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1. Abbreviations 

 

aa: amino acid 

Abs: antibodies 

AGE: adenoviral gizzard erosions 

AGPT: agar gel precipitation test 

BW: body weight 

CAV: chicken anaemia virus 

CD: cluster of differentiation 

CEL cells: chicken embryo liver cells 

CELO: chicken embryo lethal orphan 

crecFib: chimeric fiber protein 

DIA: data-independent acquisition 

dpb: days post booster 

dpc: days post challenge 

dpv: days post vaccination 

EDS: egg drop syndrome 

ELISA: enzyme-linked immunosorbent assay 

FAdVs: fowl aviadenoviruses 

FAdV-A to FAdV-E: species Fowl 
aviadenovirus A to Fowl aviadenovirus E 
 
FAdV-1 to -8a and -8b to -11: Fowl adenovirus 
serotype 1 to 8a and 8b to 11 
 
FCM: flow cytometry 

fib: fiber 

Fib-8a: FAdV-8a fiber 

Fib-8b: FAdV-8b fiber 

HAdVs: human adenoviruses 

HEV: haemorrhagic enteritis virus 

HHS: hepatitis-hydropericardium syndrome 

hpi: hours post infection 

IBDV: infectious bursa disease virus 

IBH: inclusion body hepatitis 

LMH: leghorn male hepatoma 

mAbs: monoclonal antibodies 

MS: mass spectrometry 

nAbs: neutralizing antibodies 

OD: optical density 

ORF: open reading frame 

Pb: penton base 

Pb-Dd: penton-dodecahedron 

Pb-7: FAdV-7 penton base 

Pb-8a: FAdV-8a penton base 

PBMCs: peripheral blood mononuclear cells 

PBS: phosphate buffered saline 

PCR: polymerase chain reaction 

PFU: plaque-forming units 

SPF: specific pathogen-free 

TCID50: 50% tissue culture infective dose 

TCR: T cell receptor 

VLPs: virus-like particles 

VNT: virus-neutralization test 

wpv: weeks post vaccination
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5. Summary 

Fowl adenoviruses (FAdVs) are associated with three disease complexes affecting the 

poultry industry: adenoviral gizzard erosion (AGE), caused by FAdV serotype 1 (FAdV-

1), hepatitis-hydropericardium syndrome (HHS), caused by FAdV-4, and inclusion 

body hepatitis (IBH), caused by FAdV-2, -8a, -8b and -11. Despite the increasing 

burden that these diseases represent for the poultry industry, a comprehensive 

immunization strategy available in the field is still lacking. The objective of this thesis 

was to develop a broad-protective immunization strategy to protect chickens against 

IBH and, subsequently, HHS, using subunit vaccines based on FAdV recombinant 

capsid proteins, which are favourable for their efficient cost- and time-production. In 

the first study, specific pathogen-free (SPF) chickens were vaccinated with a 

recombinant FAdV-8a fiber protein and challenged with FAdV field isolates belonging 

to both a homotypic (FAdV-8a) or heterotypic (-8b) IBH-causing strain. Results showed 

that single fiber-based immunity was only able to protect the birds from homologous 

challenge, possibly due to the strictly type-specific neutralizing activity of fiber immune 

sera determined by virus neutralization test (VNT). In protected birds, vaccination 

prevented a post-challenge drop of peripheral B cells in blood, stimulated helper T 

lymphocyte proliferation while moderating the cytotoxic T cell response, and prevented 

challenge-induced changes in systemic monocytes/macrophages and γδ+ T cell 

subpopulations. In order to overcome the lack of cross-protection linked to single fiber 

vaccines, the novel concept of recombinant chimeric fiber proteins (crecFibs) retaining 

epitopes from different FAdV serotypes was developed merging two consecutive 

segments in the fibers of FAdV-8a and -8b, swapped reciprocally to result in novel 

chimeras, crecFib-8a/8b and crecFib-8b/8a. The constructs showed the same 

reactivity as monospecific recombinant fibers in western blot against different FAdV 

antisera, and crecFib-8b/8a was able to induce cross-neutralizing antibodies against 
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both serotypes in chickens. This highlights distinct epitopes in these fibers: the 

conserved one detected in western blot and at least two type-specific epitopes 

participating in neutralization. When administered as single-antigen component, 

crecFib-8b/8a protected chickens against IBH-causing serotypes, promoting the 

advancement of broadly protective subunit vaccination strategies against FAdVs. This 

concept was therefore extended to achieve simultaneous protection against IBH and 

HHS, with the design of a chimeric construct retaining epitopes from FAdV-4 and -11 

fibers (crecFib-4/11). The construct was used to vaccinate SPF chickens before 

challenge with either FAdV-4 or -11, and was able to protect the birds from both HHS 

and IBH. Clinical protection was associated with high levels of pre-challenge antibodies 

measured on enzyme-linked immunosorbent assay (ELISA) plates coated with the 

vaccination antigen, although the development of neutralizing antibodies was limited 

against FAdV-11 and absent against FAdV-4, indicating that protection granted by 

such antigen may be linked to different immunization pathways compared to crecFib-

8b/8a. Nevertheless, birds immunized with crecFib-4/11 and challenged with FAdV-4, 

experienced a significant increase of hepatic B cells and the proliferation of circulating 

cytotoxic T lymphocytes at an earlier time point compared to the challenge control, with 

subsequent increase in liver and spleen. Overall, these findings imply a potent local 

response in the target and lymphoid organs as crucial component for the protection 

from HHS after crecFib-4/11 vaccination, even more so than the development of 

neutralizing antibodies. In conclusion, it was proven that the concept of chimeric fiber 

vaccines represents the first single-component FAdV subunit vaccine providing 

comprehensive protection against different FAdV-associated diseases. 
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6. Introduction to Fowl adenoviruses (FAdVs) and related prevention 

strategies 

A fowl aviadenovirus was first isolated accidentally in 1949 from embryonated chicken 

eggs (Van Den Ende et al., 1949). From that moment, FAdVs have been isolated from 

a number of different avian hosts, in either healthy or diseased birds (Hess, 2020). In 

1963, an inclusion body hepatitis (IBH) was described with unresolved aetiology but 

later on attributed as the first FAdV-associated disease in chickens (Helmboldt & 

Frazier, 1963). The role of FAdVs as primary pathogens was initially questioned, given 

the frequent concomitant isolation of other pathogens such as chicken anaemia virus 

(CAV) and infectious bursal disease virus (IBDV) in diseased flocks (Hess, 2017). Later 

on, the identification of adenoviral gizzard erosion (AGE) and hepatitis-

hydropericardium syndrome (HHS), additional diseases caused by FAdV, and various 

experimental infection studies, revealed that strains from specific serotypes are able 

to cause clinical affection in healthy chickens without the presence of other pathogens 

(Mazaheri et al., 1998; Okuda et al., 2001a; Schachner et al., 2018). To this date, 

FAdVs are globally widespread, and their related disease complexes represent an 

increasing burden for the poultry industry (Schachner et al., 2021). 

 

6.1. FAdV taxonomy and classification 

FAdVs belong to the family Adenoviridae, genus Aviadenovirus, and are currently 

classified into five species (FAdV-A to -E) according to their full genome sequences 

(Benkő et al., 2022). They are further divided into twelve types (FAdV-1 to -8a, and 

from -8b to -11), which were first determined by serological neutralization test and, 

subsequently, through molecular phenotyping (McFerran & Adair, 1977; Hess, 2000; 

Marek et al., 2010; Benkő et al., 2022). The major structural protein of FAdVs, the 
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hexon (and in particular its loop 1 region), has represented the main target of molecular 

phenotyping for decades since its first description (Raue & Hess, 1998). However, in 

recent years, an increased focus has developed over whole-genome sequencing, 

which not only allowed to fully characterize the FAdV genome, including fiber-coding 

genes and terminal open reading frames (ORFs), but also revealed the circulation of 

intertypic hexon/fiber recombinant FAdV-D and -E strains in the field (Schachner et al., 

2019). 

 

6.2. FAdV structure and identified epitopes 

FAdVs are icosahedral, non-enveloped double-stranded DNA viruses, measuring 70-

90 nm in size (Fig. 1) (Laver et al., 1971). The major structural proteins compose the 

capsid, which consists in 252 capsomers: 240 hexons and 12 pentons, each one 

further structured by a penton base and two fibers (Laver et al., 1971; Gelderblom & 

Maichle-Lauppe, 1982; Tan et al., 2001). The fiber protein is divided into three regions: 

a small tail at the N-terminus, a shaft regulating the length, and a terminal domain 

named knob. Each FAdV species possess a single gene codifying for its fiber protein, 

with the exception of FAdV-A and -C, whose fibers are codified by distinct ORFs, and 

hereby referred as fiber-1 and fiber-2 (Hess et al., 1995; Marek et al., 2012). 

 

Fig. 1. Schematic representation of a FAdV and its major structural proteins 
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Differently from the fiber, which has shown a certain degree of intra-species 

recombination potential, the penton base retains a more conserved genomic sequence 

across the FAdV species spectrum (Schachner et al., 2019). 

Despite the antigenic importance of FAdV capsid proteins, not many studies have 

focused on the identification of epitopes on such antigens. To date, most of the 

investigations were centred around hexon, especially from FAdV-4. These studies led 

to the identification of a conserved epitope among all FAdV serotypes, as well as 

FAdV-C-specific B cell epitopes, although monoclonal antibodies (mAbs) derived from 

the latter did not reduce in vitro infection and replication of the virus in leghorn male 

hepatoma (LMH) cells (Pan et al., 2018; Liu et al., 2021). Therefore, it can be 

hypothesized that other components, such as the fiber and penton base proteins, are 

crucially involved in the binding to the host cell and subsequent entry, and are thus 

fundamental to define pathogenicity. In fact, a neutralizing epitope was identified in 

FAdV-4 fiber-2, and the mAb developed from it efficiently inhibited FAdV-4 replication 

in vitro (Wang et al., 2018a). Additionally, two non-neutralizing B cell epitopes were 

identified in the shaft of the FAdV-8b fiber (Lu et al., 2019). As for the penton base 

protein, one promiscuous B and T cell epitope region was identified in the FAdV-4 

penton base, and provided 50% protection (defined by survival rate after challenge) in 

chickens against HHS (Aziz et al., 2019). 

 

6.3. FAdV-induced diseases 

There are three different disease complexes affecting chickens caused by FAdVs: 

adenoviral gizzard erosion (AGE), hepatitis-hydropericardium syndrome (HHS), and 

inclusion body hepatitis (IBH) (Hess, 2020). AGE is associated to FAdV-A, serotype 1, 

and it is characterized by the affection of the gizzard of the host, whereas HHS (caused 
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by FAdV-C, serotype 4) and IBH (caused by FAdV-E, serotypes 8a and 8b, and FAdV-

D, serotypes 2 and 11) are metabolic diseases that primarily target liver, spleen, heart 

(in case of HHS), lymphoid tissues, and may involve other organs such as pancreas, 

kidneys and muscles (Schachner et al., 2018). In fact, HHS and IBH share multiple 

similarities regarding their pathogenesis and immune mechanisms, overall causing 

severe damage to the poultry industry. On the other hand, protection against AGE 

seems to be bound to distinct pathways, as the onset of local immunity in the gastro 

enteric tract, rather than a systemic humoral response, is considered to be crucial 

(Okuda et al., 2001b; Ono et al., 2003a; 2003b; Grafl et al., 2013; 2014; 2020). For this 

reason, in the framework of elaborating a comprehensive immunization strategy aimed 

to protect chickens against FAdV-associated metabolic diseases, the present work 

focuses primarily on HHS and IBH. 

 

6.3.1. Hepatitis-hydropericardium syndrome (HHS) 

HHS was first described in the late 1980s in Pakistan, and has since then been 

observed in several Asian countries, as well as in Central and South America (Cheema 

et al., 1989; Schachner et al., 2018). Outbreaks are characterized by high mortality 

and severe clinical affection of the birds, with hydropericardium and hepatitis generally 

being the most prominent pathological findings, often accompanied by atrophy of the 

lymphoid organs and lymphocytic depletion (Schachner et al., 2018). HHS affects 

primarily broilers of 3-6 weeks of age, but can occasionally be observed in layers and 

broiler breeders (Cheema et al., 1989; Asrani et al., 1997; Mittal et al., 2014). Sporadic 

reports in other avian species such as quails, pigeons, ducks and ostriches have been 

described as well (Naeem & Akram, 1995; Hess et al., 1998; Karunamoorthy & 

Manickam, 1998; Chen et al., 2015; Changjing et al., 2016). 
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6.3.2. Inclusion body hepatitis (IBH) 

IBH was the first FAdV-associated disease ever reported, in 1963, and it has reached 

a worldwide distribution to this date (Helmboldt & Frazier, 1963; Schachner et al., 

2018). Initially, IBH was believed to be caused by opportunistic pathogens, only 

becoming clinically relevant with the concurrent presence of immunosuppressive 

diseases such as IBDV and CAV (Hoffmann et al., 1975; Rosenberger et al., 1975; 

Fadly et al.,1976). However, several reports of field outbreaks, as well as experimental 

infections, confirmed the role of IBH-associated FAdVs as primary pathogens 

(Schachner et al., 2018). IBH induces a clinical picture that is very similar to the one 

associated to HHS, although less severe, with mortality reaching peaks of 30% and 

prominent pathological changes in the liver, which are frequently associated with the 

histological observation of intra-nuclear inclusion bodies in hepatocytes (Schachner et 

al., 2018). The disease induces metabolic disorders by frequently targeting further 

organs, including spleen, pancreas and kidneys (Cook, 1983; Reece et al., 1987; 

Saifuddin & Wilks, 1990; Steer et al., 2015; 2017; Matos et al., 2016a; 2016b; 2018; 

Chen et al., 2019). Because of these reasons, young broilers represent the main target 

host of the disease, although sporadic outbreaks in layers and broiler breeders were 

reported (Hess, 2020; Schachner et al., 2018). In fact, to induce experimental 

infections in broilers older than one week of age, a parenteral inoculation is needed 

(Hess, 2017). Recovery from the disease typically occurs within one week post 

infection, although shedding through the faecal route can persist for longer periods 

(Steer et al., 2015; Matos et al., 2016b). 

 

6.4. Vaccination strategies against HHS and IBH 

Aside from biosecurity protocols, to date, there is a lack of comprehensive strategies 

to protect chickens against FAdV-related diseases. Commercial vaccines, consisting 
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in live and inactivated formulations against FAdV-4 and/or -8b, are only available in 

selected countries, whereas the rest of the world, including Europe, relies on 

autogenous vaccines. This led to the publications on numerous studies on 

experimental immunization strategies, either based on whole virus formulations (live 

or killed vaccines), or utilizing FAdV capsid proteins as immunizing antigens (subunit 

vaccines). An extensive list of these studies and the associated formulations, adapted 

from Schachner et al. (2018), is summarized in Table 1. 

 

6.4.1. Inactivated vaccines 

The first attempts to control FAdV-related diseases through the use of immunization 

strategies are dated back to the end of the Eighties/beginning of Nineties, with the 

inactivation of liver homogenates obtained from HHS outbreaks used as autogenous 

vaccines in Pakistan (Chishti et al., 1989; Afzal & Ahmad, 1990; Anjum, 1990). These 

preparations rely on the immunogenicity of the inactivated virus after treatment with 

various concentrations of formalin and are still in use in certain regions (Aziz et al., 

2019). However, the quantity of administered antigen, as well as its characterization 

and quality, are difficult or impossible to standardize for such vaccines. As a 

consequence, cell or egg culture-purified and propagated virus were then used as 

antigen prior to inactivation (Naeem et al., 1995a; Kaur et al., 1997; Toro et al., 2002). 

When it comes to immunization strategies against IBH, however, the diverse aetiology 

of the disease has to be taken into account, and a broad-spectrum protection is 

necessary to efficiently control the spreading of the different FAdV species and 

serotypes associated with the disease. Inactivated vaccines have the potential to 

achieve a certain degree of heterologous protection across the different viral 

serotypes, and even species (Kim et al., 2014; Steer-Cope et al., 2019). The 

formulation of bivalent vaccines containing different FAdV serotypes originating from 
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different species (FAdV-D and -E) was also shown to extend the protective spectrum 

to additional serotypes (Alvarado et al., 2007; Gupta et al., 2018). Furthermore, 

inactivated vaccines were demonstrated to grant vertical protection through 

transmission of maternal antibodies (Junnu et al., 2015; Kim et al., 2014; Gupta et al., 

2018). More recently, a recombinant FAdV-4 expressing the FAdV-8b fiber was shown 

to protect chickens against both FAdV-4 and -8b, but did not provide coverage against 

FAdV-8a challenge (Lu et al., 2022). Nevertheless, this approach merges the 

protective properties of inactivated and subunit vaccines by using viral-based vectors 

expressing antigenic proteins from different parent strains. By this, it is possible to 

extend coverage against different poultry diseases, as demonstrated for a recombinant 

killed Newcastle disease virus (NDV) vaccine expressing FAdV-4 fiber-2, and a FAdV-

4 whole virus vaccine expressing the IBDV protein VP2 (Tian et al., 2020; Zhang et al., 

2022a). 

Despite the fact that inactivated vaccines proved to be effective against FAdV-induced 

diseases, they require a parenteral route of administration, which makes them 

unsuitable for mass application in the field, a feature that is highly desirable in the 

poultry industry. 

 

6.4.2. Live vaccines 

FAdV vaccines based on live virus dates back to 1993, when a study from Pallister et 

al. (1993) described a successful spray-vaccination of specific pathogen-free (SPF) 

chickens with a FAdV-E strain isolated from an IBH outbreak in Australia, with birds 

being challenged with different isolates belonging to the same FAdV species but 

displaying different degrees of pathogenicity. Live vaccines against FAdV-8b are 

utilized in Australia to this date, although outbreaks of IBH caused by FAdV-8b and -

11 are still reported, possibly due to the observed differences in vaccination 
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considering dose, timing and method of administration in the field, or the inability of 

such formulations to protect across diverse strains and serotypes (Steer et al., 2011). 

More recently, live vaccines against IBH were tested in bivalent formulations containing 

two FAdV species after virus propagation in cell culture, a concept also applied for 

inactivated vaccines, and they were able to achieve broad vertical protection against 

all IBH-causing serotypes by maternal antibody transfer to the progeny (Popowich et 

al., 2018). Embryo and cell culture played a pivotal role in the formulation of FAdV-4-

based live-attenuated vaccines against HHS. In 2007, Schonewille et al. developed an 

attenuated strain from a virulent FAdV-4 field isolate by adapting it to a fibroblast cell 

line (QT-35), and the attenuated strain was successfully used to immunize chickens 

against HHS, a model confirmed later on by another live FAdV-4 vaccine attenuated 

through repeated passaging on chicken embryos (Schonewille et al., 2008; 2010; 

Mansoor et al., 2011). Similarly to the trend observed for inactivated vaccines, studies 

on live vaccination against HHS have recently focused on the development of 

recombinant viruses attenuated through the engineering of FAdV-4 capsid 

components. Examples include partial or complete deletion of fiber-2, substitution of 

the fiber with a CRISPR/Cas-generated fusion protein, or the replacement of the hexon 

protein with one from an apathogenic strain (Hu et al., 2021; Zhang et al., 2021; Mu et 

al., 2021; Pan et al., 2021; Xie et al., 2021a; 2021b; 2022). 

Differently from inactivated vaccines, formulations containing live virus can be 

administered orally or through the respiratory route, and they are therefore suitable for 

mass application in the farm. However, live vaccines are associated with the risk of 

spillover to wild birds and subsequent dissemination of pathogens in the field, an 

eventuality that has been observed for aviadenoviruses as well (Devlin et al., 2016; 

Das et al., 2017). Furthermore, and similar to inactivated whole virus vaccines, tissue 

culture is needed to amplify vaccine strains, an important subject for production. 
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6.4.3. Subunit vaccines 

The concept of capsid proteins as subunit antigens to formulate vaccines against 

FAdVs derives from previous studies that focused on other adenoviruses targeting 

poultry. In fact, the immunogenicity of structural proteins, in particular hexon, fiber and 

fiber-knob, was already demonstrated for diseases caused by haemorrhagic enteritis 

virus (HEV), and egg drop syndrome virus (EDSV). These studies demonstrated that 

the administration of adenoviral structural proteins in birds, and especially hexon and 

fiber-knob, is able to elicit systemic neutralizing antibodies (nAbs) and limit the splenic 

viral load after HEV infection (Van den Hurk & Van Drunen Littel-van den Hurk, 1993; 

Fingerut et al., 2003; Pitcovski et al., 2005). This led to the experimentation on FAdV 

subunit vaccines, with a number of studies that investigated the protective efficacy of 

different structural proteins. Given its high degree of phylogenetic conservation, the 

FAdV-4 penton base was successfully employed to immunize chickens against 

homologous infection, reaching a surviving rate of 90% (vs. 10% of the challenge 

control) (Shah et al., 2012). However, later studies reported only partial protection after 

immunization with recombinant penton base against HHS, with a survival rate of 

vaccinated birds ranging from 35% to 67% after challenge (Wang et al., 2018b; 2019; 

Aziz et al., 2019). Such inconsistencies might be due to different antigen 

concentrations, as demonstrated by Wang et al. (2018b), but also reflect variations 

with regard to the route of vaccine administration, type and age of the birds. So far, no 

studies have investigated the penton base as possible vaccination antigen against IBH. 

Similarly, vaccination with recombinant hexon loop-1 was only able to grant incomplete 

protection against FAdV-4 (Schachner et al., 2014; Wang et al., 2018b). The protective 

efficacy of recombinant 100K protein was also assessed in a vaccination study that led 
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to a 40% survival rate of immunized chickens (vs. 10% in the challenge control) (Shah 

et al., 2016).  

To this date, the most efficient results, aside for more comprehensive antigens like 

penton-dodecahedron complexes (Pb-Dd) (Wang et al., 2019), were achieved with 

FAdV-4 fiber-2 vaccination, which was first established to grant full protection against 

HHS in 2014 (Schachner et al., 2014). After this, numerous studies confirmed this 

outcome by investigating different fiber-2 vaccine doses, expression systems, 

formulations and vaccination regimes (Wang et al., 2018b; Chen et al.; 2018; Ruan et 

al., 2018; Yin et al., 2021). Recently, a vaccine containing a truncated fiber-2 fused 

with a hexon epitope sequence was also proved to be protective against HHS (Hu et 

al., 2021). FAdV-4 fiber-1 was experimentally investigated as immunization antigen as 

well, leading to somewhat contradictory findings and a survival rate of the vaccinated 

and homologous-challenged chickens ranging from 62% to 100% (Schachner et al., 

2014; Wang et al., 2018b; 2019). Only the fiber protein was investigated as vaccine 

antigen for IBH, with the recombinant FAdV-8b fiber tested for protection against a 

homologous IBH-causing strain, achieving a survival rate of 82.7% in progeny of 

vaccinated breeders (vs. ~52% in the challenge control) (Gupta et al., 2017). 

In general, subunit vaccines retain the same disadvantages as inactivated vaccines, 

such as the unsuitability to mass application, which is desirable in the field. However, 

recent studies have shown that it may be possible to overcome this issue by improving 

the expression system and the delivering of recombinant immunogens (Lucero et al., 

2021). Moreover, recombinant bacteria expressing FAdV-4 capsid proteins such as 

hexon and fiber-2 have been successfully utilized to orally immunize birds against 

HHS, with the fiber protein being once again superior to the hexon in regards to 

percentage of survival after vaccination (Jia et al., 2021; 2022; Cao et al., 2022). 
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Depending on the expression system, recombinant proteins can be produced in 

fermenters omitting the use of tissue culture with impact on production costs.  
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Table 1. Comprehensive list of studies on experimental vaccines for the control of FAdV-induced disease complexes 

Vaccine type Preparation/ 
formulation 

Quantity of 
vaccination antigen 

FAdV strain Assessment of 
vaccine 
response  

Protection (% 
survival rate) 

Reference 

Inactivated 
vaccine 

Formalinized 
(0.5%) liver 
homogenate 
extract 

0.5 ml of 30% liver 
homogenate 

FAdV from an HHS field 
outbreak, n.c.a 

Challenge test: 
homologous 
virus s.c. 

80% (vs. 0% in 
challenge control 
group) 

Chishti et al., 1989 

Inactivated 
vaccine 

Formalinized 
(0.1%) liver 
homogenates, 
s.c. 
administered 

0.25 ml of 30% liver 
homogenate 

FAdV field strains, n. c. Field testing Prophylactic 
administration: 
98.92% (vs. 
89.73% in 
unvaccinated 
birds) 
 
Administration 
during an 
outbreak: 97.67% 
(vs. 89.32% in 
unvaccinated 
birds) 

Afzal & Ahmad, 
1990 

Inactivated 
vaccine 

Formalinized 
(0.1%, 0.5%) 
liver 
homogenates 

0.2-0.25 ml of liver 
homogenate 

K31/89 (FAdV-4 field 
isolate) 

Challenge test: 
homologous 
virus s.c. 

≥85% (vs. 25-60% 
in challenge 
control groups)b 

Anjum, 1990 

Live vaccine Mildly 
pathogenic 
strains, 
administered 

105 TCID50 FAdV-E field isolates Challenge test: 
FAdV-E field 
isolates, spray-
administered 

Protection 
assessed through 
nAbs titers and 
virus re-isolation 

Pallister et al., 1993 
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through spray-
vaccination 

from coecal 
tonsils 

Inactivated 
vaccine 

Cell cultured 
and egg-
passaged 
formalinized 
virus, s.c. 
administered 

103.5 LD50 PARC-1 (FAdV-4 field 
isolate) 

Serological 
response: AGPT 
 
Challenge test: 
homologous 
virus s.c. 

100% (vs. 30% in 
challenge control 
groups) 

Naeem et al., 
1995a 

Inactivated 
vaccine 
 
Live vaccine 

Cell cultured 
formalinized 
(0.01%) virus 
 
Cell culture 
propagated 
virus, orally 
administered 

Inactivated vaccine: 
104 TCID50 
 
Live vaccine: 103 
TCID50 

PL-1 (FAdV isolated 
from an IBH field 
outbreak) 

Serological 
response: 
neutralization 
test in 
embryonated 
eggs 
 
Challenge test: 
homologous 
virus 
intraabdominall
y 

n.c. Kaur et al., 1997 

Inactivated 
vaccine 

Formalinized, 
oil-emulsified 
virus, s.c. 
administered 

n.s.c FAdV isolated from an 
HHS field outbreak, n.c. 

Serological 
response: IHA 
 
Challenge test: 
homologous 
virus 

100% (vs. 0% in 
challenge control 
group) 

Zia et al., 2001 

Commercial 
inactivated 
vaccine 

Cell cultured 
inactivated, oil-
emulsified virus 

n.s. FAdV-4  Serological 
response: VNT 
in vaccinated 
breeders 

86.7% (vs. 73.3% 
in challenge 
control group) 

Toro et al., 2002 
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Challenge test 
in progenies: 
FAdV-4 field 
isolate i.m.  

Commercial 
inactivated 
dual-serotype 
vaccine 

Inactivated 
virus 

n.s. 1047 (FAdV-11 field 
isolate) + 8565 (FAdV-
8a field isolate) 

Serological 
response: 
maternal 
antibody 
measurement 
of ELISA based 
on strain 8565 
 
Challenge test 
in progenies: 
homologous 
strains and 
FAdV-8b s.c. 

≥98% (vs. 0% in 
challenge control 
groups) for 
challenge with 
FAdV-8bb 
 
≥92% for 
challenge with 
homologous 
strainsb,d 

Alvarado et al., 
2007 

Live vaccine In vitro 
attenuated 
vaccine, 
produced on 
QT35 cells, 
orally 
administered 

0.5 ml of 105 
TCID50/ml 

INT4 (FAdV-4) 
(MK572850) 

Challenge test: 
virulent 
progenitor virus 
AG234 
(MK572849) 
i.m. 

100% (vs. 34.5% 
and 46.2% in 
challenge control 
groups)b 

Schonewille et al., 
2008; 2010 
 

Live vaccine Chicken 
embryo-
adapted 
vaccine, orally 
administered 

reverse passive 
haemagglutination 
titer of 11log2 

FAdV-4 field isolate 
(DQ264728) 

Serological 
response: 
whole virus 
based ELISA 
with the 

94.74% (vs. 30% 
in challenge 
control group) 

Mansoor et al., 
2011 
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homologous 
strain 
 
Challenge test: 
homologous 
virus orally & 
s.c. 

Passive 
immunization 

Passive 
immunization 
by IgY from egg 
yolk, s.c. 
administered 

15 ml of IgY 
suspension 

FAdV-4 field isolate Challenge test: 
homologous 
virus, orally 

86.67% (vs. 
33.34% in 
challenge control 
group) 

Rani et al., 2012 

Subunit 
vaccine 

Recombinant 
Pb protein, 
expressed in E. 
coli 

25 µg FAdV-4 field isolate 
(HE653773) 

Serological 
response: 
recombinant Pb 
ELISA 
 
Challenge test: 
homologous 
virus strain s.c. 

90% (vs. 10% in 
challenge control 
group) 

Shah et al., 2012 

Live vaccine Apathogenic 
strain, orally 
administered 

108 TCID50, 108.8 

TCID50 
FAdV-1 reference strain 
CELO 

Serological 
response: VNT 
 
Challenge test: 
FAdV-1 field 
isolate orally 

Protection 
confirmed by 
absence of 
pathological 
changes 

Grafl et al., 2014; 
2020 

Inactivated 
vaccine 

Formalinised 
(0.2%), oil-
adjuvanted 
virus 

5x105 TCID50 FAdV-4 field isolate 
(HQ697593) 

Serological 
response: 
AGPT, 

80-85% for 
homologous 
challenge (vs. 0% 

Kim et al., 2014 
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commercial 
ELISA 
 
Challenge test 
in vaccinated 
and progeny 
chickens: 
homologous 
and serotype-
heterologous 
virus strains 
(FAdV-5, -8a, -
8b, -11) i.v. or 
i.m. (progeny) 

in challenge 
control group) 
95-100% for 
FAdV-5 challenge 
(vs. 60-70% in 
challenge control 
group) 
100% for FAdV-8a 
challenge (vs. 60-
80% in challenge 
control group) 
90-100% for 
FAdV-8b 
challenge (vs. 10% 
in challenge 
control group) 
100% for FAdV-11 
challenge (vs. 30% 
in challenge 
control group)b 

Subunit 
vaccine 

Recombinant 
fiber-1, fiber-2 
and hexon 
loop-1 proteins, 
expressed in 
baculovirus 
system 

50 µg FAdV-4 reference strain 
KR5 

Serological 
response: 
recombinant 
fiber-based 
ELISA, VNT 
 
Challenge test: 
FAdV-4 field 
isolate i.m. 

fiber-1: 62% 
fiber-2: 96% 
hexon loop-1: 
27% 
(vs. 22% in 
challenge control 
group) 

Schachner et al., 
2014 
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Live vaccine 
 
Commercial 
inactivated 
vaccine 

In vitro 
attenuated 
vaccine, 
produced on 
Vero cells and 
lyophilized, 
orally 
administered 
 
Cell culture 
propagated 
virus, β-
propiolactone 
inactivated and 
oil-emulsified 
vaccine 
 
Commercial 
inactivated 
vaccine (Bio-
Angara, Sana 
Laboratories, 
Pakistan) 

n.s. FAdV-4 field isolate 
(DQ264728) 

Serological and 
cellular response: 
commercial ELISA 
and phyto-
haemagglutinin-P 
assay 
 
Challenge test: 
homologous 
virus strain 
orally 

Live vaccine: 100% 
 
β-propiolactone 
inactivated: 70% 
 
oil-emulsified 
inactivated 
vaccine: 80% 
 
commercial 
inactivated 
vaccine: 60% 
(vs. 30% in 
challenge control 
group) 

Ali et al., 2015 

Inactivated 
vaccine 
 
Subunit 
vaccine 

Heat- and 
formalin (0.1%) 
treated virus, 
PCEP 
adjuvanted 
 
Recombinant 
hexon protein 

Inactivated virus: 2 
µg 
 
Recombinant 
hexon: 1 µg 

SK (FAdV-8b field 
isolate) (JN112373) 

Serological 
response: ELISA 
based on 
inactivated 
homologous 
whole virus 

n.d.e Dar et al., 2015 
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expressed in E. 
coli 

Inactivated 
vaccine 

Binary 
ethyleneimine 
(BEI)-
inactivated, oil-
adjuvanted 
virus 

108 TCID50, 107 
TCID50, 106 TCID50 

FAdV-2 field isolate Serological 
response: 
recombinant 
hexon-based 
ELISA, VNT 
 
Challenge test 
in embryonic 
eggs and 
progeny: 
homologous 
virus, allantoic, 
oral 

90% (embryonic 
eggs) 
100% (progeny of 
vaccinated 
broilers)b 

Junnu et al., 2015 

Subunit 
vaccine 

Recombinant 
100K, 
expressed in E. 
coli 

25 µg FAdV-4 field isolate Serological 
response: 
recombinant 
100K ELISA 
 
Challenge test: 
homologous 
virus s.c. 

40% (vs. 10% in 
challenge control 
group) 

Shah et al., 2016 

Inactivated 
vaccine 

Heat- and 
formalin (0.1%) 
treated virus, 
PCEP 
adjuvanted, in 
ovo 
administered 

1-2 µg of 
inactivated virus 

SK (FAdV-8b field 
isolate) (JN112373) 

Serological 
response: ELISA 
based on 
inactivated 
homologous 
whole virus 
 

n.d. Sarfraz et al., 2017 
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Cytokine 
expression 
analysis from 
spleen cells 

Inactivated 
vaccine 

Cell-propagated 
or embryo-
adapted, 
formalinized 
(0.03%), oil-
emulsified virus 

106 TCID50 FAdV-HN (FAdV-4 field 
isolate) 

Serological 
response: AGP 
and commercial 
ELISA 
 
Challenge test: 
homologous 
virus i.m. 

100% (vs. 10% in 
challenge control 
group) 

Du et al., 2017 

Subunit 
vaccine 

VLPs, 
recombinant 
fiber and fiber-
knob proteins, 
expressed in E. 
coli 

2x50 µg SK (FAdV-8b field 
isolate) (JN112373) 

Serological and 
cellular 
response: IgY 
assessment, 
VNT, FCM in 
PBMCs 
 
Challenge test 
in progeny: 
homologous 
virus i.m. 

VLPs: 100% 
fiber: 82.7% 
fiber-knob: ~ 57% 
(vs. ~52% in 
challenge control 
group) 

Gupta et al., 2017 

Inactivated 
vaccine 

Cell-
propagated, 
formalinized 
(0.2%), oil-
emulsified virus 

106 TCID50 HLJFAd15 (FAdV-4 
isolate) (KU991797) 

Serological 
response: 
commercial 
ELISA 
 
Cytokine 
expression 

100% (vs. 10% in 
challenge control 
group) 

Pan et al., 2017 
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analysis in 
serum 
 
Challenge test: 
homologous 
virus orally 

Inactivated 
vaccine 

formalinized 
(0.1%), oil-
emulsified virus 

6x104 TCID50 CH/GZXF/1602 (FAdV-
4) 

Challenge test: 
homologous 
FAdV-4 or 
FAdV-8a s.c. 

100% (vs. 20-30% 
in FAdV-4 
challenge control, 
and 80-90% in 
FAdV-8a 
challenge control 
group) 

Xia et al., 2017 

Subunit 
vaccine 
 
Inactivated 
vaccine 

Recombinant 
fiber-2 protein, 
expressed in E. 
coli 
 
Formalinized 
(0.2%), 
adjuvant-
emulsified virus 

Recombinant fiber: 
10 µg 
 
Inactivated vaccine: 
106 TCID50 

FAdV-4 field isolate Serological and 
cellular 
response: 
recombinant 
fiber-2 ELISA, 
VNT, FCM in 
PBMCs  
 
Cytokine 
expression 
analysis in 
serum 
 
Challenge test: 
homologous 
virus i.m. 
 

fiber-2: 100% 
inactivated 
vaccine: 90% 
(vs. 0% in 
challenge control 
group) 

Chen et al., 2018 
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Live dual-
serotype 
vaccine 
 
Inactivated 
dual-serotype 
vaccine 

Live viruses, 
orally 
administered 
 
Heat-
inactivated 
viruses 

Live vaccine: 104 
TCID50 for each 
serotype 
 
Inactivated vaccine: 
106 TCID50 for each 
serotype 

SK (FAdV-8b field 
isolate) + 1047 (FAdV-
11 field isolate) 

Serological 
response: VNT 
 
Challenge test 
in progeny: 
homologous 
viruses, FAdV-2 
reference strain 
685, i.m. 

98-100% (vs. 23% 
in challenge 
control group) for 
challenge with 
FAdV-8b 
 
99% (vs. 80% in 
challenge control 
group) for 
challenge with 
FAdV-11 
 
100% (vs. 95% in 
challenge control 
group) for 
challenge with 
FAdV-2 

Gupta et al., 2018 

Live single and 
dual-serotype 
vaccine 

Cell culture 
propagated 
viruses, orally 
administered 

Bivalent: 104 TCID50 
for each serotype 
 
Single: 106 TCID50 

Bivalent: FAdV-8a 
reference strain TR59 + 
1047 (FAdV-11 field 
isolate) 
 
Single: SK (FAdV-8b 
field isolate) 
(JN112373) 

Serological 
response: VNT 
 
Challenge test 
in progeny: 
homologous 
viruses, FAdV-2 
reference strain 
685, FAdV-7, 
i.m. 

Bivalent live: 
≥95% (vs. ~ 60% 
in challenge 
control group) for 
challenge with 
FAdV-2 
≥95% (vs. 80% in 
challenge control 
group) for 
challenge with 
FAdV-7 
≥90% (vs. ~ 70% 
in challenge 

Popowich et al., 
2018 
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control group) for 
challenge with 
FAdV-8a 
85% (vs. 10% in 
challenge control 
group) for 
challenge with 
FAdV-8b 
100% (vs. ~ 68% 
in challenge 
control group) for 
challenge with 
FAdV-11b,f 

Subunit 
vaccine 
 
Inactivated 
vaccine 

Recombinant 
fiber-2 protein, 
expressed in E. 
coli 
 
Inactivated oil-
emulsion 
vaccine 

Recombinant fiber: 
0.5 µg, 1 µg, 2.5 µg, 
5 µg, 10 µg 
 
Inactivated vaccine: 
106 TCID50 

JSJ13 (FAdV-4 isolate) 
(KM096544.1) for 
recombinant fiber, 
SB15 (FAdV-4 isolate) 
for inactivated vaccine 

Serological 
response: 
recombinant 
fiber-2 ELISA 
 
Challenge test: 
FAdV-4 isolate 
i.v. 

100% with ≥2.5 
µg dose of fiber-2 
and inactivated 
vaccine (vs. 0% in 
challenge control 
group)b 

Ruan et al., 2018 

Subunit 
vaccine 

Recombinant 
fiber-1, fiber-2, 
Pb and hexon 
loop-1 proteins, 
expressed in E. 
coli 

n.s. SXD15 (FAdV-4 isolate) 
(KU569296.1) 

Serological 
response: 
recombinant 
proteins ELISA 
 
Challenge test: 
homologous 
virus i.m. 

fiber-1 (50, 100, 
200 µg dose): 
75%, <75%, 100%, 
respectively 
 
fiber-2 (50, 100, 
200 µg dose): 
100% 
 

Wang et al., 2018b 
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Pb (50, 100, 200 
µg dose): 35%, 
50%, <100% 
 
hexon loop-1 (50, 
100, 200 µg 
dose): 70%, 75%, 
<100%, 
respectively 
(vs. 45% in 
challenge control 
group)b 

Subunit 
vaccine  
 
Commercial 
inactivated 
vaccine 

Recombinant 
Pb and Pb1-225 
(aa 1-225) 
proteins, 
expressed in E. 
coli, s.c. 
administered 
 
Formalinized 
liver 
homogenate 
extract, s.c. 
administered 

Recombinant Pb: 
100 µg 
 
Inactivated vaccine: 
300 µl of liver 
homogenate 

FAdV-4 field isolate 
(HE653773.1) 

Serological 
response: 
recombinant Pb 
and Pb1-225 

ELISA 
 
Challenge test: 
FAdV-4 field 
isolate s.c. 

50% (vs. 0% in 
challenge control 
group) 

Aziz et al., 2019 

Inactivated 
vaccines 

Formalinized 
(0.2%), oil 
adjuvant virus 
emulsion, i.m. 

106 TCID50 SDJN0105 (FAdV-4 field 
isolate) (MN102413) 

Serological 
response: 
commercial 
ELISA 
 

100% (vs. 20% in 
challenge control 
group) 

Meng et al., 2019 
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Challenge test: 
homologous 
virus i.m. 

Inactivated 
vaccine 

Formalinized 
(0.1%), water-
in-oil virus 
emulsion 

107.05 TCID50 FAdV-8a, -8b 
(GU120267) and -11 
(GU120269) field 
isolates 

Serological 
response: 
commercial 
ELISA, VNT 
 
Challenge test: 
homologous 
and 
heterologous 
viruses (same 
used for 
vaccination) i.p. 

Homologous and 
heterologous 
(FAdV-8a vaccine 
vs. -11 challenge) 
protection 
confirmed by 
absence of 
pathological 
changes 

Steer-Cope et al., 
2019 

Subunit 
vaccine 
 
Inactivated 
vaccine 

Recombinant 
Pb-Dd, fiber-1, 
fiber-2 and Pb 
proteins, 
expressed in E. 
coli 
 
Inactivated 
vaccine 

Recombinant 
proteins: 0.5 µg 
 
Inactivated vaccine: 
n.s. 

SXD15 (FAdV-4 isolate) 
(KU569296.1) 

Serological 
response: 
recombinant 
proteins ELISA  
 
Cytokine 
expression 
analysis in 
PBMCs 
 
Challenge test: 
FAdV-4 isolate 
i.m. 

Pb-Dd, fiber-1 and 
inactivated 
vaccine: 100% 
fiber-2: 80% 
Pb: 67% 
(vs. 26.7% in 
challenge control 
group) 

Wang et al., 2019 

Subunit 
vaccine 

Recombinant 
fiber protein, 

50 µg FAdV-8a reference 
strain TR59 

Serological and 
cellular 

Homologous (but 
not heterologous) 

Present study 
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expressed in 
baculovirus 
system 

response: 
recombinant 
fiber ELISA, 
VNT, FCM in 
PBMCs 
 
Challenge test: 
FAdV-8a and -
8b field isolates 
i.m. 

protection 
confirmed by 
absence of clinical 
signs and 
significantly 
reduced 
pathological 
changes 

(De Luca et al., 
2020) 

Live 
recombinant 
vaccine 
 
Inactivated 
recombinant 
vaccine 

NDV LaSota 
vaccine strain 
expressing FAdV-
4 fiber-2 
(rLaSota-fiber2) 
generated by 
reverse genetics, 
i.m. administered 
live or 
inactivated 

107 EID50 (for both 
vaccines) 

CH/HNJZ/2015 (FAdV-4 
field isolate) (KU558760) 

Serological 
response: fiber-2 
ELISA (FAdV-4) 
and HI (NDV) 
 
Challenge test: 
homologous 
FAdV-4 or NDV 
velogenic strain 
i.m. 

Live vaccine: 100% 
for both challenges 
 
Inactivated vaccine: 
70% for challenge 
with FAdV-4 
 
(vs. 0% in 
challenge control 
groups) 

Tian et al., 2020 

Subunit 
vaccine 

Truncated 
region of fiber-
2 protein fused 
with coding 
sequence of 
one hexon 
epitope, 
expressed in E. 
coli 

2.5 µg, 5 µg, 2x5 µg 
(booster), 7.5 µg 

HB1505 (FAdV-4 field 
isolate) 

Challenge test: 
homologous 
virus, i.m., oral 

100% with ≥5 µg 
dose (vs. 0% in 
challenge control 
group)b 

Hu et al., 2021 
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Live 
recombinant 
vaccine 

Lactococcus 
lactis expressing 
FAdV-4 hexon, 
and Enterococcus 
faecalis 
expressing hexon 
with dendritic 
cells targeting 
peptide, orally 
administered 

Lactococcus lactis: 
1010 CFU 
 
Enterococcus faecalis: 
5x109 CFU  

GX01 (FAdV-4 field 
isolate) 

Serological 
response: 
IgG from sera 
and sIgA from 
jejunal lavage on 
hexon ELISA 
 
Cytokine 
expression 
analysis in 
spleen 
 
Challenge test: 
homologous 
virus, i.m. 

L. lactis/hex: 50% 
L. lactis/hex-DC: 
60% 
E. faecalis/hex: 80% 
E. faecalis/hex-DC: 
90% 
(vs. 0% in 
challenge control 
group) 

Jia et al., 2021 

Live 
recombinant 
vaccine 

Recombinant 
virus FAdV-4-
RFP_F1 
expressing RFP-
fiber-1 fusion 
protein 
generated by 
the 
CRISPR/Cas9 
technique, i.m. 
administered 

2x105 TCID50 SD2015 (FAdV-4 
isolate) 

Serological 
response: VNT 
 
Challenge test: 
homologous 
virus i.m. 

100% (vs. 18% in 
challenge control 
group) 

Mu et al., 2021 

Live 
recombinant 
vaccine 
 

Recombinant 
chimeric viruses 
obtained by 
replacing their 
hexon gene 

Live vaccine: n.s. 
 
Inactivated vaccine: 
0.3 ml of 107 
PFU/ml 

rHN20 (non-pathogenic 
chimeric virus derived 
from the combination 
of FAdV-4 field isolate 
HLJFAd15 with ON1 or 

Serological 
response: VNT 
(for rHN20-
vvIBDV-VP2 
vaccine) 

Live vaccine: 
100% (vs. 0% in 
FAdV-4 challenge 
control group and 
30% IBDV 

Pan et al., 2021 
Zhang et al., 2022a 
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Inactivated 
recombinant 
vaccine 

with a non-
pathogenic one, 
or different ORF 
combinations 
replaced by 
EGFP (rDL3-EGFP 
and rHN20-
EGFP), or 
expressing a 
virulent IBDV 
VP2 protein 
(rHN20-vvIBDV-
VP2), all 
expressed in E. 
coli, i.m. 
administration 
 
rHN20-vvIBDV-
VP2 
formalinized 
(0.1%) and oil-
adjuvated 

EGFP casettes) 
(KU991797, GU188428) 

 
Challenge test: 
FAdV-4 i.m., or 
IBDV i.m. 
(inact.)/i.n. (live 
vaccine) 

challenge control 
group)b 
 
Inactivated 
vaccine: 
100% (vs. 10% in 
each challenge 
control group) 

Subunit 
vaccine 
 
Inactivated 
commercial 
vaccine 

Three different 
purified 
epitopes of 
hexon protein 
 
Formalin-
inactivated 
commercial 

2x100 µg 
 
Inactivated vaccine: 
300 µl of liver 
homogenate 

FAdV-4 Serological 
response: 
hexon epitopes 
ELISA 
 
Challenge test: 
FAdV-4 field 
isolate  

Hexon epitopes: 
90%, 70%, 40%, 
depending on the 
epitope 
 
commercial inact. 
vaccine: 50% 
(vs. 50% in 
challenge control) 

Tufail et al., 2021 
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vaccine Angara 
NIAB 

Live 
recombinant 
vaccine 
 
Inactivated 
vaccine 

Recombinant 
virus FA4-EGFP 
expressing 
EGFP-Fiber-2 
fusion protein 
generated by 
the 
CRISPR/Cas9tec
hnique, i.m. 
administered 
 
Inactivated oil-
emulsion 
formulation, 
i.m. 
administered 

Live vaccine: 104 
TCID50, 105 TCID50, 
106 TCID50 
 
Inactivated vaccine: 
5x106 TCID50 

SD (FAdV-4 field strain) Serological 
response: VNT 
 
Challenge test: 
homologous 
(wild type) virus 
i.m. 

100% (vs. 0-20% 
in challenge 
control group)b 

Xie et al., 2021a 

Live 
recombinant 
vaccine 

Recombinant 
fiber-2-edited 
FAdV-4 with a 
deletion of 7-
40aa in Fiber-2, 
generated by 
CRISPR/Cas9 
technology, i.m. 
administered 

2.5x104 TCID50 SD (FAdV-4 field strain) Challenge test: 
homologous 
(wild type) virus 
i.m. 

100% (vs. 20% in 
challenge control 
group) 

Xie et al., 2021b 

Subunit 
vaccine  
 

Recombinant 
fiber-2 protein, 
recombinant 

Recombinant fiber 
and DNA: 50 µg, 
100 µg, 150 µg 

GZ-QL (FAdV-4 field 
isolate) 

Serological: 
commercial 
ELISA 

Fiber: ≥80% 
Fiber DNA: 80% 

Yin et al., 2021 
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Commercial 
inactivated 
vaccine 

fiber DNA 
plasmid, 
expressed in E. 
coli 
 
Inactivated 
virus 

 
Inactivated vaccine: 
n.s. 

 
Cytokine 
expression 
analysis in 
serum 
 
Challenge test: 
homologous 
virus i.m. 

commercial 
inactivated 
vaccine: ≥50% 
(vs. 0% in 
challenge control 
group)b 

Live 
recombinant 
vaccine 
 
Inactivated 
recombinant 
vaccine 

Recombinant 
virus obtained 
by replacing its 
hexon gene, 
either used live 
(administered 
i.n., s.c. or i.m.) 
or after 
inactivation 
with formalin 
(0.1%) and oil-
adjuvanted 

Live vaccine: 104, 
105, 106 PFU 
 
Inactivated vaccine: 
0.3 ml of 107 
PFU/ml 

rHN20 (non-pathogenic 
recombinant virus 
derived from FAdV-4 
field isolates HLJFAd15 
and ON1) (KU991797, 
GU188428) 

Serological 
response: VNT 
 
Challenge test: 
homologous 
virus 
(HLJFAd15) i.m. 

100% (vs. 0% in 
challenge control 
group)b 

Zhang et al., 2021; 
2022b 

Live 
recombinant 
vaccine 
 
Inactivated 
vaccine 

S. cerevisiae 
strain 
expressing 
FAdV-4 fiber-2 
protein, orally 
administered 
 
Inactivated 
FAdV-4 vaccine 

Live vaccine: 109 
CFU 
 
Inactivated vaccine: 
n.s.  

SX17 (FAdV-4 field 
isolate) (MF592716.1) 

Serological 
response: 
FAdV-4 fiber-2 
ELISA 
 
Cytokine and 
immune cells 
expression 

100% (vs. 86% in 
challenge control 
groups)   

Cao et al., 2022 
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(Qingdao, 
China), i.m./s.c. 
administered 

analysis in cecal 
tonsils 
 
Challenge test: 
homologous 
virus i.m. 

Subunit 
vaccine 

Recombinant 
chimeric fiber 
protein 
retaining 
epitopes from 
FAdV-4 (fiber-2) 
and -11, 
expressed in 
baculovirus 
system 

2x50 µg FAdV-4 reference strain 
KR5 + 13/14796 (FAdV-
11 field isolate) 

Serological and 
cellular 
response: 
recombinant 
chimeric fiber 
ELISA, VNT, 
FCM in PBMC 
and target 
organs 
 
Challenge test: 
FAdV-4 and -11 
field isolates 
i.m. 
 

Homologous and 
heterologous 
protection 
confirmed by 
absence of clinical 
signs and 
significantly 
reduced 
pathological 
changes 

Present study 
(De Luca et al., 
2022a; 2022b) 

Live 
recombinant 
vaccine 

Lactococcus 
lactis and 
Enterococcus 
faecalis 
expressing FAdV-
4 fiber-2, 
expressed in 
E.coli, orally 
administered 

Lactococcus lactis: 
1010 CFU 
 
Enterococcus faecalis: 
5x109 CFU 

GS01 (FAdV-4 field 
isolate) 

Serological and 
cellular 
response: IgG in 
serum and sIgA 
in jejunum via 
fiber ELISA, T 
cells 
quantification 

Lactococcus 
lactis+fib-2: 60-80% 
 
Enterococcus 
faecalis +fib-2: 90-
100% 
(vs. 0% in the 
challenge control 
group) 
 

Jia et al., 2022 
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from PBMCs via 
CCK-8 method 
 
Cytokine 
expression 
analysis in 
spleen 
 
Challenge test: 
FAdV-4 
homologous 

Inactivated 
recombinant 
vaccine 

Recombinant 
FAdV-4 
expressing 
FAdV-8b fiber, 
generated by 
CRISPR/Cas9 
technology, 
formalinized 
(0.3%) and oil-
adjuvated 

106 TCID50 Recombinant FA4-F8b, 
obtained by merging 
isolates SD (FAdV-4) 
and JSSQ15 (FAdV-8b) 

Serological 
response: VNT 
 
Challenge test: 
FAdV-4 and -8b 
homologous 
viruses, and 
FAdV-8a, 
parenteral 
route 

100% (vs. 20% in 
challenge control 
group) for 
challenge with 
FAdV-4 
 
Homologous 
protection for 
challenge with 
FAdV-8b 
confirmed by 
significant 
reduction of viral 
titers in target 
organs 
 
No heterologous 
protection 
observed for 

Lu et al., 2022 
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challenge with 
FAdV-8a 

Subunit 
vaccine 

Recombinant 
chimeric fiber 
protein 
retaining 
epitopes from 
FAdV-8a and -
8b, expressed 
in baculovirus 
system 

50 µg, 2x50 µg FAdV-8a and -8b 
reference strains TR59 
and 764 

Serological 
response: 
recombinant 
chimeric fiber 
ELISA, VNT 
 
Challenge test: 
FAdV-8a and -
8b field isolates 
i.m. 

Homologous and 
heterologous 
protection 
confirmed by 
absence of clinical 
signs and 
significantly 
reduced 
pathological 
changesb 

Present study 
(Schachner et al., 
2022) 

Live 
recombinant 
vaccine 

Recombinant 
FAdV4-EGFP 
expressing 
EGFP-Fiber-2 
fusion protein, 
and FAdV4-
EGFP-rF2 
lacking Fiber-2, 
generated by 
CRISPR/Cas9 
technology, i.m. 
administered 

2.5x104 TCID50 SD2015 (FAdV-4 field 
strain) 

Serological 
response: VNT 
 
Challenge test: 
homologous 
(wild type) virus 
i.m. 

100% (vs. 0% in 
challenge control 
group) 

Xie et al., 2022 

Subunit 
vaccine 
 
Inactivated 
vaccine 

Recombinant 
WZ- and ON1-
Fiber-2 
proteins, 
expressed in E. 
coli 

Recombinant fiber: 
2 µg 
 
Inactivated vaccine: 
106 TCID50 

WZ and ON1 (FAdV-4 
field strains) 

Serological 
response: 
homologous 
whole virus 
ELISA 
 

WZ-Fiber-2 and 
inactivated 
vaccine: 100% (vs. 
0% in challenge 
control group) 
 

Zhao et al., 2022 
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Inactivated WZ, 
emulsified with 
oil-adjuvant 

Challenge test: 
WZ strain 
(FAdV-4) 

ON1-Fiber-2: 0% 
(vs. 0% in 
challenge control 
group) 

 

an.c., not characterized 
bresults summarized if more than one experiment was conducted 
cn.s., not specified 
dno values reported for challenge control group 
en.d., not done 
fresults for FAdV8b-SK vaccine not reported 
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6.5. FAdV immunological features 

In chickens, FAdV infection triggers the development of type-specific nAbs, a feature 

that was used to outline the serological differentiation of FAdVs in 12 different 

serotypes (McFerran & Adair, 1977; Hess, 2000). The kinetics of the antibody 

development and the cellular immune response after FAdV vaccination and/or infection 

are tied to several factors such as the genetic lineage and age of chickens, the route 

of infection, and the possible presence of other concurrent pathological agents 

(Schachner et al., 2018). 

Various clinical reports and experimental studies indicate that FAdVs are 

immunosuppressive, and consequently to their tropism for lymphoid tissues of the host, 

such as spleen, thymus and bursa of Fabricius, both HHS and IBH were shown to 

cause depletion of B and T lymphocytes (Saifuddin & Wilks, 1992; Naeem et al., 1995b; 

Singh et al., 1996; 2006; Shivachandra et al., 2003; Schonewille et al., 2008). 

 

6.5.1. Humoral response 

Protection studies on the different viral subunits demonstrated that it is possible to 

generate specific antibodies measured by enzyme-linked immunosorbent assay 

(ELISA) against many recombinant capsid proteins, including fibers, penton base, 

hexon and 100K (Shah et al., 2012; 2016; Schachner et al., 2014; Dar et al., 2015; 

Feichner et al., 2018a; 2018b). However, these antibodies are not necessarily 

protective as demonstrated for FAdV-4 fiber-1, hexon, penton base and 100K 

(Schachner et al., 2014; Shah et al., 2016; Wang et al., 2018b; Wang et al., 2019). 

Similar to the humoral response after infection, protection derived by vaccines based 

on a FAdV-D or -E template, and consequently for IBH, seems to rely mainly on the 

presence of nAbs (Junnu et al., 2015; Gupta et al., 2017; 2018; Popowich et al., 2018; 

Steer-Cope et al., 2019). However, the generation of nAbs against HHS following 
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vaccination is not consistent throughout the numerous studies that investigated such 

aspects. In fact, the detection of antibody response measured via ELISA does not 

always conform with the presence of neutralizing activity, despite still being associated 

with clinical protection: this phenomenon has been observed after immunization 

against FAdV-4 with live/attenuated and fiber subunit vaccines (Schonewille et al., 

2010; Schachner et al., 2014). In contrast, other studies detected nAbs development 

after immunization against FAdV-4 with live/attenuated and inactivated formulations 

(Toro et al., 2002; Pan et al., 2021; Xie et al., 2021a; 2022; Zhang et al., 2021; 2022a; 

2022b). Another study also observed neutralizing activity in the sera of birds 

vaccinated with fiber-2, although to a lesser amount compared with an inactivated 

formulation prepared from the same FAdV-4 strain (Chen et al., 2018). Generally, 

maternal antibodies against HHS and IBH protect the progeny of immunized breeders 

against the diseases (Toro et al., 2001; Mazaheri et al., 2003; Philippe et al., 2007), 

which marks a contrast compared to the immune response observed against AGE, for 

which the development of local immunity is crucial for protection (Okuda et al., 2001b; 

Grafl et al., 2013). 

 

6.5.2. Cellular response 

To this date, not many studies have focused on investigating the cellular immune 

response related to protection from FAdVs. Schonewille et al. (2008) demonstrated 

that vaccination with a live attenuated FAdV-4 strain was able to prevent  lymphocytes 

depletion in the lymphoid organs of SPF chickens in context with HHS. Another study 

showed an increase of systemic helper T lymphocytes upon immunization with both 

FAdV-4 inactivated or a fiber-2 vaccine, although no differences in the level of cytotoxic 

T lymphocytes were observed (Chen et al., 2018). A reduction of CD4+:CD8+ T cells 

ratio was demonstrated after booster injection of either FAdV-8b virus-like particles 
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(VLPs) or FAdV-8b fiber in commercial broiler breeders, suggesting the onset of a 

proliferation of CD8+ T lymphocytes upon second contact with the antigen (Gupta et 

al., 2017). These results indicate that certain FAdV vaccines have an important effect 

on the cellular compartment of the chicken immune system, although their protection 

mechanism still needs to be fully unravelled. 
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7. Objectives of the thesis 

The main goal of the present thesis was to develop a broad-spectrum immunization 

strategy to protect chickens against IBH and, subsequently, HHS using FAdV 

recombinant capsid proteins as immunizing antigens. Furthermore, this study aimed to 

investigate the role of the cell-mediated immune response to such vaccines in order to 

elucidate the mechanisms behind protection, so far poorly understood. 

Overall, the following tasks were performed: 

(a) assessment of serotype-specific protection provided by FAdV-8a recombinant 

fiber after experimental challenge with homotypic (8a) and heterotypic (8b) IBH-

causing strains 

(b) investigation of the systemic humoral and cellular immune response after 

successful vaccination with recombinant FAdV-8a fiber protein against 

homotypic challenge 

(c) development of recombinant chimeric fiber proteins (crecFib) retaining epitopes 

from FAdV-8a and -8b as a novel subunit vaccines against IBH, and subsequent 

assessment of broad protection against both serotypes in vivo 

(d) extension of the crecFib concept to simultaneously protect chickens against 

HHS and IBH through the development of a crecFib retaining epitopes from 

FAdV-4 and -11 (crecFib-4/11) 

(e) in-depth investigation of humoral and cellular immune response elicited from 

crecFib-4/11 against FAdV-4 challenge not only on a systemic level, but also in 

target and lymphoid organs 

(f) development of recombinant FAdV-E penton base subunit vaccines and 

assessment of their efficacy in providing protection against IBH 
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8. Publications 

The present thesis includes four manuscripts. In the first manuscript, a recombinant 

FAdV-8a fiber protein (Fib-8a) was utilized to immunize SPF broiler chickens against 

IBH-causing strains from serotypes 8a or 8b (De Luca et al., 2020). The efficacy of 

homologous and heterologous vaccination was investigated, and the humoral and 

cellular immune responses were analysed within the homologous vaccine/challenge 

system. 

The second manuscript describes the development of recombinant chimeric fiber 

proteins retaining epitopes from FAdV-8a and -8b, one of which successfully cross-

protected chickens against both serotypes, representing the first instance in which a 

subunit vaccine provided successful immunization against different IBH-causing 

serotypes (Schachner et al., 2022).  

The third manuscript outlines how this concept was applied to a new chimeric fiber 

protein retaining mixed identity from two different FAdV species (-C and -D), in order 

to extend the cross-protective spectrum to distinct FAdV-associated diseases, namely 

HHS and IBH (De Luca et al., 2022a). 

Finally, in the fourth manuscript, the kinetics of the systemic and local cellular immune 

response against HHS after crecFib vaccination were investigated in depth (De Luca 

et al., 2022b). 

The first and second manuscripts are published in Veterinary Research and 

Microbiology Spectrum, respectively, while the third manuscript is published in 

Vaccine, and the fourth manuscript in Frontiers in Immunology.
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8.1. 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 
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species 

specificity 

antigen clone isotype fluorochrome labeling 

strategy 

source of 

primary mAb 

panel 1 

chicken CD45 LT40 mouse 

IgM 

APC directly 

conjugated 

Southern-

Biotech 

chicken CD4 CT4 mouse 

IgG1 

BV421 biotin-

streptavidina 

Southern-

Biotech 

chicken CD8α 3-298 mouse 

IgG2b 

R-PE directly 

conjugated 

Southern-

Biotech 

panel 2 

chicken CD45 LT40 mouse 

IgM 

APC directly 

conjugated 

Southern-

Biotech 

chicken Bu-1 AV20 mouse 

IgG1 

BV421 biotin-

streptavidina 

Southern-

Biotech 

chicken monocytes/ 

macrophags 

 

Kul-01 mouse 

IgG1 

R-PE directly 

conjugated 

Southern-

Biotech 

panel 3 

chicken CD45 LT40 mouse 

IgM 

APC directly 

conjugated 

Southern-

Biotech 

chicken TCR-γδ TCR1 mouse 

IgG1 

BV421 biotin-

streptavidina 

Southern-

Biotech 

chicken TCR-αβ/ VB1 TCR2 mouse 

IgG1 

FITC directly 

conjugated 

Southern-

Biotech 

aBrilliant Violet 421™ Streptavidin, BioLegend 
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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), vaccination-only (B), challenge control (C) and vaccinated/challenged group (D). 

The asterisk indicates statistical significance (p ≤ 0.05) compared to the negative control. 
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Additional file 6. Individual distribution of TCRαβ+ 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 γδ+ 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. 
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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 CD8α+ 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. 
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8.2. Recombinantly expressed chimeric fibers demonstrate discrete type-

specific neutralizing epitopes in the Fowl aviadenovirus E (FAdV-E) fiber, 

promoting the optimization of FAdV fiber subunit vaccines towards 

cross-protection in vivo 
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Supplemental material
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Supplemental figure S1. Immunofluorescence staining of viral particles´ internalization into 
CEL cells, and inhibition by different categories of fiber antisera (objective 5x). The same 
three antisera (indicated at the left margins), tested side-by-side against (a) FAdV-8a 
reference strain TR59 and (b) FAdV-8b reference strain 764. A series of three successive 
serum dilutions is exemplarily shown, with titers indicated below each image. The lowest titer 
level at which stained viral particles (and CPE) were detected is marked by an asterisks. 
Identical sections of the wells are shown on top of each other for Alexa Fluor 488 and cell 
nuclei staining (DAPI). Panel (c) shows control wells with uninfected, FAdV-8a/TR59-infected 
and FAdV-8b/764-infected cells. Bar, 100 μm. 
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Supplemental table S1. Cloning information on the crecFib proteins of this study. Overhangs 
at the 5´-termini of primer sequences with the flanking vector sequence (FP1 and RP2 primers) 
or with the counterpart template sequence (RP1 and FP2 primers) are represented by 
underlined nucleotides. 

Designation 
of chimeric 
construct 

Fragment 
(position 

in template 
sequence) 

Template strain 
(GenBank 
accession 
number) 

Primer sequences 

Expression 
vector 

(restriction 
sites used 

for cloning) 

crecFib-
8a/8b 

I 
(nt1-1323) 

TR59, FAdV-8a 
reference strain 

(KT862810) 

FP1-TR59a: 5´-AAA CCT GTA TTT 
TCA GGG CAT GGC GAC CTC 

GAC TC-3´ 

RP1-TR59: 5´-GAT AGC TTT CCA 
GTC GCC CGG TGT TTG GTT GGA 

AA-3´ pFAST BAC 
HTb 

(EheI/StuI) 

II 
(nt1324-

1569) 

764, FAdV-8b 
reference strain 

(KT862811) 

FP2-764: 5´- ACC GGG CGA CTG 
GAA AGC TAT CTC CCC GTC CTT 

AC-3´ 

RP2-764: 5´- GTG AGC TCG TCG 
ACG TAG GTT AAG GAG CGT TGG 

CG-3´ 

crecFib-
8b/8a 

I 
(nt1-1323) 

764, FAdV-8b 
reference strain 

(KT862811) 

FP1-764a: 5´-AAA CCT GTA TTT 
TCA GGG CAT GGC GAC CTC 

GAC TC-3´ 

RP1-764: 5´-GGT ATG TGT CCA 
CTC GAC CAC TGG TGG GTT CAA 

AA-3´ pFAST BAC 
HTb 

(EheI/StuI) 

II 
(nt1324-

1575) 

TR59, FAdV-8a 
reference strain 

(KT862810) 

FP2-TR59: 5´-AGT GGT CGA GTG 
GAC ACA TAC CTG CCG GTT CTC 

AC-3´ 

RP2-TR59: 5´- GTG AGC TCG TCG 
ACG TAG GTT ATG ACA CGT CCG 

CA-3´ 
a Primers with identical sequence. 
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Supplemental table S2. Summary of immune sera used in this study, according to their 
specificity. 

Specificity based on 
cross-neutralization 

Category of antigen used for immunization Sourcea 
Live FAdV Inactivated FAdV Recombinant protein 

FA
dV

-A
 

FAdV-1 11-7127 
(MK572848)   Grafl et al. (2014) 

FA
dV

-B
 

FAdV-5  340 (KC493646) 
15-4225  Feichtner et al. (2018) 

this study 

FA
dV

-C
 FAdV-4 

KR5 
(HE608152) 
 
AG234 
(MK572849) 

 
 
KR5 Fib-1 (HE608152) 
KR5 Fib-2 (HE608152) 

Feichtner et al. (2018) 
Schachner et al. (2014) 
Schachner et al. (2014) 
Schachner et al. (2014) 

FAdV-10 C-2B 
(MK572851)   Feichtner et al. (2018) 

FA
dV

-D
 

FAdV-2 

685 
(KT862805) 
08-12809 
(LN907547) 
 
11-16628 
(LN907545) 

  
Feichtner et al. (2018) 
GZ 68.205/0217-WF/V/3b/2016 
GZ 68.205/0217-WF/V/3b/2016 

FAdV-3 SR49 
(KT862807)   Feichtner et al. (2018) 

FAdV-9 A-2A 
(AF083975)   Feichtner et al. (2018) 

FAdV-11 

380 
(KT862812) 
13-18966 
(LN907556) 

 
 
 
13-14796 

 
Feichtner et al. (2018) 
GZ 68.205/0217-WF/V/3b/2016 
this study 

FA
dV

-E
 

FAdV-6 CR119 
(KT862808) 

CR119 
(KT862808)  Feichtner et al. (2018) 

FAdV-7 YR36 
(KT862809) YR36 (KT862809)  Feichtner et al. (2018) 

FAdV-8a 

TR59 
(KT862810) 
11-16629 
(MK572865) 

TR59 (KT862810)  Feichtner et al. (2018) 

FAdV-8b 

764 
(KT862811) 
13-18153 
(MK572862) 

764 (KT862811)  Feichtner et al. (2018) 

hybrid 
fiber 
specificity 

7/8a/6  13/19395 
(MK572863)  Schachner et al. (2019) 

8a/8b   crecFib-8a/8b 
crecFib-8b/8a 

this study 
this study 

a Serum generated in the framework of published studies, or under the indicated animal trial license number. 
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8.3. Vaccination with a fowl adenovirus chimeric fiber protein (crecFib-

4/11) simultaneously protects chickens against hepatitis-

hydropericardium syndrome (HHS) and inclusion body hepatitis (IBH) 
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Supplementary Table 1. Design of the recombinant chimera crecFib-4/11. Overhangs at the 
5´-termini of primer sequences with the flanking vector sequence (FP1 and RP2 primers) or 
with the counterpart template sequence (RP1 and FP2 primers) are represented by underlined 
nucleotides. 

Designation of 
chimeric 
construct 

Fragment 
(position 

in template 
sequence) 

Template 
strain 

(GenBank 
accession 
number) 

Primer sequences 

Expression 
vector 

(restriction 
sites used for 

cloning) 

crecFib-4/11 

I 
(nt1-1221a) 

KR5, FAdV-4 
reference 

strain 
(HE608152) 

FP1-KR5: 5´- AAA CCT GTA TTT 
TCA GGG CAT GCT CCG AGC 

CCC TA-3´ 

RP1-KR5: 5´- AAG TTT GCA CGG 
ATC CGC TGG ATG GTT GAT 

AGT AT-3´ 

 

FP2-13/14796: 5´-TCC AGC GGG 
TCC GTG CAA ACT TTC CAA 

CCC GTA TT-3´ 

RP2-13/14796: 5´-GTG AGC TCG 
TCG ACG TAG GTT AGG GTT 

GTG TTA AT 

pFAST BAC 
HTb (EheI/StuI) 

II 
(nt1468-

1713) 

13/14796, 
FAdV-11 field 
strain (n.a.) 

a position refers to fiber-2 gene 
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8.4. Local cellular immune response plays a key role in protecting 

chickens against hepatitis-hydropericardium syndrome (HHS) by 

vaccination with a recombinant fowl adenovirus (FAdV) chimeric fiber 

protein 
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Supplementary File 1a: Gating strategy of immune cell populations analysed by flow 
cytometry.  
Lymphocyte subsets were determined through FSC-A/SSC-A plot, followed by doublet 
discrimination through FSC-H/SSC-H and FSC-W/SSC-W. Subsequently dead cells were 
excluded by using the BD Horizon™ Fixable Viability Stain 780. Live cells were then gated 
against CD45+ marker. Within the CD45+ cell population, Bu1+, CD4+ and CD8α+ were gated. 
From the total CD8α+ cells, the CD8α+TCRγδ+ subpopulation was gated as indicated. 
 

 
 
  



120 
 

Supplementary File 1b: Gating strategy of immune cell populations analysed by flow 
cytometry.  
Monocytes/macrophages were determined by applying an extended FSC-A/SSC-A plot (given 
the size of the cells) followed by doublet discrimination through FSC-H/SSC-H and FSC-
W/SSC-W. Dead cells were excluded by using the BD Horizon™ Fixable Viability Stain 780. 
Live cells were then gated against CD45+ marker, and subsequently for the 
monocytes/macrophage (Kul01) population. 
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Supplementary file 2. Complete panels of antibody combinations utilized in the study and 
their fluorescence labelling strategy 

antigen clone (isotype) fluorochrome/label labelling 
strategy 

source of primary 
monoclonal 

antibody 

catalogue 
number 

panel 1   

CD45 LT40 (IgM) APC direct 
conjugation Southern-Biotech 8270-11 

CD4 CT4 (IgG1) PE-cy7 direct 
conjugation Southern-Biotech 8210-17 

CD8α 3-298 (IgG2b) PE direct 
conjugation Southern-Biotech 8405-09 

TCR γδ TCR1 (IgG1) BIOTIN 
biotin-

streptavidina 
conjugation 

Southern-Biotech 8230-08 

live/dead 
staining -b  APC Cy7 direct 

conjugation BD Horizon 565388 

panel 2   

CD45 LT40 (IgM) APC direct 
conjugation Southern-Biotech 8270-11 

Bu1 AV20 (IgG1) PacBlu direct 
conjugation Southern-Biotech 8395-26 

Kul01 Kul01 (IgG1) PE direct 
conjugation Southern-Biotech 8420-09 

live/dead 
staining - APC Cy7 direct 

conjugation BD Horizon 565388 
aBrilliant Violet 421™ Streptavidin, BioLegend 
bnot applicable 
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9. Oral presentations 

9.1. Divergent expression profiles in a genomically conserved 
virulent/attenuated fowl adenovirus serotype 4 (FAdV-4) strain pair 
identifies possible biomarkers for virulence modulation 

Carlotta De Luca1, Katharina Nöbauer2, Karin Hummel2, Michael Hess1,3, Anna Schachner1 

1Christian Doppler Laboratory for Innovative Poultry Vaccines, University of Veterinary 
Medicine Vienna, Austria 
2VetCore Facility for Research, University of Veterinary Medicine Vienna 
3Clinic for Poultry and Fish Medicine, University of Veterinary Medicine Vienna 

Purpose of work 
FAdVs harbor huge diversity, with unknown virulence factors. Despite a link between specific 
pathologies and serotypes, virulence differences even between strains of the same serotype 
remain a conundrum. To address virulence modulation beyond the genetic level, we 
compared temporal proteomes of FAdVs of the same parental-genomic origin. Virulent FAdV-
4 (AG234) and its in vitro-attenuated derivate (INT4) represent the first such strain pair, 
confirmed as distinctly pathogenic in animal trials. 

Materials and methods 
Full genomes were Illumina-sequenced. Protein samples were prepared from standardized 
LMH cell infections, harvested in 6 h-intervals. Viral proteomes were analyzed by quantitative 
time-course DIA-MS in a quadrupole Orbitrap mass spectrometer. Replication kinetics were 
monitored by titrating intra- and extracellular virus. 

Results 
Genomes of distinctly pathogenic FAdVs were widely conserved with main exceptions in non-
coding regions, featuring manifold repeat variations. 
Of 44 total ORFs, 24 (INT4) and 25 (AG234) proteins were identified by MS, several lacking 
expression evidence so far. Among structural proteins fiber-2, having few amenable 
fragmentation sites, remained undetected though later on confirmed in immunoblotting. 
Avirulent INT4 had a severely impaired development of hexon, along with 100K, matching with 
a delayed in vitro replication. Yet this was accompanied by a steep rise of DNA pol, pTP and 
DBP which remained near-basal level in AG234. Further differences occurred in 3´-terminally 
encoded ORFs 2 and 13, spiking at 42/48 hpi in the attenuated proteome vs. basal or gradually 
progressive abundance in the virulent proteome. 
Discriminatory 5´-terminal products were the two lipase homologues, with a converse trend: 
after initial synchronicity ORF19 inclined more rapidly in AG234, while ORF19A accumulated 
within 30-48 hpi in INT4. As the only non-shared protein, ORF16 was abundantly, but 
exclusively detected in AG234. 

Conclusions 
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Temporally-quantitatively retarded structural protein synthesis reflects the inefficient 
replication of attenuated vs. virulent FAdV. Despite this, an overshooting recruitment of the 
replication machinery occurred, possibly as counteractive mechanism. 
In absence of major genomic differences, progressively discordant proteomic signatures 
suggest terminal ORFs with already purported functions in transcriptional control or host 
interference as biomarkers for virulence modulation. 

 

9.2. Local immune response provided by fowl adenovirus (FAdV) fiber 
vaccine plays a key role in protecting chickens from hepatitis-
hydropericardium syndrome (HHS) 

Carlotta De Luca1, Taniya Mitra2, Anna Schachner1, Sarah Heidl1, Dieter Liebhart2, Michael 
Hess1,2 

1Christian Doppler Laboratory for Innovative Poultry Vaccines (IPOV), University of 
Veterinary Medicine, Vienna, Austria 
2Clinic for Poultry and Fish Medicine, Department for Farm Animals and Veterinary Public 
Health, University of Veterinary Medicine, Vienna, Austria 

Hepatitis-hydropericardium syndrome (HHS) is a disease affecting chickens caused by fowl 
adenovirus (FAdV) serotype 4. Subunit vaccines based on recombinant capsid proteins have 
demonstrated great potential, but their protection mechanisms need to be further unraveled. 
In this study, specific pathogen-free one-day-old chickens were vaccinated with a recombinant 
FAdV fiber and boosted at seven-day-old, whereas challenge and negative control birds were 
administered adjuvant and PBS, respectively. At 21-day-old, chickens were intramuscularly 
infected with a virulent FAdV-4 strain, while negative control and vaccine-only group received 
PBS. Endpoints for protection included clinical signs, pathological lesions and viral load in 
target organs. The systemic immune response was monitored before and after challenge via 
enzyme-linked immunosorbent assay (ELISA), virus neutralization and flow cytometry (FCM) 
in peripheral blood mononuclear cells (PBMCs); the local response was investigated in liver 
with FCM over the course of infection. 
The vaccination reduced clinical signs, viral load in target organs and hepatomegaly. It also 
prevented atrophy in thymus and bursa of Fabricius. Despite the development of pre-
challenge antibodies measured by ELISA, there was no neutralizing activity against FAdV-4 
before challenge. However, B-cells significantly increased locally in the liver of vaccinated 
birds at all time points post-challenge. This trend was sporadically mirrored by 
monocytes/macrophages, CD4+, CD8α+ and CD8α+TCRγδ+ T-cells locally, whereas systemically, 
only monocytes/macrophages and CD8α+TCRαβ+ T-cells significantly increased at selected 
time points post-challenge. 
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These results suggest that fiber vaccines protect chickens from HHS by priming a potent 
immune response on a local level, rather than exclusively relying on systemic neutralizing 
antibodies. 

 

9.3. Fowl adenovirus (FAdV) induced diseases: vaccination strategies 

Carlotta De Luca1,2, Anna Schachner1, Michael Hess1,2 

1Christian Doppler Laboratory for Innovative Poultry Vaccines (IPOV), University of 
Veterinary Medicine, Vienna, Austria 
2Clinic for Poultry and Fish Medicine, Department for Farm Animals and Veterinary Public 
Health, University of Veterinary Medicine, Vienna, Austria 

State-of-the-art taxonomy divides fowl adenoviruses (FAdVs) in five species (FAdV-A to -E) 
based on their genotypes, and twelve serotypes (FAdV-1 to -8a, and -8b to -11), based on their 
serological features. These viruses are responsible for three disease complexes affecting 
chickens: adenoviral gizzard erosion (AGE), associated with FAdV-A serotype 1, hepatitis-
hydropericardium syndrome (HHS), associated with FAdV-C serotype 4, and inclusion body 
hepatitis (IBH), associated with FAdV-D serotypes 2 and 11, and FAdV-E serotypes 8a and 8b. 
Over the past two decades, these diseases became an increasing burden for the poultry 
industry, resulting in substantial economical losses worldwide. Aside from biosecurity 
protocols, protection strategies applied in the field are so far limited to commercial live or 
inactivated vaccines against HHS and/or IBH, only available in selected countries, with Europe 
solely relying on autogenous formulations, and therefore farm-specific protection. 
Consequently, one prominent drawback of these vaccines is the lack of broad-spectrum 
coverage, which represents the ultimate goal to efficiently immunize chickens against FAdVs, 
given the diverse aetiology of FAdV-related diseases. 
As a result, a plethora of studies investigating different kind of experimental vaccines emerged 
throughout the years, with a particular focus on subunit vaccines based on recombinant FAdV 
capsid proteins, which are cost- and time-effective. 
In order to achieve a more comprehensive protection, subunit vaccines recently evolved from 
monotype antigen formulations toward the novel concept of chimeric recombinant proteins 
retaining epitopes from different FAdV serotypes, or even species, thus expanding their 
protective spectrum. This shift was mirrored in most recent studies on live and inactivated 
vaccines, which investigated the immunizing efficiency of recombinant hybrid viruses merging 
characteristics of different FAdVs, in some instances incorporating the VP2 protein from 
Infectious Bursal Disease Virus into FAdV-4, or the Newcastle virus modified as vector for the 
FAdV-4 fiber-2 protein.  
In conclusion, the landscape of experimental vaccines against FAdV-related diseases is rapidly 
evolving to pursue extensive broad-spectrum immunization in order to fulfil the urgent need 
of an efficient and comprehensive protection strategy in the field. 
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10. Additional works 

In addition to the published fiber-based vaccines investigated in the present thesis, two 

recombinant FAdV-E penton base (Pb) proteins were expressed and tested as 

antigens in vivo against IBH. Furthermore, in the process of optimizing the vaccine 

formulations, recombinant proteins of interest were analysed and compared via gel 

filtration chromatography. Additionally, one of the chimeric fiber proteins (crecFib-

8b/8a) was also expressed via E. coli and its immunogenicity compared to the 

baculovirus-derived formulation. 

 

10.1. Recombinant FAdV-E penton base against IBH 

Two in vivo vaccination studies were performed to elucidate the potential of the penton 

base as protective antigen against IBH. 

 

Material and methods 

Cloning and expression of FAdV-E penton base proteins 

Two penton base proteins from two different FAdV-E serotypes were expressed in the 

present study: Pb-7, from FAdV-7 (reference strain YR36, GenBank accession nr. 

KT862809), and Pb-8b, from FAdV-8b (field isolate 14-259, GenBank accession nr. 

MK572865). Briefly, the viral strains were propagated on primary chicken-embryo liver 

(CEL) cells and, after 3-fold plaque purification, the viral DNA was extracted from the 

supernatant using DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany). The Pb gene 

was amplified via PCR, whereas cloning and expression were carried out via 

baculovirus Bac-to-Bac expression system (Invitrogen, Vienna, Austria) according to 

manufacturer’s instruction. Purification of the recombinant proteins, visualization on 
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SDS-polyacrylamide gel and confirmation on western blot were performed as 

previously described (Schachner et al., 2014). 

 

Protection studies 

Two in vivo studies were carried out: a Pb-7 and a Pb-8b protection study. 

Embryonated eggs from either SPF broilers (Animal Health Service, Deventer, The 

Netherlands) (Pb-7 protection study) or SPF layers (Valo BioMedia GmbH, Osterholz-

Scharmbeck, Germany) (Pb-8b protection study) were hatched in our facilities and 

randomly divided into three different groups (up to 15 birds/group) to serve for 

vaccine/challenge, challenge control and negative control. The birds were vaccinated 

during their first day of life with 50 µg of either Pb-7 (Pb-7 study) or Pb-8b (Pb-8b study) 

mixed 1:1 with GERBU adjuvant P (GERBU Biotechnik GmbH, Heidelberg, Germany) 

in a 500 µl intramuscular injection. For the Pb-8b protection study, a booster 

vaccination containing 100 µg of Pb-8b was administered at 25 days of life using 

Freund incomplete adjuvant (Sigma-Aldrich, St. Louis, MO, USA) to ensure a better 

antibody development prior challenge. Birds in the challenge and negative control 

received only adjuvant and sterile phosphate buffered saline (PBS), respectively. The 

viral challenge was carried out at 21 (Pb-7 study) and 33 days old (Pb-8b study) with 

an intramuscular injection consisting in 106.2 tissue culture infective dose 50 (TCID50) 

of FAdV-8b (field isolate 13-18153, GenBank accession nr. MK572862). The challenge 

strain was prepared via 3-fold plaque purification, propagated on primary CEL cells, as 

described by Schat & Sellers (2008); viral titres were determined by endpoint titration 

(Reed & Muench, 1938) and the strain was subjected to full genome sequencing and 

analysed as described by Schachner et al. (2019). Birds in the negative control 

received a sterile PBS injection instead. Blood samples for antibody investigation were 

collected weekly from all the birds from their third week of life. At 3, 5 and 7 dpc (days 
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post challenge) blood was collected from all the birds and up to five individuals per 

group were sacrificed and submitted to necropsy. Birds that died due to infection were 

analysed immediately. Endpoints for protection included clinical signs from daily 

monitoring in the time period after challenge, gross pathology and liver-body weight 

(BW) ratio assessment. Statistical analyses were performed with the software package 

SPSS Version 26 (IBM SPSS Statistics; IBM Corp., Armonk, New York, USA); p values 

≤ 0.05 were considered significant. 

All procedures were discussed and approved by the institutional ethics and welfare 

committee and the national authority according to §§26ff. of Animal Experiments Act, 

Tierversuchsgesetz 2012 – TVG 20212 (license number: GZ. 68.205/0048-

V/3b/2019). 

 

Assessment of the humoral response 

Sera collected during the experiments were tested on ELISA plates coated with 2 

µg/well of the respective vaccination antigen following the protocol described by 

Feichtner et al. (2018a; 2018b). Virus neutralization test was carried out as described 

by Schachner et al. (2014). 

 

Results 

Cloning and expression of FAdV-E penton base proteins 

The two recombinant penton base proteins, Pb-7 and Pb-8b, were successfully 

expressed and purified. A visualization on western blot and SDS-polyacrylamide gel is 

exemplarily shown for Pb-8b (Fig.2). 
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Fig. 2. The recombinant penton base protein Pb-8b shown on western blot and SDS-

polyacrylamide gel after purification 

 

 

Protection studies 

In the Pb-7 animal experiment, mortality occurred between 2 and 5 dpc, with a rate of 

35.7% (5/14) in the vaccine/challenge group and 40% (6/15) in the challenge control. 

The surviving birds showed clinical affection up to 7 dpc, with only two exceptions in 

the vaccine/challenge group and one in the challenge control. In the Pb-8b animal 

experiment, only one bird showed mild clinical affection from 1 to 3 dpc in the challenge 

control. In both protection studies, the majority of the infected birds presented hepatic 

lesions compatible with IBH, including hepatomegaly, marbled appearance, focal 

necrosis and haemorrhages. Only 3/14 birds in Pb-7 vaccine/challenge group, and 

1/15 bird in Pb-8b challenge control did not show hepatic affection. Other gross lesions 

were occasionally observed in kidneys, pancreas and muscles. No clinical signs or 

lesions were recorded in any of the negative control groups at any time point. 

The liver-BW ratio was significantly increased at 3 and 5 dpc in all the infected groups 

from both protection studies, whereas at 7 dpc, only the vaccine/challenge group of 

the Pb-7 animal experiment was still elevated (Fig.3). 
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Fig. 3. Mean liver-BW ratio of each experimental group of both Pb-7 (marked in blue) and Pb-

8b (marked in red) protection studies. The asterisk indicates significant differences compared 

to the respective negative control (p ≤ 0.05) 

 

 

ELISA and virus neutralization test (VNT) 

In the Pb-7 protection study, vaccinated birds did not develop high antibody titers, with 

an ELISA-measured mean OD of 0.11±0.17 at 21 days old, prior challenge (20 dpv, 

days post vaccination), compared to OD 0.05±0.01 of adjuvant-injected birds, and OD 

0.06±0.01 of the negative control (Fig.4). 

In the Pb-8b protection study, a similar observation was made at the same time point 

(20 dpv, prior challenge), with a mean OD of 0.09±0.14 in the vaccinated group (vs. 

0.05±0.02 and 0.06±0.01 of the adjuvant-injected birds and negative control, 

respectively). The antibody titers rose after booster, with the mean OD of the 

vaccinated group reaching 1.23±0.70 at 6 dpb (days post booster) and immediately 

prior challenge (vs. 0.08±0.04 and 0.12±0.11 of the adjuvant-injected birds and 

negative control, respectively). However, this did not translate in neutralizing activity, 

since none of the pre-challenge sera showed detectable nAbs against the FAdV-8b 

challenge strain on VNT. 
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Fig. 4. Pre-challenge Abs titers measured on homologous-coated ELISA for both Pb-7 

(marked in blue) and Pb-8b (marked in red) protection studies 

 

 

 

10.2. Optimization of vaccine formulations 

10.2.1. Gel-filtration chromatography 

The purity and molecular size of FAdV recombinant proteins such as FAdV-8a and -

8b single fibers (Fib-8a and Fib-8b) were analysed and compared via size-exclusion 

chromatography in the Institute of Virology, Vetmeduni Vienna. 

 

Materials and methods 

The recombinant proteins Fib-8a and Fib-8b were expressed and purified as previously 

described (Schachner et al., 2014; De Luca et al., 2020). Eluates obtained from protein 

purification were subsequently analysed through gel-filtration chromatography via 

Superose 6 10/300 GL column, and the results were visualized with the software 

UNICORN 5.0, according to manufacturer’s protocol. The presence of corresponding 
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recombinant proteins in the eluted fractions was confirmed via western blot, and their 

molecular weight was determined using β-amylase (223 kDa), apoferritin (480 kDa) 

and thyroglobulin (670 kDa) as molecular weight markers. 

 

Results 

The eluted fraction corresponding to Fib-8a represented the highest peak visualized 

during the gel-filtration chromatography run, indicating a high degree of purity (Fig. 5a). 

On the other hand, Fib-8b was identified in a distinct, similar peak, albeit in this case a 

predominant peak was recorded in the preliminary exclusion volume of the run, which 

contains particles too big to be processed during filtration (Fig. 5b). 

The calibration run with β-amylase, apoferritin and thyroglobulin was used to define 

the measurable range and the function to calculate the molecular weight of the 

recombinant proteins (Fig. 6). Fib-8a and -8b were 478.94 kDa and 486.02 kDa, 

respectively, which is ~8 times the size of the fiber monomer (60 kDa). 
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Fig. 5. Gel-filtration chromatography of Fib-8a (a) and Fib-8b (b) on a Superose 6 10/300 

column 
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Fig. 6. Determination of the molecular mass of Fib-8a and -8b according to calibration with β-

amylase (223 kDa), apoferritin (480 kDa) and thyroglobulin (670 kDa) 

 

 

 

10.2.2. Baculovirus vs. E. coli-expressed recombinant chimeric fiber 

One of the relevant recombinant FAdV proteins used as subunit vaccine in the present 

work (crecFib-8b/8a) was selected because most favourable in protecting chickens 

against IBH, and was expressed to evaluate feasibility and efficiency of crecFib 

expression in the prokaryotic E. coli, compared to the eukaryotic baculovirus 

expression system. 

 

Material and methods 

The baculovirus-expression of crecFib-8b/8a was carried out in house as previously 

described (Schachner et al., 2022), whereas expression and purification of the E. coli 

crecFib-8b/8a was conducted by Vaxxinova Münster, Germany. Briefly, upon cloning 

into the pET28 expression vector (Novagen, Merck Millipore, Darmstadt, Germany), 

the construct was transformed into BL21 (DE3) competent cells. The protein was 

purified from inclusion bodies with 8M urea, followed by resuspension with 2% 
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sarcosine (designated batch 1) or by ultrafiltration and removal of lipopolysaccharides 

with a column (batch 4). 

Immunogenicity of the E. coli- vs. the baculovirus-expressed crecFib-8b/8a was 

comparatively assessed by immunizing 1-day-old SPF broiler chicks (Animal Health 

Service, Deventer, The Netherlands) with 50 µg of baculovirus-expressed crecFib-

8b/8a (n = 8), E. coli-expressed crecFib-8b/8a-batch 1 (n = 7), or E. coli-expressed 

crecFib-8b/8a-batch 4 (n = 8), in a formulation with oil-based adjuvant prepared by 

Vaxxinova Nijmegen, The Netherlands. Sera were collected in weekly intervals, and 

antibody development was investigated with ELISAs coated with each of the three 

antigen fractions (Feichter et al., 2018a), and VNT against virulent FAdV-8a and -8b 

field isolates (11-16629 and 13-18153, respectively). 

All procedures were discussed and approved by the institutional ethics and welfare 

committee and the national authority according to §§26ff. of Animal Experiments Act, 

Tierversuchsgesetz 2012 – TVG 20212 (license number: GZ. 68.205/0006-

V/3b/2019). 

 

Results 

For the baculovirus-expressed construct, antibody development was first noted at 2 

weeks post vaccination (wpv) on the ELISA coated with the homologous antigen 

fraction (Fig. 7a). Sera of birds immunized with the baculovirus-expressed construct 

also reacted to some extent on ELISA coated with E. coli-expressed crecFib-8b/8a-

batch 1, although more scattered and unrelated in magnitude compared to the strictly 

homologous ODs. In birds immunized with the baculovirus-expressed construct, nAbs 

were first detected at 3 wpv, and some individuals already exhibited bilateral activity 

against FAdV-8a and FAdV-8b (Fig. 7b). At the last two time points (5-6 wpv), 8/8 birds 

had developed bilateral neutralization with neutralizing titers ranging from 3 to 14 log2. 
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The E. coli-crecFib-8b/8a immunized birds showed first indicative ODs on the 

homologous ELISA at 3 wpv (batch 1). Development of nAbs was overall more 

reluctant and heterogeneous in these birds, but at 6 wpv, 2/7 birds showed bilateral 

neutralizing activity and an additional 4 birds presented nAbs against FAdV-8b. The E. 

coli-crecFib-8b/8a (batch 4) induced bilateral nAbs in 5/8 birds by 6 wpv, and nAbs 

against FAdV-8b in one bird, although it generally failed as coating antigen on the 

ELISA. This discrepancy, however, might be explained by prolonged storage of the 

protein between immunization and use as coating antigen, and possible degradation 

processes. 

 

Fig. 7. Mean Abs titers expressed in OD measured on homologous-coated ELISA (a), and VN 

titers (b) for each experimental group 
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11. Discussion 

Since their discovery in the second half of the last century, FAdVs have been isolated 

worldwide and, over the last two decades, they became an increasing burden for the 

poultry industry (Helmboldt & Frazier, 1963; Cheema et al., 1989; Gjevre et al., 2013; 

Schachner et al., 2021). In particular, HHS (caused by FAdV-4) and IBH (caused by 

FAdV-2, -8a, -8b, -11) are currently causing substantial economic losses on a global 

level (Schachner et al., 2021). On top of vertical transmission, confirmed by the 

isolation of FAdVs from embryonated eggs (Olson, 1950; Yates & Fry, 1957; Grafl et 

al., 2012), the virus can be horizontally transmitted among chickens via oral-faecal 

route, and airborne transmission has also been recently described for FAdV-4 adding 

to the data supplied by earlier studies (Clemmer, 1972; Cook, 1983; Jones & Georgiou, 

1984; Li et al., 2019). Information over possible treatments against FAdV-induced 

diseases is so far limited. As chickens have been shown to undergo hypoglycaemia 

during IBH infection, supportive treatment with sugar and sodium bicarbonate helps 

reducing the metabolic acidosis (Venne, 2013; Matos et al., 2018). More recently, an 

antiviral therapy has been successfully tested against HHS under experimental 

conditions, and the use of supportive supplements such as arginine is being 

investigated as well (Xiang et al., 2022; Yin et al., 2022). Despite these efforts, there 

is no effective treatment against FAdV-induced diseases available in the field to date, 

which stresses the importance of a solid prevention, a general paradigm in poultry 

production. 

Commercial vaccines against these viruses are only available in selected countries 

and they are limited to live or inactivated vaccines against FAdV-4 and/or FAdV-8b. 

Currently, European countries solely resort to autogenous formulations to prevent 

outbreaks of IBH, as HHS is not reported yet, and therefore rely on farm-specific 

protection. In fact, one of the major pitfall of these vaccines is the lack of a broadly 
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protective spectrum, which represents the ultimate goal to efficiently immunize 

chickens against FAdVs. The observed shifts toward outbreaks with other viral types 

after implementation of a certain vaccination regimen against the previously 

dominating ones in the field has led to the conclusion that immunity developed against 

a specific FAdV type does not necessarily confer protection against other types (Steer 

et al., 2011; Venne, 2013; Wang et al., 2018c; Bertran et al., 2021; Mo, 2021). 

Furthermore, the occurrence of natural recombination between different serotypes has 

also been reported in field isolates (Schachner et al., 2019). This contributes to 

increase the variability of the dominant serotypes in the field, which outlines an 

epidemiologic picture that is very fragile and highly prone to shifts. Therefore, the 

situation calls for an urgent need of a comprehensive immunization strategy against 

the diverse aetiology of FAdV-related diseases. As a result, experimental vaccines 

have been widely investigated throughout the last decade, including live and 

inactivated whole virus formulations, and single component antigens based on FAdV 

capsid proteins. Subunit vaccines based on FAdV-4 penton base and fiber-2 were 

effective in protecting chickens against HHS (Shah et al., 2012; Schachner et al., 2014; 

Wang et al., 2018b; Chen et al., 2018; Wang et al., 2019; Hu et al., 2021; Yin et al., 

2021). However, differently from HHS and its monotype aetiology, subunit vaccines 

against IBH need to overcome the issue of a greater diversity of causative strains, 

especially in regards to the fiber, which is the most type-specific among the FAdV 

antigenic domains (Schachner et al., 2016; 2019). A FAdV-8b fiber formulation was 

successfully used to induce nAbs in breeders, which translated in protection of the 

progeny against a virulent strain from homologous serotype (Gupta et al., 2017). 

However, information over potential cross-protection from fiber vaccines against 

different IBH-causing serotypes, in either horizontal or vertical setting, was still lacking. 

In order to clarify this crucial point, a FAdV-8a fiber vaccine was used to immunize SPF 
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broiler chicks against IBH, which were subsequently challenged with a FAdV-8a or -8b 

virulent strain (De Luca et al., 2020). Taking into account the pronounced antigenic 

specificity of the fiber protein and the occurrence in the field of recombinant strains 

with exchanges in their antigenic domains, such as hexon and fiber (Schachner et al., 

2019), all the strains utilized in the study were fully typed through whole-genome 

sequencing, in order to avoid intrinsic biases when addressing cross-protection. The 

results, reported in the first experiment of the present thesis, demonstrated that the 

protection provided by a single fiber vaccine is in fact serotype-specific, and it fails to 

provide broad coverage against the diverse aetiology of IBH due to the induction of 

specific nAbs. Whereas promising results were obtained with live and inactivated 

whole virus formulations, able to protect chickens from multiple FAdVs serotypes 

(Pallister et al., 1993; Kim et al., 2014; Steer-Cope et al., 2019), the single-component 

nature of subunit vaccines makes them less promising candidates to reach wide-

spectrum protection, since they lack the synergistic effect obtained from different 

antigens. In fact, in vitro findings in human adenoviruses (HAdVs) suggest that 

neutralization may be a result of interactions between antibodies against different 

capsid antigens (Wohlfart, 1988; Gahery-Segard et al., 1998). Nevertheless, further 

efforts to achieve cross-protective immunization were made by testing additional 

recombinant capsid proteins other than the FAdV fiber as vaccination antigens. In 

particular, the penton base protein had proved efficient within the framework of HHS, 

by stimulating the development of ELISA-measured antibodies and protecting chickens 

from FAdV-4 challenge (Shah et al., 2012). Furthermore, the amino acidic structure of 

the penton base is relatively conserved (Schachner et al., 2019), and it can therefore 

be hypothesized as a promising broad-spectrum vaccination antigen. To investigate 

such hypothesis, penton base proteins derived from two FAdV-E strains (FAdV-7 and 

-8b: Pb-7 and Pb-8b, respectively) were recombinantly expressed and used in two 
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different protection studies to immunize chickens against IBH caused by a virulent 

FAdV-8b strain. In the first study, Pb-7 failed to elicit high antibody titers before 

challenge, which might well be the reason why survival rate and macroscopic lesions 

of vaccinated/challenged birds did not differ from challenge control. In order to 

overcome the low immunogenicity observed for the penton base protein, a prime-

booster immunization regimen was applied in the second study, utilizing Pb-8b as 

vaccine antigen, and detectable antibody titers were ensured via ELISA before 

challenge. However, this did not translate in protection, since severe hepatic lesions 

were present in both vaccinated and challenge control birds in a comparable measure. 

A possible reason for this outcome may be the absence of neutralizing activity in the 

vaccine-induced antibodies measured before challenge, which would support the 

hypothesis of nAbs being necessary to protect chickens against IBH (Gupta et al., 

2017; 2018; Popowich et al., 2018; Steer-Cope et al., 2019; De Luca et al., 2020; Lu 

et al., 2022; Schachner et al., 2022). Therefore, no protection was observed with 

penton base vaccines utilized in the present work. Other studies reached similar 

outcomes, even within the framework of HHS, leading to somewhat contradictory 

results upon the efficacy of vaccines based on the penton base (Wang et al., 2018b; 

2019; Aziz et al., 2019). In fact, to date, only one linear epitope was identified for this 

protein and tested for its protectiveness against FAdV-4 and, despite the induction of 

antigen-specific antibodies on ELISA, it only ensured a 50% survival rate against 

FAdV-4 (Aziz et al., 2019). Thus it is possible that linear penton base epitopes, 

although being among the most conserved between FAdVs, are insufficient to 

immunize birds against the disease, because unsuitable to elicit nAbs development. In 

this case, the folding of the protein may be crucial to maintain the functionality of 

conformational epitopes, possibly more relevant for protection, which may be an 

explanation for the discordant outcomes among penton base studies. These results 
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call for more in-depth investigations to clarify the role of this antigen in protection 

against FAdVs. 

In order to design a broad-protective strategy against IBH, the present work introduced 

the novel concept of chimeric fiber proteins (crecFib): recombinant constructs that 

retain the full-length fiber structure and merge epitopes from different FAdV serotypes, 

by the engineering of a specificity switch in the terminal domain, the fiber knob (Fig. 

8a, 8b) (Schachner et al., 2022). In the second study of the present thesis, two crecFib 

were expressed retaining epitopes from FAdV-8a and -8b (crecFib-8a/8b and crecFib-

8b/8a) (Fig. 8c). However, only crecFib-8b/8a was able to successfully protect birds 

from both IBH-causing serotypes through the induction of bilateral nAbs (Schachner et 

al., 2022). 

Fig. 8. Schematic representation of crecFib: A) full-length FAdV fiber protein with a magnified 

3-D scheme of the terminal part of the fiber, the knob. B) 2-D scheme of the fiber knob with 

marked specificity switch introduced in the crecFib and highlight of epitopes previously 

described (Wang et al., 2018a) or predicted in silico. C) schematic models of crecFib-8a/8b 

and -8b/8a with different colours marking the identity switch between the two serotypes in the 

knob 
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The reason for the failure of crecFib-8a/8b in inducing adequate nAbs development 

may be due to structural differences between the two constructs, specifically in a region 

that merges residues from opposite sides of the specificity switch, each expressing 

separate epitopes in the linear sequences (Fig. 8b). The conformational variations lead 

to the identification of a major neutralizing epitope in the relevant area, possibly located 

to the right of the specificity switch for the FAdV-8a fiber, and to the left for the FAdV-

8b fiber (Schachner et al., 2022). These findings are supported by serotype-specificity 

of nAbs induced by single fiber antigens from FAdV-8a and -8b (Gupta et al., 2017; De 

Luca et al., 2020). Therefore, the successful construct crecFib-8b/8a was able to 

achieve broad coverage against IBH by condensing these serotype-specific 

neutralizing epitopes into a single-antigen component. Differently from most of the 

research groups working on FAdV subunit particles, all the recombinant capsid 

proteins utilized in the present studies were expressed via the baculovirus system. 

Comparisons between crecFib-8b/8a expressed via baculovirus and the more 

widespread E. coli system revealed higher immunogenicity of the baculovirus-derived 

construct crecFib-8b/8a. Furthermore, gel-filtration chromatography of the baculovirus-

expressed FAdV-8a and -8b fibers showed a high degree of purity after his-tag 

purification, albeit different between the two proteins. These data are in line with 

previous studies highlighting the validity of the baculovirus system for other 

recombinant proteins with a relevance for human medicine, such as Plasmodium 

falciparum erythrocyte membrane protein 1 (PfEMP1) domains, and human glutamic 

acid decarboxylase (hGAD65), which also turned out favourable in comparison to E. 

coli expression (Victor et al., 2010; Gecchele et al., 2015). 

As a follow-up to the promising results obtained with the chimeric fiber protein against 

IBH, the concept was extended to expand protection across the boundary of FAdV 

diseases, by designing a crecFib retaining epitopes from FAdV-4 and -11 (crecFib-
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4/11). This construct was tested as vaccination antigen in the third study of the present 

thesis, and it was able to provide simultaneous protection against HHS and IBH (De 

Luca et al., 2022a). More recently, a different approach was used to increase the 

broadness of coverage provided by whole-virus antigens by designing recombinant 

hybrid viruses merging characteristics of different FAdVs, such as FAdV-4 and -8b (Lu 

et al., 2022). This concept was also applied to incorporate viral proteins from distinct 

chicken pathogens into FAdV, such as the VP2 protein from IBDV into FAdV-4, and 

simultaneously protect chickens against both IBD and HHS (Pan et al., 2021; Zhang 

et al., 2022a). On the other hand, further studies utilized other viruses or bacteria as 

vectors to deliver FAdV-4 subunits, such as hexon and fiber-2, successfully 

immunizing chickens against HHS (Tian et al., 2020; Jia et al., 2021; 2022; Cao et al., 

2022). However, the immune mechanisms behind such protection remained largely 

unexplored. In the present study, serological analyses conducted on birds vaccinated 

with crecFib-4/11 showed that the antibodies measured on ELISA plates coated with 

the same antigen were lacking any neutralizing activity against FAdV-4 (De Luca et al., 

2022a). This marks an important difference compared to the mechanisms of protection 

against IBH, which appears to be linked to the induction of nAbs for live, inactivated 

and subunit vaccines (Gupta et al., 2017; 2018; Popowich et al., 2018; De Luca et al., 

2020; Schachner et al., 2022). Full coverage against HHS has already been described 

in the absence of nAbs after vaccination with FAdV-4 fiber-2, and even upon 

immunization with a live attenuated FAdV-4 strain (Schonewille et al., 2010; Schachner 

et al., 2014). Nevertheless, differently from the in vivo protection studies on the penton 

base antigen, the presence of antigen-specific antibodies observed on ELISA after 

vaccination with crecFib-4/11 correlates with protection against the relevant serotypes. 

It is known that non-nAbs are important against viral diseases (Henry Dunand et al., 

2016; Stadlbauer et al., 2017), and they are considered crucial to protect chickens 
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against specific subtypes of Avian Influenza (Hu et al., 2020). Therefore, they may be 

important in vaccine-induced immunity against FAdV diseases, especially in the 

absence of nAbs. In particular, non-nAbs are responsible for immune mechanisms 

such as antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent 

complement-mediated lysis (ADCML), and antibody-dependent cellular phagocytosis 

(ADCP), although their role against viral diseases in chickens has yet to be 

investigated. The vaccine-related cellular immune response, upon which limited data 

are available to date, is another relevant factor to be considered. In the first study of 

the present thesis, the kinetics of the cellular immune response was investigated in the 

blood of birds immunized with FAdV-8a fiber and subsequently challenged with a 

virulent strain of homologous serotype (De Luca et al., 2020). In particular, it was 

shown that the production of serotype-specific nAbs following fiber vaccination was 

linked to the priming of B and CD4+ T lymphocyte populations, highlighting the 

importance of both humoral and cellular immune response. At the same time, a 

proliferation of CD4+ and CD8α+ T cells was also documented after FAdV-4 fiber-2 and 

FAdV-8b fiber vaccines, respectively (Gupta et al., 2017; Chen et al., 2018). In order 

to broaden the comprehension of the fiber-induced cellular immunity, especially when 

linked to the absence of nAbs, the investigation was extended to crecFib-4/11-

vaccinated birds, with or without subsequent HHS challenge, taking into exam not only 

the systemic response, but also analysing several immune cells populations in target 

and lymphoid organs (De Luca et al., 2022b). The findings revealed that crecFib-4/11 

vaccination stimulated a prolonged proliferation of hepatic B cells and promoted the 

circulation of cytotoxic T lymphocytes, with earlier rise in peripheral blood mononuclear 

cells compared to the challenge control and consequent increase in liver and spleen, 

two of the major target organs of the disease. These novel data contribute to broaden 
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the knowledge behind the immunopathogenic pathways associated to the protection 

from HHS provided by FAdV subunit vaccines. 
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12. Conclusions and outlook 

After demonstrating that protection associated to FAdV fiber vaccines is serotype-

specific, the present study introduced the novel concept of chimeric fiber proteins, and 

described the first successful attempt at merging epitopes from different FAdV 

serotypes, and even viruses from distantly related species, into single-unit recombinant 

constructs despite the phylogenetic distance of the template strains. The induction of 

bilateral nAbs after vaccination with crecFib-8b/8a, as opposed to the poor 

immunogenicity of the opposite construct, crecFib-8a/8b, confirms the presence of 

different neutralizing epitopes in the fiber protein, which was not yet known. This 

concept was able to overcome the limited cross-protective potential of subunit 

vaccines, providing broad-coverage not only against different IBH-causing serotypes, 

but even including concurrent protection against HHS by designing the novel crecFib-

4/11. Furthermore, for the first time, several major immune cell populations were 

investigated after FAdV fiber vaccination not only on a systemic level, but also locally 

in target and lymphoid organs over the course of a protection study, including 

monitoring before and after challenge. This provided novel data over the so far poorly 

understood role of the cellular immune response associated to protection from FAdV-

related diseases, highlighting the importance of such response especially on a local 

level. Interestingly, no neutralizing activity was associated with the development of 

antigen-specific antibodies against crecFib-4/11, which poses questions over the role 

of non-neutralizing antibodies in protecting chickens against HHS. In fact, the non-

nAbs induced by fiber vaccination may be directly involved in triggering the cellular 

immune response, and this hypothesis poses the premises for the subsequent studies 

aimed to clarify the intricacies of the immune response after FAdV vaccination. Further 

investigations are also needed to characterize the protective epitopes present on FAdV 
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antigens, and fully comprehend the immune mechanisms underlying subunit vaccines 

based on FAdV capsid proteins. 
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