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Abstract

Fowl adenovirus (FAdV), belonging to the Aviade-
novirus genus of Adenoviridae family, poses an
increasing threat to poultry industry across the globe.
In particular, the occurrence of hepatitis hydroper-
icardium syndrome (HHS) in flocks in China has
caused severe economic losses to stakeholders since
2015. Some serotypes of the FAdVs, especially
FAdV-4, -2, -7 and -11, are highly pathogenic to 3- to
6-week-old chickens and responsible for HHS and
inclusion body hepatitis (IBH). On the contrary, lines
of evidence indicate that adenovirus could serve as an

optimal vector to deliver protective antigens of other

pathogens in host. This review mainly focuses on the
pathogenesis and control of HHS, and discusses over
the possible role of FAdV as a vector in controlling
other avian diseases.

Keywords: Fowl adenovirus; Pathogenesis; Immune
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1. Introduction

Adenoviruses (AdV), widely-distributed microbes
across the globe, can infect varied species of
vertebrates including birds, animals and human. In

1949, Vanden Ende et al. accidentally isolated adeno-
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virus from bovine nodular dermatitis material for the
first time [1] and subsequently, several strains of
chicken embryo lethal orphan (CELO) virus were
isolated from chicken embryos [2] and gallus adeno-
like (GAL) virus was obtained from chicken cell
culture [3]. In 1952, Olson formally isolated fowl
adenovirus named quail bronchitis virus (QBV) from
North American quail with bronchitis [4]. It was not
until 1953 that the first human AdV was discovered in
human adenoid tissue by Wallace Rowe and collea-
gues [5], and it belonged to the Mastadenovirus genus
Adenoviridae family. Currently, according to the
International Committee on Taxonomy of Viruses
(ICTV), Adenoviridae can be classified into five
genera: Mastadenovirus, Aviadenovirus, Siadeno-
virus, Atadenovirus and Ichtadenovirus [6]. Based on
phylogenetic distance, restriction fragment length
polymerphism, genome organization, host range,
pathogenicity and cross-neutralization, the Aviaden-
virus are divided into 15 species as shown in Figure 1
[7]. Fowl adenoviruses (FAdVs) are generally divided
into 5 species (FAdV-A to FAdV-E) based on their
restriction enzyme digestion patterns [8], and 12
serotypes (FAdV1-7, FAdV8a/b, and FAdV9-11) as
determined by serum cross-neutralization test [9]. The
12 serotypes of FAdVs are grouped into the 5 species:
FAdV-1 belongs to species FAdV-A, FAdV-5 to
species FAdV-B, FAdV-4 and-10 to species FAdV-C,
FAdV-2, -3, -9 and-11 to species FAdV-D, and
FAdV-6, -7, -8a, and -8b to species FAdV-E.
Although FAdVs could be isolated from healthy
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chickens, some serotypes of FAdVs are associated
with several notable diseases such as inclusion body
hepatitis (IBH) [10], hepatitis hydropericardium
syndrome (HHS) (also known as hydropericardium
syndrome, HPS) [11], and adenoviral gizzard erosion
(AGE) [12] in chickens and other birds. These
diseases have caused significant economic losses to
the poultry industry around the world. The serotypes
FAdV-2, FAdV-11, FAdV-8a and FAdV-8b caused
outbreaks of IBH in chickens with 10-30% mortality
[13-15]. AGE is mainly induced by FAdV-1 and
FAdV-8 and commonly found in slaughtered broiler
chickens [16-19]. FAdV-4 serotype is the primary
causative agent responsible for HHS at a mortality of
30-80% [14, 20, 21]. In the past few years, the
occurrence of HHS in Asia, particularly in China, has
attracted much attention, and there even appears a
novel natural recombinant FAdV-E that has spread in
China recently [22]. Thus, FAdV infection as a
serious threat to the poultry industry across the globe
has become the focus in terms of poultry disease
control. The basic research on the pathogenesis of
FAdV infection could provide an important clue to
the stipulation of effective measures for the
prevention and control of FAdV infection. The topics
on avian adenoviruses especially FAdV-4 were very
well reviewed [7, 14, 23-26]. This review mainly
focuses on our current knowledge of the recent
findings about the pathogenesis, prevention and con-
trol of FAdV infection.

International Journal of Plant, Animal and Environmental Sciences Vol. 11 No. 3 — September 2021 567



Int J Plant Anim Environ Sci 2021; 11 (3): 566-589

[ Buck aviadenovirus B |-
[ Fadoon aviedenovirus A |
Fowl aviadenovirus A |
[Fowl aviadenovirus B |-
[ Fowt aviadenovirus €'}
[ Fowtaviadenovirus D |
| Fowt aviadenavirus F—
Goose sviadenovins A - Aviadenovirus
(Pgvon windanoiw i}

| Pigeon aviadenovirus B }_

| Pittacine aviadenovirus B |

| Psitracine aviadenovirus C }
| Turkey aviadenovirus B |

|' Turkey sviadenovirus c}_

|7 Turkey aviadenovirus D I-

| Freg siadenovirus A |
| Great tit stadenovirus A |
| Penguin siadenovirus A ||

( Psittacine siadenovirus D ||

—{A Siadenovirus }—

| Psittacine E |-
(" Raptor siadenovirus A
| Aaptor siadenovirus A |

| Skua siadenovirus A ||

| Turkey siadenovirus A |-

| Sturgeon ichtadencvirus A }—{ Ichtadenovirus —

["Pond siider A:—‘ T irus -

—{ Adenoviridae —

DOI: 10.26502/ijpaes.202122

{ Bar mastadenovirus A1 |

~| Bovine mastadenavirus AB C |
| Dwer mastadenovirus B |
I_M
| Guinea plg mastadenovirus A |

| Human mastadenavirus A-G |

|={ Marine iusABC |
Mastadenovirus —

{ Ovine mastadenovirus AB C |
| Platyrrhini mastadencvirus A l
—{ Potar bear mastadenovirus A |
| Porcine mastadenovirus A & C
]
— Simisn mastadenovirus A |
—{ Skunk mastadenovirus A |
)

\{ Tree shrew mastadenovirus A ]

(" Bovine atadencvirus D |
(| Bovine atadenovirus £
[ Duck atadenavirus A |

| Lizard us A |

\— Aladenovirus — .
4 —i Lizard n!»denawhnsi

|~ Owine atadenovirus D |
| Possum atadenovirus A |

|| Psittacine atsdenouirus A |

| Snake atadenavirus A

Figure 1: Classification of Adenoviridae (The information collected from https://talk.ictvonline.org/taxonomy/).

2. Fowl Adenovirus Characteristics and
Diseases

FAdV, a non-enveloped and double-stranded DNA
(dsDNA) virus, belongs to the Aviadenovirus genus of
Adenoviridae family. The genomes of different
serotype FAdVs may vary in size, ranging appro-
ximately from 43 to 45 kb, encoding approximately
10 structural proteins and different non-structural

proteins. It was reported that the genome of the non-

pathogenic FAdV-4 is composed of 23.3% A, 27.7%
C, 26.9% G and 22.1% T and a G+C content of 54.6%
with 45667 bp in length [27], larger than that of
FAdV-8 (45063 bp) [28] and FAdV-1 (43804 bp)
[29]. Several studies have illustrated the structures of
FAdV by cryo-electron microscopy (CM) [7, 30, 31].
The FAdV capsid is composed of 240 hexon
capsomers (protein I1), 12 penton bases (protein I11)

and 1 or 2 fiber proteins (protein 1V) per vertex as
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well as 7 structural proteins (Figure 2) [7, 30]. As
shown in Figure 2, hexon, fiber and penton base are
the major capsid proteins, which have been mostly
investigated so far [32]. As some serotypes of FAdVs
caused IBH and HHS in chickens [33], it would be
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reasonable and important to determine the roles of
viral proteins in this pathological process, which
would help to elucidate the pathogenesis of FAdV in-

fection.

Terminal Protein
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Figure 2: Schematic diagram of FAdV showing the 10 structural proteins.

The first step of FAdV infection is the attachment of
virus to host cell by binding to the specific receptors
on the cell membrane surface. Coxsackievirus and
adenovirus receptor (CAR), a transmembrane protein
on the target cell surface, is a specific receptor for
FAdV attachment, facilitating the entry of the virus
into the host cells via the FAdV’s fiber knob by
endocytosis, and the genome is transported to the cell
nucleus [34, 35]. A recent report indicates that the D2
domain of CAR (D2-CAR) acts as an active domain
responsible for binding to the short fiber of the novel
FAdV-4 [36]. In addition to CAR, other AdVs may
use different receptors for viral entry, such as sialic
acid, which serves as the receptor for bovine

adenovirus serotype 3 [37]. Once inside the cell,

FAdV will start its replicating program employing
cellular machinery, during which the viral
components interact with that of host cells (virus-host
interaction) at both protein and nucleic acid levels,
leading to apoptosis, autophagy, and inflammatory

cytokine response and so on.

FAdVs are ubiquitously prevalent in poultry, and
have been detected and isolated from chickens [38],
guinea fowls [39], turkeys [40], pigeons [41], house
sparrows [39], geese [42] and ducks [43]. Among
these hosts, 3- to 6-week-old broilers are most
susceptible to FAdV infection. FAdV-4 was first
identified as a causative agent responsible for HHS in
3- to 6-week-old broiler in Pakistan in 1987 [44], and
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subsequently the outbreaks of HHS occurred in India
[45], Middle East [46], Russia [47], South and Central
America [48-50], Japan [51], Korea [52], and China
[53]. In contrast to mild diseases caused by other
FAdV serotypes, the outbreaks of HHS in chickens
infected by FAdV-4 in 2015 caused tremendous
economic losses to the poultry industry in China [54,
55]. FAdV-4 mainly infects 3- to 6-week-old broilers
and occasionally 10- to 20-week-old layers and
breeder pullets [56-58]. Notably, the mortality caused
by hypervirulent FAdV-4 in China reached as high as
80% [20, 59]. In addition to the occurrence of HHS in
chickens, HHS outbreaks have been reported in geese
[42], pigeons [41], black kites [60], ducks [43],
ostriches [61], and in peacocks [62]. The predominant
gross lesions of HHS in chicken is hydropericardium,
accumulation of clear or yellowish jelly-like fluid in

the pericardial sac as well as a yellow brown-colored
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and swollen, enlarged, congested and friable liver
with foci of hemorrhages and necrosis as shown in
Figure 3, and in few cases, hemorrhage in spleens,
lungs and kidneys [38, 63] and enlarged bursa of
Fabricius could be observed [45]. Histologically,
there were fatty changes and focal areas of
lymphocytic infiltration in the liver. The conspicuous
intranuclear basophilic inclusion bodies were seen in
the hepatocytes and many hepatocytes contained large
dense hyperchromatic nuclei [57, 64]. Despite the
pathogenesis of FAdV has not been unraveled,
inflammatory cytokines, autophagy, apoptosis and
maternally derived antibodies may play roles in the
pathogenesis of FAdVs [24, 65]. Although FAdV-4
seems to be the predominant serotype in China, other
serotypes such as FAdV-2 [66, 67], FAdV-8 [68, 69]
and FAdV-11 [67, 69] have also been isolated from
flocks with clinical signs of IBH [53].

Figure 3: Liver and heart from chicken with hepatitis hydropericardium syndrome (HHS).

3. Roles of the Major Viral Proteins of FAdV
in the Pathogenesis of Viral Infection
The genome of FAdV-4 potentially contains 46 ORFs

encoding 10 structural proteins and approximately 32

non-structural proteins. The major structural proteins
consist of hexon, penton base, fiber (fiber-1, fiber-2),
terminal protein, and proteins V, VI, VII, VIII, llla,

and X [23], while non-structural proteins include U
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exon, DBP, 52K, 100K, 22K, plVall, pol, 33K and so
on [7, 70]. Attached to the DNA genome are terminal
protein, proteins X, V, and VIl within the virus
particles [71]. According to the reports, various
genomic deletions were found in some of highly
virulent FAdV-4 strains isolated in China, especially a
strain with 1966-bp deletion on the right end region of
the genome [55, 72]. However, the virulence of
hypervirulent FAdV-4 was found to be independent of
the 1966-bp deletion [73]. Although the pathogenesis
of FAdV infection is still not very clear, remarkable
progresses have been made in elucidating the roles of
some viral proteins (hexon, fibers, penton base, 100K
and PX) of FAdV in the pathogenesis of viral
infection.

3.1 Hexon

Hexon, a structural protein of FAdV with a mass of
107 kD, is the most abundant capsid protein, which
plays a vital role in the genome organization. Every
hexon possesses two distinctive parts: triangular with
three towers. The conserved pedestal regions P1 and
P2 of hexon are basement created of the particle and
taking part in trimer formation and the variable loops
L1, L2 and L4, which are in external part of virion,
created by hypervariable HVR [74, 75]. The
molecular changes of the knobs of hexon L1 and fiber
are signs of FAdV infectivity [76], and the
pathogenicity of highly pathogenic FAdV-4 also de-
pends on hexon and fiber [77].Specifically, it was
recently demonstrated that the amino acid residue at
position 188 of the hexon is responsible for FAdV-4
pathogenicity [78]. Usually, serotyping, phylogenetic
analysis and potential diagnosis of FAdVs are mainly
based on L1 loop of hexon gene [48, 79-81]. Thus,

hexon gene was amplified to determine FAdV-4
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contamination in live vaccines for poultry use in
China [82], and it was also used for molecular typing
of isolates in different areas around the world [83-86].
It was reported that high-resolution melting (HRM)-
curve analysis based on the conserved loop regions
and pedestal regions of hexon divided FAdV strains
into 22 sub-groups, which is consistent with
phylogenetic analysis [48]. Hexon is an important part
of the virion establishing infection [87], containing
group-, type- and subtype-specific antigenic
determinants [88, 89], against which antibodies are
produced [90]. Hexon is also associated with
pathogenicity, as modification of hexon gene is
involved in attenuation of FAdV virulence [91]. Inter-
estingly, our laboratory found that FAdV-4 hexon
interacted with chaperonin containing TCP-1 subunit
eta (CCT7), enhancing viral replication, thus CCT7
may serve as a potential target for controlling FAdV-4
infection [92]. However, the exact role of hexon in the
pathogenesis of FAdV-4 infection is still not very
clear. More efforts will be required to investigate the
possible roles of hexon in the pathogenesis of FAdV-

4 infection.

3.2 Fiber

Fiber, a structural protein of FAdV with a mass of 66
kD, consists of three regions: the tail, shaft and knob
[93]. However, some FAdVs possess two fibers based
on electron microscopy (EM) [30], such as FAdV-1
and FAdV-4, which harbor two genes encoding the
fiber proteins with different length [27, 29]. Previous
studies on AdV showed that N-terminal tail region
binds noncovalently to the penton base protein, the C-
terminal knob region is considered to be the ligand for
binding to the host receptor, and the shaft region is the

part of connecting N-terminal tail and knob and its
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length could influence the interaction between knob
and cellular receptor [94, 95]. As a major surface-
exposed capsid structure, the fiber protein plays
different roles in virus neutralization, cellular receptor
binding [96], tissue tropism and variations in
virulence [95]. It was found that the two fibers have
different functions, one for virus attachment and the
other for viral assembly or spread at some stage in
virus growth [97], suggesting that both fibers are
required for viral infection. Among the 12 serotypes
of FAdVs, serotypes FAdV-1, FAdV-4 and FAdV-10
have two fiber genes, the others like FAdV-9, FAdV-
8, and FAdV-5 only carry one fiber gene [98]. FAdV-
1 fiber-1 mediates cell attachment to CAR in both
avian and mammalian cells, while fiber-2 mediates
attachment to receptor(s) present on avian but not in
mammalian cells [97], which was considered as one

of possible reasons for viral tropism [27].

A previous study suggested that CELO virus
belonging to FAdV-1, might bind to the CAR via
fiber-1, but initiate the accessory infection through
fiber-2, indicating that fiber-2 might be critical for
virus-host interaction at an early stage of infection
[97]. It was found that the knob domain of fiber-1 was
the key factor for directly triggering the infection of
FAdV-4 [99]. Recombinant FAdV-4 fiber-2 protein
could act as a protective immunogen against HHS
[100, 101]. It was reported that fiber-2 also interacts
with host proteins KPNA3/4 efficiently via its N-
terminal 1-40aa, which assists the replication of
FAdV-4 in LMH cells [102]. However, the exact role
of fiber-2 in the pathogenesis of hypervirulent FAdV-

4 infection is still not very clear.

3.3 Penton base

DOI: 10.26502/ijpaes.202122

Penton base, a structural protein with a mass of 87
kD, holding a morphologically prominent position at
the vertex capsomers in the AdV particle [103],
participates in the internalization of virus into an
endosome of host cell [71, 104]. The internalization
of AdV by host cell involves the recognition of cellu-
lar integrins by the RGD peptide of the penton [105].
Each penton unit consists of a penton base anchored
in capsid and a projection (fiber) at the distal end.
Fiber is noncovalently linked to the pentameric
penton base [94]. However, the specific role of penton
base protein in FAdV infection is not fully studied.
Further investigation will be required for the role of
this viral protein in the pathogenesis of viral infection

in the future.

3.4 100K

100K, an important nonstructural protein (NSP) of
AdV of subgroups B and C with a mass of 292 kDa
[106], showing symmetrical, dumbbell shaped
molecule consisting of two terminal globular domains
linked by a rod like connecting domain by EM, assists
in trimerization and nuclear localization of hexon
during viral replication in host cells [107]. It was
considered that the 100K protein acts as a scaffold
protein for the hexon folding and self-assembly into
capsomer in insect cells [108]. It was found that
antibodies specific for the 100K NSP could be
detected in chickens experimentally infected with live
FAdVs, but not in chickens vaccinated with
inactivated FAdVs [109]. Thus, 100K protein might
be used as an antigen for the development of
diagnostic kits to examine specific antibodies,
differentiating the infected chickens from the
vaccinated ones (DIVA). It was reported that

recombinant 100K protein only had little protection
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(40%) to the immunized chicken against pathogenic
viral challenge and it is not exposed on the surface of

the virus at any stage [110].

3.5 PX

In human adenovirus (HAdV), PX, also known as
Mu, a structural protein of FAdV, plays an important
role in attaching the linear double-stranded DNA
genome to the capsid during replication [111]. Our
laboratory recently reported that PX acts as a major
viral factor inducing apoptosis in FAdV-4 in-fected
LMH cells [112]. Interestingly, we found that all
these Chinese FAdV-4 strains (HNJZ, SDDZ, SXCZ,
AHBZ, JSXZ and HuBWH) had the same spon-
taneous amino acid substitutions at residues 11 (T to
A) and 129 (T to A) in the PX when compared with
non-pathogenic FAdV-4 ON1 strain. Surprisingly,
mutation of A11T, A129T or both A11/129T back,
referring to the PX sequence of non-pathogenic
FAdV-4 ON1, dramatically reduced apoptosis in
plasmid transfected cells compared to that of virulent
FAdV-4 PX transfected controls, indicating that
alanines 11 and 129 are critical for PX-induced

apoptosis [112].

It seems that PX may serve as a virulence factor
contributing to the pathogenicity of FAdV-4 isolates
because inhibition of apoptosis by caspase inhibitors
significantly reduced the viral growth in LMH cells.
Thus, PX-induced apoptosis contributes at least in
part to FAdV-4-induced apoptosis, which facilitates
viral replication. Furthermore, the fact that FAdV-4-
induced apoptosis facilitates viral replication in LMH
cells suggests that PX may serve as a virulence factor
for FAdV-4 infection. Further investigation into the

roles of viral components in the pathogenesis of
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FAdV-4 infection will be definitely required.

4. Immune Response to FAdV

The immune system of vertebrates has evolved varied
mechanisms to defend themselves from external
insults including virus infection. As the first line of
defense of the host immune system, innate immunity
plays a pivotal role in resisting the pathogenic
infection. However, the information regarding the
immune response of fowls to FAdV infection is quite

limited.

As important innate immune molecules, defensins
play important roles in innate immunity against
pathogenic infection. It was found that most avian [3-
defensins (AvBDs) were upregulated in the specific
tissues of chickens with FAdV-4 infection and that
there was a positive correlation between FAdV-4
genome load and the mRNA expression levels of
AvBDs (AvBDS5, 7, 8, 9, and 13), implicating the
potential role of AvBDs during FAdV-4 infection
[113]. It seems that AvBDs are involved in innate
immune responses against FAdV-4 infection, but their
exact roles in combating viral infection are still not

very clear.

In response to virus infection, host cell senses viral
components (pathogen-associated molecular patterns,
PAMPs) via pattern-recognition receptors (PRRs),
which initiates immune response and eventually
induces the expression of anti-virus factors. FAdV-4
infection activated several immune related pathways,
including Toll-like receptors (TLRs) signaling
pathway and cytokine cytokine receptor interaction
pathway, and MyD88 mediated FAdV-4-induced
inflammation [114, 115]. TLR1, TLR2A, TLRS,

International Journal of Plant, Animal and Environmental Sciences Vol. 11 No. 3 — September 2021 573



Int J Plant Anim Environ Sci 2021; 11 (3): 566-589

TLR4, TLR5 and TLR21 were found to be involved
in FAdV-4 infection [113, 116], suggesting that these
TLRs play roles in host response to FAdV-4 infection.

Cytokines are protein or glycoproteins secreted by
cells that are involved in immune signaling.
Generally, type | IFNs and pro-inflammatory
cytokines are rapidly expressed to restrict virus
infections and stimulate the immunity response.
FAdV infection surely results in the up-regulated
expressions of pro-inflammatory cytokines [117]. It
was reported that the expressions of IFN-a, IFN-y and
interleukin (IL)-12 increased in the liver, spleen and
bursa of Fabricius of chickens infected with FAdV-9
or FAdV-9A4, while the expression of IL-10
decreased or didn’t change, depending on tissues
[118]. During FAdV-8 infection, mMRNA expression
of IFN-y in the spleen of infected chickens was
significantly upregulated while IL-10 down-regulated
[119]. FAdV-4 infection also upregulated the mRNA
expressions of IL-1B, IL-6, IL-8 and TNF-a in vivo
and in vitro [120], and the expressions of some
cytokines (IL-1B, -2, -6, -8, and -18, and IFN-y) were
upregulated in the spleen and bursa of Fabricius
[113]. These findings suggest that FAdV infection
induces host innate immune response. However, more
efforts will be required to investigate the response in
chickens with FAdV infection.

Adaptive immunity, the process by which the immune
system produces specific antibodies and immune
effector cells under the stimulation of antigens,
includes two major aspects: humoral immune
response and cellular immune response [121].
Although humoral immunity is an essential

component of the adaptive immune response of host
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to viral infection, cell-mediated immunity to FAdVs
seems to play important roles in virus clearance [116].
The overall T-lymphocyte population in chickens
infected with FAdV-1 increased and was important to
combat viral infection [122]. It was found that
infection with virulent FAdV-4 isolate (AG234)
caused a decrease of CD3+, CD4+ and CD8+ T-cells
in the spleen and a decrease of CD4+ and CD8+ T-
lymphocytes in the thymus associated with severe
depletion of lymphocytes in the bursa of Fabricius
[123], suggesting that FAdV-4 infection affects
adaptive immune response of chickens. Some
observations suggest that there might be an associa-
tion of host genetic background with FAdV-induced
pathogenesis [124, 125]. For instance, it was found
that the mortalities of specific pathogen free (SPF)
broilers infected with strains belonging to species
FAdV-E and FAdV-D were 100% and 96%,
respectively, which were much higher than that of
SPF layers, displaying 20% and 8% respectively
[125]. This information indicates a marked difference
between broilers and layers in terms of their

resistance to FAdV infection.

It was reported that FAdV infections in poultry, even
in SPF chickens, could evade the immune response of
host resulting in latent or persistent infections [126,
127]. Chickens with FAdV-4 infection caused
depletion of lymphocytes and growth impairment in
the thymus and bursa of Fabricius. Along with
histopathological changes in lymphoid organs, FAdV-
4 infection resulted in suppression of the humoral
immune response [123]. It seems that FAdV-4 in-
fection induced apoptosis in lymphocytes, leading to
the damages to lymphoid organs. Although PX

proteins were found responsible for FAdV-induced
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apoptosis [112], the exact mechanisms underlying
FAdV-induced apoptosis remain elusive. It was found
that depletion of lymphocyte in the lymphoid organs
by virulent FAdV (serotypes 1, 4 and 8) infection was
associated with suppression of immune response [125,
128]. However, the molecular mechanism underlying
hypervirulent FAdV-4-induced immunosuppression is
still unclear. The mixed infections of more than one
serotype might also be a contributing factor that
prolongs the persistence and excretion of FAdV-4
[129]. Further exploration of the molecular basis of
FAdV-4-induced immunosuppression in host will be
essential to elucidate the pathogenesis of FAdV-

infection.

5. Prevention and Control

FAdVs, highly resistant to inactivation, persistently
exist in the environment for a long period of time and
are transmitted both horizontally and vertically. Co-
infection of FAdVs with other highly infectious
viruses such as infectious bursal disease virus
(IBDV), avian leukosis virus (ALV) and chicken
anemia virus (CAV) makes the control and prevention
of FAdV infection more difficult and complex. Good
management practices and biosecurity measures are
very important to the prevention and control of

infectious diseases.

Therefore, vaccination against FAdV infection is
generally recommended and practiced with promising
results. Inactivated vaccines, attenuated live vaccines,
and recombinant vaccines have been used to control
HHS, and these vaccines have been proven to be
effective in protecting chickens against FAdV infec-

tion.
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5.1 Inactivated vaccines

Inactivated vaccines, different from live vaccines, can
induce antibody response in pullets with high and
uniform titres persisting for an extended period,
resulting in long-lasting immunity [130]. The first
successful protection of chickens by vaccination
against IBH was reported over 40 years ago [131]. In
some countries, vaccines prepared from liver
homogenates of infected chickens are commonly used
against HHS/IBH [129, 132, 133]. Dual vaccinations
of breeders with killed FAdV-4 and CAV provide
effective protection of the progeny of chickens against
HHS/IBH [134, 135]. It was reported that oil-
adjuvanted cell culture IBH vaccine provided better
protection when compared to the autogenous vaccine
[136]. Autogenous vaccines, derived from formalin-
inactivated liver homogenates, are generally used to
control HHS [91].This type of vaccines contain the
local circulating viruses and readily induce
neutralizing antibodies, and can be used to control

FAdV infection with satisfactory success.

It was reported that the inactivated oil-emulsion
FAdV-4 vaccine could pro-vide broad cross-
protection against various serotypes of FAdVs in not
only vaccinated birds, but also the progenies of
vaccinated breeder [137], suggesting that this type of
FAdV-4 vaccine could be effective in controlling the
spread of FAdV-4 as well as other serotypes of
FAdVs. Inactivated and live bivalent fowl adenovirus
(FAdV8b + FAdV11) breeder vaccines could provide
broad-spectrum protection in chicks against IBH
[138], supporting the previous report on the efficacy
of a bivalent autogenous FAdV vaccine [139]. Simi-
larly, IBH could be effectively controlled by

vaccination of broiler breeders with a bivalent vaccine
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containing live FAdV8a-TR59 and FAdV11-1047
[140]. These observations suggest that multivalent
vaccines could be clinically used with satisfactory

outcomes.

5.2 Attenuated live vaccines

Virulent FAdV-4 isolates were attenuated by adapting
to growth in a quail fibroblast cell line (QT35) or in
SPF chicken embryos and applied as vaccines, which
were capable of reducing the immunopathology
induced by a severe challenge [123]. Mansoor and
colleagues developed a live attenuated vaccine against
HHS by propagation of chicken embryo-adapted
FAdV-4 [91]. They adapted a field isolate of HHS
virus to embryonated chicken eggs via four blind
passages and continuously passaged the virus up to 12
times in SPF chicken embryos for further attenuation.
They inoculated 14-day-old broilers orally and
parenterally with attenuated virus and used liver
homogenate vaccine as a control. The results show
that the antibody response significantly increased in
broilers vaccinated with the attenuated virus 7, 14 and
21 days post-immunization, and the broilers
immunized with 16th-passage attenuated virus were
conferred with significantly higher protection (95%)
compared to that (55% protection) of the broilers
immunized with the liver homogenate vaccine [136].
In comparison with liver homogenate vaccine, the
attenuated vaccine showed better protection of
chickens from HHS [45, 91, 141]. The advantage of
attenuated live virus over the inactivated vaccine is
that live virus could elicit not only humoral immune
response but also cell-mediated immunity. Thus, the
attenuated vaccine was more effective against HHS in
broilers. However, the disadvantage of employing

attenuated live vaccine is the potential risk of

DOI: 10.26502/ijpaes.202122

reversion to virulence as well as the generation of new
virus strains via recombination with circulating field

virus.

5.3 Recombinant and subunit vaccines

The recombinant DNA technology has been widely
used to develop vaccines for animals as well as
human. The viral proteins of FAdV, such as hexon, fi-
ber-2 and penton base, have the potential of being
used for the development of subunit vaccines. It was
reported that a portion of fiber protein had been used
as an immunogen for the vaccine development with
some success [142], and the penton base protein
expressed by prokaryotic-expression system had been
used as subunit vaccines for protecting broilers from
HHS, achieving 90% protection for the vaccinated
chickens against challenge with virulent virus [143].
Schachner and colleagues compared the immune-
genicity of two viral recombinant fiber proteins (fiber-
1 and fiber-2). They expressed FAdV-4 fi-ber-2 by
eukaryotic expression system (Baculovirus expre-
ssion system), inoculated 1-day-old chicks with
purified recombinant fiber-2 by intramuscular
injection, and found that fiber-2 protein could
effectively reduce the mortality of chicks to 3.5%
after challenge with a virulent virus [100], suggesting
that fiber-2 could serve as a protective antigen. A
follow-up study by another research group indicated
that recombinant fiber-2 protein could provide 100%
protection against challenge with virulent FAdV-4
strain HB1501, neither clinical signs nor gross lesions
were observed in vaccinated chickens after challenge,
and that immunization of SPF chickens with recom-
binant fiber-2 protein could induce quicker and
stronger immune response than the inactivated oil-

emulsion FAdV-4 vaccine [101]. Recently, it has been
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reported that the highly conserved epitopes (Asp348-
Phe369) on the surface of hexon used as virus-like-
particle (VLP) vaccine can provide 90% protection
against the challenge with the virulent FAdV-4 isolate
in chickens [144]. These observations provide
important information about the development of
subunit vaccines for the potential application to the

clinical control of HHS in chickens.

5.4 FAdV as vector

HAdV vectors represent one of the most efficient
systems for gene delivery in vivo for vaccine
application. As potential vaccine vectors, AdVs have
been developed for preventing different infectious
diseases such as HIV [145], Influenza [146], Ebola
[147], Dengue [148] et al. Similarly, FAdVs have
such a potential to be used as vectors for gene
delivery in vivo to elicit an immune response against
pathogenic infections in poultry. Most FAdV vectors
were constructed by replacement of non-essential
DNA sequences with foreign genes at the right end
genomic region of FAdV-1, FAdV-8, FAdV-9 and
FAdV-10. It was reported that the CELO could be
used as a vector expressing the capsid protein VP2 of
IBDV to confer chickens with complete protection
against a lethal infection with very virulent IBDV
(vwIBDV) strain [149]. FAdV-10 recombinant
expressing VP2 of IBDV also induced protective im-
munity against bursal disease [150]. FAdV-8 has been
constructed to express antibody fragments scFv,
which targets and neutralizes IBDV [151]. It was
reported that recombinant FAdV expressing the S1
gene from infectious bronchitis virus (IBV) was
sufficient to protect chickens at the trachea, the
primary site of infection by IBV [152]. FAdV-9 could

serve as a suitable vaccine vector due to large

DOI: 10.26502/ijpaes.202122

stretches of nonessential DNA sequences in their
genomes, and chickens immunized with FAdV-9
recombinant viruses developed antibodies against the
foreign antigens [153-155].

Generation of infectious clones based on a
nonpathogenic FAdV-4 or deletion/mutation of
virulence genes of circulating viral strain by reverse
genetic manipulation technique will no doubt
facilitate the development of effective live vaccines,
avoid risking the reversion to virulence in attenuated
live vaccines developed by blind-passages, and thus
represent the future trends in vaccine development.
Meanwhile, similar to HAdV, FAdV could also serve
as a useful wvector for gene delivery when
appropriately constructed [156]. Thus, FAdV-4 has a
great potential of being constructed as a useful vector
for gene-deliver as well as an attenuated live vaccine
for prevention and control of HHS and other avian

diseases.

6. Conclusion

Although HAdVs are well studied and have served as
gene transfer vectors for gene therapy, the current
understandings of the pathogenesis of FAdV infection
are still insufficient. FAdVs are distributed
worldwide, causing enormous economic losses to the
poultry industry across the global. Vaccination is the
most successful and economically effective strategy
to reduce the mortality and morbidity of infectious
diseases. Therefore, there is and will be an urgent
need to develop effective vaccines against diseases
caused by FAdVs using modern molecular
techniques. Elucidation of the pathogenesis of FAdV
infection will be definitely required to provide helpful

clues to the development of novel vaccines. In
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addition to the three major structural proteins (hexon,
fiber and penton base), more viral proteins of FAdV
should be investigated for their possible roles in
pathogenesis of FAdV infection and for their potential
use as subunit vaccine candidates. Maternally derived
neutralizing antibodies are important in protecting
chicks against FAdV infection and development of
clinical disease. Currently, the protection of chickens
by vaccination with inactivated vaccines, attenuated
vaccine or recombinant vaccines is still not
completely satisfactory. Thus, more efforts will be
required to investigate the pathogenesis of FAdV
infection and develop more effective vaccines for
clinical use. Of note, recent years FAdV-4 has
attracted much attention as a potential vector for
foreign gene-delivery, which may serve as a
recombinant live vaccine for the prevention and

control of HHS and other avian diseases.
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