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A B S T R A C T

In recent years, fowl adenovirus (FAdV)-induced diseases became a global problem with considerable impact on
chicken health and welfare. This has prompted numerous studies to focus on experimental immunization stra-
tegies using whole virus formulations (live or killed vaccines), some of them modified as recombinantly con-
structed vector vaccines. In addition, FAdV capsid proteins were frequently reported as immunizing antigens
(subunit vaccines), with fiber proteins being amongst the most successful candidates. To date, there is no
standardized protocol to assess vaccine efficacy in experimental FAdV protection studies, with the consequence
that the experimental settings present several degrees of variations even when sharing similar premises. Dif-
ferences in formulation preparations, route of inoculation, antigen dose, vaccination scheme, choice of challenge
strain, or type and age of the birds are capable to greatly influence the magnitude of the immune response and
the consequent protective efficacy, altogether addressing remaining challenges. Beyond the antigen composition
of a vaccine, the epidemiology of FAdVs with the potential of vertical transmission of virus and/or antibodies
from breeders to progenies has a substantial impact on protection strategies. The goal of this review is to outline
a broad overview of the findings made thus far regarding immunization strategies against diseases associated to
FAdV infections, considering the literature published since the appearance of hepatitis-hydropericardium syn-
drome (HHS) in the late Eighties, in order to emphasize the current knowledge on FAdV vaccines and highlight
fields of future research and intervention.

1. Introduction

Fowl adenoviruses (FAdVs) belong to the family Adenoviridae, genus
Aviadenovirus, and are classified into five species, FAdV-A to -E, ac-
cording to their genome sequences. FAdV species were very recently
renamed by the International Committee on Taxonomy of Viruses
(ICTV) by introducing binominal latinized names: Aviadenovirus ven-
triculi, A. quintum, A. hydropericardii, A. gallinae and A. hepatitidis [1].
However, for the sake of clarity and to avoid confusion with existing
literature, the assignment of species to letters A-E will be kept
throughout this review (Table 1). A further classification sees these vi-
ruses divided into twelve serotypes (FAdV-1 to -8a, and FAdV-8b to -11),
determined by serological neutralization test and, subsequently, mo-
lecular phenotyping [1–4]. FAdVs exhibit an icosahedral structure,

consisting of non-enveloped double-stranded DNA viruses, with capsid
composed by 252 capsomers: 240 hexons and 12 pentons, each one
structured by a penton base and two fibers [5–7]. The FAdV genome
contains a single gene encoding for the fiber protein with the exception
of species FAdV-A and -C, where the two fibers refer to separate open
reading frames (ORFs), denoted here as fiber-1 and fiber-2 [8,9].

The origin of FAdVs can be traced back to 1949, when a virus was
accidentally isolated from embryonated chicken eggs [10]. Since then,
FAdVs have been detected in various avian species, in healthy and
diseased individuals, indicating a wide distribution and potential impact
on poultry health [11]. To this date, three diseases affecting chickens
have been associated to different species and serotypes of FAdVs:
adenoviral gizzard erosion (AGE), caused by FAdV-A (serotype 1),
hepatitis-hydropericardium syndrome (HHS), caused by FAdV-C

Abbreviations: AGE, adenoviral gizzard erosion; AGPT, agar gel precipitation test; EDS, egg drop syndrome; ELISA, enzyme-linked immunosorbent assay; FAdV,
fowl adenovirus; HE, hemorrhagic enteritis; HHS, hepatitis-hydropericardium syndrome; IBH, inclusion body hepatitis; MAbs, maternal antibodies; NAbs,
neutralizing antibodies; NDV, Newcastle Disease Virus; non-NAbs, non-neutralizing antibodies; ORF, open reading frame; Pb-Dd, penton-dodecahedron; SPF, specific
pathogen-free; VLPs, virus-like particles; VNT, virus neutralization test; VP2, viral protein 2; vvIBDV, very virulent infectious bursa disease virus.
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(serotype 4), and inclusion body hepatitis (IBH), caused by FAdV-D
(serotypes 2 and 11) and -E (serotypes 8a and 8b) [12] (Table 1). As
the name suggests, AGE affects mainly the gizzard of the host, whereas
HHS and IBH are metabolic diseases that find their main target in young
broilers [12]. Currently, FAdVs represent a worldwide concern that
continues to pose an ever-growing challenge to the poultry sector [13].
Despite efforts to implement biosecurity measures, there is a current
lack of comprehensive approaches to safeguard chickens against these
diseases, with research on vaccine development at the forefront. A
comprehensive list of protection studies, with associated formulations
and experimental settings, can be found as Supplementary Table 1,
updated from Schachner et al. [12].

2. Live vaccines

Live vaccines are regarded as highly suitable for mass application,
which is favoured in the poultry industry. Considering the faecal-oral
transmission of FAdV, such vaccines should be able to trigger a pro-
tective immune response in the host after oral or respiratory adminis-
tration [14]. However, live virus formulations come with the risk of
shedding the vaccine strain, with potential spread to wild birds and
subsequent dissemination in the environment, an issue that has already
been described for aviadenoviruses [15,16]. Moreover, live formula-
tions require a careful integration in the immunization schemes adopted
in the field, as interaction with pre-existing vaccines or the presence of
subclinical infections in the flock must be considered.

When it comes to FAdVs, live formulations possess the significant
feature of being the only successful vaccines described against AGE so
far, as they alone are able to induce an adequate local immunity in the
gastrointestinal tract of chickens after oral inoculation [17,18].

2.1. Adenoviral gizzard erosion

Unlike HHS and IBH, which exhibit similarities in terms of disease
development and protective mechanisms, notable distinctions arise in
terms of protection against AGE. In particular, it has been observed that
systemic maternal antibodies (MAbs) do not protect chickens from
developing the disease after ocular and/or nasal infection with virulent
FAdV-1 [17,18]. Conversely, instances have been documented where
clinically healthy birds displayed no lesions in the gizzard upon re-
infection with the same virulent FAdV-1 [19]. These findings highlight
the need for an oral administration of the vaccine in order to allow the
onset of a local immune response in the gastrointestinal tract. Therefore,
experimental studies in the context of AGE have focused on the
administration of apathogenic FAdV-1 strains prior challenge [12]. Grafl
et al. demonstrated that oral inoculation of 1-day-old specific pathogen-
free (SPF) broiler chicks with apathogenic FAdV-1 prevented the onset
of clinical signs and pathological lesions upon challenge with a virulent
field strain twenty days later, although infection and shedding of the
virulent isolate were still documented [20]. Later on, it was confirmed
that the same strategy could be used to protect SPF layer-type chickens
with either single or prime-boost vaccination between 14 and 17 weeks

of life and challenge at 20-week-old [21]. The levels of circulating
neutralizing antibodies (NAbs) induced by such vaccine differ between
immunized young broilers and layers in production, with higher and
more widely distributed titers in the latter [20,21]. Despite the fact that
systemic humoral immunity does not appear to be the crucial mecha-
nism when it comes to horizontal protection against AGE, these obser-
vations serve as further confirmation of the influence of age and chicken
type in the efficiency of the immune response. On the other hand, data
on the local cellular response, thought to be the elective immune
pathway against the disease, are still lacking and further research is
needed to fully clarify the protective mechanisms of this vaccine
approach.

2.2. Hepatitis-hydropericardium syndrome

Live-attenuated FAdV-4 vaccines against HHS primarily owe their
standardization and formulation to embryo and cell culture. Schone-
wille et al. achieved the development of a live attenuated strain derived
from a virulent FAdV-4 field isolate after adaptation in a fibroblast cell
line (QT-35) through repeated passages [22]. This attenuated strain was
effectively employed for the immunization of SPF layer chickens against
HHS, after oral administration within the first day of life. However, it
was noted that the vaccine could not completely prevent the shedding of
the virus after challenge [22,23]. Moreover, birds excreted the vaccine
strain up to seven days post vaccination, confirming the potential risk of
environmental spillover [22,23]. FAdV-4 attenuation was also achieved
through repeated passages on chicken embryos, as well as Vero cell line,
and successfully adopted for further experimental vaccines against HHS
[24,25]. Ali et al. demonstrated that, even after lyophilisation, the cell
culture-attenuated FAdV-4 was more efficient than its inactivated
counterpart in protection, antibody development, and phyto-
hemagglutinin-P assay [25]. Different routes of administration were
also tested for such vaccines, showing that ocular and spray adminis-
tration are less efficient than oral or intramuscular inoculation [26]. It is
worth noting that all the studies revolving around live FAdV-4 vaccines
have employed a strain-homologous vaccine/challenge setting, using
the original virulent strain for both vaccine development and challenge.
As no investigations over the cross-protective potential across serotype
boundaries of these vaccines have been pursued, the matter of broad
coverage, even within the realm of diverse FAdV-4 strains, remains to be
assessed.

Recently, studies on FAdV-4 live formulations focused on designing
recombinant strains carrying engineered modifications in their major
structural proteins in order to overcome the common issues of live
vaccines, such as safety and potential spreading to the environment. In
2021, recombinant FAdV-4 strains were expressed as live-attenuated
variants by targeting the region between the tail and shaft of fiber-1
or -2, and generating modified fiber fusion proteins by replacing ORFs
non-essential for replication with a cassette for fluorescent proteins
[27,28]. These constructs were able to protect intramuscularly immu-
nized SPF chickens from strain-homologous challenge through the
development of circulating NAbs, without inducing shedding of the

Table 1
Overview of FAdV-associated diseases.

disease etiological agent main host(s) experimental vaccines

adenoviral gizzard
erosion (AGE)

Aviadenovirus ventriculi (FAdV-A),
serotype 1 (FAdV-1)

broilers,
layers, pullets

live vaccines

hepatitis-
hydropericardium
syndrome (HHS)

Aviadenovirus hydropericardii (FAdV-C),
serotype 4 (FAdV-4)

broilers
live vaccines

inactivated vaccines
subunit vaccines

inclusion body
hepatitis (IBH)

Aviadenovirus gallinae (FAdV-D),
serotypes 2 and 11 (FAdV-2, -11)
Aviadenovirus hepatitidis (FAdV-E),
serotypes 8a and 8b (FAdV-8a, -8b)

broilers
live vaccines

inactivated vaccines
subunit vaccines

C. De Luca and M. Hess Vaccine 43 (2025) 126496 

2 



vaccine strain. Similar results were achieved with the same technology
by deletion of the fiber-2 domain responsible for the interaction with the
karyopherin alpha 3/4 host protein [29]. It was also shown that the
complete deletion of fiber-2 did not affect the production of circulating
NAbs against FAdV-4 in birds after immunization, which led to full
protection upon strain-homologous challenge [30]. Moreover, replacing
the hexon gene of a virulent FAdV-4 with one from an apathogenic strain
led to the generation of an attenuated and protective live vaccine that
could be used through various inoculation routes (intranasal, intra-
muscular, or subcutaneous) [31]. Pan et al. developed a recombinant
FAdV-4 that could be used as a vector for viral subunits from different
viruses, such as the VP2 protein of very virulent infectious bursal disease
virus (vvIBDV) [32]. The rescued recombinant virus induced NAbs
against both FAdV-4 and vvIBDV, and could protect SPF chickens after
intramuscular administration, showing that such technology can be
adopted to expand the protective spectrum of FAdV vaccines across viral
species [32].

Whilst recombinant live formulations seem to rely on the develop-
ment of systemic NAbs, the neutralizing activity of vaccine-derived
antibodies was shown to be dispensable for other live FAdV-4 vac-
cines, as first demonstrated by Schonewille et al. [23]. In fact, on top of
protecting chickens from the disease in the absence of a systemic hu-
moral response, this oral vaccination with attenuated FAdV-4 prevented
challenge-induced depletion of CD4+ and CD8+ T lymphocytes in
thymus and B lymphocytes in bursa of Fabricius of immunized birds
[22]. This represents the first instance of investigations on the cellular
immune response to FAdV vaccines.

2.3. Inclusion body hepatitis

When devising immunization strategies to combat IBH, it is essential
to consider the varied aetiology of the disease and the need for a wide-
ranging defence against the spread of the causative FAdVs. Therefore,
information over broad-spectrum protection between FAdV serotypes
and species are of great value for these types of vaccines.

Live FAdV vaccines against IBH were first described in 1993, when a
study conducted by Pallister et al. documented a successful spray-
vaccination of SPF chickens using a FAdV-E strain obtained from an
IBH outbreak and associated with NAbs development [33]. Years later,
dual-serotype formulations consisting of two FAdV strains belonging to
FAdV-D and -E were assessed against strain-homologous challenges
[34,35]. In these studies, broiler breeders were vaccinated orally with a
formulation containing FAdV-11 mixed with either FAdV-8a or -8b,
which led to the development of NAbs against the cognate serotypes
and, additionally, FAdV-2. Subsequently, the transfer and protective
efficacy of MAbs was tested via virus neutralization test (VNT) and
challenge of the progeny, which resulted protected from FAdV-2, -7, -8a,
-8b, and -11 [35]. On the other hand, single vaccination with live FAdV-
8b within the same setting led to development of NAbs against FAdV-8a
and -8b, but their neutralizing activity did not extend to FAdV-2 or -11
[34,35]. Shedding of the vaccine virus by live FAdV-8b immunized-birds
led to in-contact naïve broiler breeders developing comparable NAbs
levels against FAdV-8a and -8b [35]. However, it was also shown that
intramuscular injection of this FAdV-8b vaccine in 29-week-old broiler
breeders vertically induced IBH within the first week post vaccination,
until an adequate level of circulating NAbs was reached in the breeders,
with subsequent MAbs transferred to the progeny [34]. On the contrary,
no vertical transmission was noticed when birds were vaccinated orally
at 16 weeks of age with a dual serotype formulation (FAdV-8b + FAdV-
11). In fact, a FAdV-8b strain identical to the commercial live vaccine
was isolated in the field in Australia, where attenuated vaccines derived
from virulent FAdV-8b are utilized to this date to immunize breeder
flocks, underlining the balance between safety and efficacy [36]. Despite
this preventive measure, outbreaks of IBH triggered by FAdV-8b and -11
continue to be documented in Australia. Although this could be attrib-
uted to variations in vaccination strategies in terms of dosage, timing,

and administration methods in the field, it points towards incomplete
protection of progenies when breeders are solely immunized with live
vaccines. Furthermore, such findings confirm that certain FAdV live
vaccines represent a potential spillover hazard for the environment.

3. Inactivated vaccines

Historically, inactivated vaccines represent the first attempt to
immunize birds against FAdV-related diseases [37]. Since then, several
protection studies have focused on the inactivation of FAdV strains as a
suitable vaccine strategy to protect chickens [24,25,38–40], and most of
the available commercial vaccines, as well as autogenous formulations,
are inactivated products [12]. Despite their efficacy, such vaccines are
bound to a parenteral route of administration, most commonly intra-
muscular and occasionally subcutaneous, which affects their suitability
for mass application in the field, a highly desirable feature in the poultry
industry.

3.1. Hepatitis-hydropericardium syndrome

The late 1980s and early 1990s saw the first attempts to control
FAdV-related diseases using autogenous vaccines made from inactivated
liver homogenates obtained from HHS outbreaks [37,41,42]. In these
formulations, still in use in certain regions, the inactivation of the virus
is carried out through treatment with variable concentrations of
formalin [24,43,44]. However, standardization and characterization of
the antigen are hardly possible for these vaccines. Consequently, cell or
egg culture-purified and propagated virus were adopted to prepare the
antigen prior to inactivation in attempt to standardize vaccine formu-
lations [25,38,45–48]. It is worth noticing, however, that numerous
discrepancies between studies persist to this day, especially in regards to
vaccine and challenge dosages, as well as type and age of chickens.

Inactivated vaccines against FAdV-4 are linked to the stimulation of a
potent humoral immune response, often measured via ELISA, although
other methods such as AGPT or phyto-hemagglutinin-P assay were used
[25,47–52]. Fewer studies have characterized the neutralizing activity
of such response, linking the efficacy of inactivated FAdV-4 vaccines to
the development of NAbs [28,53,54]. Transmission of MAbs from
vaccinated breeders to their progeny and consequent vertical protection
has also been demonstrated for inactivated FAdV-4 vaccines [38,49]. In
particular, Kim et al. tested the efficacy of such Mabs to protect 1-day-
old progeny not only against FAdV-4, but also against various FAdV
serotypes, finding that the survival rate of chicks from seropositive
breeders was significantly increased compared to the challenge control
group against FAdV-4, -8b and -11 [49]. Another study tested the cross-
protective potential of FAdV-4 inactivated vaccines by challenging
vaccinated broilers with a virulent FAdV-8a strain, observing a signifi-
cant reduction in the lesions on liver and kidneys of immunized birds
[55].

Analogously to live vaccines against HHS, the latest trend for inac-
tivated FAdV-4 formulations relies on recombinant FAdV-4 strains car-
rying modifications in their structural proteins, such as replacement of
the hexon gene with one from an apathogenic strain, or FAdV-4
expressing the vvIBDV VP2 protein. It was in fact shown that the inac-
tivated counterparts of successful recombinant live vaccines were also
able to protect SPF chickens from strain-homologous challenge, albeit
often not as efficient as the live-attenuated ones due to induction of
lower NAbs titers [28,56,57].

3.2. Inclusion body hepatitis

Inactivated dual-serotype formulations represent the first published
attempt to counter the issue of broad protection against IBH with
inactivated vaccines. In fact, a commercial formulation comprising
strains from serotypes 8a and 11 was able to protect chickens not only
from homologous isolates, but also from FAdV-8b challenge [39]. In this
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case, commercial broilers and broiler breeders from vaccinated grand-
parents were successfully tested for the presence of MAbs by FAdV-8a
ELISA, and subsequently challenged within their first week of life with
either FAdV-8a, -11 (homologous vaccine strains), or -8b. The lack of a
challenge control group for the FAdV-8a and -11 settings makes it
difficult to evaluate protection against these strains, although survival
rates ranged from 92 to 98%. However, cross-protection was ensured
against FAdV-8b challenge, which caused 100% mortality in the chal-
lenge control group (seronegative SPF broilers). It is interesting to notice
that the broiler breeder flocks obtained from 30-week-old grandparents
(vaccinated at 10 and 17 weeks of life) had significantly lower ELISA-
measured MAbs against FAdV-8a compared to the ones hatched from
50-week-old grandparents. This suggests that not only the vertical
transmission of MAbs does not wane down with the age of the breeders,
but it may even increase due to a possible field infection of the grand-
parent flocks [39]. Similar results were achieved with a bivalent
formulation including FAdV-8b and -11 inactivated strains, which
resulted protective for the progeny of vaccinated broiler breeders
against strain-homologous challenge and FAdV-2 challenge [34]. Such
protection was associated to broadly reactive NAbs (vs. serotypes FAdV-
2, -7, -8b, -8a, and -11) in serum of the vaccinated breeders, which
translated in vertical transmission of MAbs. It must be highlighted that
FAdV-2 and FAdV-11 share a high degree of genetic identity and cross-
neutralizing potential, to the point that their categorization as two
distinct serotypes has been questioned [36,58]; therefore, a certain de-
gree of cross-protection is expected.

Another report of possible cross-protection comes from a study in
SPF layer-type chickens, vaccinated at 3-week-old with a formalin-
inactivated formulation of either FAdV-8a, -8b, or -11 field isolates,
and challenged three weeks later with either homologous strain [59].
The results showed that, aside from the expected homologous protection
for FAdV-8b and -11 vaccines, the FAdV-8a vaccine also protected birds
against FAdV-8b and -11 infection, representing the first instance of
broad-spectrum protection across different viral species from vaccines
formulated with IBH-causing serotypes. On the other hand, the results
also showed that FAdV-8b-vaccinated birds were not protected from
FAdV-11. These data only partially correlate to the observations over the
associated humoral response: while all the immunized birds had
detectable antibodies on commercial IBH ELISA and NAbs against the
respective vaccine strain before challenge (albeit with variable titers),
cross-reacting NAbs against FAdV-8b and -11 were present in low titers
only in a few FAdV-8a-vaccinated birds [59]. Therefore, in this case, the
role of NAbs in cross-protection is unclear and deserves further inves-
tigation. Moreover, the effect of such vaccines on the cellular immunity
of the birds should also be more widely explored.

Inactivated vaccines against IBH are also dose-dependent, as recently
illustrated by Wu et al. [60], who showed that a dose of 3×104.5 TCID50
formalin-inactivated FAdV-8a vaccine was not as efficient as higher
doses (3×105.5 TCID50 and 3×106.5 TCID50) in protecting chickens
challenged with the homologous strain from developing clinical signs
and lesions in the target organs.

4. Subunit vaccines

The concept of utilizing capsid proteins as subunit antigens for
crafting vaccines against FAdVs draws inspiration from prior in-
vestigations on other adenoviruses targeting poultry. The immunogenic
nature of structural proteins, notably hexon, fiber, and fiber-knob, had
previously been established for hemorrhagic enteritis (HE) in turkeys
and egg drop syndrome (EDS) in chickens. These studies showcased that
vaccination with adenoviral structural proteins could trigger systemic
NAbs and decrease the viral load in the spleen following HEV infection
[61–63]. This prompted the investigation over FAdV subunit vaccines,
which demonstrated that it is feasible to generate specific antibodies
against recombinant capsid proteins, including fibers, penton base,
hexon, and 100K [64–69]. In general, subunit vaccines and inactivated

vaccines share similar drawbacks, including the lack of mass adminis-
tration due to the requirement for a parenteral route of inoculation.
Depending on the expression platform, recombinant proteins can be
manufactured in fermenters, eliminating the need for tissue culture
(unlike inactivated vaccines), which can have an impact on production
costs. FAdV subunits are commonly expressed in E. coli, although a few
studies have reached equally successful results via the baculovirus
system.

4.1. Hepatitis-hydropericardium syndrome

The first successful subunit vaccine against FAdV-related diseases,
namely HHS, was described in 2012 by Shah et al. [65]. For this, the
penton base of FAdV-4 was effectively utilized to vaccinate 2-week-old
commercial broiler chickens against challenge by the same strain.
However, protection rates reported by further penton base vaccination
studies are somewhat inconsistent. Two studies noted a dose-dependent
effect, with survival rate of immunized chickens challenged with ho-
mologous FAdV-4 strain varying from 35% to 100% according to the
quantity of administered subunit [70,71]. In addition, variations in the
vaccine dose do not fully explain the discrepancies in survival rates, as
higher degrees of protection have been achieved with lower dosages
[65,72], and higher subunit quantities have only achieved 50% survival
rate on another occasion. It is interesting to note that, in this instance,
the FAdV-4 isolate used for challenge did not correspond to the vaccine
template [43]. Other factors that seem to be influencing the magnitude
of the immune response are type and age of the birds. As a general rule,
older birds develop a higher antibody response than 1-day-old birds and
have better chances to be protected upon challenge, possibly due to a
more mature immune system [12,43,65,70]. Even so, in the case of
penton base vaccines, the detection of antigen-specific antibodies on
ELISA does not necessarily correlate with clinical protection from HHS
[43,70,72,73]. Furthermore, the discrepancies in outcomes observed
across different studies suggest a potentially crucial role for conforma-
tional epitopes of recombinant penton base proteins and their stability.
Structural analysis of this subunit from various FAdV isolates suggested
that the penton base could be unstable in extracellular environments
[74]. A recent study aimed to address this issue by generating highly
stable variants of the FAdV-4 penton base before conducting an in vivo
protection study. Remarkably, the stable variants achieved 100% pro-
tection, in contrast to the full-length protein [73]. Therefore, main-
taining the three-dimensional structure of the subunit could play a
pivotal role in eliciting a penton base-specific response that offers sub-
stantial protection.

To this date, the most effective outcomes in safeguarding chickens
against HHS using subunit vaccines have been attained through FAdV-4
fiber-2 vaccination. The effectiveness of this approach was initially
demonstrated in 2014, establishing full protection against HHS [67].
Following this proof of concept, subsequent studies have consistently
affirmed this outcome. Further investigations explored a range of fac-
tors, including fiber-2 vaccine dosages, expression systems, formula-
tions, and immunization schemes [40,53,70,71,75,76]. A positive dose-
dependent effect has been described for fiber-2 vaccines as well, with
higher quantities of inoculated subunit corresponding to higher anti-
body titers on ELISA and broader degrees of protection, although the
minimum protective dosage seems to depend on the age of the birds and
the vaccination scheme [40,54,71,72]. While the levels of ELISA-
measured antibodies before challenge typically correlate well with
protection, the same does not apply to the presence of NAbs, which seem
to be dispensable to prevent the onset of severe HHS [67]. This has been
recently confirmed when chickens immunized with the knob region of
fiber-2 showed a good antibody response on ELISA but no neutralizing
activity, still translating to 100% coverage against strain-homologous
challenge [54]. Similarly, immunization with a chimeric fiber protein
merging epitopes from FAdV-4 fiber-2 and FAdV-11 fiber was able to
grant protection from virulent FAdV-4 even in the absence of systemic
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NAbs [77]. Chen et al. reported higher protective efficacy of fiber-2
vaccine compared to the inactivated whole virus formulation derived
from the same FAdV-4 isolate [53]. In this case, the protection rate
correlated well with antibody titers measured by ELISA, even though the
neutralizing activity of such antibodies was higher for the whole virus
formulation. The observed development of NAbs following fiber-2
inoculation may be connected to the older age of the immunized birds
compared to previous studies, where fiber-2 was unable to stimulate the
production of NAbs [53,67,77]. This scenario reflects the reported sit-
uation of live FAdV-4 vaccines, straightening the hypothesis over an
important role of the non-NAbs and/or the cellular immune response
when it comes to protection from HHS [23,77,78]. Moreover, the inte-
gration of additional subunits into the recombinant fiber-2 protein, such
as short peptides from Salmonella Typhimurium, has been shown to
enhance the immune response, translating to higher degree of protection
when compared to simple fiber-2 immunization [76]. Despite the
frequent success of FAdV-4 fiber-2 vaccines against HHS, their broad
protective potential still needs to be further explored, not only across
serotype boundaries, but also within the growing variety of FAdV-4
strains. In fact, while Schachner et al. and De Luca et al. assessed pro-
tection by FAdV-4 fiber subunits against a FAdV-4 challenge strain
distinct from the vaccine template, most studies have focused on testing
the subunit in strain-homologous vaccine/challenge settings. Zhao et al.
recently showed that such protection does not necessarily translate to
protection against different FAdV-4 isolates [52], as SPF chickens
vaccinated with fiber-2 from an apathogenic FAdV-4 were completely
unprotected from challenge with a virulent isolate, as opposed to
chickens immunized with fiber-2 derived from the same strain [52].

Contrary to fiber-2, research on FAdV-4 fiber-1 as an immunization
antigen has yielded somewhat conflicting results, with varying survival
rates observed in vaccinated chickens subsequently exposed to HHS
challenge [67,70,72,79]. Higher immunogenicity and 100% survival
rate seem to be linked to a prime-booster regimen and an older age of
vaccinated birds. In fact, whereas immunization of 1-day-old SPF
chickens with 50 μg of fiber-1 was unable to elicit a detectable antibody
response and only resulted in partial protection (as opposed to full
protection by fiber-2 vaccination in the same setup), birds immunized
with 100 μg at 2- and 4-week-old developed high titers of NAbs against
FAdV-4 within three weeks post prime vaccination [67,79].

Interestingly, the most abundant capsid protein and the one histor-
ically described as the most immunogenic after adenovirus infection, the
hexon [80], does not perform as efficient immunogen in chickens.
Vaccination with recombinant FAdV-4 hexon loop-1 was unable to grant
full protection against HHS, independent from the quantity of admin-
istered antigen, although higher survival rates correlated with increased
ELISA antibodies [67,70]. More recently, three different epitope regions
of FAdV-4 hexon were predicted in silico and expressed as recombinant
virus-like particles (VLPs), before being used in an in vivo protection
study [44]. Despite comparable levels of immunogenicity on antigen-
specific ELISA, the three epitope regions achieved different levels of
protection, with the highest survival rate being 90%, representing the
most promising example of FAdV-4 hexon vaccine so far.

Another subunit tested for its efficacy as a protective antigen was the
recombinant 100K protein, which could only achieve partial protection
despite the high immunogenicity on antigen-specific ELISA [66]. More
comprehensive antigens like penton-dodecahedron complexes (Pb-Dd),
VLPs comprising the penton base with the attached trimeric structure of
fiber-1 and fiber-2, were also tested as vaccine antigens, granting full
protection from HHS to immunized SPF chickens [72].

All of these studies demonstrated that different FAdV-4 capsid pro-
teins possess different immunogenic properties, and the 3D structure of
such particles may be crucial to ensure a functional epitope presentation
to the immune system of the host. Therefore, recent works have been
focusing on designing recombinant constructs merging epitopes from
different subunits, in order to grant a more comprehensive stimulation
of the immune system of the chicken. In 2021, Hu et al. successfully

expressed a truncated FAdV-4 fiber-2 protein incorporating a hexon
epitope, and this subunit proved to be immunogenic and protective
against strain-homologous challenge [81]. More recently, Guo et al.
proved the importance of recombinant subunit linear and 3D structure
by expressing multiantigenic constructs of in silico-predicted epitopes
derived from FAdV-4 penton base, hexon, fiber-1, and fiber-2, arranged
in five different combinations, and using them in an in vivo protection
study [82]. This experiment revealed that one specific epitope combi-
nation was superior to the others, with protection rates correlating to
immunogenicity [82]. Similar findings were associated with successful
vaccination with a recombinant chimeric fiber protein merging epitopes
from FAdV-4 fiber-2 and FAdV-11 fiber, a construct designed to expand
the protective efficacy of fiber immunization across different FAdV
species, thus covering multiple FAdV-related diseases [77,78]. Such
recombinant subunit proved able to prevent the onset of clinical signs
and reduce lesions upon challenge with either virulent FAdV-4 and -11,
albeit in the absence of NAbs [77]. Instead, the administration of this
vaccine stimulated a rise of splenic CD8α+ T cells. Additionally, the
levels of B lymphocytes and cytotoxic T cells in blood, liver and spleen of
immunized birds rose due to proliferation in thymus after challenge,
while splenic monocytes/macrophages recovered more rapidly in
vaccinated birds after experiencing a challenge-induced decline [78].
Another study used solely the terminal part of the fiber protein as vac-
cine antigen, specifically a fusion knob with mixed FAdV-4 fiber-1 and
fiber-2 identities, which provided full protection against homologous-
strain challenge [83]. In this case, the protection did correlate with
the development of NAbs, which were in fact higher than the titers
induced by full FAdV-4 fiber-2 vaccination in the same setting. Overall,
these data suggest that the immune mechanisms associated with subunit
vaccines against HHS should be explored more in depth, keeping into
account both the humoral response, as VNT is often neglected, and the
cellular immune response on a systemic and local level.

More recently, FAdV-4 subunits have been incorporated as part of
live microbiological vectors in order to become suitable to oral inocu-
lation and potentially expand the protective spectrum of such formula-
tions. However, a recombinant NDV LaSota vaccine strain expressing
FAdV-4 fiber-2 afforded parenteral injection, as protection by oral
vaccination was not successful [84]. The antigen was able to induce the
production of anti-fiber-2 antibodies in SPF layers, with higher immu-
nogenicity and protection when applied in its live formulation as
opposed to the inactivated vaccine. Bacteria or yeast have also been
engineered to express other FAdV-4 capsid proteins, namely the hexon
or fiber-2, and proved to be systemically immunogenic after repeated
oral inoculations in SPF chickens, achieving various degrees of protec-
tion after intramuscular challenge of strain-homologous FAdV-4
[85–87]. In this context, some vectors have performed better than
others, such as Enterococcus faecalis and Saccharomyces cerevisiae (as
opposed to Lactococcus lactis), and the highest protection rates were
observed when the fiber-2 was used as antigen.

4.2. Inclusion body hepatitis

Similar to HHS, most experimental subunit vaccines against IBH
revolve around recombinant fiber proteins. It is noteworthy that the
protection conferred by vaccines with a FAdV-D or -E template appears
to primarily depend on the stimulation of NAbs [34,35,59,88,89]. The
FAdV-8b fiber was first tested as an immunizing antigen in a strain-
homologous vaccine/challenge setting, granting a survival rate of
82.7% in progeny of vaccinated breeders, as opposed to 100% achieved
by FAdV-8b-derived VLPs, and ~57% by FAdV-8b fiber knob [89]. In
this case, higher protection rates were associated with higher level of
NAbs in breeders and, subsequently, MAbs in their progeny. Addition-
ally, a decrease in the CD4+:CD8+ T cell ratio was observed following a
booster injection of either FAdV-8b VLPs or FAdV-8b fiber in commer-
cial broiler breeders [89]. Despite this first success, the potential cross-
protection efficacy of subunit vaccines against different IBH-causing
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serotypes represents a crucial point to be investigated. In this regard, De
Luca et al. demonstrated that vaccination of SPF broiler chicks with
FAdV-8a fiber led to production of serotype-specific NAbs, which
translated in protection exclusively against FAdV-8a challenge, but not
FAdV-8b [90]. This observation was further corroborated when a re-
combinant FAdV-4 whole-virus vaccine was engineered to express the
FAdV-8b fiber and used in its inactivated form in a protection study:
immunized chickens developed NAbs against FAdV-4 and -8b, and were
protected from strain-homologous challenge. However, such antibodies
were unable to neutralize FAdV-8a, leaving the birds vulnerable to
FAdV-8a infection [51,91]. Analogously, vaccination with recombinant
FAdV-4 expressing FAdV-8a fiber was able to induce protective NAbs
against FAdV-4 and -8a, but not -8b [92]. Therefore, it appears that
single fiber vaccination is insufficient to offer comprehensive protection
against the diverse causative IBH agents, primarily due to the generation
of serotype-specific NAbs. To devise a more encompassing strategy
against IBH, Schachner et al. developed chimeric fiber proteins [93].
These proteins maintain the complete fiber structure while combining
epitopes from FAdV-8a and -8b serotypes, accomplished through the
introduction of a specificity switch in the fiber knob. Similar to results on
chimeric constructs merging different FAdV-4 epitopes in different
combinations, it was observed that, out of two chimeric fiber proteins
with opposite FAdV-8a/8b identity on each side of the specificity switch,
one was superior in eliciting bilateral NAbs and thus protecting SPF
broiler chickens from both IBH-serotypes [93]. The potential cause for
the inadequate development of NAbs by one of the variants could be
attributed to structural disparities between the two constructs that led to
distinct linear and structural epitope presentation. Consistently with the
successful trend of recombinant FAdV vaccines retaining multiple
serotype identities, it was demonstrated that vaccination with a newly-

designed FAdV-4 expressing both FAdV-8b and -11 fibers (and lacking
FAdV-4 fiber-1) was able to trigger antigen-specific antibodies in 7-day-
old chickens, protecting them from challenge with any of the three se-
rotypes, although information on NAbs are lacking [94].

Differently from HHS, vaccination with either native or recombinant
FAdV-8b hexon protein was able to protect SPF layers after immuniza-
tion at 1- and 9-day-old, and challenge as early as 16-day-old, although
antibody titers measured on whole FAdV-8b ELISA were not detectable
before challenge [64]. As for the penton base protein, despite the high
degree of aa sequence conservation of the subunit [59,74], which sug-
gests it as a suitable candidate for broad-protection against IBH-causing
serotypes, the FAdV-E subunit failed to achieve protection when used to
immunize SPF birds against virulent FAdV-8b challenge [95]. The
reason for this failure may be due to the absence of vaccine-induced
NAbs in immunized birds and the overall low immunogenicity
observed on antigen-specific ELISA as well. Because of the possible
instability of this protein in extracellular environments, we can hy-
pothesize that ensuring proper folding of the recombinant protein may
be necessary to achieve sufficient NAbs coverage [74,95].

These studies demonstrate that an adequate humoral response
against IBH-inducing serotypes, and particularly the development of
NAbs in FAdV-E vaccine/challenge settings, is fundamental in protect-
ing chickens from the disease in the context of most subunit vaccines. As
a consequence, fewer studies have expanded their investigation to
explore the cellular response triggered by such formulations. Never-
theless, it was shown that FAdV-8a fiber vaccination was associated with
the activation of systemic B and CD4+ T lymphocyte populations, and
the vaccine prevented a challenge-induced drop of circulating B cells
and monocytes in SPF broilers [90]. These findings highlight the
importance of both humoral and cellular immune response

Fig. 1. Dynamics of FAdV-induced diseases with consequences on experimental vaccination strategies. Created with BioRender.com
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investigations.

5. Conclusion and perspectives

The increasing trend of FAdV-induced diseases poses a significant
economic challenge for the global poultry industry [13]. Stringent bio-
security measures, particularly for breeder flocks, coupled with the
absence of commercially available broad-protective immunization
strategies, have prompted substantial efforts in developing vaccines
against FAdVs. Protection studies have demonstrated the efficacy of live,
inactivated, and subunit vaccines, elucidating various factors influ-
encing the associated immune response. However, the lack of stan-
dardization in experimental design across studies complicates drawing
definitive conclusions for devising a comprehensive immunization
strategy. While many studies serve as proof of concept for the efficacy of
different vaccine models, there remains a need for in-depth analysis of
various functional aspects of protection to facilitate their effective
application in the field. The level of antibodies transmitted from
breeders to progenies seems a crucial parameter for successful protec-
tion of broilers against FAdVs [96]. Understanding the dynamics of such
immunity is fundamental, as the role of MAbs is to provide protection for
the progeny until the age resistance to FAdV-related diseases comes into
play (Fig. 1) [12]. Additionally, elucidating the potential interference of
vertically transmitted MAbs (possibly due to prior infection in breeders)
with antibody development in one-day-old broiler chicks post-
vaccination is essential (Fig. 1). Comprehensive information on the
immunogenic epitopes of different FAdV subunits needs to be expanded,
particularly regarding the breadth of their protective spectrum within
and across serotype boundaries. Despite the growing diversity of FAdV
isolates, many experimental studies employed a homologous vaccine/
challenge strain setting and only partially characterized the strains used.
Addressing this plastic diversity in the context of protection stands as a
significant challenge for FAdV vaccines as reports from the field indicate
a change in strain circulation following introduction of vaccination
[97–99].

Overall, significant knowledge about vaccination against FAdV-
induced diseases has been accrued through numerous experimental
vaccine studies. Nevertheless, the factors outlined above represent the
missing pieces in the mosaic of experimental FAdV vaccines, critical for
delineating an efficient, broad-protective immunization strategy that is
still missing in the field.
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