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STELLINGEN 

1. Het is onwaarschijnlijk dat de resultaten, die in dit proefschrift zijn 

beschreven, zouden zijn bereikt zonder gebruik te maken van monoklonale 

antibodies. 

2. De bewering dat de lange fiber van fowl adenovirus type 1 is opgebouwd 

uit een octameer van polypeptide IV is waarschijnijk onjuist. 

Li, P., A.J.D. Bellett, en R. Parish. J. Gen. Virol. 65:1803-1815. 1984. 

3. Een recombinant hexon polypeptide van een adenovirus zal waarschijnlijk 

geen immuniteit induceren tegen een wild type virus infektie in de 

natuurlijke waard. 

4. De konklusie van Perrin et al. dat hemorrhagic enteritis virus in vitro 

repliceert in miltcellen van de kalkoen kan niet gemaakt worden op grond 

van hun experimentele resultaten. 

Perrin, G., C. Louzis, en D. Toquin. Bull. Acad. Vet. Fr. 54:231-235. 

1981. 

5. De specifieke selektie van monoklonale antibodies die reageren met 

virus-specifieke antigenen heeft de ontdekking en studie van 

gemeenschappelijke determinanten in virus en waard negatief beinvloed. 

6. Het gebruik van een gekontamineerde celkultuur, zoals RP19 cellen met 

Mareks virus, voor het produceren van vaccins zou niet moeten worden 

toegestaan. 

7. De bewering van Davenas et al. dat basofielen kunnen worden 

gedegranuleerd door anti-IgE antiserum dat 10 tot 10 keer verdund 

is, is voorbarig. 

Davenas, E., F. Beauvais, J. Amara, M. Oberbaum, B. Robinzon, A. 

Miadonna, A. Tedeschi, B. Pomeranz, P. Fortner, P. Belon, J. 

Sainte-Laudy, B. Poitevin, and J. Benveniste. Nature 333:816-818. 1988. 

8. De natuurlijke staat van het landschap in Canada wordt beschermd door de 

aanwezigheid van bloedzuigende insekten. 

9. Het tweetalig karakter van Canada bevat meer negatieve dan positieve 

kanten. 

10. De vervanging van de bison door het rund voor vleesproduktie in de 

prairie provincies van Canada is niet gebaseerd op ekonomische 

overwegingen. 

Jan V.J.M, van den Hurk 

Development of a vaccine for the prevention of hemorrhagic enteritis in turkeys 

Wageningen, 13 december 1988 
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CHAPTER 1 

GENERAL DfiKHJCTICN 

1.1 General characteristics of adenoviruses. 

Adenoviruses are able to infect man and a wide variety of animal species in 

which they may cause respiratory, ocular, gastrointestinal, and urinary infections. 

These viruses are classified into a single family based upon common physical, 

chemical, morphological, and structural properties (95,144). The members of this 

family all have a remarkable uniform morphology and size (70-90nm) when observed by 

electron microscopy. Adenoviruses have an icosahedral shell of 252 capsomers (71) 

and a nuclear core containing double-stranded DNA. The icosahedral shell comprises 

240 hexons, each surrounded by six neighbouring capsomers, and pentons each 

surrounded by five peripentonal hexons (61,142). The hexons are found at the 20 

triangular facets and 30 edges, and the pentons at the 12 vertices of the 

icosahedral capsid. A penton consists of two structural units: a penton base and 

single or double fibers protruding from the vertex (59,88,110,142). 

The family of the Adenoviridae is divided into the genera Mastadenovirus, 

consisting of 90 or more serotypes, and Aviadenovirus, consisting of 15 or more 

serotypes (144). This division is based upon the presence of a group-specific 

antigen in most mammalian adenoviruses which is absent in the avian adenoviruses 

(144). The adenoviruses have been classified into subgroups and types in various 

ways according to biological, chemical, immunological, or structural properties, 

including natural host, antigenic relationship, neutralization, and DNA sequence 

homology (144). The classification of the avian adenoviruses is less well defined 

than that of the mammalian adenoviruses, because the members of the former group 

have been less extensively studied and characterized, and have a wider host range 

than those of the latter group (83,144). A subdivision of the avian adenoviruses 

into two groups or types, group I avian adenovirus and group II avian adenovirus, 

has been tentatively proposed based upon an antigenic relationship within but not 

between the two groups and a difference in host-cell tropism (37,45,84). The group 

I avian adenoviruses includes twelve serotypes of the fowl adenoviruses (FAV-1 to 

FAV-12) and probably two serotypes of turkey adenoviruses which all share a 

group-specific antigen and replicate in homologous kidney cell cultures (33,99). 

Egg drop syndrome 1976 virus (EDS76V) might also be a member of the group I avian 

adenoviruses although serological crossreactivity between EDS76V and FAV serotypes 



was marginal (lb,8,100). The group II avian adenoviruses, consisting of hemorrhagic 

enteritis virus (HEV) of turkeys (22,80,138), marble spleen disease virus (MSDV) of 

pheasants (23,75,76,79), and splenomegaly virus (SV) of chickens (43,44,45) are 

antigenically related viruses (36,40,43,44,45,77), which do not replicate in 

(primary) kidney, liver or fibroblast cell cultures of homologous or heterologous 

hosts (77,79,148). The group II avian adenoviruses are able to infect turkeys, 

pheasants and chickens. However, they seem to be only pathogenic for their natural 

host (42,43,44,45,78). 

1.2 Virus-host interaction. 

1.2.1 General aspects. Adenoviruses can cause respiratory, ocular, 

gastrointestinal, liver, kidney, and urinary diseases in man and animals (83,131). 

In addition, they may cause persistent and latent infections in many species, as 

well as tumors in rodents (83,131). Transmission of adenoviruses occurs mostly 

horizontally, but fowl adenoviruses and EDS76V can be transmitted vertically through 

eggs (83,101,131). Major targets of an initial infection are mucous membranes of 

the oral and nasopharyngeal cavity, conjunctiva, cloaca, and regional lymphatic 

organs. Human adenoviruses establish productive infections in gastrointestinal, 

respiratory, or ocular epithelial cells (131). Adenoviruses might become 

transiently viremic and enter lymphatic organs where they multiply in 

reticuloendothelial cells and produce intranuclear inclusion bodies (83,131). 

Clearance of the infecting virus presumably requires cellular (macrophages, 

lymphocytes) and humoral (antibodies, complement, and lymphokines) immune reactions 

(52). Live virus vaccines containing adenovirus type 4 (Ad4) or Ad7 have been used 

successfully to immunize recruits against acute respiratory disease 

(25,32,131,139,140,141). 

1.2.2 Hemorrhagic enteritis in turkeys. Hemorrhagic enteritis (HE) in turkeys was 

first observed by Pomeroy and Fenstermacher in 1937 (122). HE is an acute disease 

caused by HEV (22,37,80,138). Clinical signs of illness include enteritis, 

splenomegaly and hemorrhages in various tissues, especially the intestine, and may 

lead to mortality in field outbreaks ranging from less than 1% to over 60% 

(37,38,69). HE is widespread and it is a disease of economical importance (37). 

Data from serological studies indicate that almost all adult turkeys have been 

infected with HEV (37,39). HE in turkeys usually occurs between 6 and 11 weeks of 



age and is most common in 7- to 9-week-old birds (37,122). Younger birds are 

usually refractory to the disease as a result of the presence of maternal antibodies 

(37). 

The natural hosts of group II avian adenoviruses, to which HEV belongs, are 

turkeys, pheasants, and chickens. Death only occurs in the natural host (37). 

Mortality, usually observed between 4 and 6 days after infection, may reach up to 

80% in turkeys experimentally infected with pathogenic strains of HEV (37). Gross 

lesions are distended intestines filled with red and brownish blood, and enlarged 

marbled spleens (22,68,69,81). Intranuclear inclusions containing HEV are present 

in reticuloendothelial cells of many organs especially the spleen (22,68,80,81,146). 

1.2.3 Prevention of hemorrhagic enteritis in turkeys by vaccination. 

1.2.3.1 Vaccine requirements. A vaccine should be safe and effective (1,1a). In 

this context, safety indicates the need to avoid harmful side effects following 

vaccination, and effectiveness indicates the need to induce a protective immune 

response in most recipients. Protective immune responses can be subdivided into 

three categories. The first is the induction of neutralizing antibodies (e.g. 

antibodies which prevents viral infection) which should be long lasting. The second 

is the induction of an appropriate form of cell-mediated immunity (CMI). The value 

of such a response is mostly to limit rather than to prevent an infection. 

Furthermore, the O H response is important because it is usually crossprotective 

between subtypes in contrast to serological response. The last is the induction of 

a non-specific immune response consisting of the activation of macrophages, NK 

cells, and increase in the production of cytokines. This immune response is 

important in the face of an epidemic. 

1.2.3.2 Hemorrhagic enteritis vaccines. Until recently, only two vaccines were 

available for prevention of HE in turkeys. The first one is a crude vaccine 

prepared from spleens of turkeys infected with avirulent HEV (HEV-A) (38,136). The 

second vaccine contains HEV-A grown in a lymphoblastoid cell line (RP19) derived 

from a Marek's disease virus (MDV)-induced tumor (49,50,104,105,106). Both are live 

virus vaccines administered in the drinking water and both vaccines elicit 

protective immunity in turkeys. However, the safety features of these vaccines have 

to be carefully evaluated. Spleen extract vaccines might contain extraneous 

pathogens due to the manner they are obtained from spleen without further 



purification, and to immunosuppression caused by HEV replicating in immune cells 

which lowers resistence against infectious agents. In addition, infectious MDV is 

present in RP19 cell cultures (104), and products from tumor cells, like RP19 cells, 

are only recenty allowed for vaccine production. 

It is evident from these data that the safety of these two vaccines leaves to be 

desired. Hence, there was a need for a safer vaccine to prevent HE in turkeys. 

Therefore, one of the major goals was to develop an appropriate cell 

culture-propagated live virus vaccine for the preparation of HE in turkeys. 

1.3 Virus-cell interaction. 

The interaction between adenovirus and host cell may result in a lytic, 

semipermissive or abortive infection. The outcome of the virus infection depends on 

the nature of the infecting virus and the type of host cell. 

1.3.1 Lytic infection. Lytic infections of cell cultures are convenient for virus 

propagation and characterization, and have been described for most mammalian and 

group I avian adenoviruses. Primary and continuous epithelial cell lines such as 

HEK, Hela, HEp-2, or KB cells are suitable for human adenovirus propagation 

(9,73,131). Characteristic cytopathic alterations include rounding and ballooning 

of the cells, cellular aggregation, and detachment of the cells from the surface 

(9,73,131). The first steps during infection are attachment and penetration of the 

virus into the cell. Two mechanisms for the internalization of Ad2 in cells have 

been described. The most likely mechanism is receptor-mediated endocytosis 

(53,63,134,135), but the mechanism of direct penetration can not be excluded 

(16,94,103). Receptor-mediated endocytosis of adenoviruses is a process in which 

virus-ligands (fibers at physiological pH) bind to cellular receptors 

(26,53,90,120,134,135). Subsequently, virus-receptor complexes enter coated pits by 

random diffusion, and become trapped in vesicles (endocytic vesicles or 

receptosomes) formed from the coated pits, which are then internalized in the cell. 

Attachment and endocytosis destabilizes the virions and renders them sensitive to 

DNase. Then the hydrophobic area of the penton base, alone or in combination with 

fiber and hexon, is thought to destabilize the receptosomes and cause virus release 

in the cytosol (114,127,128). Subsequent steps involve transfer to the nuclear 

membrane and uncoating of the virion resulting in a free nucleocapsid which 

penetrates into the nucleus (27,103). Final uncoating occurs in the nucleus when 



viral DNA is released for replication (94). Six to eight h after infection progeny 

DNA can be detected in the nuclei and after 24h 105 to 106 molecules of viral DNA 

are synthesized of which only 20% is packaged to form mature virions (65). 

1.3.2 Semipermissive and abortive infection. In semipermissive infections virus 

production is reduced (58,123). A number of factors may cause this reduction 

including virus type, virus mutant, slower uptake and uncoating of virus in the 

cell, a lower rate of viral DNA replication and a less efficient translation of 

viral proteins (64,70,72). In abortive infections the virions enter the cell but 

viral DNA replication does not take place. Abortive infections, which can be caused 

by many mammalian and group I avian adenoviruses, sometimes result in transformation 

(5,6,7,24,62,97,98). Only the left end of the genome of adenoviruses, including the 

El gene, is required for transformation. Whether HEV can give rise to semipermisive 

or abortive infections resulting in transformation is not known. 

1.3.3. Propagation of HEV. Group II avian adenoviruses replicate well in their 

hosts, but difficulties were encountered with the in vitro propagation of these 

viruses. In contrast, most mammalian and group I avian adenoviruses can be 

propagated easily in cell cultures. Attempts to propagate HEV in embryonated 

chicken and turkey eggs and in chicken and turkey embryo fibroblast cultures have 

all been unsuccessful (22,41). Furthermore, several attempts have been made to 

infect spleen cells of turkeys in vitro (51,115). Although infection has been 

reported, actual virus replication in these cells has not been demonstrated. 

Similar negative results have been reported for the propagation of MSDV in cell 

cultures of embryo fibroblasts and kidneys of chickens, pheasants, and turkeys, and 

in embryonated eggs of turkeys (77,79,148). The only cell lines in which HEV 

replicate are the MDV-transformed B lymphoblastoid cell lines RP16 and RP19 obtained 

from turkey tumors (104,105). However, the presence of MDV in these cell lines made 

them unattractive for HEV propagation and vaccine production. 

Therefore, a different approach had to be taken for the in vitro propagation of 

HEV. Instead of trying to grow HEV in epitheloid cells, attempts were made to 

propagate this virus in turkey leukocytes, a cell population which includes the 

natural target cells in HEV-infected turkeys. 

1.3.4 Adenovirus DNA. The size of the adenovirus genome varies from serotype to 

serotype with molecular weights ranging from 17 x 10 for simian adenoviruses to 30 



x 106 for FAV-1 (20,88). Basic features of the DNA shared by all adenoviruses 

including FAV-l are (57,83,85,133): 1) the linearity of the double strands; 

2) terminal proteins (IP's), covalently linked to the 5' ends of both DNA strands in 

the virions, which play a role in the initiation of DNA replication; 3) the presence 

of inverted terminal repetitions; 4) a DNA sequence homology of at least five base 

pairs extending from nucleotides 9-14; 

5) similar mechanisms for DNA replication; and 6) the production of a virus-specific 

DNA-binding protein (DBP) in the cell upon infection. 

the mode of adenovirus DNA replication is semi-conservative and asymmetrical 

(89). Models of the replication mechanism, based on in vitro and in vivo studies in 

which the function of virus-coded proteins [TP, precursor TP (pTP), DNA-polymerase 

(DNA-pol), and DBP] and host cell factors (nuclear factor I and II) required for 

initiation and prolongation of DNA synthesis, have been described for the human 

adenoviruses type 2 (Ad2), type 5 (Ad5), and type 12 (Adl2) (56). 

1.3.5 Transcription of Adenovirus DNA. The majority of the research on adenovirus 

transcription has been focussed on the replication cycle of Ad2 and Ad5. The 

adenovirus genes are subdivided into genes transcribed before the onset of viral DNA 

replication (early genes: regions Ela, Elb, E2a, E3, and E4), genes transcribed 

before and during viral DNA replication (intermediate genes: regions E2b and IVa2), 

and genes transcribed after the onset of viral DNA replication (late genes: regions 

Ll, L2, L3, L4, and L5) (10,28,29,129). The positions of promoters of Ad2 from 

which the mRNAs are transcribed during a lytic infection have been mapped 

(10,28,29). The adenovirus RNA's are capped at the 5' end and polyadenylated at the 

3' end (121). Regions Ela and Elb contain genes for transformation and regulation 

of transformation. Region E2a codes for the DBP, and region E2b for the pTP, and 

DNA-pol. Late transcription products from regions Ll, L2, L3, L4, and L5 are 

processed into groups of related mRNA's that share common 5' and 3' ends, but are 

differently processed from the precursor-RNA molecules (28,54,102). The following 

regions contain coding information for the structural proteins: Elb for IX, Ll for 

pilla, L2 for III (penton base), pVTII, and V, L3 for pVT and II (hexon), L4 for 

pVTII, and L5 for IV (fiber). 

1.3.6 Adenovirus proteins. A schematic view of the proteins in an adenovirus 

particle is illustrated in Fig. 1, and the properties of Ad2 and FAV-1 are 

summarized in Tables 1 and 2. 
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1.3.6.1 Hexen. Hexons are the major capsid proteins in the virion. They are 

localized at the 20 triangular facets and 30 edges of the icosahedral capsid. Four 

types of hexon polypeptides can be distinguished in adenovirus-infected cells: 

nascent hexon polypeptide (monomer), hexon protein (trimer), group of nine (GCN) 

hexons, and hexons in virions. The term hexon (protein) is used to indicate the 

trimer. In infected cells, free hexons are present in a 10 to 100-fold excess over 

hexons assembled in virions (145). Free and capsid hexons are identical proteins 

(19) and each hexon consists of three identical polypeptides (15,31,74,124). Each 

monomer consists of 967 amino acids and has a molecular weight of 109,000 (109k) 

(2). A model of the three-dimensional structure of Ad2 hexon, based on x-ray 

cristallography and electron microscopy, has been described (19,124). This model 

shows that the hexon consists of two parts: a triangular top containing three towers 

and a pseudo-hexogonal base. The pseudo-hexagonal base of the trimer facilitates 

hexon-hexon interaction within a hexagonal array in the virion. The heterologous 

regions of Ad2 and Ad5 (both members of subgroup C) are found at the top of the 

hexons, indicating that type-specific determinants are restricted to the outside of 

the capsid and that hexon-hexon interactions are conserved (19,124). The fact that 

in the intact virion the type-specific determinant (e ) lies on the outside of the 

capsid whereas the group-specific determinant ( a ) is inaccessible for antibodies 

are in consent with this model (112). 

1.3.6.2 Penton. Pentons, composed of a complex of penton base and fiber, are 

localized at the 12 vertices of the adenovirus icosahedron (Fig. 2) (61,142). 

Mammalian adenoviruses contain single fibers whereas most avian adenoviruses (fowl 

adenoviruses) contain double fibers with the exception of EDS76V which has single 

fibers (59,86,88). Pentons and fibers are also synthesized in excess in infected 

cells, and are present as soluble and capsid proteins (14,15). Fiber and penton 

base are joined by noncovalent bonds which can be dissociated by treatment with 

pyridine or deoxycholate (14,117). Penton base and fiber can associate in vitro 

into pentons which are indistinguishable from those present in the capsid (12). 

There is no consensus about the subunit conformation of the human adenovirus penton 

which is either trimeric or pentameric for the penton base (14,34,35,118,143), and 

dimeric or trimeric for the fiber (34,35,66,118,143). Each combination includes at 

least one mismatch in symmetry which occurs at the vertex. A solution might be 

that, based upon the observation of a pentameric penton base consisting of three 

shorter and two longer polypeptides, a trimeric fiber could bind to the three 
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shorter penton base polypeptides (143). How two fibers, probably coded by different 

genes, are associated with one penton base as described for the fowl adenoviruses is 

not known (92). It has been suggested that the penton base of FAV-1 exists as a 

trimer, the long fiber as an octomer, and the short fiber as a trimer (92). 

Fibers vary in length from 9 - 47nm (59,118), and in molecular weight from 35k 

(Ad3) to 67k (EDS76V) (130,137). A fiber consists of a knob, a shaft with a 

repeating motif of 15 residues (Ad2, Ad3), and a tail (66,108,130). The 15 residue 

motif is repeated 22 times in the longer Ad2 fiber (30nm), and six times in the 

shorter Ad3 fiber (10-llnm). The fiber is the only adenovirus protein that is 

glycosylated (82). Each polypeptide carries two molecules of N-acetylglucosamine. 

The fiber mediates the early recognition between virus and cell (120). Furthermore, 

it carries a species-specific determinant ( 7 ) in its knob which might interact with 

red blood cells causing hemagglutination (111,142). 

The penton can induce an early cytopathic effect on cells, including a rounded 

cell morphology and detachment of the cells from the surface (46,142). Although it 

has been definitely demonstrated that the penton base is responsible for this 

phenomenon the mechanism involved is still unclear (14,117,147). 

1.3.6.3 Protein Ilia. Protein Ilia is localized in the peripentonal region, might 

be accessible on the surface of the virion, and appears to connect the peripentonal 

Fig. 1. Architecture of adenovirus particle and hexon protein based on data from 

Nermut, Philipson, and Van Oostrum and Burnette (108,119,143). A. Schematic view of 

an Ad2 particle illustrating the architexture and apparent topography of the 

structural proteins in the virion. The viral capsid is made up of the hexon, penton 

base, fiber, Ilia, VI, VIII and IX proteins. Protein VIII is not shown because its 

location in the virion is not known. The viral core consists of a core shell 

(protein V ) , and a DNA-protein complex containing protein VII associated with dsENA 

and terminal proteins linked to both 5' ends of the genome. Insert shows an 

electron micrograph of HEV-A. B. Schematic view of an Ad2 hexon (protein) with 

pseudo-hexagonal base and triangular top. The three subunits of the hexon are more 

distinct at the base with little interpénétration of the polypeptide chains, in 

contrast to the triangular top in which each of the three towers is built up of all 

three polypeptide chains. C. Model of a group of nine (GCN) hexons. The GCN hexons 

is stabilized by protein IX. 
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Table 2. Composition and properties of fowl adenovirus type 1 (FAV-1) 

Polypeptide Location 

Molecular No. copies/ Subunit 

weight virion Composition 

II 

III 

rv 
V 

VI 

TP 

VII 

VIII 

IX 

X 

XI 

XII 

Hexon 

Penton base 

Long fiber 

c 

-

Core 

Short 

-

Core 

-

Core 

Core 

fiber 

100 

92 

65 

62 

55 

46 

44.5 

30 

20 

18 

12 

9.5 

720 

36 

96 

66 

30 

2 

36 

-

740 

1330 

910 

1910 

Trimer 

Trimer 

Octamer 

-

-

Monomer 

Trimer 

-

-

-

-

-

Data from Li et al. (91a,92) 
B Determined by SDS-PAGE 

Not known 

proteins to the core (143). This protein is produced in excess during the 

infectious cycle in the cells (90). It is phosphorylated (3,11), and cleaved 

during virus maturation from pilla into Ilia (13). There are approximately 60 

- 72 copies of monomeric Ilia per virion (13,35,143). No counterpart of the 

human Ilia protein has been described for avian adenoviruses. 

1.3.6.4 Core proteins. Viral DNA of Ad2 is associated with the core proteins V 

(48k) and VII (18.5k) (48,87,96) whereas the DNA of FAV-1 is associated with 

the core proteins IX (20k), XI (12k), and XII (9.5k) (92,93). Protein VII, 

derived by cleavage from pVll (4), is the major core protein (4,47). The minor 

core protein V is phosphorylated. It is less basic and not as strongly 

associated with the DNA as protein VII (17). A model for the human adenovirus 

core was proposed in which protein VII and viral DNA form a helical structure 

surrounded by a shell of protein V (17,107,108,127). 
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knob 

Fig. 2. Model of ein Ad2 penton. The penton of this virus consists of one fiber 

inserted in the penton base. The pentons are present at the five fold vertices of 

the icosahedron and each penton is surrounded by five hexons (peripentonal hexons). 

1.3.6.5 Proteins VI, VIII and IX. Less information is available about proteins VT, 

VIII and IX of Ad2. Protein VI (24K) (4,48,96), derived from pVl, is located inside 

the virion (47) and has affinity for DNA (125). Protein VIII (14.5K) (4,48,96) is 

weakly associated with the hexon protein, and is derived from pVTII during virus 

maturation (113). Protein IX (14k) is exposed at the outside of the virion, and, 

although it is not essential for virus assembly, it acts as a stabilizing agent for 

the GON hexons (30,116). Twelve copies of IX are associated with each GCN hexon 

(18,21). An analogue of IX might not exist for FAV-1 because no GCN hexons were 

found after dissociation of FAV-1 (88). 

1.3.7 Assemblage and maturation of adenoviruses. A model for the assemblage of Ad2 

based on biochemical data and electron microscopic observations has been described 

(119). During the late phase of an adenovirus infection host cell protein synthesis 

is shut off, viral mRNA is preferentially translated, and viral polypeptides are 

synthesized and transported to the nucleus. Empty capsids are assembled from GCN 

hexons, single hexons, penton base, fiber, pilla, pVI, pVIII, and IX. Then, the 

core proteins V and pVII, and DNA, left-hand end of the genome first, enter the 

empty capsid to form immature virions. Finally, the precursor proteins are cleaved 

to generate mature virions. 
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1.4 Objective and experimental approach. 

The specific aims of this investigation were: 1) the characterization of HEV and 

HEV proteins, 2) the development of a cell culture system for HEV propagation, and 

3) the use of avirulent HEV produced in this cell culture system to prevent HE in 

turkeys. 

First, sensitive and specific ELISAS were developed for the quantitation of HEV 

antigen and antibody (Chapter 2). The ELISA for the titration of antibodies was 

used to determine the presence and the decline of maternal antibody titers in young 

turkeys and to monitor seroconversion and protection in turkeys following 

immunization with HEV-A (Chapters 2 and 6). The ELISA for the titration of antigen 

was used in the potency assay to monitor protection following immunization with 

HEV-A and challenge with HEV-V (Chapter 6). 

Second, the generation of monoclonal antibodies, also required for the antigen 

ELISA, was the cornerstone for further research. They were used for the 

characterization of HEV proteins (Chapters 3 and 4). In addition, hexon-specific 

monoclonal antibodies were used in a fluorescent antibody (FA) test to identify 

HEV-infected cells. Finally, with this test different cell cultures were screened 

and selected for HEV susceptability and virus production (Chapter 5). 

Third, cell culture-produced HEV-A was analyzed for its potential to induce 

protection against HE in turkeys following immunization, initially in experimental 

trials at the Veterinary Infectious Disease Organization (VIDO) and subsequently in 

field trials on turkey farms (Chapter 6). 
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SUMMARY. Enzyme-linked immunosorbent assays (ELISAs) were developed to quantitate 
hemorrhagic enteritis virus (HEV) antibodies in turkey sera and HEV antigens in tissue extracts. 
These assays were more sensitive than the commonly used agar-gel precipitin tests in detecting 
antigen and antibody. The antibody-ELISA was used to monitor the presence and decline of 
passive antibodies in turkey poults and the seroconversion of turkeys infected with HEV. The 
antigen-ELISA was carried out using a monoclonal antibody; this test was used to quantitate 
HEV antigen in experimentally infected turkeys in a time-sequence experiment. Both ELISAs 
measured a strong antigenic relationship between an avirulent strain (HEV-A) and a virulent 
strain (HEV-V). 

RESUMEN. Cuantificación de antigeno y anticuerpos contra el virus de la enteritis hemo­
rrâgica mediante pruebas de inmunoensayo con enzimas asociadas. 

Se desarrollaron pruebas de inmunoensayo con enzimas asociadas (ELISA) para cuantificar 
anticuerpos en sucro de pavos contra el virus de la enteritis hemorrâgica y para cuantificar la 
presencia de antigeno viral presente en extractos de tejidos. Estas pruebas resultaron mâs 
sensibles que las pruebas de precipitaciôn en agar para la detección de anticuerpos y de antigeno. 
La prueba ELISA para cuantificar anticuerpos fué utilizada para determinar la presencia y la 
disminución de anticuerpos pasivos en pavos jóvenes y la respuesta humoral de pavos infectados 
con el virus. La prueba ELISA para la detección de antigeno se realizó usando anticuerpos 
monoclonales y fué utilizada para la cuantificación de antigeno en pavos infectados experi-
mentalmcnte. Ambas pruebas ELISA encontraron una estrecha correlación entre una cepa 
avirulenta y otra virulenta del virus de la enteritis hemorrâgica. 

Group II avian adenoviruses, which cause acute tive immunity following vaccination is being 
infectious diseases, include the hemorrhagic en- studied; therefore, sensitive and specific assays 
teritis virus (HEV) of turkeys, the marble spleen are needed to study the rate of decline in passive 
disease virus (MSDV) of pheasants, and the antibody titers, to moni tor seroconversion after 
splenomegaly virus (SV) of chickens. These three infection or vaccination, and to detect viral an-
viruses have been tentatively classified as group tigen in tissues of infected birds. Enzyme-linked 
II avian adenoviruses, because there is a strong immunosorbent assays (ELISAs) were used to 
serologic relationship among them (4,5,10) and quantitate antibody and antigen levels in poults 
they do not show serological cross reactivity with experimentally infected with either an avirulent 
the group I avian adenoviruses (1,5,16). strain (HEV-A) or a virulent strain (HEV-V) of 

Agar-gel precipitin (AGP) tests have been used HEV; results are presented herein and compared 
commonly to detect HEV antibodies in sera and with results obtained with the corresponding AGP 
HEV antigens in tissue extracts of infected tur- test, 
keys (3). However, this method is rather insen­
sitive and in some cases fails to detect low to 
medium levels of antibody (17). MATERIALS A N D METHODS 

The pathogenesis of HEV in experimentally 
infected turkeys and the development of protec- Turkeys. Day-old small white diamond hybrid poults 

(Chinook Belt Hatcheries, Calgary, Alberta, Canada) 
raised in isolation were used in all experiments. Poults 

Published with the permission of the Director of were bled at regular intervals to determine the rate of 
VIDO as Journal Series No. 42. decline in passive antibody titers. 
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ELISA for HEV antigen and antibody 

Hemorrhagic enteritis virus. HEV-A and HEV-V 
were both gifts from Dr. C. Domermuth, Blacksburg, 
Virginia. HEV-A was originally isolated from the en­
larged spleen of a pheasant suspected of having marble 
spleen disease. HEV-V was isolated from the spleen of 
a turkey that died from hemorrhagic enteritis (HE). 
Both strains were propagated in 6-to-9-week-old tur­
keys, initially by infecting the turkeys with crude spleen 
extracts, and subsequently by infecting them orally with 
300 to 1000 median turkey infective doses (TID50) of 
CsCl-purified HEV diluted in phosphate-buffered sa­
line (PBS)( 140 mM NaCl, 3 mM KCl, 8 mM Na2HP04 , 
and 1.5 mM KH 2P0 4 ; pH 7.2). Turkeys were killed 5 
days postinfection, and their spleens were removed and 
stored at - 7 0 C. 

Crude spleen extract. Crude virus preparations were 
prepared by homogenizing the spleens of HEV-A- or 
HEV-V-infected turkeys using a polytron (Brinkman 
Instruments, Rexdale, Ontario, Canada). Spleens were 
suspended in 0.01 M Tris-HCl buffer, pH 8.1, at a ratio 
of 1:10 (w/v). The resulting suspensions were sonicated 
three times (Braun-sonic 1510, Braun Instruments, San 
Mateo, California) for 20 sec at 300-400 watts and 
then clarified by centrifugation for 5 min at 10,000 x 
g to pellet cellular debris. The virus-containing super­
natant was collected and stored at - 7 0 C. Control 
extracts were prepared in the same way from spleens 
of turkeys that had not been exposed to HEV. All ma­
nipulations were carried out at 0 to 4 C. The extracts 
were tested for the presence of HEV antigens with the 
ELISA and the AGP test. 

HEV antigen in crude spleen extracts used for eval­
uation in the 3-step antibody-ELISA was further puri­
fied and concentrated by an (NH4)2SC>4 precipitation 
at 50% saturation. The pellets obtained after a cen­
trifugation of 10 min at 10,000 x g were resuspended 
in PBS at 0.1 x their original volume. 

Crude MDTC-RP19 cell extract. MDTC-P.P 19 cells 
(13), obtained from Dr. K. Nazerian (East Lansing, 
Michigan), were collected by centrifugation 2 days after 
they were infected with HEV. The cells were resus­
pended in a small volume of 0.01 M Tris-HCl buffer, 
pH 8.1, and HEV was released from the cells by two 
freeze-thaw cycles followed by sonication for 15 sec-
ondsat 100 watts. Aftercentrifuging4 minat 10,000 x 
g, the virus-containing supernatant was collected and 
storedat - 7 0 C. 

ELISA for HEV antibody. An indirect ELISA for 
titrating HEV antibodies was developed, and the effects 
of several important conditions on its sensitivity were 
investigated. These included: (i) use of CsCl-purilied 
virus instead of crude spleen extracts for coating, (ii) 
treating purified virus with 2 M CaCl2 before coating, 
(iii) diluting serum samples in PBS (pH 7.4) containing 
0.05% Tween 20 (PBS-T), and (iv) diluting serum sam­
ples in 10 x PBS-T (Table 1). 

After the results of tests using these variables were 
evaluated, the final procedure was carried out as fol­
lows, (i) HEV used for coating microtiter plates was 

Table 1. Comparison of ELISA antibody titers us­
ing various test conditions.A 

Scrum no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Purified 
HEV 

+ CaCl2 

+ 10x 
PBS-T 

30 
40 
40 
40 
80 

960 
1920 
3840 
3840 
5120 

Purified 
HEV 

- CaCl2 

+ 10x 
PBS-T 

30 
30 
30 
40 
60 

640 
1280 
1280 
1920 
1920 

Purified 
HEV 

+ CaCl2 

+ l x 
PBS-T 

40 
30 
40 
40 
40 

320 
640 
480 

1280 
1280 

Crude 
spleen 
extract 

+ CaCl2 

+ 10x 
PBS-T 

20 
40 
40 
20 
20 
60 
80 

120 
640 
160 

AHEV-A preparations were obtained by CsCl puri­
fication or by (NH4)2S04 precipitation of crude spleen 
extracts from HEV-A-infectcd turkeys. CaCl2 was added 
to the preparations before coating the plates, and the 
sera were diluted in 10 x PBS-T or PBS-T. Sera with 
antibody titers greater than 40 were considered posi­
tive. 

extracted from spleens of experimentally infected tur­
keys and purified on CsCl gradients (van den Hurk, 
manuscript in preparation). The virus band having a 
density of 1.34 g/cm3 was treated with an equal volume 
of 2 M CaCl2 and incubated for 30 min at 37 C. There­
after, 96-wcll polystyrene microtiter plates (Immulon 
TM2, Dynatech Laboratories, Alexandria, Virginia) 
were coated for 2 hr at 37 C with an optimum dilution 
of antigen (0.2 ml per well) in 0.05 M sodium bicar­
bonate buffer, pH 9.6. After coating, the plates were 
washed three times with PBS-T, which was also used 
for all subsequent washes, (ii) Experimental sera, as 
well as positive and negative control sera, were diluted 
twofold in 10 x PBS-T containing 1% (v/v) newborn 
calf serum (GIBCO, Grand Island, New York), added 
to the wells (0.2 ml per well), and incubated for 2 hr 
at 37 C. (iii) After three washes with PBS-T, 0.2 ml 
peroxidase-conjugated rabbit anti-turkey IgG diluted 
1:1000 and containing 1% newborn calf serum was 
added to each well, and the plates were again incubated 
for 2 hr at 37 C. After three more washings with 
PBS-T, 0.2 ml of substrate solution containing 
5-aminosalicy!ic acid (0.08%, w/v) and H 2 0 2 (0.005%, 
v/v), pH 6.0, was added to each well. Absorbance (A) 
was measured after 30 min at room temperature with 
a micro-ELISA reader (MR 580, Dynatech Labora­
tories, Oxnard, California) at 492 nm. All tests were 
done in duplicate, and average titers were calculated. 
Each assay included two positive control sera (with 
known titers) and two negative control sera. The same 
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concentrations (^278) of purified HEV-A and HEV-V 
were used for coating the plates. 

An alternative four-step ELISA for titrating HEV 
antibodies was also developed. In this method, the first 
step of the three-step ELISA described above was re­
placed by two steps, (i) The plates were coated with 
monoclonal antibody from mouse ascites fluid (diluted 
1:3000 in 0.05 M sodium bicarbonate buffer), (ii) The 
plates were incubated with HEV-infected crude spleen 
extract or RP19 cell extract at optimum dilutions in 
PBS-T. The remainder of the assay was as described 
above. 

ELISA for HEV antigen. This assay was carried 
out in four steps, (i) Polyvinyl 96-well microtiter plates 
(Falcon 3912 MicroTest 111®, Falcon Plastics, Ox-
nard, California) were coated with 0.2 ml per well of 
the IgG fraction of pooled immune sera of turkeys 
infected with either HEV-A or HEV-V. The IgG frac­
tion was purified by Na2SC»4 precipitation (14) and 
diluted to a concentration of 10 Mg/nil in 0.05 M so­
dium bicarbonate buffer, pH 9.6. After incubation for 
2 hr at 37 C, and after each of the following incubation 
steps, the plates were washed three times with PBS-T. 
(ii) Twofold dilutions of crude spleen extracts in PBS-T 
were added to the plates, which were incubated over­
night at 4 C. (iii) A 0.2-ml amount of monoclonal 
tissue-culture supernatant fluid diluted 1:10 with PBS-T 
was added to each well, and the plates were incubated 
for 2 hr at 37 C. (iv) A 0.2-ml amount of affinity-
purified peroxidase-linked goat anti-mouse IgG (Boeh-
ringer-Mannheim, Dorval, Quebec, Canada) diluted 
1:1000 was added to the wells, and the plates were 
incubated for 2 hr at 37 C. The A value was measured 
as described above. 

All tests were performed in duplicate and included 
extracts with known antigen titers and extracts of con­
trol turkeys that had never been exposed to HEV. The 
HEV antigen tilers are given as the average of the du­
plicates. The characteristics of the monoclonal anti­
body used ( 15G4) will be described elsewhere (van den 
Hurk, manuscript in preparation). Briefly, it reacts spe­
cifically with a major protein of HEV. It reacts equally 
well with HEV-A and HEV-V and also with field iso­
lates from HEV-infected turkeys. It does not react with 
the Group I avian adenoviruses. 

AGP tests. Antibody and antigen titrations using 
the AGP test were performed as described by Do-
mermuth el al. (3). For the antibody test, pooled crude 
spleen extracts used had high antigen titers (> 160 in 
the AGP antigen test). For the antigen test, the same 
pooled IgG fraction used for coating in the antigen-
ELISA was used. All tests were performed in duplicate, 
and average titers were calculated. 

Conjugate. The IgG fraction of sera from rabbits 
immunized with turkey IgG purified by sodium sulfate 
precipitation (14) was obtained by affinity chromatog­
raphy on DEAE Affi-Gel Blue (described by Bio-Rad 
Laboratories, Richmond, Calif). This purified IgG was 

linked to horseradish peroxidase type VI (Sigma, St. 
Louis, Missouri) according to the method of Nakane 
and Kawaoi (12) as modified by van den Hurk and 
Kurstak(18). 

Experimental design for application of the ELISAs. 
Decline in passive antibody titers. In an attempt to 
determine how rapidly passive antibody titers decline, 
poults raised in isolation were bled at various times 
from 2 days to 7 weeks of age. Antibody titers were 
measured by ELISA and AGP using both HEV-A and 
HEV-V as antigen. 

Seroconversion following exposure to HEV. Sero­
conversion data were obtained from a group of 10 
turkeys orally infected with HEV-A when 15 weeks 
old. Blood samples of all turkeys were taken at the time 
of infection (day 0). After infection, the birds were 
divided into two groups of 5. Each group was bled 
alternately every other day until day 21. The antibody 
response of the birds was measured by ELISA. 

RESULTS 

ELISA for HEV antibody determination. As­
say conditions. Sensitivity was greatest using 
CaCl2-treated, CsCI-purified virus for coating the 
plates and 10 x PBS-T as the serum diluent (Ta­
ble 1). Consequently, these conditions were used 
in all further experiments. A linear relationship 
was obtained by plotting the logio of the recip­
rocal of the serum dilution against the logio of 
the A 492 measured with the ELISA reader after 
subtracting the background absorption (i.e., wells 
in which turkey serum was replaced by PBS-T). 

Fifty-five sera from turkeys not exposed to HEV 
and 50 sera from turkeys experimentally infected 
with HEV-A or HEV-V were tested at various 
dilutions in 10 x PBS-T. The mean + 2 s tandard 
deviations of the /I492 of the negative sera was 
the criterion used to distinguish between anti­
body-positive and antibody-negative sera. At a 
dilution of 1:40, the 55 sera from unexposed birds 
were all negative and the 50 sera from exposed 
birds were all positive (titers ranging from 200 
to 80,000) (Fig. 1). At a dilution of 1:20, two of 
the 55 samples from unexposed birds were pos­
itive, and at a dilution of 1:10, three samples 
were positive. On the basis of these results, sera 
with tilers more than 40 were considered to be 
positive for antibodies to HEV, and sera with 
titers of 40 or less were considered negative. 

Decline in passive antibody titers. In an at­
tempt to determine how rapidly passive antibody 
titers declined, poults raised in isolation were 
bled at various ages. Table 2 shows the propor-
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