinflammatory cytokines, as well as cytokines
associated with adaptive immune responses. This study provides a platform for designing future generations

of rFPV-vectored vaccines.

Fowlpox virus (FPV) belongs to the genus Avipoxvirus and
causes a disease of economic importance in poultry. FPV in-
fection occurs through insect bites, skin abrasions, or the re-
spiratory system, and the disease caused by the virus is pre-
sented in two forms: cutaneous and/or diphtheric (5, 48).
Attenuated FPVs have been employed as vaccines for chickens
or as candidate vectors for the delivery of recombinant pro-
teins in both mammalian and avian species (38, 53). FPV-
based vectors have been demonstrated to efficiently elicit both
antibody- and T-cell-mediated immune responses against the
antigen that they express (23, 34, 43). In mammals, applica-
tions of FPV-vectored vaccines include infectious diseases and
cancer. Immunization with a FPV vaccine expressing the gly-
coprotein antigen of rabies virus resulted in conferring protec-
tion in mice, dogs, and cats (53). More recently, the safety and
efficacy of FPV vaccines against malaria and human immuno-
deficiency virus (HIV) have been assessed in experimental
animal models as well as in human trials (9). In mice, an
FPV-vectored vaccine expressing an epitope of the V3 loop of
several HIV strains was shown to elicit T helper 1 (Th1) and
CD8™" T-cell responses to the cognate HIV antigen (57). The
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delivery of gag proteins of HIV or simian immunodeficiency
virus (SIV) by FPV in rabbits resulted in the induction of
antibody- and cell-mediated responses to these proteins (44).
Moreover, the administration of FPV expressing the E2 pro-
tein of bovine viral diarrhea virus (BVDV) to mice led to the
induction of gamma interferon (IFN-vy) in spleen mononuclear
cells of vaccinated mice following the incubation of their cells
with BVDV (34). In the case of malaria, the use of FPV-
vectored vaccines in human trials has shown promising results.
For instance, Webster and colleagues (59) reported that a
prime-boost vaccination regimen, which included FPV ex-
pressing the preerythrocytic-stage malaria antigen throm-
bospondin-related adhesion protein (TRAP) for priming and a
vaccinia Ankara virus expressing TRAP for boosting, could
confer protection in humans against challenge with Plasmo-
dium falciparum. FPV also has been used in clinical trials of
several anticancer vaccines. These FPV vectors express tumor-
associated antigens, such as carcinoembryonic antigen, pros-
tate-specific antigen, and NY-ESO-1, which is a malignancy/
testis antigen (9, 22). In the case of NY-ESO-1, the delivery of
this antigen by FPV resulted in the generation of antibody and
T-cell responses against various epitopes of this antigen in the
vaccinated patients. Moreover, vaccination appeared to have
favorably affected the course of disease in the vaccinated pa-
tients (22).

In domestic animal species, FPV also has been used as a
delivery mechanism for various vaccines, and these vaccines
have been shown to induce T-cell responses. Shen and col-
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leagues (47) demonstrated that the coexpression of GP5/GP3
proteins of porcine reproductive and respiratory syndrome vi-
rus by recombinant FPV (rFPV) led to enhanced T-cell re-
sponses, marked by increased IFN-y concentrations in sera of
immunized pigs. However, there also are some reports that, at
least in mammals, FPV may not be able to elicit T-cell re-
sponses to same extent as other viruses (12). This may be
associated with the suboptimal induction of type I interferons
by FPV, leading to the perturbed development and expansion
of effector CD8" T cells (12).

Several experimental and commercial vaccines for chickens
have employed FPV for the delivery of viral antigens. These
vaccines are against Marek’s disease virus, infectious bursal
disease, Newcastle disease virus (NDV), and avian influenza
virus (AIV) (18, 36, 50, 55), of which FPV-vectored vaccines
against NDV and AIV are commercially available. Several
rFPV vaccines containing the hemagglutinin (HA) gene of
AIV have been studied in the past (8, 56). Recombinant FPV
expressing HA from a highly pathogenic avian influenza
(HPAI) strain, A/turkey/Ireland/1378/83 (HSNS), induced im-
mune responses to and protection against AIV in chickens (52,
60). In addition, a similar construct (TROVAC-AIV HS5 vac-
cine) induced antibodies to HA in cats (26). Swayne et al. (50)
showed that the same vaccine prevented the morbidity and
mortality of chickens, which were challenged with any of the
eight different strains of HPAI virus. However, there also are
some caveats associated with the use of FPV-vectored vac-
cines. For example, the presence of maternal antibodies
against FPV could interfere with the vaccination of young
birds. Furthermore, similarly to many other viral vectors, sec-
ondary immunization with the same vector may not be effective
due to the elicitation of a memory immune response following
primary immunization. Nevertheless, the efficiency of FPV as a
vector for the delivery of chicken vaccines has been under-
scored by several studies. However, our understanding of avian
host immune responses to FPV is very limited. There is only
one report of induction cell-mediated responses by FPV in
immunized chickens (49). Therefore, the present study was
designed to elucidate immune responses to a recombinant
FPV in chickens. We reasoned that gaining a better under-
standing of these responses should lead to the development of
better FPV vectors that have a superior capacity of inducing
appropriate responses, both quantitatively and qualitatively,
against the insert that they deliver. In the present study, we
have profiled host responses to FPV at the molecular and
cellular levels.

MATERIALS AND METHODS

Chickens and housing. Specific-pathogen-free (SPF), 1-day-old chicks were
obtained from the Animal Disease Research Institute, Canadian Food Inspec-
tion Agency (Ottawa, Ontario, Canada). The birds were maintained in floor pens
on clean wood shavings at the Ontario Ministry of Agriculture and Food Isola-
tion Unit (University of Guelph, Ontario, Canada). The research complied with
University of Guelph Animal Care Committee guidelines.

Recombinant vaccine. The TROVAC-AIV H5 vaccine was kindly provided by
Merial Select Inc. (Gainesville, GA). This vaccine is a recombinant fowlpox virus
vector that expresses AIV HA antigen derived from the A/turkey/Ireland/
1378/83 (HS5NS) isolate. The vaccine was stored at 4°C as recommended by the
manufacturer.

Experimental design. Chicken embryo fibroblasts (CEFs) were infected with
TROVAC-AIV H5 and harvested at several time points postinfection for RNA
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extraction and cDNA synthesis before the quantitative real-time PCR analysis of
c¢DNA for several immune system genes.

For in vivo experiments, 14-day-old chickens were divided into two groups: 34
were vaccinated subcutaneously with one dose of TROVAC-AIV HS5 as recom-
mended by the manufacturer, and 34 control chickens received the vaccine
diluent only. Six birds from each group were euthanized on days 1, 5, 7, 14, and
21 postinoculation, spleen tissues were aseptically removed, and 100 mg was
stored in RNAlater (Qiagen Inc., Mississauga, Ontario, Canada) at —80°C for
RNA extraction. The rest of the spleen tissue was kept in Hank’s balanced salt
solution (HBSS) on ice following removal from chickens and used immediately
for fluorescence-activated cell sorter (FACS) analysis. To determine cell-medi-
ated responses, four vaccinated and four control chickens were euthanized on
day 21 postvaccination. Spleen tissues were aseptically removed, and spleen
mononuclear cells were prepared to determine their proliferative response to the
HA antigen.

Single-cell suspension of spleen and separation of mononuclear cells. Spleens
were kept in HBSS buffer on ice following removal from chickens. After being
rinsed with HBSS, the tissue was minced with a scalpel and crushed with the flat
end of a syringe in sterile petri dishes. Larger pieces were allowed to settle out
of the cell suspensions, which subsequently were filtered through 40-um BD cell
strainers (BD Biosciences, Bedford, MA). Cell numbers and viability were as-
sessed using a hemacytometer and the trypan blue exclusion method.

To isolate mononuclear cells, 1.5 X 10 spleen cells in a 4-ml volume were
layered onto 4 ml Histopaque 1077 (Sigma-Aldrich Canada Ltd., Oakville, ON,
Canada) and centrifuged at 400 X g for 20 min to allow the separation of
mononuclear cells. Mononuclear cells were removed from the interface and
washed three times in cell culture medium, RPMI 1640 medium containing 10%
fetal bovine serum, 50 pg/ml gentamicin, 100 U/ml penicillin, and 100 pg/ml
streptomycin (all from Invitrogen Canada Inc., Burlington, Ontario, Canada).
Cells were resuspended in either FACS buffer (1% bovine serum albumin in
phosphate-buffered saline [PBS]) or cell culture medium.

Cloning and expression of hemagglutinin. The entire coding sequence of the
HA protein expressed by the vaccine was amplified by PCR using the following
primers: forward primer, 5'-ATCGGATCCGAGGAAATAGTGCTTCTTTTT
GC-3'; reverse primer, 5'-ATCCTCGAGCAATGCAAATTCTGCACTGCAA
TG-3'. The full length of HA was inserted into the BamHI-HindIII cloning site
of the expression vector pET-28a (Novagen, Madison, WI) to express the His-
tagged HA protein in Escherichia coli strain BL21. Expression was induced by
treatment with isopropyl-B-p-thiogalactopyranoside (IPTG), and the expression
product was purified using a His-tagged protein purification kit (QIAexpression-
ist; Qiagen Inc., Mississauga, Canada) according to the manufacturer’s manual.

In vitro spleen cell stimulation and proliferative response. Splenocytes were
prepared from vaccinated and unvaccinated birds. Cells were suspended in cell
culture medium to a density of 1 X 10° cells/ml and plated at 100 .l per well in
96-well round-bottom plates. The HA antigen, which was homologous to the one
produced by TROVAC-AIV HS5, was expressed in vitro in E. coli and added to
splenocytes at a final concentration of 3.2 ng per ml of cell culture medium. This
concentration was chosen based on a pilot experiment using different concen-
trations of HA. As a positive control for the proliferation assay, spleen mono-
nuclear cells also were treated with concanavalin A (ConA) (Sigma, Oakville,
Ontario, Canada) at 20 pg/ml. Untreated cells served as a negative control.
Following the addition of treatment, cells were incubated at 41°C with 5% CO,
in a humidified incubator for 24, 48, or 72 h. To measure proliferative responses,
1 pCi of methyl-3H-thymidine (25 Ci/mmol) (Amersham, Buckinghamshire,
United Kingdom) was added to each well 18 h before the end of each time point.
Plates were kept frozen at —80°C until processed. Cells were harvested onto glass
fiber filters, and thymidine incorporation into newly synthesized DNA was mea-
sured using the TopCount NXT Microplate Scintillation Counter (Packard/
PerkinElmer, Waltham, MA). Results are presented as mean counts per minute
(cpm) * standard errors (SE).

In vitro spleen cell stimulation and cytokine expression. Spleen mononuclear
cells were suspended at a density of 1 X 107 cells/ml in RPMI 1640 medium
(Invitrogen, Grand Island, NY) containing 10% fetal bovine serum, 100 U/ml
penicillin, and 100 pg/ml streptomycin. One ml of splenocyte suspension was
added into each well of a 24-well flat-bottomed plate. The cells were treated in
duplicate by three different treatments, including (i) HA, (ii) ConA as a positive
control, and (iii) medium only as negative control. The cells were incubated at
41°C in an incubator with 5% CO, and collected at 2, 8, 16 h poststimulation for
the extraction of RNA.

CEFs. Primary CEFs were prepared from 9- to 11-day-old SPF embryonated
chicken eggs. The embryos were dissected using aseptic procedures and then
minced and trypsinized with 0.025% of trypsin in PBS at 37°C. After centrifu-
gation, the cells were counted, and 10° cells were plated onto 60-mm dishes
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supplemented with Dulbecco’s minimal essential medium containing 5% fetal
bovine serum and incubated at 37°C in the presence of 5% CO,. Twenty-four
hours after being seeded, the cells were either mock infected or infected with the
TROVAC-AIV H5 vaccine at a multiplicity of infection (MOI) of 0.5. Infected
and uninfected cells were washed twice with PBS at different time points postin-
fection (p.i.) and harvested for RNA extraction.

RNA extraction and reverse transcription-PCR. Total RNA was extracted
from spleens and CEFs as described previously (3) using TRIzol reagent (In-
vitrogen Canada, Inc., Burlington, Ontario, Canada). RNA then was treated with
DNase using the DNA-free system (Ambion, Austin, TX) to remove any re-
maining DNA contamination. The RNA concentration was measured by spec-
trophotometry (GeneQuant; Biochrom Limited, Cambridge, England).

RNA was reverse transcribed to cDNA by following the instructions of the
manufacturer (Superscript First-Strand ¢cDNA Synthesis; Invitrogen Corpora-
tion, Carlsbad, CA). The oligo(dT),,.,5 primer from this kit was used. The cDNA
was stored at —20°C until it was used for real-time PCR.

Standard curves and real-time PCR. The expression of different immune
system genes was quantified by real-time PCR using standard curves. The prep-
aration of the constructs, designing of primers, and creation of standard curves
for the genes used in this study have been previously described: B-actin, IFN-y,
and IL-18 (3); IL-10 (2); IL-1B, chicken IL-8 (chIL-8), IFN-a, and IFN-B (1);
IL-1B, Toll-like receptor 3 (TLR3), and TLR7 (M. F. Abdul-Careem, unpub-
lished data); myeloid differentiation primary response gene 88 (MyD88) (10);
and avian beta defensin 4 (AvBD4) and AvBDG6 (7). The sequence of the TIR
domain-containing adapter inducing IFN-B (TRIF) gene was obtained from
GenBank (accession number EF025853). Primers specific for TRIF (forward,
5'-GCTGACCAAGAACTTCCTGTGC-3'; reverse, 5'-AGAGTTCTCATCCA
AGGCCACC-3") were designed using the PrimerDesign program. Real-time
PCR was carried out on the cDNA samples described above. B-Actin was am-
plified as a reference gene. The PCRs were made up in 20-ul total volumes: 3 .l
of PCR-grade water, 0.25 uM each primer, 5 pl of cDNA template (1:10 dilu-
tion), and 10 pl of 2X SYBR green reaction mix (containing MgCl, and FastStart
Tag DNA polymerase; Lightcycler 480 SYBR green I master mix; Roche Diag-
nostics GmbH, Mannheim, Germany). All primers used in this study were syn-
thesized by Sigma-Aldrich Canada, Ltd., Oakville, Ontario, Canada. The samples
were amplified in 384-well plates using a Lightcycler 480 instrument (Roche
Diagnostics GmbH, Mannheim, Germany). Every real-time PCR assay was run
with a negative control (PCR-grade water replacing cDNA template) and a
related standard sample as a calibrator.

Data analysis. For the real-time PCR data, efficiency was calculated as E =
10~ /slope of standard curve With the cytokine of interest as the target and B-actin
as the reference, the relative gene expression ratio was determined as follows:

(E )ACPNW\(mlibramr — sample)
_ Larget

R=

(E l})ACP,cf(cnlibrator — sample)
re

where Ey,e and E ¢ are the efficiencies of the target cytokine and B-actin,
respectively, and ACP is the difference of crossing points between calibrator and
samples (40). The relative expression ratios, R, were used to determine differ-
ences in cytokine expression among different groups, excluding outliers.

The expression of normalized target genes in TROVAC-AIV HS5-infected
CEF cells, vaccinated birds, or HA-stimulated cells was compared to that of
control uninfected CEF cells, sham-immunized birds, or unstimulated cells,
respectively, using the relative expression software tool (REST-MCS) (41). In
REST-MCS, the difference between the means of crossing points of tested
groups and control groups are presented as the fold change. The difference
between treated and control groups was tested for significance by Student’s ¢ test
(P = 0.05).

For cell proliferation data, the mean cpm was compared among all groups at
each time point using analysis of variance (ANOVA). Differences were consid-
ered significant when P = 0.05, while comparisons with 0.05 > P = 0.1 were
considered to show a trend toward statistical significance.

RESULTS

Profiling the expression of cytokine, Toll-like receptor, and
defensin genes in CEF cells infected with TROVAC-AIV HS.
To investigate the effects of FPV on innate responses of
chicken cells in vitro, CEF cells were infected with TROVAC-
AIV HS, and the expression of a panel of immunologically
important genes was evaluated at several time points postin-
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fection. These genes were selected based on their potential
relevance for innate responses against FPV. Furthermore, con-
sideration was given to the ability of CEF cells to express these
genes based on the available literature (11, 21, 25, 63), and
those genes that are expressed exclusively by cells of lymphoid
or myeloid origin were excluded from our analysis. CEF cells
were used in this experiment, because FPV can infect chicken
fibroblasts. Among the genes that were studied here, IFN-a,
IFN-B, and IFN-y have antiviral effects, whereas IL-1B and
IL-8 are known to play a proinflammatory role in the chicken.
Figure 1 illustrates the expression of IFN-a, IFN-B, IFN-y,
IL-1B, and chIL-8 in mock- and TROVAC-AIV H5-infected
CEF cells (Fig. 1A to E, respectively). The levels of expression
of both IFN-a and IFN- in TROVAC-AIV HS5-infected CEF
cells was significantly higher than those of mock-infected CEF
cells at 12 h postinfection (h p.i); however, the expression of
both cytokines was significantly lower than that of uninfected
CEF cells at 24 and 48 h p.i. (P < 0.05). The expression of
IFN-y in TROVAC-AIV HS5-treated cells was significantly
higher than that of mock-infected cells only at 6 h p.i. (P =
0.05). Also, the expression of both IL-18 and chIL-8 in TRO-
VAC-AIV H5-treated CEF cells was significantly higher than
that of mock-infected cells at 6 h p.i. only (P = 0.05). Overall,
these results demonstrate that at early time points, FPV is able
to induce antiviral and proinflammatory cytokines. However,
at later time points, the expression of some of these genes may
be significantly dampened.

Beta-defensins are known to be involved in antiviral activi-
ties, and they also can act as chemoattractants for cells of the
immune system (13). AvBD4 and AvBD6 were selected be-
cause we have previously shown their expression in the chicken
immune system (7). The expression of AvBD4 and AvBD6 in
TROVAC-AIV H5-treated CEF cells is illustrated in Fig. 2A
and B, respectively. The expression of AvBD4 was significantly
higher in TROVAC-AIV H5-treated CEF cells than in control
cells at 6 and 12 h p.i. (P = 0.05). The levels of transcripts of
AvBD4 were significantly lower (P = 0.05) in TROVAC-AIV
H5-treated cells than in controls at 48 h p.i (Fig. 2A). The
AvBD6 expression was increased significantly in TROVAC-
AIV HS5-infected CEF cells compared to that of uninfected
cells at 12 h p.i. (Fig. 2B). However, the expression of AvBD6
was significantly (P = 0.05) lower in TROVAC-AIV H5-
treated cells than in control cells at 24 and 48 h p.i. (Fig. 2B).
These findings underline the relevance of defensins in the host
response to FPV.

TLRs and their adaptor molecules were examined in this
study. Although FPV is a DNA virus, the ortholog of TLRO,
which recognizes the unmethylated DNA of pathogens, has not
been identified in the chicken. Among the other TLRs that
play a role in antiviral immunity, only orthologs of TLR3 and
TLR?7 have been identified in chickens (30). Therefore, these
two TLRs were selected for further analysis. We also exam-
ined the expression of TRIF, the adaptor molecule for
TLR3, and MyDS88, the adaptor molecule for TLR7. The
expression of TLR3 in TROVAC-AIV HS5-treated cells was
significantly (P = 0.05) higher than that in control cells at 6
and 12 h p.i. However, its expression was significantly lower
than that of control cells at 48 h. p.i. (Fig. 3A). A similar
pattern was observed for TLR7, where the expression of this
gene was significantly lower at 48 h p.i. in infected than in
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FIG. 1. Relative expression ratio of cytokines following infection of CEF cells with TROVAC-AIV HS5 compared to that of control cells. The
relative expression of IFN-a (A), IFN-B (B), IFN-y (C), IL-1 B (D), and chIL-8 (E) in CEF cells was measured following mock infection or
infection with TROVAC-AIV HS5 at different time points postinfection in four independent experiments. Target and reference gene expression
in the cells was quantified by real-time reverse transcription-PCR, and the expression ratio was calculated as the means of gene expression in
samples of TROVAC-AIV HS5-treated mice compared to that of the controls. An asterisk indicates significant difference (P < 0.05). Error bars

represent standard errors from the means.

mock-infected cells (P = 0.05) (Fig. 3B). The expression of
TRIF in TROVAC-AIV H5-treated cells was significantly
(P = 0.05) higher than that in mock-infected cells at 6 and 12 h
p-i.; however, there was a significant downregulation in the
expression of this gene in TROVAC-AIV H5-treated cells
compared to that in mock-infected control cells (Fig. 3C). The
expression of MyD88 in TROVAC-AIV H5-treated cells was
significantly (P = 0.05) higher than that in control cells at 12 h
p-i.; however, the expression of this gene was significantly lower

in TROVAC-AIV HS5-treated cells than in control cells at 24 h
p.. (Fig. 3D). These results clearly show that TLR pathways
are triggered after FPV infection and that, similarly to type I
interferons, the expression of TLRs may be downregulated at
late time points postinfection.

Effects of vaccination with TROVAC-AIV HS on the expres-
sion of cytokines in spleen of chickens. The expression of
IFN-y and IL-10 was examined in vaccinated and control birds
at indicated time points postvaccination. These cytokines serve
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FIG. 2. Relative expression ratio of antimicrobial peptides in
CEF cells after TROVAC-AIV HS5 infection compared to that of
uninfected cells. Relative expression of AvBD4 and AvBD6 in CEF
cells was measured after infection with TROVAC-AIV HS in four
independent experiments. The expression of AvBD4 (A) and AvBD6
(B) in TROVAC-AIV H5-treated CEF cells is illustrated. The levels of
target and reference gene expression in the cells were quantified by
real-time RT-PCR and are presented as expression ratios of target
genes to reference genes. An asterisk indicates significant difference
(P < 0.05). Error bars represent standard errors from the means.

as indicators of the activation of Th1/CD8" T cells and regu-
latory T cells, respectively. The expression of IFN-y was sig-
nificantly higher in spleens of vaccinated chickens than in con-
trols on days 5 and 7 postvaccination (Fig. 4A). The expression
of IL-10 also was detected in both vaccinated and control
groups at all time points throughout the trial; however, IL-10
expression was significantly higher in vaccinated chickens than
in controls on day 5 postvaccination (Fig. 4B).

In vitro responses of splenocytes derived from vaccinated
birds. To confirm that chickens immunized with the vaccine
can mount an antigen-specific cell-mediated response, spleno-
cytes from vaccinated birds were treated with the HA protein
expressed by TROVAC-AIV HS, and the proliferation re-
sponse of cells was measured at different time points post-
stimulation. Stimulation with HA significantly elicited prolif-
erative responses in splenocytes of vaccinated birds compared
to responses of controls at 48 and 72 h poststimulation (Fig. 5).
The stimulation of cells from either vaccinated or control birds
with ConA resulted in significant proliferation (data not
shown), whereas the stimulation of cells from control chickens
with HA did not induce proliferation. Taken together, these
results indicate that the HA protein expressed by TROVAC-
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AIV HS5 can elicit a cell-mediated response in vaccinated
chickens.

To further examine antigen-specific cytokine responses elic-
ited by TROVAC-AIV HS, spleen mononuclear cells from
vaccinated or control chickens were cultured and treated with
HA. The fold change in IFN-y and IL-10 levels for cells de-
rived from vaccinated chickens compared to those of control
chickens at 2, 8, and 16 h poststimulation are shown in Fig. 6A
and B. The treatment of cells with HA resulted in a signifi-
cantly higher expression of IFN-v in cells of vaccinated birds at
8 and 16 h poststimulation compared to that of controls (Fig.
6A). In the case of IL-10, the higher expression of this cytokine
in cells derived from vaccinated birds was significant only at
16 h poststimulation compared to that of control cells (Fig.
6B). These findings again underscore the ability of HA to
induce a cell-mediated response in chickens.

DISCUSSION

The use of FPV as a vaccine delivery vector has been exten-
sively explored experimentally in mammalian and avian spe-
cies. This vector also has been used in a commercial poultry
vaccine against avian influenza virus. However, responses
mounted by the chicken host to this vector have not been fully
studied. Here, we report innate and cytokine responses
mounted by cultured cells infected with recombinant FPV. In
addition, cellular and cytokine responses to FPV in vivo in
chickens immunized with TROVAC-AIV HS are presented.

To study innate responses to FPV mounted by chicken cells,
we examined the expression of type I and II interferons, IL-1p,
and IL-8, as well as other genes that usually are associated with
innate responses, including defensins, TLRs, and TLR adap-
tors, in CEF cells infected with TROVAC AIV HS. In general,
a common and striking feature of these expression data was the
enhanced expression of almost all of the genes at early time
points, 6 and 12 h p.i., followed by a decline in their expression
at later time points, namely, 24 and 48 h poststimulation. The
upregulation of these genes indicates the ability of FPV to
elicit proinflammatory responses leading to the recruitment
and activation of adaptive immune system cells. IL-13 and IL-8
both are proinflammatory cytokines whose function has been
studied in the chicken (61, 62). The expression of both cyto-
kines is enhanced following infection with certain viruses, such
as reovirus and infectious bursal disease virus (27, 28, 61).

Type I interferons are involved in antiviral responses and
also play a part in the induction of adaptive immune responses.
Plasmocytoid DCs (pDCs) as well as other host cells, such as
fibroblasts, are responsible for the production of these cyto-
kines (54). Interestingly, it has been reported that rFPV can
induce only suboptimal levels of type I interferon expression by
pDCs, which presumably leads to inefficient CD4* T-cell help
and transient cytotoxic T-cell activity (12). Despite this finding,
we observed a significant increase in the expression of type I
interferons at 12 h postinfection. The discrepancy between our
observations and those previously reported may be related to
the cells used in the present study, i.e., fibroblasts as opposed
to pDCs. Also, the ability of FPV to replicate in avian cells
should be taken into account.

Here, we report for the first time the induction of TLRs and
their adaptor molecules after FPV infection in chicken cells.
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FIG. 3. Relative expression ratio of TLRs and TLR adaptors in infected and mock-treated CEF cells. The expression of TLR3 (A), TLR7 (B),
TRIF (C), and MyDS88 (D) in the mock-treated and TROVAC-AIV H5-infected cells in four biological replicates are illustrated. Target and
reference gene expression in the cells were quantified by real-time RT-PCR and are presented as the expression ratio of target genes to reference
genes. An asterisk indicates significant difference (P < 0.05). Error bars represent standard errors from the means.

We found that TLR3 and TLR7 as well as TRIF and MyDS8,
which act as adaptor molecules for TLR3 and TLR?7, respec-
tively, are upregulated early after the infection of cells with
rFPV. TLR3 and TLR7 are the only TLRs known to date to be
involved in antiviral responses in chickens. TLR3 is involved in
the recognition of double-stranded RNA (dsRNA). In addition
to the recognition of RNA viruses, TLR3 also has been shown
to be involved in the recognition of some DNA viruses, such as
cytomegalovirus and herpes simplex virus type 2 (HSV-2) (15,
51). Importantly, DNA viruses such as adenovirus, HSV, and
vaccinia virus may produce dsRNA during their replication
cycles, hence activating the TLR3 pathway (58). The engage-
ment of TLR3 may lead to triggering the expression of proin-
flammatory cytokines and chemokines, such as IL-18 and IL-8
(16, 31, 32). Interestingly, TLR3 appears to have a detrimental
effect in the vaccinia infection model, as the deletion of this
gene results in the lower morbidity and mortality caused by
vaccinia virus in mice (20). TLR7 also may be involved in
protection against DNA viruses, because TLR7 /™ mice are
susceptible to infection with murine cytomegalovirus (64).
However, the involvement of TLR7 in the host response to
FPV has not been explored previously. Overall, the results
described above support the notion that both TLR3 and TLR7
play a part in early host response to FPV. It is noteworthy that
the ortholog of TLRY, which is the receptor for CpG DNA and

that may be involved in recognition of DNA viruses, has not
been identified in the chicken genome. Therefore, it is possible
that TLR3 and TLR7 act as substitutes for TLRY in the
chicken. Although the results described above demonstrate an
increase only in the abundance of gene transcripts and not
necessarily an increase in the function or cellular translocation
of the protein products of these genes, they underscore the
involvement of TLRs in the process of host response to rFPV.

In the studies presented here, there was an increase in the
expression of beta-defensins (AvBD4 and AvBD6). In addition
to their antimicrobial activities, beta-defensins have other
functions. For example, they act as a chemotactic factor or are
involved in the maturation, differentiation, and activation of
various cells of the immune system (46). Beta-defensins have
antiviral effects against some viruses, such as adenovirus, HIV,
and influenza virus, while their effects against vaccinia virus
remain somewhat contradictory (19, 29). We have demon-
strated previously that the expression of AvBD4 and AvBD6
are induced following infection with Salmonella enterica sero-
var Typhimurium (7). To our knowledge, this is the first report
of the induction of beta-defensins to a virus infection in chick-
ens. Although the efficacy of AvBD4 and AvBD6 in neutraliz-
ing rFPV was not studied here, it is tempting to speculate that
these antimicrobial peptides can neutralize rFPV or be in-
volved in the process of the elicitation of immune responses.
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FIG. 4. Relative expression ratio of cytokines in spleen of vacci-
nated chickens compared to that of control birds. The expression of
IFN-vy (A) and IL-10 (B) was compared between chickens vaccinated
with TROVAC (n = 6) and control chickens that were treated with
vaccine diluent only (n = 6). Target and reference gene expression in
spleen cells was quantified by real-time RT-PCR, and expression ratios
were calculated as the means of gene expression in samples of vacci-
nated group compared to that of controls. An asterisk indicates sig-
nificant difference (P < 0.05). Error bars represent standard errors
from the means.

Despite the upregulation of many of the genes studied here,
at early time points after the infection of CEF cells with FPV,
we noticed a decline in the expression of some of the genes
(IFN-a and IFN-B, AvBD4 and AvBD6, TLR3 and TLR7,
TRIF, and MyDS88) at late time points postinfection. In gen-
eral, poxviruses express an arsenal of proteins with immune
evasive properties (45). Among these, a protein has been iden-
tified with sequence homology to type I interferon receptors
that is involved in binding to IFN-a and IFN-@, hence neutral-
izing their activity (45). In the case of TLR molecules, several
vaccinia virus proteins have been identified that target and
interfere with signaling through TLRs. For instance, A52R
inhibits the activation of NF-kB after TLR engagement (17).
AS52R also appears to bind to two of the TLR signaling pro-
teins, IRAK2 and TRAF®6, hence interfering with the process
of signaling (17). Another protein of vaccinia virus, A46R,
interferes with the process of signaling through TRIF and
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MyDS88 (17). It is not known whether FPV also encodes the
same proteins and can interfere with TLR signaling or IFN
activity in the same fashion, but based on our results, it appears
that this is a possible scenario.

Vaccinia virus and some of the other poxviruses encode
proteins that can bind and neutralize IL-1p (17, 45). Further-
more, proteins with IFN-y binding capacity have been identi-
fied in a wide range of poxviruses, including FPV (42, 45).
However, in the study presented here, there was no significant
decline in the abundance of IL-1p3 and IFN-y transcripts over
time. This may be due partly to the possibility that although
cytokine activity is affected at the protein level, the expression
of these cytokines may not be affected. Therefore, further
investigations are needed to decipher the potential immune
evasive mechanisms of FPV. This information will be impor-
tant for the design of future FPV vectors, because immune
evasive mechanisms of the vector may affect the immunoge-
nicity of the vector itself, as well as its ability to elicit a response
against the insert that it expresses.

An in vivo study also was conducted to further examine host
responses to FPV. Cellular responses to FPV were character-
ized by a slight, albeit statistically significant, increase in the
percentage of CD4™ cells and a decrease in the percentage of
CD8™" cells among spleen cells at 1 day p.i. Although due to
experimental limitations we could not examine the antigen
specificity of CD4"/CD8™ cells in our system, our findings are
somewhat different from those of Diener and colleagues (12).
These authors showed that in the mouse model, recombinant
FPV expressing ovalbumin (OVA) could elicit a strong, albeit
transient, cytotoxic T-cell response. This was, however, accom-
panied by poor CD4™ T-cell help (12). In our study, we did not
directly investigate the effector functions of FPV-specific T
cells, thus it is possible that despite the observed decrease in
the percentage of CD8™ cells, the absolute number of these
cells had not changed, or even if the numbers had changed, the
effector activity on a per-cell basis might actually have in-
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FIG. 6. Relative expression ratio of cytokines in spleen cells of
vaccinated chickens following stimulation with HA antigen compared
to that of control cells. The expression levels of IFN-y (A) and IL-10
(B) were compared between the HA-stimulated group and medium-
treated controls in four biological replicates. Target and reference
gene expression levels in spleen cells were quantified by real-time
RT-PCR, and the expression ratio was calculated as the means of gene
expression in samples of HA-treated group compared to that of me-
dium-treated controls. An asterisk indicates significant difference (P <
0.05). Error bars represent standard errors from the means.

creased. The other issue that needs some consideration to
explain the difference between the study reported here and
that reported by Diener and colleagues (12) is the fact that
recombinant FPV does not replicate in the mammalian host,
whereas it can replicate in the avian host (39, 53). This ability
of the virus might impact the elicitation of immune responses
in avian versus mammalian species. Nevertheless, we observed
a significant increase in IFN-y expression on days 5 and 7
postimmunization, as well as IL-10 expression on day 5 postim-
munization. Furthermore, when antigen-specific responses to
HA, which is expressed by the rFPV used in this study, were
examined, there was a significant activation of cells in response
to HA as well as an increase in the expression of both IFN-y
and IL-10. The coexpression of IL-10 and IFN-y may be coun-
terintuitive, because IL-10 is considered a regulatory cytokine
whose production usually suppresses the expression of Thl
cytokine, such as IFN-y. However, there are reports that Thl
cells also may promiscuously express regulatory cytokines, in-
cluding IL-10, as a part of the self-regulation process (37). In
addition, exposure to certain cytokines, such as IL-12, may
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trigger CD4™" and CD8" T-cell subsets to secrete both IFN-y
and IL-10 (14). Aside from T cells, dendritic cells (DCs) also
may act as a source of cytokines. Indeed, Agrawal and cowork-
ers (6) have reported the production of IL-10 and IL-12 (an-
other Thl cytokine) by human DCs stimulated with three vac-
cinia virus proteins, including D8L, D13L, and H3L. The
coexpression of IL-10 and IFN-y also has been shown in do-
mestic animal species in response to viral infections. In piglets
infected with porcine reproductive and respiratory syndrome
virus (PRRS), the simultaneous expression of IFN-y and IL-10
genes was observed in peripheral blood mononuclear cells
(24). Our group also has shown a concomitant increase in the
expression of IL-10 and IFN-y in chicken spleens following
vaccination with herpesvirus of turkeys against Marek’s disease
(4). Therefore, the results of the study presented here raise the
possibility that, similarly to some other infections, IL-10 has a
dual role, both regulatory and stimulatory, in chickens infected
or vaccinated with FPV (33, 35, 37). Another scenario is that
FPV exploits IL-10 as a mechanism to evade the host immune
system. However, these possibilities need further investigation.

In conclusion, we have demonstrated the elicitation of host
responses both in vivo and in vitro after infection with rFPV.
This information will become important for the design of the
future generation of rFPV vectors for vaccine delivery. The
future vectors should induce an appropriate response, both
quantitatively and qualitatively. Moreover, these vectors
should be devoid of proteins with immune-evasive properties
so that a protective immune response can be elicited.
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