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Fowl adenovirus (FAdV) fiber-based vaccine
against inclusion body hepatitis (IBH) provides
type-specific protection guided by humoral
immunity and regulation of Band T cell
response

Carlotta De Luca', Anna Schachner', Taniya Mitra?, Sarah Heidl', Dieter Liebhart? and Michael Hess'?"

Abstract

A recombinant fowl adenovirus (FAdV) fiber protein, derived from a FAdV-8a strain, was tested for its efficacy to
protect chickens against inclusion body hepatitis (IBH). FAdV-E field isolates belonging to both a homotypic (FAdV-8a)
and heterotypic (-8b) serotype were used as challenge. Mechanisms underlying fiber-induced protective immunity
were investigated by fiber-based ELISA, virus neutralization assays and flow cytometry of peripheral blood mononu-
clear cells, monitoring the temporal developments of humoral and cellular responses after vaccination and challenge
exposure. Birds were clinically protected from the homologous challenge and showed a significant reduction of viral
load in investigated target organs, whereas fiber-based immunity failed to counteract the heterologous serotype
infection. These findings were supported in vitro by the strictly type-specific neutralizing activity of fiber immune
sera. In protected birds, fiber vaccination prevented a post-challenge drop of peripheral B cells in blood. Furthermore,
fiber immunization stimulated CD4™ T lymphocyte proliferation while moderating the CD8a™ T cell response and
prevented challenge-induced changes in systemic monocytes/macrophages and y6™ T cell subpopulations. Both
vaccinated and adjuvant-only injected birds experienced a priming of systemic B cells and TCRyS™ T lymphocytes,
which masked possible pre-challenge effects due to the antigen. In conclusion, within FAdV-E, recombinant fiber
represents a vaccine candidate to control the adverse effects of homotypic infection by eliciting an effective humoral
immunity and regulating B and T cell response, whereas the failure of heterotypic protection suggests a primordial
role of humoral immunity for this vaccine.
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Introduction

Fowl adenoviruses (FAdVs) are non-enveloped, dsDNA
viruses belonging to the family Adenoviridae, genus
Aviadenovirus. The current classification recognizes five
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species based on genomic criteria (Fow! aviadenovirus
A to Fowl aviadenovirus E (FAAV-A-FAdV-E)), with 12
subordinate serotypes (FAdV-1 to -8a, and -8b to -11)
defined by cross-neutralization [1, 2]. Particular FAdV
types, belonging to different species, are associated with
three disease complexes with relevance for the com-
mercial poultry sector on a global scale [3]. Analogous
to the extent of genetic separation between the respon-
sible strains, adenoviral gizzard erosion (AGE) caused
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by FAdV-1 (species FAdV-A) represents a self-standing
pathology, distinct from hepatitis-hydropericardium syn-
drome (HHS), caused by FAdV-4 (FAdV-C), and inclu-
sion body hepatitis (IBH), caused by serotypes -2 and -11
(FAdV-D), and -8a and -8b (FAdV-E), which show rela-
tively closer molecular relationship and similar features
of pathogenesis and protection [3, 4].

To date, immunization strategies in the field are mainly
limited to the use of inactivated autogenous vaccines,
but the growing urgency for an efficacious and broad-
coverage protection has led to the experimental devel-
opment of FAdV subunit vaccines. Most of these efforts
have utilized capsid components as target immunogens,
based on the rationale that these are the main players in
conferring antigenicity of adenoviruses [5]. In particular
recombinant penton base and fiber, either alone or as a
complex, were demonstrated to be efficacious vaccine
candidates, providing the proof-of-concept with HHS
as model system, with vaccination/challenge schemes
based upon serotype -4 [6—8]. Subsequently, fiber-based
vaccines were extended to IBH, addressing for the first
time also vertical protection in the framework of a subu-
nit vaccine [9]. However, differently from HHS with its
mono-type etiology, the control of IBH by vaccination is
complicated by a diverse spectrum of viral species and
serotypes, ultimately requiring broad-protection strate-
gies. The additional possibility of mixed infections in the
field [10-12] indicates that chickens remain susceptible
to heterologous infection despite pre-existing immunity
against another FAdV serotype, and likely represents the
molecular basis for the recently reported natural recom-
bination of FAdVs, exchanging fibers between IBH-caus-
ing types [13]. Furthermore, enforced vaccination efforts
against one serotype can cause a shift towards outbreaks
with other serotypes [14—16]. On the other hand, experi-
mental data on immunization against IBH collectively
indicate a certain extent of heterotypic protection, albeit
these studies remain ambiguous about coverage across
the species boundary due to the use of bivalent FAdV-
D/FAdV-E vaccines [17-19]. Cross protection amongst
different IBH-causing serotypes was also reported using
FAdV-C and FAdV-E strains as inactivated vaccines [20—
22]. However, all these studies are based on whole virus
as vaccine antigen, with protection likely resulting from
a synergy of all antigenic components, an effect that does
not apply for subunit vaccines.

Besides empirical demonstration of resistance to chal-
lenge of fiber-vaccinated birds, the immune mechanisms
underlying protection are not well resolved. While both
cellular and humoral immune responses are triggered
by contact with live FAdV [23, 24], their participation
in context with subunit antigens still needs to be clari-
fied. Despite providing full protection, recombinant fiber
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derived from FAdV-4 elicited only moderate or no neu-
tralizing antibodies in birds, raising questions about the
immunological correlates of protection, especially out-
side the humoral repertoire, for such type of vaccines
[7, 25]. Furthermore, type and number of fibers vary in
a species-dependent manner, and this may prevent the
extrapolation of results of recombinant fiber protection
from the HHS to the IBH system.

The present study employed a recombinant fiber
with genetic background of FAdV-8a to assess coverage
against the complete, type-homologous (-8a) and -het-
erologous (-8b) spectrum of IBH. Moreover, this is the
first study to extend the temporal profile of cellular and
humoral immune responses to FAdV subunit vaccination
beyond the time point of challenge, allowing the com-
parison between the pre-stimulated and the naive (in our
case, adjuvant-primed) response during infection.

Materials and methods

Virus and recombinant protein preparation

FAdV-E type reference strains TR59 (FAdV-8a) and
764 (-8b) (GenBank accession numbers KT862810 and
KT862811) were used as template strains for cloning.
Field isolates 11-16629 and 13-18153 (MK572859 and
MK572862), identified by whole-genome sequencing
and virus cross-neutralization as members of FAdV-8a
and -8b, respectively [13], served as challenge strains. All
strains were threefold plaque purified, propagated on pri-
mary chicken-embryo liver (CEL) cells, as described by
Schat and Sellers [26], and viral titers were determined
by endpoint titration [27]. Viral DNA for fiber gene clon-
ing was extracted from cell culture supernatant with the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany).
The encoding regions for the FAdV-8a and FAdV-8b
fiber (termed hereupon Fib-8a and Fib-8b) were cloned,
expressed, purified and visualized as previously reported
(7, 28].

Animal experiment

Specific pathogen-free (SPF) broiler chicks were hatched
from embryonated eggs (Animal Health Service, Deven-
ter, The Netherlands) at our facilities and randomly
divided into six groups (n=18/group) as summarized
in Table 1, separately housed in isolator units (HM2500,
Montair, The Netherlands).

At first day of life, chickens of groups I, II and III
were vaccinated intramuscularly with 50 pg of recom-
binant Fib-8a protein, mixed 1:1 with GERBU Adjuvant
P (GERBU Biotechnik GmbH, Heidelberg, Germany).
Birds of groups IV and V (challenge controls) received a
phosphate buffered saline (PBS)/adjuvant-mixture, and
group VI (negative control) PBS instead. At 21 days of
life (20 days post vaccination, dpv) birds were infected
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Table 1 Design of the animal experiment
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Group Designation Vaccination Challenge strain (serotype)
I Vaccination-only Fib-8a -

Il Vaccine/homologous challenge Fib-8a 11-16629 (FAdV-8a)

Il Vaccine/heterologous challenge Fib-8a 13-18153 (FAdV-8b)

% Challenge control FAdV-8a Adjuvant only 11-16629 (FAdV-8a)

v Challenge control FAdV-8b Adjuvant only 13-18153 (FAdV-8b)

Vi Negative control - -

@ Not applicable.

intramuscularly with 103 50% tissue culture infective
dose (TCIDg,) of virulent FAdV-8a in groups II (vaccine/
homologous challenge) and IV, and virulent FAdV-8b in
groups III (vaccine/heterologous challenge) and V. Vac-
cination-only (group I) and negative control (group VI)
were injected with PBS.

Five birds from each group were killed and necropsied
at 3, 5 and 7 days post challenge (dpc), and the remaining
birds on termination of the trial at 14 dpc. Birds that died
due to infection were necropsied on the same day of their
death. Endpoints for protection included clinical signs
recorded during daily monitoring, post mortem findings,
plasma analytes, and organ-body weight ratios for liver
and spleen.

Coupled longitudinal monitoring of the humoral and
cellular immune response in blood was restricted to the
homologous protection setting, starting at 13 dpv with
five vaccine recipients (from group I), five birds admin-
istered only adjuvant (group IV) and five non-vaccinated
birds (group VI). At subsequent time points (20 dpv:
prior to challenge, and 3, 5, 7, 14 dpc), serum for anti-
body investigation was collected from all the birds. Blood
for investigation of cellular immunity was collected at
the same time points in the homologous protection set-
ting (groups I, IL, IV, VI), keeping the sampled individuals
consistent throughout the experiment (n=>5/group and
all the remaining birds for the final measurement).

Clinical chemistry

During killing and bleeding the birds, blood was collected
from the jugular vein into heparin tubes (VACUETTE®,
Greiner Bio-One, Kremsmiinster, Austria). Plasma con-
centrations of aspartate transaminase (AST) and lipase
were determined as previously described [29].

Histopathology and immunohistochemistry (IHC)

Samples from liver, bursa of Fabricius and pancreas were
fixed in 4% neutral buffered formalin and subsequently
embedded in paraffin. In order to perform microscopic
examination, 4-5 pum-thick tissue sections were cut with
a microtome (Microm HM 360, Microm Laborgerite

GmbH, Walldorf, Germany) and mounted on glass slides
before undergoing hematoxylin—eosin staining. Five
birds from each group challenged with FAdV-8a (groups
II and IV) and five birds from the negative control (group
VI) were selected for histopathological analyses. All the
selected birds were killed between 3 and 5 dpc, when the
animals were most affected by the disease.

In order to identify virus-positive hepatocytes, liver
sections were additionally mounted on coated glass slides
(Superfrost ultra plus, Menzel Gléser, Braunschweig,
Germany) to undergo IHC utilizing a polyclonal antibody
against the FAdV-E/-7 reference strain YR36 (GenBank
accession number KT862809) raised in rabbits, in a dilu-
tion of 1:5000. For this, the strain YR36 was propagated
on primary CEL cells, pelleted through a CsCl cushion by
ultracentrifugation, and the pellet dissolved in PBS. An
equal amount of GERBU Adjuvant P (GERBU Biotech-
nik GmbH, Heidelberg, Germany) was added prior to
repeated subcutaneous injections of rabbits. The paraf-
fin was removed from the sections by sequential washing
steps in ethanol 100%, 96%, 70%, and distilled water for
5 min each. The sections were then boiled for 10 min in
citric acid-monohydrate buffer before being rinsed twice
with PBS and left for 30 min in methanol+1.5% H,0,,
then 20 min in PBS. At that point the slides were covered
in goat serum (Normal goat serum, Vector Laboratories,
Burlingame, CA) and incubated in a humid chamber for
1 h; after removal of the serum, the sections were covered
with the primary antibody solution and rested overnight
in the humid chamber at 44 °C. The following day, the
tissue was washed in PBS and incubated for 30 min with
the secondary antibody (Goat Anti-Rabbit IgG Antibody
(H+L), Vector Laboratories, Burlingame, CA) and then
1 h with the ABC-reagent (ABC kit, Vectastain®, Vec-
tor Laboratories, Burlingame, CA) in the humid cham-
ber before being washed in PBS. As a last step, the DAB
substrate (DAB Substrate Kit, Vector Laboratories, Burl-
ingame, CA) was applied and the reaction was monitored
under the microscope before being stopped after 2.5 min
by washing the slides in distilled water. A hematoxylin
counterstaining was then executed for each slide.
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Quantitative polymerase chain reaction (qPCR)

from tissues of target organs

Tissue samples from liver, spleen, pancreas and bursa
of Fabricius were collected from birds challenged with
FAdV-8a (groups II and IV) and from control birds
(group VI) and stored at — 20 °C until processing. DNA
was extracted with DNeasy Blood & Tissue Kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s
protocol and analyzed for quantification of viral DNA
with a qPCR assay based on the 52K gene [30].

Fiber-based enzyme-linked immunosorbent assay (ELISA)
and virus neutralization test (VNT)

All sera collected during the trial were tested on recom-
binant fiber ELISA (coated with either Fib-8a or Fib-8b
proteins, representing both types used for challenge)
following the protocol described by Feichtner et al.
[31].

Sera from all the vaccinated birds (groups I, II, III)
immediately before challenge (20 dpv), and from 5, 7
and 14 dpc were also tested for neutralizing activity
against the two reference strains (TR59 and 764) which
served as a template for fiber expression, and the chal-
lenge strains (11-16629 and 13-18153) according to a
protocol described earlier [7].

Flow cytometry (FCM) analyses

Flow cytometry analyses on peripheral blood mono-
nuclear cells (PBMCs) was performed on five birds per
group within the homologous setting (group I, IV, VI at
13 dpv, and group I, II, IV, VI from 20 dpv onwards),
keeping the sampled individuals consistent throughout
the experiment.

Blood collection and preparation

For the separation of PBMCs, 2 ml of blood was col-
lected from the wing vein of each bird in a heparin
syringe. The blood was mixed with an equal volume
of cold PBS, pH 7.4 (ThermoFisher Scientific, Vienna,
Austria) with 2% fetal bovine serum (FBS) (Ther-
moFisher Scientific, Vienna, Austria). The prepared
suspension was then slowly layered above a double
volume of Histopaque®-1077 (Sigma-Aldrich, Vienna,
Austria) for density gradient centrifugation. The cells
from the interphase layer were collected and washed.
Finally, the pellet was dissolved in 1 mL of the same
solution.

FCM staining protocol

Mononuclear cells from the blood were examined for
their viability using Nexcelom cellometer X2 fluores-
cent viability cell counter system (Nexcelom Bioscience,
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Manchester, UK). A concentration of 2 x 107 cells/mL
of PBS+2% FBS was adjusted before the cells were
stained. Different combinations of monoclonal anti-
bodies (mAbs) were used for immunophenotyping of
CD4" T cells, CD8a™ T cells, B cells, monocytes/mac-
rophages, TCRaf™ T cells and TCR8y" T cells from
the isolated cells. Gating strategy for PBMC is given as
Additional file 1. A uniform gating hierarchy was used
throughout all sampling days. Detailed information on
antibody combinations and their fluorescence labelling
by second-step reagents are given in Additional file 2.
The final concentration of every antibody was deter-
mined by titration and the respective isotype controls
were included.

For staining of mononuclear cells isolated from blood,
25 pl of the adjusted cell suspension was transferred into
wells of 96-well microtiter plates (Sarstedt, Niimbrecht,
Germany) together with the respective primary antibod-
ies for incubation for 20 min at 4 °C. Afterwards, cell pel-
lets obtained by centrifugation at 4 °C, 450xg for 4 min
were washed two times with cold PBS+2% FBS. For
biotinylated antibodies, the secondary reagent Brilliant
Violet 421™ Streptavidin (BioLegend, San Diego, CA,
USA) was applied. Following another incubation step
for 20 min at 4 °C, further washing was performed. The
cells were fixed with BD fixation buffer (BD Biosciences,
San Jose, CA, USA) according to the manufacturer’s pro-
tocol. Finally, the pellets were suspended in 200 pl cold
PBS + 2% FBS kept at 4 °C until FCM analysis.

FCM analysis

FCM of stained cells was performed on a FACSCanto 11
(BD Biosciences, San Jose, CA) flow cytometer equipped
by FACSDiva Software version 6.1.3 (BD Biosciences).
At least 40,000 lymphocytes per sample were recorded.
Analysis of FCM raw data was performed by FlowJo_V10
software (BD Biosciences, San Jose, CA). Absolute quan-
tification of the cells was performed according to Mitra
et al. [32].

Statistical analyses

In order to verify the normal distribution assumptions,
a preliminary analysis of the datasets was carried out
using Shapiro—Wilk test associated with a visual inspec-
tion of histograms and normal Q-Q plots. The mean val-
ues from plasma analyses, liver- and spleen-body weight
ratio, as well as cell populations in PBMC of vaccinated
groups were compared with the negative control and
their respective challenge control groups via unpaired
Student’s t-test. Pairwise comparisons for datasets not
meeting the normality assumptions were carried out with
Mann—-Whitney U test. In each case, p values <0.05 were
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considered statistically significant. Statistical analyses
were performed with the software package SPSS Version
26 (IBM SPSS Statistics; IBM Corp., Armonk, New York,
USA).

Results

Clinical protection of recombinant Fib-8a

against homologous and heterologous challenge
Following challenge, clinical signs were characterized
by mild depression in one of the birds from the vaccine/
heterologous challenge group, one bird of the FAdV-8a
and three birds of the -8b challenge controls between
4-5 dpc, and one bird that died at 3 dpc in the vaccine/
homologous challenge group. No clinical signs were
recorded in the vaccination-only and negative control
group throughout the whole experiment.

Frequent gross pathological lesions included severe
swelling, marble-like appearance and hemorrhagic areas
in most of the livers from the infection-only groups,
with a tendency of being more prominent at 3 dpc and
less severe at 7 and 14 dpc. Necrotic foci were present on
the liver of two birds from the challenge control -8a at
3 dpc and six birds from challenge control -8b between
3-7 dpc. Similar lesions were observed in the vaccinated/
challenged groups as well, although the general affection
of liver was milder and necrotic lesions were observed
in only one bird of the vaccine/heterologous challenge
group at 5 dpc. Pathognomonic lesions recorded in liver,
spleen and pancreas are summarized in Table 2. No spe-
cific lesions were recorded in birds of the vaccination-
only and negative control group at any time point.

Mean liver-body weight ratios were not affected in the
vaccine/homologous challenge group, whereas they were
significantly increased in all FAdV-8b infected groups
and -8a challenge control at 3 and 5 dpc compared to the
negative control (Figure 1). At 7 dpc only values from the
vaccine/heterologous challenge group were still signifi-
cantly increased. Similarly, spleen-body weight ratio was
found elevated up to 7 dpc in all infected groups except
the vaccine/homologous challenge. Plasma AST signifi-
cantly increased at 5 dpc for the vaccine/heterologous
challenge birds and the infection-only groups, whereas
the lipase was mostly increased at 7 dpc for birds chal-
lenged with FAdV-8b.

Viral load in target organs

The organ with the highest mean viral load was the liver
at all time points post-challenge, except at 7 dpc, when
the pancreas showed the highest viral load in the chal-
lenge control (Figure 2). However, in the vaccine/homol-
ogous challenge group the mean viral load in the liver was
significantly reduced between 3-7 dpc compared to the
challenge control, and a similar trend was recorded for
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spleen, pancreas and bursa of Fabricius, albeit not always
statistically significant. At 7 dpc the viral DNA measured
in the vaccinated birds was significantly lower (p <0.045)
in all analyzed organs. No viral DNA was detected at any
time point in the organs from negative control birds.

Histopathology

Numerous areas with lymphocytic infiltration, and even
necrosis in one case, were observed only in livers from
challenge control FAdV-8a. Lymphocytic infiltration
was also identified in the pancreas of only one out of five
birds from the vaccine/homologous challenge group, in
contrast with the challenge control where such lesions
were noticed in four out of five birds, associated with
necrotic areas in two cases. Necrosis was observed in the
bursa of Fabricius of one challenge control bird, together
with lymphoid depletion. Aggregation of viral material
was observed via IHC in the nuclei of hepatocytes of all
the five analyzed birds of the challenge control, whereas
none of the tested vaccinated/challenged birds resulted
positive. No lesions were recorded in the organs of the
negative control. The microscopic lesions evaluated for
each group are summarized in Table 3; histopathological
changes in challenge control birds are exemplarily shown
as Additional file 3.

Antibody development
Fiber-based ELISAs
At the earliest measurement after vaccination (13 dpv),
based on five birds from the vaccination-only group,
one bird exhibited an OD above the cut-off defined ear-
lier by Feichtner et al. [28] on the homologous ELISA
(mean OD from five tested birds: 0.55+ 0.62). However,
at 20 dpv (immediately prior challenge) the mean OD of
all vaccinated birds (groups I, II and III) was 1.92+1.17,
with the majority of birds (80%) being above the cut-oft
(Figure 3A). Notably, the only vaccinated bird that died
after homologous challenge had no measurable antibod-
ies. As expected, no antibody development was noted
prior challenge in adjuvant-only administered birds
(mean OD from birds of groups IV and V: 0.05+0.01).
Between 20 dpv and subsequent time points, mean
Fib-8a ODs of the vaccination-only and vaccine/heter-
ologous challenge group remained relatively constant,
while the vaccine/homologous challenge group expe-
rienced a further rise throughout the post-challenge
period up to OD 3.35+0.02 at 14 dpc. In the FAdV-8a
challenge control, a mean OD above cut-oftf was first
noted at 5 dpc, eventually reaching a similar magnitude
as the vaccine/homologous challenge birds.

A small subset of Fib-8a vaccinated birds (10%) exhib-
ited cross-reactivity with the Fib-8b reactant, although
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Figure 1 Organs-body weight ratio and plasma analytes. Mean and standard deviation of liver-body weight ratio (A), spleen-body weight ratio
(B), AST in plasma (C) and lipase in plasma (D) measured for the six experimental groups at each time point. Significant differences against negative
control are indicated with letter a, whereas significant differences against the respective challenge control are indicated with letter b.

with generally lower levels than the homologous reac-
tion. Mean Fib-8b ODs of the FAdV-8b challenge control
exceeded those of the vaccine/heterologous challenge
group at 14 dpc (Figure 3B).

Negative control sera from all time points remained
well below the earlier defined cut-offs.

VNT

At 20 dpv, 73.5% of all vaccinated birds exhibited neu-
tralizing antibodies (nAbs) against FAdV-8a/TR59
(mean titer 4.4 log,+3.1) (Figure 4). A subset of these
birds (38.8%) had nAbs against FAdV-8a/11-16629 (1.7
log,+2.3), while only one vaccinated bird exhibited

cross-neutralization with the lowest detectable titer
level against FAdV-8b/764. In the vaccination-only
group, mean nAb titers against TR59 continued to
increase up to 7 log, £ 1.7 until the end of the experi-
ment, while mean nAbs against 11-16629 reached
a maximum of 4.1 log,42.3 one week earlier and
decreased afterwards. Upon challenge, 8a-specific
nAbs of the vaccinated/FAdV-8a challenged group con-
tinuously increased, whereas titers of the vaccinated/
FAdV-8b challenged group peaked at 7 dpc before
decreasing, with generally lower levels compared to the
homologous challenge. In the FAdV-8a challenge con-
trol, 8a-specific neutralizing activity was first recorded
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Figure 2 Viral load in target organs. Mean value and standard deviation of viral DNA expressed as copies/reaction (log,,) measured in liver (A),
spleen (B), pancreas (C) and bursa of Fabricious (D) for vaccine/homologous challenge group (Il) and challenge control -8a (IV). Asterisks represent
statistically significant differences.

Table 3 Summary of histopathological lesions observed in 5 birds/group euthanized between 3 and 5 dpc

Liver Pancreas Bursa of Fabricius
Lymphoid Necrosis Virus-positive Lymphoid Necrosis Lymphoid Necrosis
infiltration hepatocytes (IHC) infiltration depletion

Vaccin./hom. chall. 0/5 0/5 0/5 1/5 0/5 0/5 0/5

Chall. contr.-8a 5/5 1/5 5/5 4/5 2/5 1/5 1/5

Neg. contr. 0/5 0/5 X2 0/5 0/5 0/5 0/5

2 Not performed.

at 5 dpc and increased continuously until the end of the Neutralizing activity against FAdV-8b was found in all

experiment, reaching values at the far end of the meas-  vaccinated/infected groups independent of type of chal-
ured range (14 log,+0 against TR59 and 13 log,+1 lenge. However, the vaccinated/FAdV-8a challenged
against 11-16629). group showed higher final titers than the vaccinated/

FAdV-8b challenged birds (7 log,+0 against 764 and
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7 log,+1.4 against 13-18153 vs. 3 log,£2.6 and 1.7
log,+2.9, respectively). In comparison, neutralizing
antibodies were present in only one bird (8 log, against
764 and 13-18153) of the FAdV-8b challenge control at
14 dpc.

PBMC flow cytometry

B cells

Means of the B cell population in blood were signifi-
cantly higher at 20 dpv in all investigated groups (I, 1I,
IV—homologous system) compared to negative control
(basal level), with the values of vaccinated birds returning
comparable to basal level from the subsequent time point
(Figure 5A). After infection, a sharp and statistically

significant decline was registered in the challenge control
at 3 dpc, followed by a rapid increase, significant at 7 dpc.
No significant changes were recorded at 13 dpv and
14 dpc. On an individual level, the highest intra-group
deviation occurred at 13 dpv in vaccination-only birds,
at 7 dpc for vaccinated/challenged birds, and at 5 dpc for
challenge control (Additional file 4).

Monocytes/macrophages

Monocyte/macrophage populations in blood remained
comparable between vaccinated groups and negative
control throughout the whole experiment (Figure 5B).
In contrast, the challenge control showed a decrease in
the cell population following infection (from 3 to 7 dpc)
and returned to basal level only at 14 dpc. Intra-group
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deviation was not prominent for challenge control birds,
whereas in the vaccinated groups individual values
showed a greater extent of variation (Additional file 5).

TCRaB™ T cells

TCRaB™ T cells in PBMC significantly increased in the
vaccination-only group at 23 and 25 dpv (correspond-
ing to 3 and 5 dpc) before returning to basal levels (Fig-
ure 5C). The population was also consistently increased
in the vaccinated/challenged group in the week following
challenge. A similar tendency was recorded for challenge
control birds, with a significant increase starting immedi-
ately before infection and peaking at 5 dpc, surpassing the
vaccinated/challenged group, before returning to basal

level at 14 dpc. No significant changes were recorded at
13 dpv and 14 dpc. Challenged birds tended to be sub-
jected to higher individual variations (Additional file 6).

TCRyS™ T cells

Blood TCRy8"' T cells significantly increased in vacci-
nation-only birds at 23 and 25 dpv before returning to
basal levels (Figure 5D). Immediately before challenge,
the cell population increased in both subsequently
infected groups. The vaccinated/challenged group did
not show any other significant change, whereas levels of
challenge control remained significantly elevated up to
7 dpc, peaking at 5 dpc before returning comparable to
the negative control at 14 dpc. No significant changes
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were recorded at 13 dpv and 14 dpc. The highest intra-
group variations were recorded at 5 dpc in the chal-
lenge control group (Additional file 7).

CD4™" Tcells

CD4" T cells started to be significantly increased in
PBMC at 20 dpv in both vaccinated groups before return-
ing to basal levels at 27 dpv (corresponding to 7 dpc) and
14 dpc respectively (Figure 5E). Mean values of CD4% T
cells in challenge control significantly increased from 3 to
7 dpc and returned to basal level at 14 dpc. No significant
changes were recorded at 13 dpv and 14 dpc. Intra-group
deviation was also more prominent in the challenge con-
trol within the week after infection (Additional file 8).

CD8a T cells

CD8a™ T cells of vaccination-only and negative control
birds remained comparable at each investigated time
point (Figure 5F). Birds of the vaccinated/challenged
group showed a significant increase in their CD8a™ T cell
population at 20 dpv and 3 dpc before returning to basal
levels; challenge control birds showed a similar trend,
with a sharp significant rise at 5 dpc, whereas values at 7
dpc were lower but still significantly increased compared
to the negative control. No significant changes were
recorded at 13 dpv and 14 dpc. Once again, challenge
control birds tended to be subjected to higher individual
variations (Additional file 9).



De Luca et al. Vet Res (2020) 51:143

Discussion

Inclusion body hepatitis (IBH) as a primary disease
caused by certain FAdVs has become a growing con-
cern to poultry industry in the past two decades, with an
increasing documentation of outbreaks worldwide [3].
At the same time, intensified sequencing efforts, with
mounting genomic data for FAdVs, have contributed to
a more refined understanding of the diversity of strains
involved in IBH. Based on their molecular composition,
the spectrum of IBH strains encompasses types -2/-11
(FAdV-D), which constitute a narrow antigenic category
due to being closely related [13], and the genetically
much more divergent types -8a and -8b (FAdV-E). Given
the greater antigenic variability of causative strains, the
application of subunit vaccines, which are reasonably
efficacious against HHS in experimental settings, should
undergo a re-evaluation with regard to IBH. This is par-
ticularly relevant in case of the fiber, which was reported
as the most type specific of all antigenic domains in
FAdVs [13]. Furthermore, recombinant strains with
exchanges in antigenic domains mark a possible gap in
the established typing practices, which can lead to seri-
ous distortions when addressing cross-protection [13].
In light of this recent acknowledgment of recombinant
FAdVs, all strains applied in this study were fully char-
acterized with special focus on the relationship between
fiber genes of vaccine and challenge strains.

Based on the serotype duality (FAdV-8a/-8b) of IBH,
the present study shows that fiber-mediated response
efficiently interferes with the homologous serotype infec-
tion even if it is a more distantly related strain of the
same serotype, as shown by the preserved target organ-
body weight ratios and levels of plasma analytes. At the
same time, recombinant fiber fails to provide heterotypic
coverage. Overall, vaccination could not completely pre-
vent gross lesions in the target organs. Major lesions on
the liver of vaccine/homologous challenge birds only
appeared from 5 dpc, marking a delay in the onset of
gross hepatic damage compared to the respective chal-
lenge control group. In contrast, vaccine/heterologous
challenge birds presented hepatic lesions at each time
point of the first week post infection.

Underlining the importance of antibodies and their
type specificity in combating FAdV infection, the
observed clinical protection in the homologous system
(or, vice versa, its absence in the heterologous system)
correlated well with in vitro findings. Although neutral-
izing titers of up to 10 log, were found in vaccinated
birds, they generally failed to cross-neutralize FAdV-8b.
Despite potent homologous neutralization (up to 14 log,)
from 5 dpc onwards, which possibly led to the significant
decrease of viral load in target organs of vaccinated birds
infected with homologous challenge, cross-reactivity was
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not evident before 7-14 dpc, but then also occurred in
some sera with intermediate homologous titers. This
indicates that immune sera containing only fiber anti-
body fractions, even if potently neutralizing, remain
type-specific and thus less favorable to induce cross-pro-
tection, although this should be confirmed for other anti-
genic settings.

Efficacious fiber-based vaccines have been frequently
associated with seroconversion in ELISA, but not nec-
essarily neutralizing activity, as shown for the HHS/
FAdV-4 system using fiber-2 as vaccine antigen [7, 25,
33]. Contrarily, induction and vertical transfer of nAbs,
conforming with progeny protection, was reported for a
prime-boost regimen with FAdV-8b fiber [9], and fiber-
based neutralization is achieved independent of a second
contact with the antigen, as our results show. However,
variations in number and types of FAdV fibers suggest
that controversial findings are due to differences in indi-
vidual fibers” immune functions, depending on the usage
of a system with two types (FAdV-4) or one type of fiber
(FAdV-8a/8b).

Data on PBMC cellular immune subpopulations stimu-
lated by FAdV fiber subunits are so far limited to reports
on a proliferation in CD4%, besides unchanged CD8a™, T
lymphocytes following vaccination with FAdV-4 fiber-2
[25], and an increase in CD8at T cells after booster
immunization with FAdV-8b fiber [9]. However, these
findings only refer to vaccinated but non-infected birds,
and do not account for the role of the adjuvant, which can
have a self-standing effect on the chicken immune system
[34-36]. The importance of the adjuvant is illustrated
by the present study, which shows that, except for a pre-
challenge increase in CD4% T cells obviously related to
fiber-dependent priming, fiber-vaccinated birds were dis-
tinctive from adjuvant-only administered birds only after
challenge. In our setting, immune stimulation of the adju-
vant was evident by an increase in B cells and TCRy8* T
cells compared to the negative control. However, upon
challenge, the non-specific nature of this stimulation was
exposed, with challenge control birds experiencing an
acute and significant drop in B cells and monocytes/mac-
rophages compared to the negative control. This could be
explained by the immunosuppressive effect of FAdVs [24,
37-39] and/or recruitment of immune cells to the target
organs. The decrease of peripheral B cells was followed
by a rise well above the level of the vaccinated/chal-
lenged group, in which B cells remained unchanged vs.
the vaccination-only group and comparable to the nega-
tive control, while maintaining a continued production of
antibodies. Final peaks of the antibodies were compara-
ble between protected birds and their challenge control,
however, the actual levels are likely masked by reaching
saturation of the ELISA. This makes the post-challenge
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antibody development not a conclusive marker for pro-
tection in the applied setting. However, the steep rise
of systemic B cell levels in the challenge control birds,
immediately upon recovery within the week following
challenge, highlights the importance of humoral effectors
for limiting the infection in response to replicating virus.

Similar to B cells, a significant post-challenge drop
in blood monocytes/macrophages, lasting up to 7 dpc,
was prevented by the vaccine, with both vaccinated
groups remaining comparable to the negative control.
TCRaf™ and TCRy8" T cells were vigorously stimu-
lated early after viral challenge, and to a lesser extent
by the vaccination. This was observed mainly in the
vaccination-only group at 23 and 25 dpv (correspond-
ing to 3 and 5 dpc), indicating that certain vaccine-
induced effects may have overlapped closely with the
time point of challenge. However, in the absence of an
adjuvant-only control beyond 20 dpv, it cannot be con-
firmed that stimulation of TCRap" and TCRy8™ T cells
was exclusively antigen-specific and their role in pro-
tection remains more speculative. Similarly, a CD4% T
cell proliferation was detected in response to both chal-
lenge and vaccination, with the difference that T helper
cells were already distinctive for vaccinated groups at
20 dpv, and could thus serve as an indicator for subse-
quent protection.

CDS8a't T cell proliferation due to vaccination was
noted, but only in one of the groups. In another study
this effect was obtained only after booster [9], suggest-
ing the necessity of robust sequential fiber administra-
tion for priming of CD8a™ T cells to activate cytotoxic
T lymphocytes as a defense mechanism. Non-vacci-
nated birds relied on a vigorous cytotoxic defense, at
least at a systemic level, reflected by the abrupt, steep
rise of CD8a™ T cells in the challenge control group,
whereas lower levels were reached in vaccinated/chal-
lenged birds before returning to basal level.

In conclusion, our data suggest that resistance to
infection conferred by fiber critically depends on a
humoral response by type-specific virus neutralization,
which can also be linked to systemic B cell and CD4*
T cell priming by vaccination. On the individual birds’
level, this hypothesis is also supported by the death of
a bird that had no vaccine-induced antibodies prior
to challenge. The faster recruitment of humoral effec-
tors in vaccinated birds, with more rapid clearance of
virus, may contribute to limiting cytotoxic responses
and immune-mediated tissue damage during progres-
sive infection. The reliance on humoral immunity with
a specific antibody fraction, however, explains why fiber
fails to protect across the serotype boundary, imposing
certain obstacles to use fiber as vaccine candidate for
broad protection against IBH.
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Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513567-020-00869-8.

Additional file 1. Gating strategy for peripheral blood mononuclear
cells in multicolor flow cytometry analysis applying three different
panels of antibody combination. The cells were gated according to
their light scatter properties. Potential leukocytes were gated with FSC/
SSC and afterwards for CD45T cells (double lined). In the first panel,
CD457 cells were further analyzed for CD45TCD4TCD8a™ T cells (orange
gate) and CD45TCD4~CD8a™ T cells (blue gate). In the second panel, B
cells and monocytes/macrophages were identified by CD45TBu1tKulo1~
(purple gate) and CD451Bu1~Kul01™ phenotype (green gate) respectively.
The last panel analyzed CD45TTCRaRTTCREy™ T cells (brown gate) and
CD45FTCRaB~TCRSY™ T cells (pink gate). The gating strategy is shown as a
representative example for isolated PBMCs from a bird at 14 dpc and was
performed accordingly for all analyzed samples.

Additional file 2. Antibody panels. List of antibodies and antibody
combinations used in this study.

Additional file 3. Histopathological lesions in different organs from a
challenge control bird infected with FAdV-8a at 5 dpc. Necrosis in liver
(A), lymphocytic infiltration and degeneration of glandular acini in pan-
creas (B), lymphocytic depletion and necrotic area in bursa of Fabricius (C),
immunohistochemistry showing aggregation of viral material in the nuclei
of hepatocytes (D); bar in lower right corner indicates magnification.

Additional file 4. Individual distribution of B cells in PBMC for each
experimental group. Negative control (A), vaccination-only (B), challenge
control (C) and vaccinated/challenged group (D). The asterisk indicates
statistical significance (p < 0.05) compared to the negative control.

Additional file 5. Individual distribution of monocytes/macrophages
in PBMC for each experimental group. Negative control (A), vaccina-
tion-only (B), challenge control (C) and vaccinated/challenged group (D).
The asterisk indicates statistical significance (p < 0.05) compared to the
negative control.

Additional file 6. Individual distribution of TCRap™ T cells in PBMC
for each experimental group. Negative control (A), vaccination-only (B),
challenge control (C) and vaccinated/challenged group (D). The asterisk
indicates statistical significance (p < 0.05) compared to the negative
control.

Additional file 7. Individual distribution of TCR 8™ T cells in PBMC
for each experimental group. Negative control (A), vaccination-only (B),
challenge control (C) and vaccinated/challenged group (D). The asterisk
indicates statistical significance (p < 0.05) compared to the negative
control.

Additional file 8. Individual distribution of CD4* T cells in PBMC for
each experimental group. Negative control (A), vaccination-only (B),
challenge control (C) and vaccinated/challenged group (D). The asterisk
indicates statistical significance (p < 0.05) compared to the negative
control.

Additional file 9. Individual distribution of CD8a* T cells in PBMC
for each experimental group. Negative control (A), vaccination-only (B),
challenge control (C) and vaccinated/challenged group (D). The asterisk
indicates statistical significance (p < 0.05) compared to the negative
control.

Abbreviations

AGE: adenoviral gizzard erosion; AST: aspartate transaminase; CD: cluster of
differentiation; CEL: chicken embryo liver; dpc: days post challenge; dpv: days
post vaccination; ELISA: Eenzyme-linked immunosorbent assay; FAdV: Fow!
adenovirus; FBS: fetal bovine serum; FCM: flow cytometry; HHS: hepatitis-
hydropericardium syndrome; IBH: inclusion body hepatitis; IHC: immunohisto-
chemistry; mAbs: monoclonal antibodies; nAbs: neutralizing antibodies; OD:
optical density; PBMCs: peripheral blood mononuclear cells; PBS: phosphate


https://doi.org/10.1186/s13567-020-00869-8
https://doi.org/10.1186/s13567-020-00869-8

De Luca et al. Vet Res (2020) 51:143

buffered saline; gPCR: quantitative polymerase chain reaction; SPF: specific
pathogen-free; TCIDs: 50% tissue culture infective dose; TCR: T cell receptor;
VNT: virus neutralization test.

Acknowledgements

The authors thank Prof. Dr. llse Schwendenwein and her team from the Clinical
Pathology Platform, Department of Pathobiology, University of Veterinary
Medicine Vienna, for performing the clinical chemistry analysis. Further-

more, the authors wish to acknowledge Evelyn Berger and Sina Bagheri for
technical assistance and Amin Mirzazadehghassab for assisting in the animal
experiment.

Authors’ contributions

MH, AS, CDL, DL and TM conceived and designed the work. CDL and AS
performed the animal trial. CDL, AS, SH and TM performed the laboratory
analysis. CDL, AS, TM and MH interpreted the data. CDL, AS and TM drafted the
manuscript. MH and DL revised the manuscript critically for important intel-
lectual content. All authors read and approved the final manuscript.

Funding
This research was funded by the Christian Doppler Research Association
(Grant no. 189), in cooperation with Vaxxinova GmbH, Minster, Germany.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the
article and its additional files.

Ethics approval and consent to participate

All the procedures on experimental animals were discussed and approved by
the institutional ethics committee and licensed by the Austrian government
(animal licenses GZ: 68.205/0100-BrGT/2005 and GZ: 68.205/0035-V/3b/2019).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

! Christian Doppler Laboratory for Innovative Poultry Vaccines (IPOV), Univer-
sity of Veterinary Medicine, Vienna, Austria. 2 Clinic for Poultry and Fish Medi-
cine, Department for Farm Animals and Veterinary Public Health, University
of Veterinary Medicine, Vienna, Austria.

Received: 18 August 2020 Accepted: 12 November 2020
Published online: 02 December 2020

References

1. Harrach B, Benkd M, Both GW, Brown M, Davison AJ, Echavarria M, Hess
M, Jones MS, Kajon A, Lehmkuhl HD, Mautner V, Mittal SK, Wadell G (2012)
Family Adenoviridae. In: King AMQ, Adams MJ, Carstens EB, Lefkowitz EJ
(eds) Virus taxonomy: ninth report of the International Committee on
Taxonomy of Viruses, 9th edn. Elsevier Academic Press, San Diego

2. Hess M (2000) Detection and differentiation of avian adenoviruses: a
review. Avian Pathol 29:195-206

3. Schachner A, Matos M, Grafl B, Hess M (2018) Fow!l adenovirus-induced
diseases and strategies for their control—a review on the current global
situation. Avian Pathol 47:111-126

4. Hess M (2020) Aviadenovirus infections. In: Swayne DE, Boulianne M,
Logue CM, McDougald LR, Nair V, Suarez DL (eds) Diseases of poultry,
14th edn. Wiley-Blackwell, Hoboken

5. Norrby E (1969) The relationship between the soluble antigens and the
virion of adenovirus type 3. IV. Immunological complexity of soluble
components. Virology 37:565-576

6. Shah MS, Ashraf A, Rahman M, Khan MI, Qureshi JA (2012) A subunit
vaccine against hydropericardium syndrome using adenovirus penton
capsid protein. Vaccine 30:7153-7156

20.

21.

22.

23.

24.

Page 14 of 15

Schachner A, Marek A, Jaskulska B, Bilic I, Hess M (2014) Recombinant
FAdV-4 fiber-2 protein protects chickens against hepatitis-hydropericar-
dium syndrome (HHS). Vaccine 32:1086-1092

Wang X, Tang Q, Qiu L, Yang Z (2019) Penton-dodecahedron of fowl
adenovirus serotype 4 as a vaccine candidate for the control of related
diseases. Vaccine 37:839-847

Gupta A, Ahmed KA, Ayalew LE, Popowich S, Kurukulasuriya R, Ojkic

D, Tikoo SK, Willson P, Gomis S (2017) Immunogenicity and protec-

tive efficacy of virus-like particles and recombinant fiber proteins in
broiler-breeder vaccination against fowl adenovirus (FAdV)-8b. Vaccine
35:22716-2722

Gomis S, Goodhope R, Ojkic D, Willson P (2006) Inclusion body hepatitis
as a primary disease in broilers in Saskatchewan, Canada. Avian Dis
50:550-555

. Mittal D, Jindal N, Tiwari AK, Khokhar RS (2014) Characterization of fowl

adenoviruses associated with hydropericardium syndrome and inclusion
body hepatitis in broiler chickens. Virusdisease 25:114-119

Schachner A, Marek A, Grafl B, Hess M (2016) Detailed molecular
analyses of the hexon loop-1 and fibers of fowl aviadenoviruses reveal
new insights into the antigenic relationship and confirm that specific
genotypes are involved in field outbreaks of inclusion body hepatitis. Vet
Microbiol 186:13-20

Schachner A, Gonzalez G, Endler L, Ito K, Hess M (2019) Fow! adenovirus
(FAV) recombination with intertypic crossovers in genomes of FAdV-D
and FAdV-E, displaying hybrid serological phenotypes. Viruses 11:1094
Steer PA, O'Rourke D, Ghorashi SA, Noormohammadi AH (2011) Applica-
tion of high-resolution melting curve analysis for typing of fowl adenovi-
rus in field cases of inclusion body hepatitis. Aust Vet J 89:184-192
Venne D (2013) Field data of the changing clinical picture over time

of inclusion body hepatitis in Canada with an emphasis on diagnosis,
prevention and trials on supportive treatments. In: Proceedings of the
24th Annual Australian Poultry Science Symposium, Sydney, New South
Wales, Australia, February 2013. The Poultry Research Foundation and the
World's Poultry Science Association, pp 222-229

Wang J,Wang S, Zou K, Zhang Y, Xu S, Yin Y (2018) Variant serotypes of
fowl adenovirus isolated from commercial poultry between 2007 and
2017 in some regions of China. Avian Dis 62:171-176

. Gupta A, Popowich S, Ojkic D, Kurukulasuriya S, Chow-Lockerbie B,

Gunawardana T, Goonewardene K, Karunarathna R, Ayalew LE, Ahmed
KA, Tikoo SK, Willson P, Gomis S (2018) Inactivated and live bivalent fowl
adenovirus (FAdV8b + FAdV11) breeder vaccines provide broad-spec-
trum protection in chicks against inclusion body hepatitis (IBH). Vaccine
36:744-750

Alvarado IR, Villegas P, El-Attrache J, Jensen E, Rosales G, Perozo F, Purvis
LB (2007) Genetic characterization, pathogenicity, and protection studies
with an avian adenovirus isolate associated with inclusion body hepatitis.
Avian Dis 51:27-32

Popowich S, Gupta A, Chow-Lockerbie B, Ayalew L, Ambrose N, Ojkic

D, Gunawardana T, Kurukulasuriya S, Willson P, Tikoo SK, Gomis S (2018)
Broad spectrum protection of broiler chickens against inclusion body
hepatitis by immunizing their broiler breeder parents with a bivalent live
fowl adenovirus vaccine. Res Vet Sci 118:262-269

Kim M, Lim T, Lee D, Youn H, Yuk S, Kim B, Choi S, Jung C, Han J, Song C
(2014) An inactivated oil-emulsion fow!l adenovirus serotype 4 vaccine
provides broad cross-protection against various serotypes of fowl adeno-
virus. Vaccine 32:3564-3568

Pallister JA, Erny KM, Fahey KJ (1993) Serological relationships within the
group E fowl adenoviruses. Intervirology 36:84-90

Steer-Cope PA, Sandy JR, O'Rourke D, Scott PC, Browning GF, Noormo-
hammadi AH (2019) Vaccination with FAdV-8a induces protection against
inclusion body hepatitis caused by homologous and heterologous
strains. Avian Pathol 48:396-405

Calnek BW, Shek WR, Menendez NA, Stiube P (1982) Serological cross-
reactivity of avian adenovirus serotypes in an enzyme-linked immuno-
sorbent assay. Avian Dis 26:897-906

Schonewille E, Singh A, Gobel TW, Gerner W, Saalmiller A, Hess M (2008)
Fowl adenovirus (FAdV) serotype 4 causes depletion of Band T cells in
lymphoid organs in specific pathogen-free chickens following experi-
mental infection. Vet Immunol Immunopathol 121:130-139



De Luca et al. Vet Res (2020) 51:143

25.

26.

27.

28.

29.

30.

31

32.

Chen L, Yin L, Zhou Q, Li Q LuoY, Xu Z, Zhang Y, Xue C, Cao Y (2018)
Immunogenicity and protective efficacy of recombinant fiber-2

protein in protecting SPF chickens against fowl adenovirus 4. Vaccine
36:1203-1208

Schat K, Sellers HS (2008) Cell culture methods. In: Dufour-Zavala L,
Swayne DE, Glisson JR, Pearson JE, Reed WM, Jackwood MW, Woolcock
PR (eds) A laboratory manual for the isolation and identification of avian
pathogens, 5th edn. OmniPress Inc, Madison

Reed LJ, Muench H (1938) A simple method of estimating fifty percent
endpoints. Am J Hyg 27:493-497

Feichtner F, Schachner A, Berger E, Hess M (2018a) Fiber-based fluores-
cent microsphere immunoassay (FMIA) as a novel multiplex serodiagnos-
tic tool for simultaneous detection and differentiation of all clinically rel-
evant fowl adenovirus (FAdV) serotypes. J Immunol Methods 458:33-43
Matos M, Grafl B, Liebhart D, Schwendenwein |, Hess M (2016) Selected
clinical chemistry analytes correlate with the pathogenesis of inclusion
body hepatitis experimentally induced by fowl aviadenoviruses. Avian
Pathol 45:520-529

Gunes A, Marek A, Grafl B, Berger E, Hess M (2012) Real-time PCR assay for
universal detection and quantitation of all five species of fowl adenovi-
ruses (FAdV-A to FAdV-E). J Virol Methods 183:147-153

Feichtner F, Schachner A, Berger E, Hess M (2018b) Development of sensi-
tive indirect enzyme-linked immunosorbent assays for specific detection
of antibodies against fowl adenovirus serotypes 1 and 4 in chickens.
Avian Pathol 47:73-82

Mitra T, Gerner W, Kidane FA, Wernsdorf P, Hess M, Saalmdller A, Liebhart
D (2017) Vaccination against histomonosis limits pronounced changes of
B cells and T-cell subsets in turkeys and chickens. Vaccine 35:4184-4196

Page 15 of 15

33. Ruan S, Zhao J,He Z, Yang H, Zhang G (2018) Analysis of pathogenicity
and immune efficacy of fowl adenovirus serotype 4 isolates. Poult Sci
97:2647-2653

34. Fodey TL, Delahaut P, Charlier C, Elliott CT (2008) Comparison of three
adjuvants used to produce polyclonal antibodies to veterinary drugs. Vet
Immunol Immunopathol 122:25-34

35. Gupta SK, Bajwa P, Deb R, Chellappa MM, Dey S (2014) Flagellin a toll-like
receptor 5 agonist as an adjuvant in chicken vaccines. Clin Vaccine Immu-
nol 21:261-270

36. CuiD, Zhang J, ZuoY,Huo S, Zhang Y, Wang L, Li X, Zhong F (2018)
Recombinant chicken interleukin-7 as a potent adjuvant increases the
immunogenicity and protection of inactivated infectious bursal disease
vaccine. Vet Res 49:10

37. Naeem K, Niazi T, Malik SA, Cheema AH (1995) Immunosuppressive
potential and pathogenicity of an avian adenovirus isolate involved in
hydropericardium syndrome in broilers. Avian Dis 39:723-728

38. Shivachandra SB, Sah RL, Singh SD, Kataria JM, Manimaran K (2003)
Immunosuppression in broiler chicks fed aflatoxin and inoculated with
fowl adenovirus serotype-4 (FAV-4) associated with hydropericardium
syndrome. Vet Res Commun 27:39-51

39. NiuYJ, Sun W, Zhang GH, Qu YJ, Wang PF, Sun HL, Xiao YH, Liu SD (2016)
Hydropericardium syndrome outbreak caused by fowl adenovirus sero-
type 4 in China in 2015. J Gen Virol 97:2684-2690

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Fowl adenovirus (FAdV) fiber-based vaccine against inclusion body hepatitis (IBH) provides type-specific protection guided by humoral immunity and regulation of B and T cell response
	Abstract 
	Introduction
	Materials and methods
	Virus and recombinant protein preparation
	Animal experiment
	Clinical chemistry
	Histopathology and immunohistochemistry (IHC)
	Quantitative polymerase chain reaction (qPCR) from tissues of target organs
	Fiber-based enzyme-linked immunosorbent assay (ELISA) and virus neutralization test (VNT)
	Flow cytometry (FCM) analyses
	Blood collection and preparation
	FCM staining protocol
	FCM analysis

	Statistical analyses

	Results
	Clinical protection of recombinant Fib-8a against homologous and heterologous challenge
	Viral load in target organs
	Histopathology
	Antibody development
	Fiber-based ELISAs
	VNT

	PBMC flow cytometry
	B cells
	Monocytesmacrophages
	TCRαβ+ T cells
	TCRγδ+ T cells
	CD4+ T cells
	CD8α+ T cells


	Discussion
	Acknowledgements
	References




