CLASSICAL SWINE FEVER AND RELATED
VIRAL INFECTIONS



Yechiel Becker, Series Editor
Julia Hadar, Managing Editor

DEVELOPMENTS IN VETERINARY VIROLOGY

Payne, L.N. (ed.) Marek’s Disease (1985)

Burny, A. and Mammerickx, M. (eds.) Enzootic Bovine Leukosis and
Bovine Leukemia Virus (1987)

Becker, Y. (ed.) African Swine Fever (1987)

De Boer, G.F. (ed.) Avian Leukosis (1987)

Liess, B. (ed.) Classical Swine Fever and Related Viral Infections (1988)

DEVELOPMENTS IN MOLECULAR VIROLOGY

Becker, Y. (ed.) Herpesvirus DNA (1981)

Becker, Y. (ed.) Replication of Viral and Cellular Genomes (1983)

Becker, Y. (ed.) Antiviral Drugs and Interferon: The Molecular
Basis of Their Activity (1983)

Kohn, A. and Fuchs, P. (eds.) Mechanisms of Viral Pathogenesis from
Gene to Pathogen (1983)

Becker, Y. (ed.) Recombinant DNA Research and Viruses. Cloning and
Expression of Viral Genes (1985)

Feitelson, M. Molecular Components of Hepatitis B Virus (1985)

Becker, Y. (ed.) Viral Messenger RNA: Transcription, Processing,
Splicing and Molecular Structure (1985)

Doerfler, W. (ed.) Adenovirus DNA: The Viral Genome and Its Expression (1986)

Aloni, Y. (ed.) Molecular Aspects of Papovaviruses (1987)

DEVELOPMENTS IN MEDICAL VIROLOGY

Levine, P.H. (ed.) Epstein-Barr Virus and Associated Diseases (1985)
Becker, Y. (ed.) Virus Infections and Diabetes Mellitus (1987)



CLASSICAL SWINE FEVER AND
RELATED VIRAL INFECTIONS

edited by

B. Liess

Institut fur Virologie der Tierarztlichen
Hochschule Hannover

Hannover, Federal Republic of Germany

BY
Martinus Nijhoff Publishing

a member of the Kluwer Academic Publishers Group
Boston/Dordrecht/Lancaster



Distributors for North America:
Kluwer Academic Publishers

101 Philip Drive

Assinippi Park

Norwell, Massachusetts 02061, USA

Distributors for the UK and Ireland:
Kluwer Academic Publishers

MTP Press Limited

Falcon House, Queen Square

Lancaster LA1 1RN, UNITED KINGDOM

Distributors for all other countries:

Kluwer Academic Publishers Group
Distribution Centre

Post Office Box 322

3300 AH Dordrecht, THE NETHERLANDS

The figure on the cover is from Carbrey, A., ‘““Diagnostic Procedures.”’
The figure appears on page 103 of this book.

Library of Congress Cataloging-in-Publication Data
Classical swine fever and related viral infections.

(Developments in veterinary virology)

Includes bibliographies and index.

1. Hog cholera. 2. Veterinary virology. [. Liess, B.
II. Series. [DNLM: 1. Hog Cholera. 2. Virus Diseases—
veterinary. SF 973 C614]
SF973.C48 1987 636.4'0896925 87-21979

ISBN-13: 978-1-4612-9235-7 e-ISBN-13: 978-1-4613-2083-8
DOI: 10.1007/978-1-4613-2083-8

Copyright © 1988 by Martinus Nijhoff Publishing, Boston
Softcover reprint of the hardcover 1st edition1988

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or
transmitted in any form or by any means, mechanical, photocopying, recording, or otherwise,
without the prior written permission of the publisher, Martinus Nijhoff Publishing, 101 Philip Drive,
Assinippi Park, Norwell, Massachusetts 02061.



CONTENTS

CONTRIBUTORS
PREFACE

1. Description of the virus infection

~N N B W N -

J.T. van Oirschot
Introduction
Viral and host determinants of virulence
Infections with high-virulent virus strains
Infections with moderate-virulent virus strains
Infections with low-virulent virus strains
Infections with avirulent virus strains
Concluding remarks

2. Pathology and pathogenesis of the disease

O 00 1N R W —

G. Trautwein
Introduction
Pathology of classical swine fever
Light and electron microscopical changes
Haematological findings
Blood coagulation disorders
Foetal and neonatal pathology
Congenital persistent HC virus infection
Pathogenesis of HC virus infection
Concluding remarks

3. Characteristics of the virus

V. Moennig
Virion morphology
Physico-chemical properties
Isolation and cultivation
Viral strains
Serological relationship to other pestiviruses

ix
xi

27

27
27
31
34
36
40
42
45
47

55

55
58
61
65
67



vi

. Molecular biology of the virus
P.-J. Enzmann
Introduction
Taxonomy
Molecular biology of the togaviruses
Ribonucleic acid of pestiviruses
Structural proteins of pestiviruses
Replication, strain differences and mutants
of pestiviruses
7. Conclusions

AN AW N -

. Diagnostic procedures
E.A. Carbrey
1. Introduction
2. Laboratory diagnosis
3. Characteristics of isolates from field outbreaks
4. Concluding remarks

. Serology
B. Liess

1. Introduction

2. Serologic reactions used for humoral antibody
detection

3. Application of serological methods

4. Concluding remarks

. Immunological aspects of the infection
F. Ehrensperger

Introduction

Humoral immune response

Cellular immune response

Effects of HCV infections on immune functions
Discussion and concluding remarks

WA W N =

. Principles of vaccination
J.M. Aynaud

1. Introduction

2. Types of vaccines

81

81
82
82
89
90

93
94

99

99
100
107
111

115
115
116
127
133
143
143
144
146
146
154
165

165
165



vii

3. Properties of modern live virus vaccines 168
4. Immunity induced by modern live virus vaccines 172
5. Use of modern live virus vaccines 175
6. Vaccination failures 175
7. Appraisal of vaccination:
Epizootiological and economic impact 176
9. Vaccines 181
P. Biront, J. Leunen
1. Introduction 181
2. Production of HCV vaccines 181
3. Properties of HCV vaccines 186
4. Conclusions 197
10. Epizootiology of hog cholera 201
C. Terpstra
1. Introduction 201
2. Distribution and economic impact 201
3. Transmission 202
4, Reservoirs 206
5. Factors influencing the epizootiology 206
6. Tracing of herds infected with HC 211
7. Concluding remarks 213
11. Control of classical swine fever 217
H.J. Bendixen
1. Introduction 217
2. The epidemiologic situation 217
3. The structure of the pig production 220
4. Public control of CSF 222
5. The legislation of the EEC on CSF 223
6. Legal measures against CSF in case of emergency
situations 224
7. The EEC programme for eradication of CSF 227
8. The CSF epizootic in Belgium, the Netherlands
and the Federal Republic of Germany 228

9. Concluding remarks 230



viii

12. The comparative biology of classical swine fever
J.W. Harkness, P.L. Roeder

Introduction

Prenatal infection

The legacy of intra-uterine infection

Acute postnatal infections

Epidemiology and control

WA W N =

INDEX

233

233
235
245
253
261

289



LIST OF CONTRIBUTORS

J.M. AYNAUD

Institut National de la
Recherche Agronomique
Laboratoire de Pathologie
Porcine - Immunologie
37380 Nouzilly, F

H.J. BENDIXEN _
Commission des Communautes
Européennes

Division VI/B/4

Rue de la Loi 86

1049 Bruxelles, B

P. BIRONT

Institut Natgoqal de
Recherches Veéterinaires
Groeselenberg 99

1180 Bruxelles, B

E.A. CARBREY

United States Department of
Agriculture

National Veterinary Services
Laboratories

P.0. Box 844

Ames, Iowa 50010, USA

F. EHRENSPERGER

Institut fir Veterindar-
pathologie

Universitdt Zirich
Winterthurer Strasse 260
8057 Ziirich, CH

P.J. ENZMANN
Bundesforschungsanstalt fir
Viruskrankheiten der Tiere
Paul-Ehrlich-Strasse 28
7400 Tibingen, D

J.W. HARKNESS

Ministry of Agriculture,
risheries and Food

Central Veterinary Laboratory
New Haw, Weybridge

Surrey KT15 3NB, GB

J. LEUNEN

Institut National de
Recherches Vétérinaires
Groeselenberg 99

1180 Bruxelles, B

B. LIESS

Institut fir Virologie
Tierdrztliche Hochschule
Hannover

Bischofsholer Damm 15
3000 Hannover 1, D

V. MOENNIG

Institut fir Virologie
Tierdrztliche Hochschule
Hannover

Bischofsholer Damm 15
3000 Hannover 1, D

P.L. ROEDER

Ministry of Agriculture,
Fisheries and Food

Central Veterinary Laboratory
New Haw, Weybridge

Surrey KT15 3NB, GB

C. TERPSTRA

Centraal Diergeneeskundig
Instituut

Vestiging Virologie
Houtribweg 39

8221 RA Lelystad, NL

G. TRAUTWEIN

Institut fir Pathologie
Tierdrztliche Hochschule
Hannover

Bischofsholer Damm 15
3000 Hannover 1, D

J.T. VAN OIRSCHOT
Centraal Diergeneeskundig
Instituut

Vestiging Virologie
Houtribweg 39

8221 RA Lelystad, NL



PREFACE

The history of research on hog cholera (HC)/classical
swine fever (CSF) can be roughly divided into three phases
which are characterized by the methods available at the time
for demonstrating the <causative agent. Phase [ <covered the
period before the viral etiology of HC was discovered by
de Schweinitz and Dorset (1904)*. Thereafter (Phase II) the
detection of HC virus (HCV) was accomplished by laborious,
time-consuming and costly pig 1inoculation experiments. This
explains the extensive search for methods not only for
detection but also for accurate infectivity titration as well
as for applicable serological techniques +to solve wurgent
problems concerning the pathogenesis, diagnosis, epidemiology
and prophylaxis of HC. It was not before the late fifties that
HC research entered Phase III when fluorescent antibody
techniques offered not only the means for detection and
titration of HCV in porcine cell cultures but also for more
intensive research on hog cholera and its virus. And yet, there
are a number of questions to be answered, e.g. on the genetic
and antigenic relation of HCV to bovine viral diarrhea (BVD)
virus. There are indications that Phase IV of HC research will
bear the stamp of biotechnology. In view of this development it
appears appropriate to give an up-dating and summarizing
account of HC/CSF including comparative aspects of infections
caused by structurally related viruses.

The edition of the present volume would have been
impossible without the cooperation of several known scientists
who instantly agreed when asked for contribution. Thanks are
also due to Miss Andrea Gliessmann for preparing the manuscript
in cooperation with Dr. Julia Hadar.
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DESCRIPTION OF THE VIRUS INFECTION
J.T. VAN OIRSCHOT

1.  INTRODUCTION

Classical swine fever or hog cholera (HC) is a virus infection of swine
caused by a member of the family of Togaviridae, genus Pestivirus. The virus
causing bovine virus diarrhoea (BVDV) and border disease of sheep also
belongs to the Pestivirus genus, and is antigenically and structurally
closely related to hog cholera virus (HCV).

The pig is the sole animal known to be susceptible to HCV under natural
conditions. HCV infections can range from acute disease with high mortality
at the one extreme to a harmless subclinical course at the other extreme.
The interplay between viral and host factors determine the course and

outcame of an HCV infection.

2. VIRAL AND HOST DETERMINANTS OF VIRULENCE

The word '"virulence" indicates to what degree a virus strain induces
disease in a susceptible host. The virulence of a particular virus strain is
best determined by experimental infection of animals, under standardized
conditions. Whereas highly virulent strains of HCV produce lethal
infections, low-virulent strains give rise to mild disease or asymptomatic
infections. However, not only viral virulence but also host characteristics
contribute to the outcome of infection. Essentially, the severity and
outcaome of infection is the result of the composite interaction between
viral virulence and host factors, such as age, genetic background,

nutritional condition and immune campetence.

2.1 Viral virulence

The virulence of strains of HCV varies greatly. Because there is a
continuous spectrum of virulence, it is difficult to classify HCV strains
according to virulence. Although there is thus no sharp distinction, it is
helpful to distinguish the following categories of virulence. High-virulent

B. Liess (ed.), Classical Swine Fever and Related Viral Infections. Copyright ©
1988. Martinus Nijhoff Publishing, Boston. All rights reserved.
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strains kill nearly all pigs, irrespective of age. Moderate-virulent strains
generally induce subacute or chronic illness, eventually leading to death or
recovery. Piglets postnatally infected with low-virulent strains show few or
no signs of disease, subsequently recover and cammonly develop immunity.
Such strains can, however, cause abnormalities in porcine foetuses.
Avirulent strains are usually attenuated and are virtually apathogenic for
foetuses. They are used as vaccine, for example the "Chinese" strain.

Our understanding of the virulence of viruses at the molecular and
genetic level is beginning to increase. However, nothing is known on the
viral properties of HCV involved in determining virulence. The degree of
virulence of HCV appears to be related to same "in vitro" characteristics.
Virulent strains grow optimally at about 39 to 40 C, whereas the optimal
temperature for low-virulent strains is 33 to 34 C. Strains of moderate
virulence replicate optimally at intermediate temperatures, between 35 and
38 C. Virulent viruses usually multiply more rapidly and to higher titres in
PK-15 cells than less virulent strains. With immunofluorescence techniques
large fluorescent foci are visible in PK-15 cells after infection with
virulent strains of HCV. Low- or moderate-virulent strains induce small
weakly fluorescent foci under the same conditions. In addition, virulent
strains are more resistant to heating at 56 C than strains of reduced
virulence (1).

In addition to differences in "in vitro" properties, an association may
exist between virulence of HCV and antigenicity. Strain 331, which produces
chronic infections in experimentally infected pigs, differs antigenically
from the virulent Ames strain. These strains are neutralized to a greater
degree by homologous than by heterologous antiserums (2). Corthier et al.
(3) distinguished 2 serological sub-groups of HCV based on
seroneutralization tests.

The first sub-group is composed of virulent and attenuated wvaccine
strains and the second sub-group of strain 331 and other strains of low to
moderate virulence., Strains belonging to the second sub-group are
serologically more closely related to BVDV than those of the first sub-
group. Members of the sub-group "331" have frequently been isolated from
inapparent cases of HC in France (4). Kamijo et al. (5) also divided field
strains of HCV into 2 groups based on the degree of neutralization by an
antiserum against the T20-5 strain of BVDV. The virus strains that were
neutralized readily induced a chronic type of illness in pigs, whereas the
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poorly neutralized strains produced acute HC. More recent Japanese isolates
could be classified in the same mamner (6). Thus, strains that are
serologically more related to BVDV seem to be less virulent.

The virulence of HCV seems to be an unstable property, although there
are conflicting data on virulence stability. Enhancement of virulence after
one or more experimental passages in pigs has repeatedly been reported
(7,8,9,10,11,12,). Enhancement of virulence has also been observed after
transplacental passage of HCV (13). Others, however, failed to demonstrate
changes in virulence of HCV by serial passages in pigs (14,15). The observa-
tions on enhancement of virulence leave undefined the mechanisms involved.

It is well-known that in regions where HC in enzootic, chronic or
inapparent cases of HC gradually appear more frequently. Such cases are
mainly associated with viruses of reduced virulence. Although the mechanisms
underlying the evolution of HCV strains of reduced virulence remain far from
clear it may be best explained by selection events. In pigs chronically
infected with HCV, the virus replicates in the presence of antibody. This
may result in a selection of variants either less antigenically related to
the original virus population or refractory to neutralization (16). This
seems consistent with Korn's observation (17) that weakly virulent HCV
emerges in pigs during the recovery phase of a chronic infection. Aynaud et
al. (4) hypothesized that serological variants isolated from chronic or sub-
clinical cases are derived from vaccine strains following serovaccination,
during which a selection under immunological pressure occurs. An important
selection event is the control of HC, which is mainly based on stamping out
in most European countries. Thus, easily recognizable cases of HC are elimi-
nated primarily, whereas chronic and atypical outbreaks caused by strains of
reduced virulence are more difficult to recognize, which favours spread of
those strains. In this context it is worth noting that 55% of the 135 field
isolates collected during the last ten years of eradication in the USA were
characterized, by pig inoculation, as being strains of reduced virulence
(18).

Virulence of HCV appears to be related to the height and duration of
viraemia and this in turn is probably dependent on the extent of virus
growth in tonsil and other secondary lymphoid organs. Whereas virulent virus
thoroughly infects both epithelial cells, reticular cells and macrophages in
the tonsil, growth of virus of lowered virulence is mainly restricted to
cells of the epithelial crypts (19, 20). Thus, the virulence may well be
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determined partially by the interaction of virus and phagocytic cells in
these peripheral lymphoid organs. The observation that virulent HCV strains
replicate to higher titres in porcine alveolar macrophage cultures than less
virulent strains (21) suggests the probable importance of HCV-macrophage
interactions in determining course and outcome of an HCV infection.

The dose of virus used to inoculate pigs may be a factor influencing
the course of infection. Chronic illness has been produced in pigs given a
minimal dose of virulent virus (22, 23).

2.2. Host factors

That host factors play a role in outcame of HCV infections is best
illustrated with strains of reduced virulence. With a rabbit-passaged strain
a persistent infection was induced in pigs of 6 weeks of age, but not in 3-
month-old pigs (7). Mengeling and Cheville (24) reported that 22 of 69 pigs,
between 2 and 4 months of age, inoculated with strain 331, developed chronic
HC. From the remaining 47 pigs 33 died of acute to subacute HC and 14
recovered. Weaning pigs infected with the Glentorf strain recovered or died
several weeks post-infection. This strain induced no signs of disease in
sows, but did produce malformations in foetuses (25). Van Oirschot (26)
described a strain giving rise to persistent infections in foetuses and sub-
clinical infections in young pigs. Thus, marked individual differences exist
in susceptibility to HCV strains of lowered virulence. From the above obser-
vations it can be concluded that age is an important host factor in outcame
of infections. Foetuses and young pigs are more sensitive than older pigs.
Such an age-dependent resistance to disease is a general phenomenon in virus
infections. The mechanisms underlying the age-dependent differences in HC
are not known, but it is conceivable that the maturity of the immune system
and the susceptibility of macrophages play a role.

Age is obviously not the only host determinant involved, because pigs
of the same age can respond quite variable to exposure to HCV of moderate
virulence. However, most host factors in determining the course of HC are
still undefined. Nutritional condition appears to influence the severity of
disease. Whereas in other infections malnutrition commonly predisposes for a
more severe illness, malnourished pigs develop chronic rather than acute HC
after infection with virulent virus (27). Immunosuppression, by administra-
tion of corticosteroids, enhanced spread of virus through the body (28) and
raised the mortality of pigs given attenuated strains of HCV(29).
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3. INFECTIONS WITH HIGH-VIRULENT VIRUS STRAINS

HCV enters the pig into the oral and nasal cavity. Uncommon sites of
entry of HCV are conjunctiva, urogenital tract and abraded skin.

In acute HC, caused by high-virulent strains, the spread of virus
through the pig is characterized by a lymphatic, viraemic and visceral
phase. The virus primarily multiplies in epithelial cells of tonsillar
crypts, and then invades the underlying lymphoreticular tissue, where it is
found predominantly in reticular cells and macrophages. After entering the
lymphatic capillaries the virus is carried to lymph nodes draining the
tonsillar region. HCV replicates in the regional lymph nodes and enters the
efferent blood capillaries giving rise to a viraemia. The virus then reaches
and subsequently replicates to high titres in secondary target tissues, such
as spleen, visceral lymph nodes, lymphoid structures lining the intestine
and bone marrow. The growth of HCV in leucocytes may contribute to the high
level of viraemia, which, in acute HC, is maintained till death. It is
presumably late in the viraemic phase that HCV invades the parenchymatous
organs (30). The infection of organ epithelial cells appears to be mediated
by phagocytosis of cells of the reticuloendothelial system, and by growth of
HCV through vascular endothelial cells. Vascular endothelium is considered
to be a major site of virus replication (31,32). The spread of virulent HCV
throughout the pig is usually completed in 5 to 6 days (30). Virus is shed
into the environment from oronasal and lacrimal secretions, from urine and
faeces.

Although HCV induces no or low cytopathology in vitro, pathological
lesions do develop in many tissues and organs of pigs with acute HC. The
pathological picture is mainly characterized by multiple haemorrhages of
various sizes, spread throughout the body, most frequently in lymph nodes
and kidney. In addition, inflammatory reactions develop in digestive and
respiratory tracts. Several explanations have been put forward as to the
pathogenesis of the haemorrhagic diathesis. The most likely is that this
condition is caused by degeneration and necrosis of vascular endothelial
cells, in conjunction with severe thrombocytopenia and disturbances in the
blood coagulation mechanism (33). HCV has an affinity for endothelial cells,
but it is not known whether the damage to these cells is caused by direct
action of the virus. "In vitro", HCV replicated to high titres in cultured
endothelial cells derived from the aorta, without inducing a cytopathic
effect (26). However, cultured endothelial cells from large vessels may
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behave differently from capillary endothelial cells "in vivo". It is
interesting to speculate that endothelial cells are damaged as a result of
the combined action of virus and proteolytic enzymes and/or oxygen interme-
diates, released by epithelial cells, activated macrophages and/or leuco-
cytes or other cells infected with the virus. This would be in keeping with
the concept that HC may be considered a virus-induced disorder of the enzyme
system (34). Korn and Matthaeus (34) reported that pigs given normal pan-
creas suspensions or the enzyme chymotrypsin reacted with a HC-like syn-
drome, whereas HC-immune pigs were protected. In addition, it was described
that a protease inhibitor significantly reduced severity of clinical signs
and mortality from HC (35). They suggested that the enzyme, a chymotrypsin-
like protease, is induced in HCV-infected cells and functions by cleaving a
virus protein precursor. This enzyme would induce pathophysiological dis-
turbances in, for example, the circulatory system. Their remarkable hypothe-
sis might indirectly be supported by the observation that infected cells,
among which macrophages, from pigs with HC have a markedly increased number
of lysosomes (36). These cells might produce and release proteolytic enzymes
and/or oxygen intermediates; macrophages are a pivotal source of enzymes. In
addition, activation of lysosomal enzymes may lead to chramosomal aberra-
tions (37); the latter abnormality has been described in cells infected with
HCV (38,39). South-American haemorrhagic fevers have characteristics in
camon with HC and it has been suggested that circulating leucocytic enzymes
are critical in the pathogenesis of these virus infections (40). In Behcet's
disease, endothelial cell damage may result from the generation of high
levels of oxygen intermediates by stimulated neutrophils (41). The growth of
Newcastle disease virus is enhanced in pig testicle cells in which HCV is
present (42). The mechanisms responsible for this phenomenon are not cample-
tely clarified (43). Although there is no evidence for this, one could
imagine that the exaltation of Newcastle disease virus by HCV is partially
due to a virus-induced trypsin-like protease that cleaves the F glycoprotein
of Newcastle disease virus resulting in enhanced infectivity (44). Avirulent
HCV strains then may not produce high levels of the virus induced protease.
It is unclear whether circulating antigen-antibody complexes contribute to
the endothelial cell damage, or give rise to the disseminated intravascular
coagulation condition, observed in acute HC (45).

HCV has a predilection for cells of the immune system. Virulent virus
replicates to high titres in tonsil, lymph nodes and spleen and virus
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antigen can be detected widespread in histiocytes, reticular and endothelial
cells in these organs. The virus infection initially results in
proliferation followed by necrosis and depletion of lymphocytes along with
hyperplasia of histiocytes and reticular cells (32). The mechanisms
responsible for the destruction of lymphocytes remain speculative. HCV 1is
probably not cytolytic for lymphocytes (26), thus, factors other than a
direct viral action may be involved. Perhaps enhanced levels of
corticosteroids, which have pronounced effects on lymphoid tissues (10), or
a soluble cytotoxic factor (proteolytic enzyme?) produced by infected
reticular cells or histiocytes, as has been suggested for lactic
dehydrogenase virus (another nonarbo togavirus) of mice (46) may play a
role. It is noteworthy that in pigs with chronic HC, the intensity of
lymphoid necrosis correlated directly with the intensity of histiocytosis
and plasmacytosis (36). Shortly after infection with virulent HCV a severe
leucopenia develops that persists till death. Concurrently, peripheral blood
and spleen lymphocytes are virtually unresponsive to T and B cell mitogens,
whereas lymphocytes fram 1lymph nodes have an enhanced rather than a
depressed reactivity. In these lymph nodes, lymphocytes are present that
bear both B and T cell markers (47,48). A depressed secondary antibody
response to lysozyme has been reported in acute HC (49), whereas Mengeling
(50) observed a normal antibody response to Brucella abortus antigens in
pigs with fatal HC. Thus, an infection with virulent HCV appears to affect
certain functions of the immune system.

Pigs with acute to subacute HC can mount an antibody response to the
virus (50,51), but a virus-specific cell-mediated immune response has not
(yet) been detected in acute HC (48). Interferon has been detected in the
blood of pigs infected with virulent HCV (52), but not in pigs given
attenuated virus (53), while the reverse would be expected.

Pigs with acute HC show, after an incubation period of 2 to 6 days,
severe signs of illness., They develop fever, anorexia and depression.
Conjunctivitis, nasal discharge, diarrhoea or constipation, vomiting, weak
hind quarters and purplish discoloration of the skin may also be noticed.
The mortality rate of infections with virulent HCV approaches the hundred
percent., Most pigs die between 8 and 20 days post-infection. The actual
cause of death is not known, but the severe disturbance of the circulatory
system is the most likely cause (10). Dunne (12) distinguished acute from
subacute HC; in the latter case, pigs generally develop less severe clinical



signs and succumb within 30 days.

A virulent HCV infection usually will spread fast in a herd, allowing a
rapid clinical recognition and laboratory diagnosis of HC. Consequently, a
swine herd with acute HC can be eliminated rapidly and is therefore not

highly important in the epizootiology of HC.

4, INFECTIONS WITH MODERATE-VIRULENT VIRUS STRAINS

An infection with HCV strains of moderate virulence can give rise to a
wide variety of clinical pictures. Pigs may die from acute to subacute
disease, they may recover or may survive the acute phase only to succumb
later from chronic HC, or they may develop only mild signs of disease. Pigs
that have overcame the initial acute to subacute phase of infection can
develop chronic HC. Based on experimental infections with the 331 strain of
HC, Mengeling and Packer (16) divided chronic HC into 3 phases: 1) an early
acute phase, 2) a period of clinical improvement, and 3) an exacerbation of
acute disease. In the first phase of chronic illness the spread of virus
through the body resembled that in acute HC, but it was slower and virus
titres in serum and organs tended to be lower. Viral antigen was present in
reticuloendothelial, lymphoidal and epithelial tissues. In the second phase
virus titres in the blood were low or absent. Viral antigen then tended to
be limited to epithelial cells of tonsil, ileum, salivary glands and kidney.
During the terminal phase virus again spread throughout the body. In
lymphoid tissue viral antigen was mainly present in reticular cells and
macrophages. The reduction or transient disappearance of HCV from the serum
was probably the result of the formation of specific antibody. In addition,
there was morphological evidence of exaggerated plasma cell formation and
the serum immunoglobulin level increased. The exacerbation of acute disease
may have been promoted by the immune exhaustion that developed in
chronically infected pigs and made them more susceptible to secondary
bacterial infections. The glamerulonephritis may be explained by deposition
of antigen-antibody camplexes in the kidney and subsequent attraction of
neutrophils (54). ZLeucopenia developed in the first phase, persisted in the
second and leucocytosis was associated with the terminal phase of illness
(16). The most outstanding lesion in these pigs was a general depletion of
the lymphoid system, characterized by a complete atrophy of the thymus and
lymphocyte depletion in peripheral lymphoid tissues. A histiocyte
hyperplasia with phagocytosis of lymphocytic debris also took place in
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lymphoid tissues (36).

Other HCV strains of moderate virulence can also give rise to
infections, in which the virus persists during the host's lifetime. Such
pigs may initially show moderate to mild signs of disease, such as fever and
loss of appetite, followed by a long period, during which the pigs are
relatively free of disease, although they may not gain much weight. Severe
signs may not be observed until shortly before death. Such pigs usually have
a persistent viraemia of high titre and mount no or low antibody responses
to HCV (7,18).

A consistent observation in pigs infected with strains of moderate
virulence is the great variation in clinical responses among individual pigs
given the same virus strain. This indicates that host determinants influence
course and outcame of such infections. There are pigs that die from acute
HC, whereas other pigs given the same strain of HCV develop inapparent
infections with a persistent viraemia (25,55). Duration of fever varied fram
1 to 19 days in pigs inoculated with a French moderate-virulent strain of
HCV. Eight out of 20 pigs died and the remaining ones recovered (56).
Littermates exposed to HCV strains of moderate virulence had widely varying
clinical signs and large differences in duration of viraemia (26).

It is not uncommon that infections with moderate-virulent HCV are
associated with an abnormal antibody response to the virus. The neutralizing
antibody response can remain completely absent, severely impaired or
delayed, or only be transiently detectable (18,25,26,51,56). A poor
immunogenicity of the virus and/or an infection-induced immunosuppression
may account for the defective antiviral response. However, infected pigs
that do not produce neutralizing antibody can develop antibodies detectable
by other tests (57,58).

In pigs that do not mount a normal antibody response after a primary
contact with HCV, two phenaomena have repeatedly been cbserved. Re-exposure
of such pigs to HCV can result in a kind of hyperreactivity, characterized
by a shorter incubation period, a more severe illness and higher mortality
than in primarily infected pigs. Such a sensitizing effect has been reported
in pigs inoculated with leucocyte samples collected 5 to 8 hours after a
primary infection (59) and subsequently challenged, and in pigs given twice,
with intervals of 1 to 3 months, HCV of reduced virulence (9). When piglets
were infected around the time of ingesting colostrum from their HCV-immune
dams, they did not produce antibody to HCV and appeared also sensitized when
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challenged three months later (58,60). Sensitization has also been observed
in pigs which were challenged with virulent HCV one month after infection
with a moderate-virulent strain of HCV (26). The exact nature of this
sensitization phenomenon is still undefined. It is conceivable that
immunological mechanisms, comparable with the enhancement of infection by
non-neutralizing antibodies as described for Dengue haemorrhagic fever (61),
are involved. The finding that pigs which do not elicit neutralizing
antibodies to HCV can, however develop HCV antibodies detectable by other
tests (57,58), may be relevant in this respect. In contrast with the above
described increased susceptibility, an enhanced resistance can occur. In
this case, pigs persistently infected with HCV have a markedly prolonged
survival upon inoculation with virulent HCV (18,62). An explanation might be
that cells infected with HCV are resistant to superinfection with other
strains of HCV. The virulent HCV seemed to persist in the superinfected
pigs, because a contact pig died from HC within 14 days (62). Presumably,
the above phenamena can also occur in the field. "In vitro", HCV-infected
cells are resistant to BVDV (63) and vesicular stomatitis virus (64). Such
"in vivo" and "in vitro" interference phenamena have also been shown in
lymphocytic choriomeningitis virus infections of mice (65,66).

Many pigs infected with strains of moderate virulence recover from
the infection, eliminate the virus and are immune to subsequent infection
with HCV. The immune response will certainly play a role in the recovery
process fram HC, but the exact mechanisms still remain undetermined. In pigs
that survive HC, specific antibodies generally appear in the blood 2-3 weeks
post infection, which is relatively late in comparison with other virus
diseases of pigs (26,67,68). In addition, pigs producing antibodies to HCV
may nevertheless die from HC (25,50,51,68). The antibody response,
therefore, seems not to be of decisive importance in the recovery process
fram HC. The failure of colostral antibody to eliminate the wvirus from
piglets with high-titred viraemia (62), and the "in vitro" growth of HCV in
the presence of HC-immune serum seem consistent with the above concept. On
the other hand, when HCV-antibody is given before the infection is well
established, it can prevent further virus spread. HCV-antiserum was able to
prevent acute disease provided it was given within three days after
infection with virulent HCV and in sufficient amounts (69). Piglets born
with a low level of viraemia before the uptake of colostrum were apparently
free of virus at two weeks after birth (62). The question then arises
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whether cell-mediated immune mechanisms play a role in recovery from HC,
However,T-cell cytotoxicity and antibody-dependent cytotoxicity are not
likely to occur, because HCV-infected cells appear to induce no or very
small amounts of viral antigens in their membrane surfaces (26). Korn et al.
(68) considered the rise in leucocytes after the leucopenic period as the
primary event in the recovery process.

The widely varying clinical picture and the possibility that infections
with strains of moderate virulence may involve only a few pigs in a herd,
can lead to a delayed recognition of pigs being infected with HCV. As a
result, moderate-virulent strains may usually be disseminated during a
longer period than virulent HCV strains and therefore tend to be of high
significance in the epizootiology of HC.

5. INFECTIONS WITH LOW-VIRULENT VIRUS STRAINS

Whereas the pattern of infection with virulent HCV consists of a
lymphatic, viraemic and visceral phase, a postnatal infection with low-
virulent HCV seems to be mainly confined to the lymphatic phase, with a
slight extension into the viraemic phase. In the tonsil viral antigen is
predominantly present in epithelial crypt cells, but virus may spread to
surrounding reticular and lymphoid tissues. Virus can be detected in lymph
nodes and a low-titred viraemia of short duration can occur. As a result,
virus has been found in spleen and some other organs (5,20,47,53).
Histopathological changes may be restricted to focal necrosis of lymphatic
tissue (70). Pigs infected with low-virulent HCV usually show a transient
leucopenia. Concamitantly with the leucopenia, a depressed response of
peripheral blood and spleen lymphocytes to B and T-cell mitogens has been
detected, whereas lymph node cells did not lose their capacity to respond
(47,48). The antibody response to non-HCV antigens may be enhanced rather
than depressed in such pigs (71). Pigs infected with low-virulent HCV
camonly develop an antibody response to the virus and have lifelong
immunity. Corthier (72) could detect a very brief lymphocyte response to HCV
in pigs infected with low-virulent virus, whereas others could not (48).

Pigs postnatally infected with low-virulent HCV show no or few signs
(fever, slight depression) of disease and subsequently recover. Such pigs
probably shed virus for a short period. In a herd, the infection may spread
slowly and as a result the diagnosis will usually not be made rapidly. Such

herds may therefore act as a source of virus dissemination.
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Whereas low-virulent strains of HCV do not produce severe clinical
signs in piglets, they can induce a wide spectrum of abnormalities in
porcine foetuses. Infection of the pregnant sow can result in intra-uterine
transmission of the virus, in all stages of pregnancy. The virus usually
spreads haematogeneously and grows across the placenta. There is some
evidence indicating that HCV passes the placenta at one or more sites and
subsequently spreads from foetus to foetus (13,26). The virus finds a
favourable environment for replication in the metabolically active foetal
cells undergoing rapid mitosis and differentiation. Porcine foetuses often
became viraemic and the distribution of antigen appears to be similar to
that in pigs postnatally infected with virulent HCV. Thus, viral antigen is
present throughout the foetus in reticulo-endothelial, lymphoidal and
epithelial tissues (73,74). The ultimate outcome of foetal HCV infections
depends on a number of factors, such as developmental age of the foetus at
the time of infection, the virulence of the virus, the genotype of the host
and the foetal ability to repair damage. Foetuses infected late during
pregnancy are more likely to eliminate the virus than pigs infected before
or around the onset of immunocompetence (62). Prenatal death and foetal
malformations are more common when maternal infection takes place during
early stages of pregnancy than late in pregnancy. Although the precise
mechanisms of this age-dependency are not clear, it is probably related to
the maturation of foetal tissue and immune system. The virulence of HCV may
influence the postnatal course of a congenital infection, because piglets
prenatally infected with a moderate-virulent virus were more severely
affected and died earlier than piglets exposed to a low-virulent strain
(26). There are HCV strains that induce a high rate of congenital tremors
(75,76), whereas others do not (26,77). The viral properties determining the
involvement of the central nervous system are still undefined.

A congenital HCV infection can range fraom extremely severe to
clinically inapparent. It can result in prenatal death, foetal malformation
or neonatal death. In addition, apparently healthy offspring can be
delivered that develop a late onset disease months after birth. Early
embryonic death with subsequent complete resorption may occur after
infection in the early stage of pregnancy, when the skeleton has not
developed fully, as suggested by the increase of barrenness in sows infected
with HCV (13,78). Stillbirth and mummification rather than abortion can be
the consequence of a congenital HCV infection during the second and third
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month of pregnancy. The most pronounced lesions in stillborn pigs are

excessive accumulations of fluids in body cavities (79). Infection of sows
during the last month of pregnancy will usually not result in prenatal
foetal mortality (61,80). Malformations may arise when infection occurs
during organogenesis, but they are not very common in pigs congenitally
infected with HCV. The virus can interfere with the development of the
central nervous system, which can lead to cerebral defects, cerebellar
hypoplasia and dysmyelination (75,81), resulting in congenital tremors. Head
deformation and defects in front legs have also been observed in piglets
exposed to HCV "in utero" (82,83). In addition to malformations, HCV can
cause lesions in the foetus, such as haemorrhages in several organs and
necrosis in the liver (84). Lesions are the result of infection in already
fully formed tissues. Many prenatally infected piglets that are born alive,
succumb in the first days after birth. Congenital tremor and haemorrhages of
skin and internal organs are frequently noted in pigs dying in the neonatal
period (62,77,81,85).

A congenital HCV infection may lead to precocious maturation of
lymphoid tissue, i.e. germinal centre formation and plasma cell development,
and this correlates well with elevations in serum levels of IgG and to a
lesser degree to IgM. The elevated immunoglobulin levels have no or low
specificity for the causative virus. The immunoglobulins may be directed
against altered host antigens or may be incomplete molecules of smaller size
and low avidity (74,84). 1In spite of the fact that porcine foetuses gain
immunocampetence around the 60th to 70th day of pregnancy (86), they only
appear to produce neutralizing antibody to HCV when infected beyond the 90th
to 100th day of pregnancy (58,87). The reasons for this delayed response may
be the same as those suggested with regard to postnatal infections. Some
piglets infected "in utero" can recover from HC. Such pigs have either a low
virus titre or specific neutralizing antibody in precolostral serum, and
their leucocytes contain virus at that time. When two weeks old they have no
longer virus in serum or in leucocytes. An ongoing specific immune response
in conjunction with the ingested colostral antibody may have effected the
virus disappearance in these piglets (58).

Piglets infected "in utero" may be born healthy and clinical signs may
remain absent until they are several months old. Such piglets have a high-
titred viraemia in the precolostral serum that is transiently suppressed by
colostral antibody. At two weeks of age the virus titres are again at
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precolostral levels and they persist at high levels during the entire host's
lifespan (62,73,88). HCV is associated with the peripheral blood mononuclear
cell population (62). The viral antigen persists widespread in numerous
tissues, especially in epithelial cells and cells of the reticuloendothelial
system. These persistently infected pigs develop a late onset disease
characterized by runting often associated with leucopenia, and eventually
die several months after birth. At post-mortem examination, thymus atrophy,
a severe depletion of lymphocytes in peripheral lymphoid organs,
proliferation of reticuloendothelial tissue, and hydropic degeneration of
vascular endothelium are the most pronounced lesions (89,90,91). There is a
marked adrenal hyperplasia, perhaps indicating an enhanced production of
glucocorticosteroids. This may be partially responsible for the severe
lymphocyte destruction, especially for the thymus atrophy. Notwithstanding
the severe morphological changes in lymphoid tissue, found at post-mortem,
the pigs have a normal antibody response to sheep red blood cells and
parvovirus, except perhaps in the terminal stage of infection. The mitogenic
lymphocyte response of peripheral blood lymphocytes of these pigs appeared
to decrease gradually with time, but generally remained within the normal
range (58,92). The normal immunological responsiveness in these pigs may
indicate that the severe lymphoid depletion only develops in the last days
of the host's life. Lymphoid depletion may develop rapidly, since pigs
treated with dexamethasone and infected with low-virulent HCV had a marked
atrophy of the thymus already 7 days later (28). In spite of the normal
immune reactivity of persistenly infected pigs, they do not produce an
antibody response to HCV. An "in vitro" lymphocyte response to HCV could not
be detected either. Thus, an immunotolerant state exists in pigs with
congenital persistent HC (58,92,93). The absence of a specific immune
response in all probability contributes to the persistence of HCV.

Sows that deliver stillborn or weak piglets, piglets with congenital
tremor, or piglets with skin haemorrhages which die shortly after birth, are
suspected of having been infected with HCV during pregnancy. In areas where
HC is prevalent such piglets should be examined for HC. It is obvious that
cases of congenital persistent HC are difficult to recognize in the field
and as a consequence the definite diagnosis will often be made months after
introduction of HCV on the farm (94). Pigs with congenital persistent HC
have a healthy appearance for a long period, but they shed virus in the

environment continuously. These infections are therefore of the utmost
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significance in the epizootiology of HC.

Interestingly, the congenital HCV infections of swine have a number of
features in common with the congenital pestivirus infections of cattle and
sheep (95). The latter infections can also give rise to prenatal and
neonatal mortality, and to foetal malformations. In all three infections,
the virus can interfere with the development of the central nervous system.
Cerebellar hypoplasia and dysmyelination are disorders frequently seen, and
they are often associated with congenital tremor in the newborn. Skeletal
defects and skin abnormalities are also common features of congenital
pestivirus infections. In addition, it is striking that two pestiviruses,
HCV and BVDV, induce in three different host species a congenital persistent
infection that basically has the same characteristics. After an "in utero"
infection with BVDV calves and lambs can be born with a healthy appearance.
The infection in these animals is generalized, as shown by a lifelong
viraemia and the presence of viral antigen in epithelial and
reticuloendothelial tissues. As a consequence, they shed virus into the
environment continuously. They often do not produce antibody to the virus,
whereas they are able to mount an antibody response to unrelated antigens.
Thus, also in calves and lambs a state of specific immunotolerance exists,
which is neither absolute nor permanent. Unlike pigs, cattle and sheep with
congenital persistent pestivirus infections can remain healthy for years and
deliver, in consecutive years, healthy yet infected offspring. In comparison
with BVDV, HCV may perhaps not (yet) be sufficiently attenuated in order to
achieve a, for the survival of the virus very favourable, well-balanced
interaction with its natural host. Compared to other persistent virus
infections, the interaction between pestiviruses and their respective hosts
appears to be unique in several respects.

Under field conditions HCV only infects swine. BVDV, however, is less
restricted in its host range, it can infect cattle, sheep and swine. BVDV
infections of pigs usually run a subclinical course, and they have relevance
in the diagnosis of HC, where they may yield false positive results
(69, Terpstra, unpublished observations).

Virus persistence is a prominent characteristic of infections with HCV
of low to moderate virulence. Pigs infected with moderate-virulent strains
can develop chronic infections lasting for more than 100 days and piglets
infected "in utero" with low-virulent HCV can produce a late onset disease.
Althoush in both infections the virus persists for the host's reduced
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lifetime some differences are noted (Table 1). The mechanisms underlying the

persistence of HCV may therefore be different.

Table 1. General features of chronic (16,24,36,54) and late onset HC
(73,90,91,92)
Chronic Late onset
Virulence of virus Moderate Low
Time of infection Postnatal Prenatal

Course of illness

Viraemia
Leucopenia
Immune response
to BHCV

Death

Gross lesions

Microscopic lesions

Short incubation pericd,
3 phases of illness:
1)depression, fever,
anorexia, 2) clinical
improvement, 3)terminal
exacerbation of disease

Temporary reduction or
disappearance

Develops quickly,
followed by leucocytosis

Present

1-3 months

Thymus atrophy, ulcers of
caecum and colon,
infarction of spleen,

rib lesions

Degeneration of endothe-
lial cells, severe
lymphocyte depletion,
histiocyte hyperplasia,
immune complex
glamerulonephritis

Late onset of disease,
gradually aggravating
depression and anorexia,
normal to slightly elevated
body temperatures,
conjunctivitis, dermatitis,
locomotion disturbances

Persistent high level
Develops late during
infection

Absent

2-11 months

Lymph node swelling,
thymus atrophy

Degeneration of endothelial

cells, severe lymphocyte
depletion, histiocyte

hyperplasia

In general,

virus persistence may be regarded as a failure of the host

defence system to eliminate the infectious agent or as the capacity of the
It is
likely that the dynamic interplay between host and viral factors determines
the induction and subsequent maintenance of persistent infections.

virus or infected cell to elude the immunological attack of the host.

Several

viral factors may be relevant for the initiation and maintenance of HCV
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persistence. HCV is not cytocidal for the infected cell and "in vitro"
persistent infections are therefore readily established. Although
persistently infected cells survive, some of their functions may be mildly
affected. They have a slightly extended period of DNA synthesis (96) and may
show some chromosamal alterations (38). The virus can spread fram cell to
cell and from mother to daughter cells in the presence of immune serum
(97,98). In addition, the virus appears to mature at intracytoplasmatic
membranes (99,100) and viral antigens are either absent or present at low
density on the outer cell membrane (26), which renders the cell
insusceptible to various mechanisms of immune lysis. The paucity of viral
antigen on the cell surface may also be partly responsible for the poor
immunogenicity of some moderate-virulent HCV strains. Another key property,
which HCV has in cammon with other persistent viruses, is the capability to
infect lymphoid tissues and macrophages. In persistently infected pigs this
does not profoundly influence general immunological functions (58,92), but
it may play a role in the antigen-specific unresponsiveness or immunological
tolerance, often associated with persistent HCV infections. HCV has a
special tropism for cells of the reticuloendothelial system. Infection of
these cells may affect functions of the reticuloendothelial system, which is
essential for clearance of micro-organisms.

A critical factor in the establishment of persistent infections is the
age of the host. The younger the pig, the more readily persistence of HCV is
induced. This age-dependency may be primarily based on the degree of
maturity and competence of the immune system.

6. INFECTION WITH AVIRULENT VIRUS STRAINS

At present, HCV attenuated by serial passages in rabbits ("Chinese"
strain) or in cell cultures (Japanese GPE-negative strain, French Thiverval
strain) are widely used as vaccines. After parenteral inoculation the
attenuated virus appears to replicate mainly in tonsil and lymph nodes
(28,101,102). However, the GPE-negative strain had been recovered from
faeces and urine within 10 days post-vaccination (101) and virus antigen of
the "Chinese" strain could be demonstrated in kidney up to 15 days post-
vaccination (103). All three attenuated viruses can occasionally spread to
contact pigs. The "Chinese" strain can cross the placenta of pregnant sows
and invade foetal tissues, but it generally does not induce adverse
reactions in infected foetuses (104,105). There are, however, indications
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that the "Chinese" strains of HCV cannot be considered campletely innocuous.
Overby and Eskildsen (106) found mummified, stillborn and weak piglets after
vaccination of a sow inoculated at the 40th day of pregnancy, and they were
able to isolate the virus from some piglets. In addition, it has been
reported that this strain interfered with the secretion of bacteriostatic
substances by the mucociliary apparatus of the lung (107) and affected the
bacteriolytical capacity of alveolar macrophages (108). Differences in
(passage) history of the "Chinese" strains used may perhaps explain the
different results on innocuity of the "Chinese" strain. Neutralizing
antibody appears around 2 to 3 weeks after vaccination and generally
persists lifelong. A brief lymphocyte response to inactivated HCV antigen
has been detected after vaccination (109). Vaccination confers a rapid and

long lasting immunity.

7. CONCLUDING REMARKS

HCV has an extremely wide spectrum of virulence. The virulence of HCV
appears to be related to same "in vitro" properties, but little, if any,
knowledge is available on viral proteins and viral properties involved in
the expression of HCV virulence "in vivo", and on how they interact with
host factors to determine severity of disease and outcome of infection. The
encounter of HCV with phagocytic cells underlying tonsillar epithelial cells
may play a central role. 2An HCV infection may also be regarded as a race
between the virus and the pig's immune defence. 1In the case of a virulent
infection, the virus would then have reached and damaged the wvulnerable
tissues before the immune response is well developed. In the case of a low-
virulent HCV infection, virus replication may proceed slower and the immune
response may prevent thorough viral spread through the body. It is also
conceivable that the balance between proliferation and regression processes
in lymphoid tissues is of decisive importance in course and outcome of HCV
infections.

The virulence of HCV largely determines the pathogenesis of the
infection. Again nothing is known on mechanisms of tissue damage and disease
production. The discrepancy between the near absence of HCV-induced
cytopathic changes "in vitro", and the extensive lesions "in vivo" leads one
to consider the participation of mechanisms other than direct viral action
in the production of lesions in HC. Mediators, or proteases produced by
virus-infected cells may perhaps be involved in the pathogenesis of HC.
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It needs no further argument to demonstrate that numerous gaps exist in
our present knowledge on various aspects of HC. Much camplicated, but
fascinating research will be required to gain same insight into viral and
host determinants involved in the expression of virulence, and in the
pathogenesis of this multifarious virus disease.
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PATHOLOGY AND PATHOGENESIS OF THE DISEASE
G. TRAUTWEIN

1. INTRODUCTION

In this chapter the gross pathology and the 1light
and electron microscopical changes occurring in the acute
and chronic form of Classical Swine Fever (CSF) will be
described and their pathogenesis discussed. It will then
be shown that in recent years considerable progress has
been made in the understanding of the pathogenesis of con-
sumptive coagulopathy and disseminated intravascular coagu-
lation. A special problem presents the transplacental infec-
tion of the developing foetus. These infections may result
in prenatal death, the development of a number of foetal
abnormalities, stillbirth and, most important, congenital
persistent HC virus infection. The chapter concludes with

a discussion of the viral pathogenesis of this disease.

2. PATHOLOGY OF CLASSICAL SWINE FEVER

2.1. Peracute disease.

It has been known for considerable time that in a
non-immune swine population CSF may run a peracute course.
In the peracute form infected animals show little more
than a rise in body temperature of about 41°C before they
unexpectedly die 2-5 days post- infection (1, 2, 3). In
these cases post-mortem changes are essentially those of
shock with pulmonary congestion and oedema, congesticn
of the liver and gastro-intestinal tract, and serous effu-
sions into the intestinal lumen. Usually, there is 1little
evidence of haemorrhage.

2.2. Acute disease.

In the acute disease affected pigs have fever (41°C)
and appear less active within two to six days after exposure

B. Liess (ed.), Classical Swine Fever and Related Viral Infections. Copyright ©
1988. Martinus Nijhoff Publishing, Boston. All rights reserved.
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to HC wvirus. Some animals may show staggering movements
of the hind legs; in others there is evidence of CNS in-~
volvement with convulsions, grinding of the teeth, diffi-
culty in locomotion and finally posterior paresis. Other
signs are cyanosis of the skin, particularly of the ears,
petechial haemorrhage in the skin, lacrimation and nasal
discharge. Usually, mild constipation precedes diarrhoea.
Most animals die 10-14 days after the onset of illness.
Depending on the immune status of the swine population
affected as well as the virulence of the causative wvirus
strain, mortality may be high (90-100%) or low (30-40%).

Characteristic gross lesions seen 1in acute CSF are
those of haemorrhagic diathesis with petechial haemorrhages
present 1in most organ systems (1, 4, 5, 18). Petechial
haemorrhages are found most constantly in the kidneys,
urinary bladder and lymph nodes, followed by the spleen,
larynx, skin, mucosal membranes (nose, trachea, conjunctiva,
stomach, intestine, gall Dbladder) and serous membranes
(pericardium, pleura, peritoneum). Since it is known that
secondary infections with bacteria may intensify and even
modify the pathological picture, gnotobiotic piglets have
been experimentally infected with HC virus (6). These ex-
periments clearly confirmed that petechial haemorrhages
primarily occur in the kidneys and lymph nodes.

The skin 1lesions consist of erythema, cyanosis, and
petechial haemorrhage. In 3% of CSF-affected pigs the skin
may appear Iicteric. It is not clear, however, whether this
jaundice 1is a sequela of red cell destruction as originally
assumed (7).

In lymph nodes including the parotid, submaxillary,
cervical, bronchial, iliac and those of internal organs
there is evidence of congestion, haemorrhage and hyperplas-
tic swelling. Obviously, the severity of lymph node changes
will be determined by several factors, mainly the suscepti-
bility of the pig and the virulence of the HC virus strain.
The pathogenesis of the haemorrhagic infiltration of lymph

nodes has not been completely clarified. The typical
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mottling of the 1lymph nodes seen on the cut surface may
be due to resorption of blood from regional haemorrhage
or haemorrhage within the lymph node.

Lesions in the oral cavity seen in some CSF-affected
pigs are erosions and ulcers at the tongue, pharynx, and
tonsils. The ulcers are believed to be caused by infarction
following occlusion of terminal vessels. Secondary infection
may aggravate the primary tonsillitis by bacterial invasion
of necrotic tissue.

Infarction of the spleen is a lesion which is con-
sidered almost pathognomonic of CSF. Grossly, the infarcts
are sharply outlined, dark red or pale in color, irregular
in shape and elevated. With 50-60% the incidence of infarcts
in outbreaks of CSF used to be high; but the lesion is
less frequently seen in current epizootics.

Approximately half of the pigs with acute or sub-
acute CSF demonstrate some degree of congestion and inter-
stitial oedema of the 1lung which may be associated with
bronchopneumonia and subpleural petechiae.

The most obvious changes in the kidneys are petechial
haemorrhages on the surface and in the renal cortex; the
kidneys may appear pale and light brownish. The pale color
of the renal parenchyme is thought to be due to vaso-con-
striction (5).

Lesions fregquently seen in the stomach are congestion
and haemorrhage in the fundus area of the gastric mucosa,
sometimes associated with erosions. Early changes in the
small intestine are diffuse hyperaemia of the mucosa and
enlargement of Peyer's patches, later followed by diph-
theroid inflammation which often 1is associated with the
gut-associated lymphoid tissue.

In the large intestine 1lesions start with hyperaemia
of the mucosa, followed by catarrhal enteritis. In advanced
stages fibrinous to diphtheroid enteritis may occur, associ-
ated with necrosis of lymphoid follicles at the ileo-caecal
valve. Lesions considered pathognomonic for subacute CSF

are the so-called bouton-ulcers, which represent spherical,
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sharply circumscribed ulcers of few millimeters in diameter
associated with solitary follicles. Bouton ulcers are usual-
ly seen if the disease takes a protracted course. The patho-
genesis of this peculiar intestinal change has not been
fully elucidated. Originally, bouton ulcers were thought
to arise due to vasoconstriction; but it is more likely
that the lesions develop following occlusion of arterioles
by swelling of endothelial cells, degeneration of the vas-
cular wall and formation of microthrombi.

Other lesions infrequently seen in CSF-affected pigs
are focal necrosis in the mucosa of the gall bladder (8)
and an irregular widening of the epiphyseal 1line at the
costochondral 3junction of the ribs due to a disturbance
of calcium and phosphorus metabolism in young growing pigs
(9, 10, 11).

2.3. Chronic disease.

According to the definition o0f Mengeling and Cheville
(12), chronic CSF is a lethal disease with a duration of
at 1least 30 days. The factors which allow for prolonged
survival of infected pigs are not known with precision.
Usually, the disease runs a slow, protracted course, and
a single organ system (lung, gastro-intestinal tract, CNS)
may predominantly be affected. Secondary bacterial infec-
tions are frequently involved. Thus, the clinical picture
may often be uncharacteristic and misleading; therefore,
chronic CSF was erroneously called "atypical swine fever”
(1).

In chronic CSF there is often 1little evidence of CSF
in terms of petechial haemorrhage; but several organ systems
may be involved. In the large intestine bouton ulcers are
occasionally seen which are followed by a more diffuse
diphtheroid-necrotizing enteritis. The lymph nodes in some
cases only show hyperplasia, and the typical haemorrhagic
changes with mottling of the cut surface seen in the acute
disease may not be present. The widening of the epiphyseal
line at the costochondral junction of the ribs which was

reported as a lesion of acute CSF may also be seen in chro-
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nic CSF. This lesion thus appears to be a useful clue in
the diagnosis of CSF, particularly with chronic cases in

which most other lesions of CSF are absent.

3. LIGHT AND ELECTRON MICROSCOPICAL CHANGES

3.1. Vascular system.

The histopathological changes of acute CSF have been
described adequately in the past (1, 5). HC virus exerts
a direct effect upon the vascular system, and the character-
istic gross lesions, 1i.e. congestion, haemorrhage, and
infarction result from changes in arterioles, venules,
and capillaries. It is in these structures where most of
the vascular lesions are detectable histologically. Some
of the terminal vessels may be closed, others dilated and
congested. Frequently, there 1is a swelling due to hydropic
degeneration of endothelial cells, but proliferation of
this cell type may also be present. The enlarged endothelial
cells may eventually occlude the vascular lumen. Basement
membranes of small vessels appear homogeneous and eosino-
philic, and the wvascular wall eventually is completely
hyalinized, contributing to the partial or complete occlu-
sion of the lumen.

Thrombosis of small and medium-sized arteries is an-
other feature. Depending on the severity of the vascular
lesions the sequelae are plasma diapedesis and perivascular
haemorrhage. Vascular changes are most severe in the lymph
nodes, spleen, kidneys and gastro-intestinal tract.

The other important effect of the HC virus is upon
the 1lymphoid system, i.e. thymus, lymph nodes, spleen,
tonsils, and gut-associated lymphoid tissue. In these organs
the morphological changes are characterized by depletion
of lymphocytes and proliferation of histiocytes.

3.2. Lymph nodes.

In the lymph nodes vascular changes like proliferation
of endothelial cells, subendothelial oedema, and occlusion
of the lumen are observed in arterioles, venules and capil-

laries. An other 1lesion seen 1in arterioles is fibrinoid
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necrosis of the wvascular wall. Depending on the stage of
disease lymph nodes may be markedly depleted of lymphocytes
and germinal centers. In these cases the germinal centers
contain necrotic lymphoid cells and show varying degrees
of histiocytic proliferation (13, 14, 15).

3.3. Spleen.

The morphological changes present in the spleen of
CSF-affected pigs have been described in detail (4, 5,
13, 15). In the central artery there is evidence of vascular
degeneration with swelling of endothelial cells, oedema
and fibrinoid necrosis of the media and occlusion by throm-
botic material. These vascular lesions are considered res-
ponsible for the development of splenic infarction. Further-
more, there is lymphoid depletion, especially in the thymus-
dependent periarteriolar lymphoid sheaths due to degenera-
tion and necrosis of lymphocytes. Other changes include
proliferation of histiocytes and hyperplasia of the reticu-
lar cell sheaths of the penicillar arterioles and plasmacy-
tosis in the red pulp. Finally, there may be evidence of
extramedullary haematopoiesis with presence of megakaryo-
cytes and erythroblastic cells in the red pulp.

3.4. Thymus.

In studies of the pathogenesis of CSF marked atrophy
of the thymus was observed in chronic cases (13). Histologi-
cally, the thymic remnants show severe to total cortical
depletion of lymphocytes. The presence of tingible bodies
within large macrophages suggests phagocytosis of necrotic
lymphocytes.

3.5. Kidney.

The evolution of morphological changes in the kidneys
was clarified in a sequential study (13). Pigs surviving
the experimental infection more than 10 days have in their
kidneys focal areas of tubular degeneration with accumula-
tion of hyaline droplets in the cytoplasm of tubular cells.
In chronic cases there are additional lesions such as inter-
stitial lymphocytic infiltrations, chiefly perivascular

in location.
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Renal glomeruli have hyaline changes suggestive of
an immunological process, i.e. thickening of the glomerular
capillary basement membrane. In pigs surviving 70 days
post infection, there are deposits of fibrin in the inter-
capillary space and fibrinoid degeneration of the glomerular
capillaries. Arterioles show panarteritis with medial degen-
eration and necrosis of the vascular wall. Ultrastructural
studies of the kidneys reveal electron-dense material depo-
sited irregularly within the glomerular mesangium, predomi-
nantly along the adjacent basement membrane (16). Further-
more, slight glomerular damage is characterized by markedly
swollen vacuolar endothelial cells which may obliterate
the capillary lumen. In more advanced stages massive dense
granular deposits are present in the mesangium. Mesangial
cells contain numerous dense residual bodies and are sur-
rounded by fibrils of fibrin. Dense granular deposits are
also present on the epithelial side of the glomerular base-
ment membrane. There is focal fusion of foot processes,
and some capillary lumina contain neutrophilic granulocytes.
The granular, irregular electron-dense deposits were thought
to represent antigen-antibody complexes. However, conclusive
evidence for this assumption is lacking. As an other patho-
genetic mechanism the removal of fibrinogen-fibrin-monomer-
complexes from the circulation in the course of disseminated
intravascular coagulation was suggested (17).

3.6. Adrenals

The adrenals play a central role in the pathogenesis
of CSF; therefore, extensive histological studies have
been performed (1). The adrenal gland undergoes structural
changes characterized by hypertrophy of the adrenal cortex
with broadening of the zona fasciculata and narrowing or
atrophy of the remaining zones. Changes in the adrenal
medulla are focal haemorrhage, lymphocytic infiltration,
and degeneration of chromaffine cells with almost total
loss of the chromaffine substance.

3.7. Central nervous system.

The histological changes in the brain and spinal cord
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have been described in detail by Roéhrer (19) and Seifried
(20). Their findings were confirmed later by other workers
(1). The essential features are non-suppurative meningoence-
phalitis, characterized by swelling and degeneration of
endothelial cells, thrombosis, vascular and perivascular
cellular infiltration with accumulation of lymphocytes
in the perivascular space, and perivascular haemorrhage
especially in the cerebellum and spinal cord (Fig. 1 and
2). Of much less significance are 1lesions in the neurons,
i.e. necrobiosis, necrosis, and neuronophagia. The large
pyramidal cells in the cerebrum are more likely to be da-
maged than other neurons. In addition, there may be small
foci of proliferated microglia. The incidence of encephali-
tis varies between 70-90%.

Immunofluorescence specific for HC viral antigen is
first seen at post infection day 4 and occurs in endothelial
cells, perivascular astrocytic cells and in few neurons.

The functional significance of the perivascular accumu-
lation of 1lymphocytes in the CNS is not clear. Unless the
phenotype of lymphocytes in these infiltrations has been
determined applying modern techniques (immunofluorescence,
immunoperoxidase, monoclonal antibodies), it 1is uncertain
whether these immunocytes are significant in exerting as
T cells a cytotoxic effect upon CSF-infected target cells
or are as B cells an expression of local antibody formation.
3.8. Eyes.

Detailed histological studies of the ocular 1lesions
in CSF revealed intraocular inflammatory changes including

retinitis, uveitis, and in a few cases choroiditis (21).

4. HAEMATOLOGICAL FINDINGS

A characteristic haematological finding in CSF is
the occurrence of leukopenia which often is recorded before
the first rise in temperature (1, 2). Total white cell
counts of 9,000 to as low as 3,000 per mm?® may be demon-
strated 4-7 days post infection. Sequential studies revealed

24 hours post infection a moderate leukocytosis which was
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Fig. 1. Meningoencephalitis in the cerebrum with
lymphocytic infiltration of the leptomeninges.

Fig. 2. Meningoencephalitis in the cerebrum with
accumulation of lymphocytes in the perivascular
space of vessels.



36

followed by marked leukopenia 2-4 days post infection (1,
22, 23). While in the majority of animals leukopenia per-
sists until shortly before death, a small percentage (28%)
of animals shows leukocytosis on the 5th post infection
day.

Other haemotological changes are the progressive disap-
pearance of eosinophilic and basophilic granulocytes from
the blood which is thought to be due to migration of these
cells into the tissues.

Furthermore, anaemia with anisocytosis, poikilocytosis,
and polychromasia 1is considered an essential feature of
CSF. An increase of Heinz's bodies was demonstrated in
erythrocytes (7, 24). While in the normal blood 15% of
red blood cells have Heinz's bodies, animals with CSF prove
to have 80-100% affected erythrocytes.

In the pathogenesis of the disease equally important
like leukopenia and anaemia 1is thrombocytopenia which was
first observed by Dunne (4). Diseased pigs had 5,000-50,000
platelets/mm3 as compared to 200,000-500,000 mm3 in healthy
pigs. Thrombocytopenia was found to occur in CSF simulta-
neously with the onset of viraemia and fever (2). Thrombo-
cyte counts were observed to drop from normal levels of

about 550,000 per mm3 to below 100,000 per mm3.

5. BLOOD COAGULATION DISORDERS

During the course of acute CSF multiple defects of
haemostasis develop, the pathogenesis of which has been
elucidated in recent years. The diffuse activation of the
blood coagulation system may be caused by release of pro-
coagulant substances from cells in lymphoid tissues, endo-
thelial cells in vessels, and epithelial cells of the gas-
tro-intestinal tract, directly damaged by the HC virus
(25). A consequence of massive activation of the coagulation
system through both the intrinsic and extrinsic pathway
is the consumption of platelets and certain coagulation
factors (consumptive coagulopathy) resulting in disseminated

intravascular coagulation (DIC), severe disturbance of
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microcirculation and eventually the occurrence of petechial
haemorrhages.

In experimental studies it was shown that HC virus
induces an early decrease 1in platelet counts beginning
already on the second day post infection (25). The most
severe thrombocytopenia was recorded on post infection
day 6 when platelet counts were less than 10,000/mm3. Other
changes of c¢oagulation parameters were decrease of one-
stage prothrombin time values, the activities of Factors
IT (prothrombin) and X (Stuart-Prower factor) and the maxi-
mal amplitude in thrombelastography. The fibrinogen concen-
tration 1in the plasma proved to be constant until post
infection day 6; afterwards an increase of this coagulation
factor was recorded.

In more recent studies a number of haemostatic defects
were observed in pigs experimentally infected with virulent
HC wvirus (26). With the onset of fever 2-3 days post in-
fection the platelet counts began to fall and progressively
decreased, reaching their lowest levels (1-2 x 105 pla-
telets/mm3) by post inoculation day 6. The activated partial
thromboplastin time (APTT) began to increase on post inocu-
lation day 3 and remained elevated until post inoculation
day 6 when it decreased to near preinoculation values.
While there were irregular increases in the thrombin clot-
ting time (TCT) from post infection day 4 onward, the one-
stage prothrombin time (PT) remained unchanged. Furthermore,
fibrin degradation products and a transient decrease in
plasma fibrinogen were demonstrated 2-5 days post infection,
indicating that early fibrinolysis or fibrinogenolysis
may be involved in the inhibition of the clot formation.

The morphological manifestation of consumptive coagulo-
pathy 1is a disseminated intravascular coagulation (DIC)
with the occurrence of microthrombi in small vessels, i.e.

arterioles, venules, and capillaries. Microthrombi and
accumulation of fibrinous material in vessels were described
occasionally in the older literature (1); however, their

significance and pathogenesis was only appreciated when
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systematical studies were carried out (17, 25, 27). Micro-
thrombi may be formed in almost any organ; but they are
seen to occur most frequently in the 1liver, kidneys,
spleen, lymph nodes, lung, intestine, and intestinal lymph
nodes (Fig. 3 and 4). Intravascular coagulation may appear
morphologically as fibrinous c¢lot, hyaline thrombus, and
platelet aggregation. Hyaline thrombi predominate in glo-
merular capillaries of the kidney and in capillaries of
the lung.

In electron microscopic studies of the kidney electron
dense substances considered the ultrastructural equivalent
of microthrombi were demonstrated in the capillary lumen,
mesangial matrix and under the capillary endothelium (17).
A similar material was detected in capillaries of the renal
cortex. It was concluded that phagocytic mesangial cells
remove by phagocytosis fibrinogen-fibrin monomer complexes
and their degradation products from the circulation.

In CSF thrombocytopenia develops simultaneously with
the onset of viraemia and fever. Since marked thrombocyto-
penia occurs as early as two days post infection, it can
not be explained by consumption of clotting factors during
disseminated intravascular coagulation (DIC) alone (28).
At this early stage of disease disturbance of the coagula-
tion system other than thrombocytopenia is not yet detect-
able. Likewise, there is no morphological evidence of DIC.
Electron microscopic studies have revealed morphological
evidence of primary, HC virus-induced damage to circulating
platelets, which begins two days post infection. Sequential
bone marrow biopsies in infected pigs show a progressive
degeneration of megakaryocytes which is evident four days
post infection and in the last stage of disease affects
the entire cell population (28). Thus, thrombocytopenia
may primarily be due to direct destruction of platelets,
followed by peripheral platelet consumption. Finally, the
megakaryocyte destruction in the bone marrow is an import-
ant pathogenetic factor. The causes of megakaryocyte des-

truction could be a direct effect of HC wvirus on this cell
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Fig. 3. Microthrombus in a small cerebral artery
and perivascular lymphocytic infiltration. Cere-
brum of a pig with acute CSF.

Fig. 4. Multiple hyaline microthrombi in glomerular
capillaries and storage of hyaline droplets in
tubular epithelial cells. Kidney of a pig with

acute CSF.

( Photomicrograph courtesy of Prof.E. Weiss,
University of Giessen, FRG ).
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population, 1local circulatory disturbances or failure of
the bone marrow to regenerate its megakaryocyte pool. Un-
fortunately, an 1infection of megakaryocytes by HC virus
has not been demonstrated.

It 1s of considerable comparative interest that in
African Swine Fever ASFV can clearly be demonstrated in
platelets and megakaryocytes (29). In experimental infec-
tions with the ASFV the state of the megakaryocyte was
studied. When experimental pigs were infected with ASFV
of low wvirulence, they became acutely thrombocytopenic
four to five days after the onset of wviraemia and fever.
It was shown by immunofluorescence that 2 to 10% of the

megakaryocytes were infected.

6. FOETAL AND NEONATAL PATHOLOGY

Several foetal and neonatal abnormalities have been
attributed to natural exposure of the dam to HC virus or
vaccination with attenuated 1life wvirus during pregnancy
(2, 30, 31, 32, 33). Transplacental infections may result
in prenatal death, anasarca, ascites, a rather large spec-
trum of malformations, congenital tremors, death of the
neonate shortly after birth or 1later in 1life. For each
one of these abnormalities a critical period of gestation
when the developing foetus 1is exposed to the HC virus is
to be assumed; however, precise data are only partly avail-
able from experimental infections.

Obviously, HC wvirus crosses the placenta of the non-
immune or insufficiently immunized dam and may induce em-
bryonic or foetal death with resorption of the embryo or
mummification of the foetus (31, 34, 35). Several workers
observed that foetal death with mummification, malformation
or stillbirth occurred in sows vaccinated with attenuated
HC virus of low virulence (2, 31, 36).

Experimental infection of pregnant sows with the low
virulent HC wvirus strain Glentorf on the 65th and 67th
day of gestation resulted in 30% foetal mortality (37,
49, 50). Exposure of gilts on the 85th day of gestation
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led to infection of foetuses but not to virus isolation
from the new-born piglets. There was no mortality in foetu-
ses when the gilts were infected between the 94th and 10lst
day of gestation.

6.1. Teratogenic effect of HC wvirus.

Transplacental infection of the porcine foetus with both
field and vaccine strains of HC virus may induce a spectrum
of abnormalities including hypoplasia of the lungs, malfor-
mation of the pulmonary artery, micrognathia, arthrogrypo-
sis, fissures in the renal cortex, multiple septa in the
gall bladder, and malformations of the brain (32, 38, 39,
40). The teratogenicity of HC virus clearly depends on
the stage of gestation. In general, the earlier the infec-
tion occurs the more severe the abnormalities are 1likely
to be.

In the central nervous system the transplacental in-
fection of the foetus at a critical stage of gestation
(30 days) induces retardation in growth and maturation
of the brain with the manifestation of microencephaly in
the most severe cases (38). More common, however, 1is cere-
bellar hypoplasia which in some cases is the cause of con-
genital tremor in the new-born piglet. Experimentally,
cerebellar hypoplasia of varying severity has been induced
by infecting pregnant sows with field or vaccine strains
of HC virus (38, 41, 42, 43, 54).

6.2. Congenital tremor.

Tremors (trembles) in new-born piglets were postulated
to be due to intrauterine infection of the foetus with
HC wvirus (44). Subsequently, cerebellar hypoplasia, hypo-
myelogenesis, and congenital tremor were observed in new-
born piglets from 35 of 63 litters of sows vaccinated with
tissue culture-attenuated virus vaccines (32, 42). Other
studies indicated that transplacental infection of the
foetus with HC virus would cause failure of myelin and
cerebellum to develop. It was estimated that in Great Bri-
tain 12% of the cases of congenital tremor were due to

HC wvirus infection (45). A specific strain of HC wvirus
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was believed to be responsible for the development of
tremors (46). This form of congenital tremor (Type A I)
is characterized by dysgenesis, hypoplasia, local cortical
dysplasia of the cerebellum, and by the defective myelina-
tion of the CNS generally (41, 68). Furthermore, the spinal
cord is reduced in size and shows marked dysmyelination.

6.3. Stimulation of the foetal immune system.

Depending on the stage of gestation transplacental
HC wvirus infection of the developing foetus may induce
early maturation of lymphoid tissue. When pregnant gilts
were 1infected at days 65 and 85, respectively, there was
premature formation of germinal centers and proliferation
of plasma cells in lymphoid tissues like 1lymph nodes and
tonsils but not in the spleen (47). This morphological
finding of wvirus-induced stimulation of the immune system
correlates with elevation of foetal serum immunoglobulins
(IgM and IgG) (48).

6.4. Stillbirth.

Stillbirth is also a feature of transplacental infec-
tion of the porcine foetus with HC virus. It usually occurs
after maternal infection during the last third of gesta-
tion (36, 38, 49, 50). At necropsy, characteristic macros-
copic lesions are petechial haemorrhage, subcutaneous oede-
ma, ascites, and hydrothorax, sometimes associated with
mottling of the liver (51).

7. CONGENITAL PERSISTENT HC VIRUS INFECTION

One of the sequelae of transplacental HC virus trans-
mission to the porcine foetus 1is congenital persistent
HC virus infection with the evolution of a runting-like
syndrome during the first months of 1life (52, 53). At birth
affected piglets appear healthy although they are viraemic.
Viraemia may persist throughout the 1life of the pigs. The
first signs of disease appear at the age of 9 weeks, but
in some animals as late as 28 weeks. At the onset of disease
leukocytes fall below 10,000/mm3. Clinical signs include

growth retardation, increasing anorexia and depression,
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conjunctivitis, dermatitis, intermittent diarrhoea, and
locomotor disturbance with posterior paresis eventually
developing. At necropsy, the most important lesion is a
marked atrophy of the thymus which often 1is associated
with swelling of lymph nodes due to oedema. However, lesions
characteristic of CSF, particularly petechial haemorrhages,
are not present (52). Pigs with congenital persistent HC
virus infection are not capable of producing specific anti-
body against HC virus, suggesting a state of immunological
tolerance (53).

A similar syndrome was produced experimentally, es-
pecially if the dams were infected at 65 days of gestation
(37, 49, 51, 54, 55). In one series of experiments pregnant
sows were infected withalow-virulent field strain of HC
virus at 40, 65 and 90 days of gestation (51).

Prenatal mortality was highest in 1litters from sows
infected at gestation day 40; postnatal death was most
frequently recorded in 1litters from scws infected at 65
days. A number of surviving piglets born from sows infected
at days 40 and 65, respectively, developed a persistent
infection. In these piglets a runting syndrome began to
appear about one week after weaning. Affected animals are
persistently viraemic, show growth retardation, intermittent
diarrhoea, and weakness of the hind legs. Similar to spon-
taneous congenital persistent HC virus infection character-
istic lesions at necropsy are gastroenteritis, thymic atro-
phy, swelling of lymph nodes and in few animals bouton
ulcers in the colon.

Serological studies in pigs with congenital persistent
viraemia reveal that they neither have antibodies to HC
virus, nor virus-antibody complexes. The lymphocyte response
to phytohaemagglutinin is slightly depressed, whereas the
immune response to pokeweed mitogen is not altered. These
findings taken together suggest a state of immunological
tolerance in pigs with chronic persistent CSF which were
infected in utero (51).

In a similar series of experiments pregnant gilts
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were 1infected intranasally with the low-virulent strain
Glentorf of HC virus at days 40, 70, and 90 of gestation,
respectively (49, 50, 54). While the experimental transpla-
cental infection resulted in foetal death in some of the
foetuses, the majority of new-born piglets born from sows
infected at 40 and 70 days of gestation, respectively,
proved to be viraemic at birth. These piglets either died
within the first week post partum or survived up to eight
weeks. Clinical signs included tremor in few piglets. 1In
an other small group there was evidence of growth retarda-
tion and runting.

An important feature of both spontaneous and experimen-
tal congenital persistent HC virus infection 1s a severe
depletion of lymphocytes in the thymus and peripheral lymph-
oid organs (54, 56, 57a). The histological examination
reveals marked depletion of thymus lymphocytes in the cor-
tex, frequently associated with necrosis of lymphoid cells
(56). Much less affected by atrophy is the medullary area
of the thymus. Generally, the B-cell-dependent areas 1in
the 1lymphoid follicles of spleen and lymph nodes are more
severely depleted than the thymus-dependent areas (56).
In the spleen lymphoid follicles may no longer be visible
in the most severe cases. Likewise, superficial and internal
lymph nodes show marked regression of lymphoid follicles,
and there 1is proliferation of reticulo-endothelial cells
and fibrosis.

Morphological findings in the adrenal cortex are hyper-
plasia of the zona fasciculata with atrophy of the adjacent
zona glomerulosa and reticulata (56).

The pathomechanism underlying the marked depletion
and destruction of lymphocytes in 1lymphoid organs 1is not
well understood. Although in congenital persistent HC virus
infection the wvirus 1is widespread in Jlymphoid tissues,
it is debatable whether the destruction of lymphocytes
is due to a direct cytotoxic effect of the virus. In a
working hypothesis it was postulated that lymphocyte de-

pletion may be caused by enhanced release of glucocorticos-
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teroids from the hyperplastic adrenal cortex (56).

The pathogenesis of congenital persistent HC virus
infection is incompletely understood. Obviously, the stage
of gestation at which the virus reaches the foetus is an
important factor. Data derived from experimental HC virus
infection of pregnant sows indicate that the foetus is
to be infected before day 65 of gestation in order to induce
a persistent infection (49, 51, 54, 55). If the transplacen-
tal infection occurs around or after the onset of immune
competence it is 1likely to be controlled or the virus to
be eliminated during pregnancy or early in 1life (54).
An other pathomechanism may be that the virus eludes the
humoral and cellular immune response of the host. This
view 1s supported by the finding that cells infected with
HC virus bear no or very little viral antigen on the cellu-
lar surface ; thus, infected cells may escape the immunolo-
gical attack of the host (57b). Finally, HC virus by infec-
ting and destroying 1lymphoid cells of the immune system
may induce defects in immunological functions, that is
long-lasting immunological tolerance 1in the developing

foetus.

8. PATHOGENESIS OF HC VIRUS INFECTION

Experimental studies have clearly shown that the tonsil
is the primary site of wvirus invasion following oral ex-
posure (1, 58, 67). Interestingly, after intramuscular
and subcutaneous infection, HC virus was also found consis-
tently and in high concentration in the tonsil (59). 1In
a sequential study the guantitative distribution of a viru-
lent strain of HC virus in various tissues covering a range
of three hours to seven days after oral exposure has been
determined (60, 61). HC virus was demonstrated in the tonsil
as early as seven hours post exposure. As virus has never
been detected in other tissues of the oral cavity within
24 hours following oral exposure, the tonsil appears to
be the organ of preference. Virus titers 1in the tonsil

were found to remain at a high level up to post-infection
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day 7. Primary multiplication of virus in this organ commen-
ces between 7 and 48 hours post-—infection. During this
time the virus appears to be limited to epithelial cells
of the tonsillar surface and crypts. Most likely, the virus
is then transferred through lymphatic vessels to the mandi-
bular, retropharyngeal, parotid, and cervical 1lymph nodes
where it can be detected at 16 hours post infection. The
virus, possibly associated with cells, enters blood ca-
pillaries, thus giving rise to initial viraemia at approxi-
mately 16-24 hours (58, 60, 61). At this time the virus
can be demonstrated in the spleen and thereafter in many
other secondary organs. Further sites of virus multiplica-
tion are mainly superficial and visceral lymph nodes, bone
marrow, and the solitary lymphoid follicles and Peyer's
patches in the intestinal mucosa.

As determined by cell culture and immunofluorescence,
the blood, spleen, and lymph nodes attain the highest virus
titers (62, 63, 64, 65).

The HC virus exerts its pathogenetic effect on differ-
ent types of cells including (1) endothelial cells (2)
lymphoreticular cells and macrophages and (3) epithelial
cells. Since CSF viral antigen can be demonstrated in these
cells with the immunofluorescence method, they appear to
be the major target cells for virus multiplication (13,
48, 52, 61, 63, 64, 65, 66, 67).

From immunohistological studies it 1is evident that
the HC virus replicates in endothelial cells (13, 25).
However, the pathomechanism of damage to endothelial cells
eventually leading to plasma and erythrocyte diapedesis
is not clear. The endothelium is the major source of synthe-
sis of the so-called plasma-factor VIII-related antigen
(VIIIR:Ag). If a significant proportion of endothelial
cells 1is injured, a decrease in plasma levels of VIIIR:Ag
would be expected. However, in HC virus-infected pigs nei-
ther an increase, nor a decrease of VIIIR:Ag was detectable
(26).

There 1is abundant evidence that the HC virus has a
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distinct affinity to cells of the lymphoreticular organs.
In the tonsils immunofluorescence specific for the HC viral
antigen 1is seen in the cryptal epithelial cells and later
in macrophages of germinal centers as well as in scattered
reticular cells. Similarly, viral antigen is detectable
in germinal centers of Peyer's patches of the intestine,
in germinal centers of 1lymph nodes, and in the white and
red pulp of the spleen.

Important epithelial cells with evidence of HC virus
multiplication are the submandibular salivary gland, mucosal
cells of the small intestine, especially the crypt epi-
thelial cells and renal epithelial cells.

In persistently viraemic animals infectious HC wvirus
caﬁ be isolated from mononuclear cells of the blood (51)

and from tissue and blood lymphocytes (33).

9., CONCLUDING REMARKS

The HC virus exerts its pathogenetic effect on differ-
ent types of cells including endothelial cells, lymphoreti-
cular cells and macrophages, and certain epithelial cells.
These cells appear to be the major target cells for virus
multiplication. While it is evident from immunohistological
studies that the HC virus replicates in endothelial cells,
the pathomechanism of damage to these cells is not clear.
So far, changes in the plasma levels of the so-called plas-
ma-factor VIII-related antigen indicating injury of endo-
thelial cells, have not been demonstrated.

From immunofluorescence studies there is abundant
evidence that the HC virus has a distinct affinity to cells
of the lymphoreticular organs. In these organs the virus
causes severe depletion of lymphocytes which affects both
B-cell and thymus-dependent areas. The pathomechanism under-
lying the marked depletion of lymphocytes is not well under-
stood. Working hypotheses suggest that the destruction
of lymphocytes may be due to the direct cytotoxic effect
of the HC virus or that it may be caused by enhanced release

of glucocorticosteroids from the hyperplastic adrenal cor-
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tex.

During the course of acute CSF multiple defects of
haemostasis develop; considerable progress was made in
the understanding of the pathogenesis of disseminated intra-
vascular coagulation. However, it is not yet fully under-
stood whether the diffuse activation of the blood coagula-
tion system is caused by release of procoagulant substances
from cells in lymphoid tissues, endothelial cells in vessels
or epithelial cells of the gastro-intestinal tract following
damage by the HC virus. The important consequence of massive
activation of the coagulation system is the consumption
of platelets and certain coagulation factors resulting
in disseminated intravascular coagulation and petechial
haemorrhage. Thrombocytopenia appears to be an essential
factor in the pathogenesis of haemorrhagic diathesis in
CSF. Since marked thrombocytopenia occurs early after infec-
tion, it cannot be explained by consumption of clotting
factors during disseminated intravascular coagulation.
Sequential experimental studies have provided evidence
that the HC virus causes damage to circulating platelets
beginning two days post infection. But destruction of mega-
karyocytes in the bone marrow has also becen dcmonstrated
as an important pathogenetic factor.

Transplacental infection o0f the developing foetus
with the HC virus may result in prenatal death, anasarca,
ascites, a large spectrum of malformations, congenital
tremor, and death of the neonate shortly after birth or
later in 1life. It is reasonably clear that these foetal
and neonatal abnormalities are either due to natural ex-
posure of the dam to the HC virus or vaccination with atten-
uated life virus during pregnancy.

Considerable effort has been put into the elucidation
of the pathogenesis of congenital persistent HC virus infec-
tion. Obviously, the stage of gestation at which the wvirus
reaches the foetus 1is an important pathogenetic factor,
but the wvirulence of the causative HC virus strain may

be equally important. Data derived from experimental HC
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virus infections of pregnant sows indicate that the foetus
is to be infected before day 65 of gestation in order to
induce persistent infection. Several pathogenetic pathways
have been considered, including the possibility that the
HC virus may, by infecting and destroying lymphoid cells,
induce defects in immunological functions, that is long-
lasting immunological tolerance in the developing foetus.
An other pathomechanism may be that the virus eludes the
humoral and cellular immune response of the host; this
view is supported by the finding that cells infected with
the HC virus bear no or little viral antigen on the cellular
surface and thus may escape the immunological attack of

the immune system.
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CHARACTERISTICS OF THE VIRUS
V. MOENNIG

1. VIRION MORPHOLOGY
1.1. Filtration

In 1903 de Schweinitz and Dorset (1) described the serial
transmission of hog cholera (HC) using body fluids of diseased
pigs. The fluids had been filtrated through 'finest porcelain
filters', thus indicating that the causative agent of hog
cholera was a filtrable substance rather than the 'hog cholera
bacillus'. These first attempts to characterize hog cholera
virus (HCV) particles were followed by experiments using more
advanced filtration techniques, electron microscopy,
electrophoresis, and wultracentrifugation. Probably due to
technical difficulties early results were inconsistent. Table 1
summarizes the attempts to assess the size of HCV particles (2-
24). Kernkamp (2) calculated a size of smaller than 35 nm after
filtration of the virus through collodion membranes. An even
smaller size of 15-25 nm was determined by Pehl and Gralheer
(4). However, in more recent filtration studies (6, 9, 11)
particle sizes varied from approximately 29 nm to 50 nm. In
experiments by Kubin (9), e.g., pigs only seroconverted after
being inoculated with filtrates from membranes with a pore size
of 35-100 nm. Hantschel (17) calculated a size of 40%5 qnm
for HCV isolates from serum of experimentally infected pigs
using a method that correlates size with electrophoretic
mobility of virus particles in agar gels of 2-6%. Horzinek (7)
calculated a size of 28-39 nm by determining the sedimentation
coefficient of the virus.

B. Liess (ed.), Classical Swine Fever and Related Viral Infections. Copyright ©
1988. Martinus Nijhoff Publishing, Boston. All rights reserved.
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1.2. Electron microscopy

Early electron microscopic studies on HCV were hampered by
the fact that an efficient 'in vitro' propagation of the virus
was not possible. Investigations were confined to tissues and
serum samples from infected pigs, possibly contaminated
accidentally with viruses unrelated to the etiological agent of
HC. Reagan (3) and coworkers found 22-30 nm (mean 27 nm)
particles in serum of infected pigs. Ageev (5) detected
spherical particles with a diameter ranging from 20 to 44 nm on
the surface of erythrocytes and in the serum of pigs infected
with HCV. Early reports on HCV particles isolated from tissue
culture (25, 26) revealed sizes from 20 to 80 nm. However, it
was found later that the viral strains investigated were
contaminated with viruses other than HCV (27, 28). Later
investigations on purified HCV grown in tissue <culture
consistently revealed spherical, enveloped viral particles with
diameters between 37 and 67 nm (8, 11-16, 20, 21, 23).
Occasionally irregularly shaped protrusions (8) or projections
(13-15, 24) were found on the viral envelope. The latter
structures were shear-sensitive (14) and as a consequence they
were easily lost during the process of virus purification.
Similar projections, which were only loosely attached to the
virus surface have been found on several mammalian
oncornaviruses and they represented the major glycoprotein of
these viruses (29, 30). Whether the surface structures of HCV
represent the viral glycoprotein and whether this structure is
identical with the 'soluble antigen' produced in 1infected
organs and cells is not yet clear (14, 31). The mean thickness
of the envelope was calculated to be 6 nm (8). The envelope
surrounds a hexagonally shaped, electron dense 1inner core
structure. Measurements of core diameter have been shown by
some investigators to vary between 24-33 nm (8, 10, 15, 20, 21)
and by other investigators to range between 36-40 nm (14, 18).
The tadpole- or sac-like appearance of particles negatively
stained with potassium phosphotungstate (12-14) (PT) may
probably have been artefacts due to the staining procedures
with PT. The phenomenon has been observed with a number of
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enveloped viruses (H. Frank, personal communication). The
remarkable heterogeneity of particle size is attributed to the
viral envelope. Studies with rubella, equine arteritis and the
closely related bovine viral diarrhoea virus (BVDV) showed that
these other non-arbo togaviruses shared morphological features
with HCV (6, 20, 32).

Electronmicrographs of ultrathin-sections of HCV-infected
PK(15) <cells showed enveloped viral particles with a mean
diameter of 44 nm and a hexagonally shaped electron dense core
of 36 nm thus confirming the more recent observations made with
purified HCV particles (18). The majority of mature virus
particles was found in extracellular spaces near or closely
attached to the cellular membrane. First viral particles were
detected 10 hours after infection. Some virus was found in the
Golgi apparatus and in intracytoplasmic vesicles (18). In rare
instances Scherrer and coworkers (18) were able to demonstrate
that virus was released from cells by budding as observed with
other enveloped viruses. Electronmicroscopical studies on viral
pathogenesis revealed HCV particles with diameters between 40
and 53 nm in ultrathin sections of tonsillar epithelium and
lymphnodes (16, 19, 22).

2. PHYSICO-CHEMICAL PROPERTIES

Prerequisites for the efficient study of physicochemical
properties of a virus are the availability of 'in vitro!
propagation methods, assays for measuring infectivity and
effective procedures for concentration and purification of the
virus. In contrast to other togaviruses, e.g. alphaviruses, the
propagation and purification of HCV presented considerable
difficulties (33).

2.1. Nucleic acid

The use of halogenated pyrimidines and other chemicals
interfering with DNA synthesis were <classical methods to
determine the nucleic acid composition of unclassified viruses.
Kinetic studies of HCV replication in cell cultures treated
with halogenated deoxyuridine derivatives (6, 9, 34) or
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aminopterine (6) gave evidence that the virus had a RNA genome.
Later investigations showed that viral RNA was infectious (35),
as had been shown previously for the genome of BVDV (36). The
RNA sedimented at SZO,w‘ = 40-45 in linear 10-30% sucrose
gradients (37). Infectious BVDV RNA was shown to sediment at a
200w 38 in linear 10-30%
sucrose gradients (38). Whether these discrepancies in

slightly lower rate of about S

sedimentation behaviour reflect true differences in molecular
weight of viral RNAs or whether they can be attributed to
modifications of the methods used is not clear. Contrary to
other non-arbo togaviruses (39, 40) little else is known about
the structure and composition of HC viral RNA.

2.2. Inactivation

Attempts to «classify viruses involve treatment of the
virus with chemicals and enzymes and exposure to extreme pH
values and elevated temperature. Resulting inactivation
kinetics are characteristic for the virus and facilitate its
classification. Due to its lipoprotein envelope HCV was readily
inactivated by chloroform, ether and detergents like
deoxycholate, Nonidet P40 (NP 40) and saponin (6, 9, 34, 41).
The virus was also sensitive to the action of ultraviolet
radiation (9) and to a pH between 3 and 4 (34). As observed
with other togaviruses high pH values of about 9.0 stabilized
HCV, and the pH of 11 only partially inactivated the virus (9,
42). Storage of HCV at -30% ¢ did not affect its viability,
whereas temperatures above freezing influenced the survival of
the virus, depending on temperature, time of exposure and the
composition of the surrounding medium (6, 9). However, storage
for several weeks at refrigerator temperatures in tightly
sealed glass flasks appeared not to affect the infectivity of
HCV markedly (B. Liess, personal communication). A complete
inactivation was achieved within 10 minutes at 60° C (9).
Proteolytic enzymes like trypsin had a moderately inactivating
effect on HCV compared with trypsin sensitive non-enveloped
viruses like foot-and-mouth disease virus (6, 9).
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2.3. Density and sedimentation behaviour

Since the propagation of virus in cell culture only
yielded moderate or low titres and since the virion seemed to
be fragile and somewhat heterogeneous in size and composition,
purification presented - as mentioned above - ‘technical
difficulties. HCV 1is released from the cell with its lipid
envelope containing host cell components. Due to this structure
virions are labile and they vary in size, shape and density
depending on their environment. The heterogeneity of viral
particles was vreflected by a relatively wide range of
sedimentation coefficients (84-132, mean 108) as calculated by
Horzinek (7). A similar, unusually low sedimentation
coefficient (520,w > 90) was observed for BVDV (43), whereas
Laude (33) reported a sedimentation coefficient of SZO,w
150 for HCV. Unlike many other togaviruses HCVY does not band at
a closely defined density region in cesium chloride or sucrose
density gradients. There is rather a relatively broad density
range observed by wusing equilibrium centrifugation of HCV
(Table 2).

TABLE 2 Physical properties of the virus

Density Gradient SZO,w Author Ref.
Medium
1.15-1.20 CsCl Horzinek 1966 44
84-132 Horzinek 1967 7
1.14-1.20 CsCl Mayr et al. 1967 10
1.15-1.17 Sucrose Ritchie & Fernelius 1967 13
1.14-1.15 CsCl Cunliffe & Rebers 1968 45
1.15-1.16 CsCl1 Ushimi et al. 1968 15
1.14 Urografin Frost et al. 1977 21
1.16 Sucrose Frost et al. 1977 21
1.13 Sucrose 150 Laude 1977 33

CsCl - cesium chloride
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The average density of HCV in sucrose is lower than the
density observed after equilibrium centrifugation in cesium
chloride. Laude (33) reported that HCV which was harvested from
extracts of virus-infected cells banded in sucrose gradients
very close to membraneous material of cellular origin at
1.13 g/ml.

3. ISOLATION AND CULTIVATION
3.1. "In vivo' cultivation

For many years the serial passage of HCV in pigs was the
only efficient and reliable method of virus propagation. Thus
viral strains retained their immunological and pathogenic
properties. Adaptation of viruses to other than their natural
hosts often resulted in a change of pathogenicity and thereby
led to adequate sources of vaccine viruses. Successful attempts
to adapt HCV to other animal species were first performed using
ruminants. Jacotot (46) transmitted the virus to goats and
Zichis (47) used sheep and calves for his experiments. In Japan
the transmission of HCV to goats was repeated (48) and the
virus was passaged for 209 times. Thereafter the adapted virus
was used for the infection of pigs. The experimentally infected
animals developed HC with no apparent change of pathogenicity
compared to the original virus, except for a prolongation of
the disease for a few days (49). More transmission experiments
showed that the 'in vivo' host spectrum of HCV also included
peccaries, deer and rabbits. It was noted that experimentally
infected animals other than pigs did not transmit the virus
naturally to penmates of the same species or to susceptible
pigs. Other animal species tested like wild mice, cottontail
rabbits, rats, racoons, sparrows and pigeons did not support
the propagation of the virus (50). Among all heterologous hosts
only the rabbit gained major importance, especially for the
production of attenuated vaccine strains. For several mammalian
viruses, among them poliomyelitis, dengue and rinderpest
viruses (51-53), rabbits had proven to be suitable for virus
adaptation. After initial difficulties it became possible to
cultivate HCV in rabbits by first using alternate passages in
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rabbits and pigs. Thereafter the virus was passaged only in
rabbits (54, 55). The only clinical sign produced by HCV
infection in rabbits was a short febrile period on the third
day after inoculation. At that time most organs, especially
spleen and peripheral blood contained substantial amounts of
infectious virus (56). Whereas first viral passages in rabbits
hardly resulted in any loss of pathogenicity for pigs, high
passage levels altered HCV in a way that allowed the widespread
use of lapinized virus as a live vaccine (56-58). An
alternative method for the attenuation of virulent virus
included first passages in chick embryos and chick embryo cells
before transmission to rabbits (59). To date a number of
lapinized HCV strains of different origins, including the
widely used China (C) strain, are used for vaccine purposes. It
was noted however, that in spite of their attenuation, some
lapinized virus might have a residual pathogenicity for
pregnant sows by causing malformations and fetal death (60).
The 'in vivo' host range of HCV is summarized in Table 3.

TABLE 3 'In vivo' host range of the virus

Host Animal Author Ref.
Goat Jacotot 46
Hashiguchi & Hika 1942 48
Sheep Zichis 1939 47
Calf Zichis 1939 47
Rabbit Baker 1946 54
Koprowski et al. 1946 55
Peccaries Loan & Storm 1968 50
Deer Loan & Storm 1968 50

3.2. Cultivation in tissues and primary cells

Due to the tedious and expensive procedures involved with
the 'in vivo' multiplication of HCV, relatively early attempts
were made to propagate the virus ‘'in vitro'. Hecke (61)
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succeeded in cultivating HCV in several organ explants like
plexus chorioideus, lymphnode, bone marrow and spleen. Further
attempts for 'in vitro' cultivations were mainly focused on the
use of blood cells from spleen (62, 63), bone marrow (64) and
cells from the peripheral blood (65-68). Ten Broeck (69)
successfully wused minced testicle for the in  vitro!
propagation of HCV. Virus titres obtained varied considerably
depending on the method of cultivation and the origin of the
cells.,

With the availability of primary cells from trypsinized
organs, studies were conducted to propagate HCV in monolayer
cell cultures. It soon became apparent that the virus
replicated in embryonal porcine cells (70-73). Although primary
kidney cell cultures of different species like guinea pig, fox
squirrel, rabbit, striped skunk and American badger supported
the growth of HCV (74), primary porcine kidney or testicle
cells were most commonly used for the propagation of HCV. The
“in vitro' host range of HCV even included dolphin, whale and
mink cells, when low passage cell lines of these animals were
used (74).

3.3. Cultivation in permanent cells

The '"in vitro' propagation of HCV soon shifted to the use
of permanent cell lines, which offered the advantage of better
reproducibility and a standardized virus replication. Initial
experiments involved the use of porcine kidney cells which had
been transformed by SV40 (75). A variety of permanent cell
lines was shown to be susceptible to the infection with HCV,
including cell lines from porcine, bovine, canine, primate and
guinea pig origin (74-76). Currently several permanent pig
kidney cell lines, especially the PK(15) cell are commonly used
in laboratories for the cultivation and 'in vitro' propagation
of HCV.

3.4. Use of cell culture in the production of vaccine virus

Hopes that the attenuation of HCV in cell cultures could
lead to the establishment of viral strains suitable for vaccine
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production did not materialize fully, and tissue culture
derived vaccines did not completely replace attenuated vaccines
produced in rabbits. It was reported in several publications
that HCV not only lost its pathogenicity (73, 77, 78) after
serial passages 'in vitro', but in some instances it also lost
its genuine antigenicity (65). The latter virus was poorly
antigenic and, used as a vaccine, failed to induce effective
protection in pigs against challenge with virulent HCV (65).
These effects are not generally described for all HCV strains
passaged in cell cultures. They probably depend on the virus
strains and the cell systems used. Rabbit cells (79), ovine
cells (59, 80, 81) and guinea pig kidney cells (76) are now
used for the production of commercial tissue culture derived
HCV vaccines.

3.5. The problem of viral contaminations

All in vivo' and "in wvitro' techniques for the
cultivation of HCV imply the risk of contamination with viruses
other than HCV. The use of non-permanent cell cultures bears a
considerable risk of contaminations with other viruses or
mycoplasma present in the donor organism. Contaminants, e.g.
passenger viruses had initially been the <cause for some
misleading reports on the properties of HCV (25, 26).

Generally HCV replicated in tissue culture without
producing a cytopathic effect and infection of cultured cells
had to be monitored by serological methods, e.g.
immunofluorescence rather than virus-induced morphological
alterations of cells. Only a few strains of HCV were proven to
be cytopathogenic (82, 84-86). Some reports on the
cytopathogenicity of HCV were questioned later and the
cytopathic effects were shown to be associated with
contaminating viruses like adenoviruses, parvoviruses or
cytopathogenic BVDV (27, 28, 83, 84, 87, 88). The use of
permanent cell lines reduced the risks of accidental uptake of
other viruses considerably although contaminations with
retroviruses, porcine parvoviruses (89) and other pestiviruses
namely BVDV still play an important role. Retroviruses were
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occasionally found 1in permanent porcine cell cultures when
ultrathin sections of <cells were examined -electronmicro-
scopically (90, 91). These viruses can be distinguished from
HCV according to their size in electron microscopic studies
(Gelderblom, personal communication). C-type particles may also
interfere with the purification of HCV since they band in the
same density region in sucrose gradients as HCV particles (92).
It is not yet <clear whether these viruses represented
endogenous C-type particles of pigs or whether they originated
from outside sources. No interference of C-type viruses with
the replication of other viruses, namely HCV, had been
reported.

Probably the most serious contamination of permanent cell
lines and viral strains which has been frequently observed is
caused by BVDV (93-95). Since BVDV is a widespread infection of
cattle and since it crosses the placenta of infected animals
(96), the common sources for these contaminations are infected
fetal and newborn calf sera (97) as well as primary bovine cell
cultures. The use of ovine sera and cells is not a suitable
alternative unless contamination with border disease virus, a
virus closely related to BVDV, 1is excluded. It is safe to
assume that the full extent of damage caused by occult BVDV
contaminations in permanent cells and HCV strains has not yet
been fully assessed. BVDV contaminations can only be avoided by
careful examination of cells and sera and the use of well
characterized and purified virus (98).

4. VIRAL STRAINS

No major antigenic differences have been observed among HC
viruses. However from early reports it became clear that there
were variants, which differed from standard viral strains in
both antigenic structure and pathogenicity. These wvariant
viruses were observed in the United States (99, 100) and other
countries (101, 102) especially during, but also after mass
immunizations of pig herds employing the method of sero-
vaccination formerly introduced by Dorset (103). Whether these
variants were the result of a natural variability of HCV or
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whether they emerged under the selective pressure of sero-
vaccination was subject to speculation (104). Such antigenic
differences among HC viruses can be detected by neutralization,
since neutralization by homologous antisera is more efficient
than neutralization by heterologous sera. Similar results were
obtained employing other serological methods, e.g. direct
immunofluorescence (105) using conjugates prepared from strain
specific antisera and applied to cell cultures infected with
one of these HCV strains (Ames and 331 respectively). Aynaud
and coworkers (104) distinguished two groups of HCV strains
which differed with respect to pathogenicity and serological
behaviour. The highly pathogenic Alfort strain, the attenuated
Thiverval (106) strain and the lapinized Chinese strain (56)
were considered reference strains for the first group of
viruses comprising the larger number of HC viral strains. The
prototype strain for the second group was the American 331
strain (107), which had been isolated from a pig herd with
endemic HC. The latter strain displayed a closer serological
relationship to BVDV than members of the first mentioned group
(108). A similar classification of HCV strains was proposed by
Japanese investigators (109). Pathogenic strains were included
in a group designated 'H' with the ALD strain as reference.
Strains of low pathogenicity and a close serological relation-
ship to BVDV were classified in group 'B'. In addition inter-
mediate types of HCV strains were described (110). Neukirch and
coworkers (111) questioned the validity of classifying HCV
strains. They demonstrated that antigenic differences between
the Alfort and the 331 strain were expressed in neutralization
tests by a difference of only two log2 steps. Furthermore
they were able to show that the BVDV strain Al138/69 was only
distantly related to both the Alfort and 331 strains.

Despite relatively minor antigenic variations among HC
viruses, a number of strains have been established. Origin and
history of these strains was more or less well documented. Some
of the more commonly used HCV strains are listed in Table 4. In
addition many strains and isolates exist, which are usaed in
diagnostic laboratories and for commercial purposes.
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TABLE 4 Some viral strains of hog cholera

Strain Country Authors Ref.
of Origin

Michigan A USA Dunne et al. 1952 112
Sprankle USA Dunne et al. 1957 65
Ames USA 113
PAV-1 USA Gillespie et al. 1960 86
ALD dJapan 73
Miyagi Japan Sato et al. 1964 73
Minchen-1 Germany Mayr & Mahnel 1964 25

Mayr et al. 1968 11
Alfort France Aynaud 1968 114
331 USA Mengeling & Packer 1969 107
Washington USA 17
Thiverval France Launais et al. 1972 106
Loud France Aynaud et al. 1974 104
Glentorf Germany Pittler et al. 1972 115
Eystrup Germany Liess and Schurian 1973 116
Hannover Germany 117
China China 56

5. SEROLOGICAL RELATIONSHIP TO OTHER PESTIVIRUSES
5.1. Immunoprecipitation with soluble antigens

Precipitating antibodies against HCV were detected in sera
of convalescent pigs by immunodiffusion (ID) tests wusing
antigen preparations from organs of animals infected with HCV
(118). The pancreas was the most suitable organ for the
extraction of diagnostic antigens. Darbyshire (119, 120)
established a similar 1ID test for the diagnosis of BVD
utilizing antigens from several organ extracts of animals
suspected of having the disease. When BVDV and HCV antigens
were applied to adjacent wells Darbyshire observed a single
continuous precipitation line between both antigens suggesting
that a very close serological relationship existed between both
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agents. Historically this finding has led to the formation of
the genus pestivirus within the family togaviridae (121). A
similar crossreaction with antisera against HCV was
demonstrated using a soluble antigen from supernatants of
tissue culture cells infected with BVDV (122, 123). Cells
infected with HCV yielded a comparable soluble antigen (31,
124) and a line of identity was observed when tissue culture
derived antigens of both viruses were reacted against a HCV
antiserum (125). The relationship between both viruses was
confirmed by later reports, although there was some disagree-
ment on its extent and the nature of crossreactive antigens.

The cell culture derived soluble antigens of BVDV and HCV
and the pancreas-derived antigen of HCV have been thoroughly
studied with respect to common antigenic determinants (126,
127). According to these reports three polypeptides, all
derived from a single protein and isolated from the pancreas of
HCV-infected pigs, crossreacted with the soluble antigen from
BVD-infected <cells. The soluble antigen from HCV-infected
tissue cultures also formed a line of identity with soluble
antigen of BVDV cultures (125), suggesting that the pancreas
antigen and the tissue culture derived soluble antigen were
identical. Based on its binding to the lectin concanavalin A
the common soluble pestivirus antigen was identified as a
glycoprotein with protective properties when wused as an
immunogen (128), suggesting that the antigen represented the
major viral glycoprotein on the surface of pestiviruses. The
above mentioned fact that surface projections on HCV readily
detach from the virion (14) strengthened this notion. Similar
observations have been made with retrovirus-infected cell
cultures, e.g. bovine leukemia virus, where the supernatant
contained large amounts of viral surface glycoproteins (129).
However, the finding that infectious HCV particles were readily
agglutinated by the lectin of the castor bean rather than
concanavalin A (130) was not in support of the above mentioned
hypothesis. Alternatively the soluble antigen could be one of
the nonstructural proteins produced during the replication of
pestiviruses (40).
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5.2. Complement fixation, immunofluorescence and monoclonal

antibodies

Further studies using the methods of complement fixation
and immunofluorescence (IF) confirmed the antigenic
relationship between BVDY and HCV. Using a direct IF test
Mengeling and coworkers (131) were able to demonstrate
serological crossreactions between both viruses. This
serological technique detects antibodies reacting with most
viral antigens, regardless of whether they are located on the
viral surface or whether they represent an internal component.
The soluble antigen of BVDV was shown to react in complement
fixation tests with antisera against HCV (132). Recently mono-
clonal antibodies against BVDV had been produced (133). Several
of these antibodies were specific for all BVDV and HCV strains
tested so far, suggesting that there are conserved epitopes
shared by both viruses. The location of the common antigenic
determinants on viral structural proteins is not yet clear.

5.3. Crossneutralization and crossinfection

The first report on a serological relationship between HCV
and BVDV initiated the search for crossneutralizing antibodies
and potentially crossprotective surface constituents in both
agents. However, early results were inconsistent and the
evidence is still not ~completely conclusive. Sheffy and
coworkers (134, 135) failed to induce neutralizing antibodies
against BVD in calves previously inoculated with HCV. These
animals were not protected against a challenge infection with
virulent BVDV. In analogous experiments it was not possible to
raise neutralizing antibodies to HCV in pigs that were
previously infected with BVDV. However, the latter animals were
protected to a limited degree to the challenge with virulent
HCV. The results of these experiments seemed to indicate that
antigenic homologies between BVDV and HCV were able to mediate
a heterologous 'one way' protection. In contrast to the above
described results Dinter (6) successfully demonstrated - partly
by using the same virus strains as Sheffy and coworkers (134) -
crossneutralizing antibodies against BVDV in sera of pigs which
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had been hyperimmunized with HCV. Moreover, in some instances
he found neutralizing antibodies against HCV in cattle with a
history of natural BVDV infection. Using rabbit hyperimmune
sera against both HCV and BVDV he confirmed the existence or
crossneutralizing antibodies against both viruses. Further
evidence for crossneutralization has been documented by other
authors (108, 136-139). Instead of the above mentioned 'one
way' protection some authors described an antigenic dominance
of BVDV over HCV (6, 107, 136). Other authors questioned this
kind of antigenic relationship between both viruses (111, 127,
140). A possible explanation for the discrepancies may be the
fact that crossneutralizing antibodies are demonstrable only
with a delay of few weeks after first detection of homologous
antibodies. Furthermore the <choice of virus strains for
immunization and testing and the titer of homologous viral
antibodies play important roles. The titer of crossneutralizing
antibodies is almost always considerably lower than the titer
against the homologous virus strain (140).

The above mentioned protective effect of BVDV inoculation
of pigs prior to challenge with HCV led to attempts to utilize
live BVDV experimentally or commercially as a heterotypic
vaccine against HC (117, 134, 141-144). However, some authors
failed to induce a reliable protection by administering BVDV as
a vaccine to pigs (136, 145-147).

Initial experiments for the establishment of
crossprotection against HC by immunization of pigs with BVDV
provided no information on a possible replication of BVDV in
pigs. From observations by Snowdon and French in Australia
(139) it became apparent that BVDV or a closely related agent
different from HCV naturally infects pigs. Field sera of pigs
routinely screened for antibodies against HCV often showed
titers against BVDV exceeding those against HCV. Further
evidence by Stewart and coworkers (148) proved that BVDV
readily infects pigs by natural routes, and that there is a
viremia during which virus can be reisolated from infected
animals. Antibodies against BVDV in pigs are widely distributed
and represent a major problem for the serological diagnosis of
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HCV infection (140). There is no evidence that HCV naturally
infects cattle although the latter can be infected
experimentally with a short-termed viremia after intranasal
inoculation (149).

The full extent of the relationship among pestiviruses can
only be evaluated by future investigations wusing monoclonal
antibodies and by comparison of nucleotide sequences of viral
genomes.
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MOLECULAR BIOLOGY OF THE VIRUS
P.-J. ENZMANN

1. INTRODUCTION

The integration of alphaviruses, Rubivirus, pestiviruses and
Arterivirus (1) into the common family Togaviridae seems to be justified in
many respects regarding the structure and the biochemical data on virus
replication. But on the other hand, if biological aspects of the virus
multiplication are reviewed, mainly transmission of the arbo-togaviruses
(alphaviruses) and their capacity to replicate in arthropods, the
nonarbo-togaviruses (Rubivirus, pestiviruses and Arterivirus) seem to build
up a separate grouping within the family. Nevertheless, similarities
predominate and the molecular events of Pestivirus replication will therefore
be described in the community of the togaviruses which is built up by all
members of the family. Molecular biology of the alphaviruses will be
described comprehensively because for the other genera only a few data
exist. Within the family Togaviridae, alphaviruses, Rubivirus and
pestiviruses are very similar for example in their composition of structural
proteins (described in detail later): mainly two membrane proteins exist
with molecular weights in the range of 42 to 63K and one nucleocapsid
protein in the range of 30 to 35K (2, 3). Since a great number of molecular
events during Alphavirus replication seem to be clear and similarities of
alphaviruses with pestiviruses are documented, the molecular biology of
alphaviruses will be described in detail. The known data for pestiviruses
will be mentioned separately. It seems to be justifiable to proceed in that
way since the replication strategy of both groups, arbo- and
nonarbo-togaviruses shows similarities. Recently it was demonstrated that in
rubella virus replication a subgenomic mRNA acts in synthesizing structural
proteins as it was established for arbo-togaviruses (4), and that the gene
order for the structural proteins of rubella virus is the same as for

alphaviruses (5).

B. Liess (ed.), Classical Swine Fever and Related Viral Infections. Copyright ©
1988. Martinus Nijhoff Publishing, Boston. All rights reserved.
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It is generally acknowledged that the work with pestiviruses is very
difficult and results are scarce. Nevertheless, it would be of interest to
push the activities with this important virus group, especially to use the
modern methods of molecular biology.

It has been attempted to make the references selective rather than
comprehensive, to cite review articles whenever possible, and to include

primary articles if necessary.

2. TAXONOMY

The term Togavirus was introduced for the group A and B arboviruses
in 1970 (6); later on it was formally approved as a family name (7).
Togaviruses were defined as follows (8): "Togaviruses are spherical,
40-70 nm in diameter, and consist of an isometric, probably icosahedral,
nucleocapsid, tightly surrounded by a lipoprotein envelope; the viral
membrane contains host cell lipid and one to three virus-specified
polypeptides, one or more of which are glycosylated. The nucleocapsid,
constructed from one nonglycosylated polypeptide, contains a single colinear
molecule of single-stranded RNA (molecular weight about 4x106), which is
infectious when extracted and assayed under appropriate conditions.
Togaviruses multiply in the cytoplasm and mature by budding".

Now the Togavirus family is composed of four approved genera:
Alphavirus, (formerly group A arboviruses) as well as Rubivirus,
Arterivirus and Pestivirus comprising the so-called nonarbo-togaviruses (9).
In the Pestivirus genus the viruses of bovine virus diarrhoea (BVDV), hog
cholera (HCV), and border disease (BDV) are hold together by similar
physicochemical characteristics. Serological cross-reactions occur within the
genus but not with other members of the family Togaviridae (10).

As it will be shown in detail later, the structural proteins and the

nucleic acids of pestiviruses are similar to those of alphaviruses.

3. MOLECULAR BIOLOGY OF THE TOGAVIRUSES

Most knowledge on the molecular biology of togaviruses has
accumulated within the Alphavirus genus, and only little is known about the
other genera. Therefore, the overview on this topic is given for
alphaviruses. Alphaviruses belong to the group of positive-strand RNA
viruses (plus stranded). This means that the virion RNA is able to function

as a messenger RNA and as a consequence, virion RNA is infectious.
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Initiation of infection is performed by translation of the parental genomic
RNA to produce the viral replicase and transcriptase enzymes. By this
enzyme complex minus-strand templates are transcribed and plus-strand
genomes are replicated, and in addition, plus-strand subgenomic mRNA's for

virion structural proteins are generated (11).

3.1 Processing and modification of viral mRNA's

Alphavirus mRNA's are polyadenylated (about 50-200 nucleotides long)
at their 3'-termini. The 3'-polyadenylation in mRNA can arise by
transcription of 5'-terminal polyuridylate sequences in complementary
negative strands or by posttranscriptional addition. Alphavirus mRNA's are
capped at the 5'-termini principally with the methylated cap 1 structure
m7G(5')ppp(5')NmNp (12, 13). Virus RNA of BVDV did not bind to
oligodeoxythymidylate cellulose, suggesting that it does not contain a
polyadenylate tail. The BVDV genome possesses a high degree of secondary

structure which leads to inefficient translation in vitro (14, 15).

3.2 Early events in virus replication

The first phase of Alphavirus replication is started by absorption of
the virus to susceptible cells which occurs within a few minutes. Absorption
of alphaviruses is highly specific in its salt requirement, in that maximal
binding occurs only in the presence of defined concentrations of monovalent
cations. The presence of divalent cations in the medium appears to inhibit
virus attachment (16). But absorption is more than a nonspecific
electrostatic interaction between negatively and positively charged groups
on the virus and cell surfaces. This highly specific process is mediated
through the recognition of receptors on the cell membrane by defined
regions of the viral glycoproteins. The number of receptors has been
determined for alphaviruses in chick and BHK cells to be about 105 per cell
(17). The nature of the receptor is still unknown. Different lipids have
been suggested by several investigators (for a review see 17, 18). The
data on the mode of host cell entry for alphaviruses are controversial. The
findings of Helenius et al. (19) and Fan and Sefton (20) support the view
that adsorptive endocytosis is the way to enter the cell. On the other hand
fusion of the viral membrane with the cell plasmalemma (21) or pinocytosis

(22) may be the initial event in virus penetration.



84

3.3 Viral protein synthesis

When the alphaviral genome is uncoated, about two-thirds of it,
starting from the 5'-terminus, is translated into one large protein which is
cleaved into four proteins with molecular weights of about 86K, 72K, 70K
and 60K some or all of which form the Alphavirus RNA polymerase. This
enzyme is necessary to transcribe the viral genome into minus-strands
which act as templates for genome and 26S-RNA synthesis, a mechanism
which is described in detail later. Protein produced from the nonstructural
segment of the genome is also required for formation of the subgenomic 268
RNA. Both RNA types act as mRNA for further protein synthesis.
Translation of 42S RNA does not produce structural proteins. Thus, in
common with other eucaryotic polycistronic mRNA's, the internal site for the
initiation of synthesis of structural proteins is not functional in 425 RNA.
Therefore, translation of 42S RNA terminates in the region of RNA prior to
the structural protein RNA sequences. The 26S RNA represents the
3'-terminal one-third of the genome RNA molecule and codes as a
peolycistronic messenger for the structural proteins which are translated in
the form of a 130K precursor protein. The gene sequence of
5'-C~-PE2-5K-E1-3' on the 265 RNA has been firmly established. C is the
capsid protein, PE2 is a precursor for the envelope proteins E2 and E3 (E3
is not found in the virions of all viruses), 5K is a further peptide with a
molecular weight between 4.5 and 6K; it does not appear in the virion.

The capsid protein C is the first protein synthesized by the 26S RNA.
Soon after completion of its synthesis, it is cleaved from the polyprotein
(precursor). This cleavage seems to be catalyzed by the capsid protein
itself (23). C-protein associates rapidly with the viral RNA to form
nucleocapsids. The remaining structural proteins are two (3 in Semliki
Forest virus) membrane glycoproteins which traverse the lipid bilayer by
short stretches found at or near the C-terminus of the proteins (24, 25).
The cleavage between the envelope proteins PE2 and El takes place at the
time when most of the polyprotein has been translated. The first product is
PE2, the precursor of E2 and then follows El. This processing takes place
after anchorage of the precursor in the endoplasmatic reticulum. For
generation of PE2 and El two proteolytic cleavages on the large precursor
are necessary. A short peptide with a molecular weight of 4.5K to 6K,
depending on the virus strain, is cut out between PE2 and El1, the function

of which is not yet clear. Generation of E2 and E3 from PE2 seems to take
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place as a morphogenetic cleavage during budding of the viral particle. It
depends on the virus strain whether E3 is incorporated as integral part of
the virion (Semliki Forest virus) or it is shed into the medium (Sindbis).

For effective cleavage of Alphavirus polyproteins at least two proteases
are necessary, a virus-coded activity present on the capsid protein which
acts autocatalytically and one or possibly two cellular proteases. In an
excellent review by Strauss and Strauss (11) the processes for generation
of structural proteins are described.

In the Pestivirus system there is no indication on the existance of a
subgenomic mRNA. Upon disruption of its secondary structure BVDV-RNA
programs 'in vitro' the synthesis of several polypeptides of 50K to 150K, all
of which were immunoprecipitated by specific antiserum. Therefore,
BVD-virion-RNA seems to serve as the message for all viral proteins, both
structural and nonstructural, which will be synthesized as precursors with

concomitant cleavage (14).

3.4 Viral RNA synthesis

After uncoating of the infecting Alphavirus, the incoming RNA serves

as the initial messenger molecule to form nonstructural polypeptides, some
or all of which are components of the virus-specified RNA-dependent RNA
polymerase. Replication and transcription of viral RNA involves an initiation
process followed by an elongation phase. It was postulated by Strauss and
Strauss (11) that four activities are involved 1in replication and
transcription of Alphavirus RNA: an elongation enzyme which synthesizes
the RNA chain once initiated, and three initiation activities which initiate
minus-strands, plus strands, and the subgenomic mRNA. These activities
could reside in the four different polypeptide chains which are synthesized
in the first biochemical process. This hypothesis is supported by the fact
that, in the case of Sindbis virus, four complementation groups are
required for normal RNA synthesis after infection with temperature-sensitive
mutants (26). The genes for viral RNA replicase (nonstructural functions)
are encoded near the 5'end and require about two thirds of the viral RNA
(428 RNA). The genes for the viral structural proteins reside in the
3'-terminal one-third of the molecule. There is no evidence for early
translation of the structural gene products.

After translation of the RNA replicase the incoming 428 RNA is

transcribed by this enzyme as an early function in infection. Apparently,
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the minus-strand replicase recognizes a structure in the genomic RNA and
then starts minus-strand RNA synthesis (27). This species of RNA is not
found free in the infected cell but it is rather tightly associated with the
RNA-synthesizing apparatus where it functions as template for plus strand
synthesis. This apparatus is a multistranded complex consisting of a 428
negative-strand RNA and several nascent plus strands of varying length.
During the whole replication cycle only this type of negative-strand RNA
appears. It contains a 5'-terminal tract of poly(U) complementary to the
3'-terminal poly (A) tract in 42S virion RNA. The maximum rate of
synthesis of negative-strand RNA is reached at about 150 minutes after
infection, declining rapidly thereafter. The rate of synthesis of positive 428
RNA increases exponentially up to 3 hours after infection, remaining
constant thereafter up to 6-7 hours. Regulation of minus-strand synthesis
seems to be a viral function but the nature of this process is still unclear.
It is possible that plus stranded RNA once synthesized is readily used as
mRNA for protein synthesis or for nucleocapsid formation. Therefore, only
a very limited amount of plus strands are used for transcription. Synthesis
of plus stranded 428 RNA is paralleled by synthesis of 26S RNA, a
subgenomic mRNA which codes for the structural proteins. As mentioned
above, the 26S RNA represents the 3'-terminal one-third of the genome.
This type of RNA is transcribed directly from 428 negative-stranded RNA,
therefore, there must be a special replicase recognizing an internal
initiation signal on the 428 RNA (reviewed by Kennedy (28)), or the
function of a special protein (reviewed by Kéédridinen and Soéderlund (18)).
Nevertheless, regulation of 26S RNA is a viral function. It is an efficient
mechanism of reiteration of a portion of the viral genome and allows excess
synthesis of the viral structural proteins independently of the synthesis of

the nonstructural proteins by the 42S RNA molecule.

3.5 Assembly of the nucleocapsid

Papers reviewing the assembly of Alphavirus nucleocapsid have been
published recently (11, 29-31).

The capsid protein of alphaviruses is the first protein to be translated
from the subgenomic 26S RNA which functions as a polycistronic mRNA for
all structural proteins. Cleavage of the capsid protein from the nascent
precursor appears to be a process catalyzed by the C-protein itself

(reviewed by Schlesinger and Kaéaridinen (23)). Newly synthesized
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C-protein associates immediately with 42S RNA to form nucleocapsids in the
cytoplasm. Major interactions during nucleocapsid assembly seem to take
place between protein and RNA rather than between the protein molecules,
since neither empty nucleocapsids nor capsid protein aggregates without
nucleic acid are formed during infection. Alphavirus RNA is therefore an
integral part of the nucleocapsid structure, a fact which is also indicated
by the sensitivity of the nucleocapsid towards treatments with RNase and
low concentrations of SDS (32).

How the actual packaging of viral RNA into the nucleocapsid proceeds
is proposed by Strauss and Strauss (11): There is a conserved sequence of
51 nucleotides within the genome of alphaviruses, located near the
5'-terminus of the RNA which forms a stable hairpin structure. One or both
of these loops may be a binding site for C-protein which then acts as a
nucleation site for encapsidation. If the C-protein is present, this process
is favoured above binding of the same structure to minus-strand replicase.
Therefore, minus-strand synthesis would be regulated by nucleocapsid
formation. On the other hand, this theory might explain, why 26S RNA is
never encapsidated; it represents only the 3'-terminal one-third of the
genome and the double hairpin structure is situated near the 5'-terminus.

Nucleocapsids accumulate in the cytoplasm and migrate to the

cytoplasmic side of the host cell membranes to get enveloped.

3.6 Formation of viral envelope

In the Alphavirus system next to the C-protein a precursor of E2
protein, called PE2 is translated from the 26S RNA, followed by El. In
contrast to C-protein which is needed freely in the cytoplasm for assembly
of nucleocapsids, the envelope proteins have to be inserted into the
membranes of the endoplasmatic reticulum for normal processing which
includes glycosylation and transport. Removal of the capsid protein from the
nascent precursor polyprotein allows a signal sequence of about 19 residues
at the N-terminus to function and results in the integration of precursor
PE2 in the endoplasmatic reticulum with concomitant glycosylation (11). A
second signal sequence with about 5K is situated between PE2 and El. After
completion of PE2 this signal sequence is integrated into the endoplasmatic
reticulum giving thereby the signal that a membrane protein (El) is
translated. Removal of this signal sequence, which separates PE2 from El

requires two proteolytic cleavages. Glycosylation of El1 occurs on the
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nascent protein-chain. The glycoproteins once synthesized and inserted into
the endoplasmatic reticulum, migrate to the plasma membrane by way of the
Golgi apparatus. The cleavage of PE2 to form E2 and E3 has been
postulated to occur in the Golgi vesicles (33, 34). But there remains
another way to process PE2. Cleavage of PE2 can be prevented by
antiserum against E1 (35, 36), and antigenicity of PE2 is changed during
maturation (37, 38). Cleavage of PE2 occurs only partially in infected
mosquito cells treated with actinomycin D (39). The only other circumstance
in which cleavage of PE2 occurs in the absence of virus maturation is when
infected cells are placed in media of low ionic strength (40). Therefore
processing of PE2 may be interpreted as a morphogenetic process including
a reorganization of the glycoprotein which takes place after budding is

initiated by the underlaying nucleocapsid.

3.7 Budding process

The final step in virus maturation is the coating of the nucleocapsid
with the viral envelope at the plasma membrane of the infected host cell.
The viral glycoproteins are synthesized and transported using the normal
cellular mechanisms for these processes (reviewed by Compans and Klenk
(41)). Virus capsids attach themselves to the inner surface of the cell
membrane after modification of that membrane by insertion of the virus
specific glycoproteins and exclusion of host proteins. This final stage in the
virus assembly involves a specific interaction between the nucleocapsid and
the modified cell membranes in that capsid proteins bind to the cytoplasmic
domains of transmembranous glycoproteins. From the equimolar ratio of
glycoproteins and nucleocapsid proteins in the mature virions it is
suggested, that each glycoprotein subunit interacts with a single capsid
protein. As this association is repeated, the plasma membrane is wrapped
around the nucleocapsid. From biochemical studies this process seems to be
only driven by the sequential interactions of transmembranous glycoproteins
E2 and El with capsid proteins (reviewed by Garoff et al. (31); Strauss
and Strauss (17)). Authors who favour this view of events assume that PE2
is cleaved to E2 prior to these events during transport in Golgi vesicles.
Another school of thought holds that reorganization of at least PE2 in the
cell membrane, which at this point is not yet cleaved, is a further step
necessary for budding (reviewed by Brown (30)). Mainly based on electron

microscopic observations it was suggested that after the first contact of a
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capsid protein with PE2, conformational changes occur onr PE2 which allow
cleavage to take place. In this case energy necessary to drive the budding
process to completion comes from both processes, binding and conformational
changes. Evidence for conformational changes comes alsc from immunological
studies using antibodies against viral envelope proteins (36-38, 42, 43).
The transitions in membrane morphology during budding suggest that
processing of PE2 to E2 is a morphogenetic cleavage induced by binding of
nucleocapsids to the membrane.

There is obviously a contrast in formation of pestiviruses. In a recent
study Mahnel (44) described the development of viral particles which takes
place near the nucleus as well as in other regions of the cytoplasm,
especially in regions with enriched rough endoplasmatic reticulum and in
cisternae. Formation of virions by budding through intraplasmatic
membranes could not be found.

In the following sections pestiviral RNA's and proteins are described.

4. RIBONUCLEIC ACID CF PESTIVIRUSES

The viral genome consists of single-stranded RNA as it was assessed
by use of DNA inhibitors as well as by incorporation of [3H]uridine into
viral RNA, by ribonuclease treatment, or by sedimentation characteristics,
and by buoyant density determination. Furthermore, no inhibition of
Pestivirus multiplication has been noted in the presence of actinomycin D
(for reviews see Horzinek (8) and Brinton (45)). Infectivity of Pestivirus
RNA has been demonstrated for BVDV by Diderholm and Dinter (46), and
by Moennig (47), for HCV by Zeegers and Horzinek (48), and by Frenzel
and Meyer (49). HCV RNA sedimented at 40-45S in a sucrose gradient, and
a molecular weight of 4x106 was established for this RNA after
electrophoresis in polyacrylamide agarose gels (50). A RNAse-resistant RNA
sedimenting at 20S was isolated from infected cells (49). Based on the
sedimentation coefficient of 37-40S, the molecular weight of BVDV RNA has
been calculated to be approximately 3x106. Lowering of the salt molarity
resulted in a reduction in sedimentation coefficient, wherease Ca- und
Mg-ions increased the velocity of the molecules in sucrose gradients
indicating a secondary structure of the essentially single-stranded RNA (47,
51). Pritchett et al. (52) found three different viral RNA's in BVDV, a
major component with 38S and two minor components with 315 and 24S. At

present it is not known, whether these minor RNA species represent
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possibly subgenomic RNA's or only degradation products. Because of
reasons which are shown in the chapter "molecular biology" it may be
concluded, that these minor RNA's don't represent a subgenomic RNA since
in the Alphavirus system 26S RNA is never incorporated into the virion.
Several other reports on size determination of pestiviral RNA are reviewed
by Horzinek (8) and Brinton (45).

Table 1 Overview on parameters of Pestivirus RNA

Virus Sedimentation- Molecular- Infectivity References

Coefficient weight found

HCV 40~-45S 4x106 ——— Enzmann and Rehberg (50)

—— ——— infectious Zeegers and Horzinek (48)

428 -——- infectious  Frenzel and Meyer (49)
BVDV  -——- ———— infectious Diderholm and Dinter (46)
27-38S 3.01»(106 infectious Moennig (47)
38s 3.2x106 —— Pritchett et al. (52)
31s 2.09)(106 ——— Pritchett et al. (52)
24S 1.27x106 -——= Pritchett et al. (52)
33 2.9x106 ———— Purchio et al. (15)

5. STRUCTURAL PROTEINS OF PESTIVIRUSES

The proteins of HCV have been analyzed by polyacrylamide gel
electrophoresis (3, 53). Gradient purified HC virions grown in PK(-15) cells
and labelled with [3SS]methionine contained 3 main species of virus-specific
proteins with molecular weights of 54-56K, 45-47K, and- 35-37K. By labelling
concentrated and purified HCV with sodium [3H]borohydride, it was shown
that the two larger polypeptides are glycoproteins located on the surface.
The viral origin of these polypeptides was demonstrated by radioimmune
precipitation. In analogy to Alphavirus proteins HCV polypeptides were
named El(gp55), E2(gp46), and C(p36) (8). Electron microscopic and
sedimentation data indicated that HCV envelope is very fragile, since E2 is
lost during excessive purification of the virion (unpublished data). In
addition, E2 is the predominant virion protein in cell-culture supernatant
from which HC virions had been removed by ultracentrifugation. By shifting
to a lower buffer osmolarity, it was shown, that the virus particles lost

their spikes; E2 could be demonstrated in the supernatant after this
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treatment; simultaneously, viral density was shifted to lower values (54).
From these data it can be concluded, that the viral spikes are built up from
E2 protein. Further interesting results on the structural proteins of HCV
were obtained by using an inhibitor of proteases (Trasylol), during virus
replication in cell culture. According to Korn (55), there is an accumulation
of proteases during virus replication in pig. In Table 2, the results of
experiments using the protease inhibitor in cell culture during virus
replication are summarized (unpublished results). In the presence of the
inhibitor the C protein of HCV was only present in small amounts but two
polypeptides with molecular weights of about 65K and above 90K were
dominant. These virus particles are not infectious. The processing of a
viral precursor protein seems to be inhibited by the drug. The mechanism
of virus formation under such conditions is not yet clear, since the C
protein would contribute to infectivity in this case. Polypeptides with
molecular weights above 55K were already described but were regarded as
uncleaved precursors (54). Nevertheless, these results need to be

discussed inconnection with BVDV proteins.

Table 2 Characteristics of HCV grown in the presence of a protease

inhibitor

90K 65K 55K 46K 36K Infectivity EM:particles
HCV (+) (+) + + + + +
HCV-I + + + + - - +

Legend: HCV-I, HCV grown in the presence of an protease inhibitor; +/-
indicates presence or absence of viral protein in the virion, or other

characteristics.

The structural proteins of BVDV were determined by several authors
with different results. The proteins may be distributed into two groups
with apparently low and high molecular weights. The first report was given
on three viral peptides (56). Later on four peptides were found (57):
93-110K, 70K, 50-59K, and 27K. In a further study (58) three isolated
peptides that were named gp 57, gp 44, and p 34, resembled those of HCV.
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Further data (59, 60) together with a summary are given in Table 3. The
problem was also reexamined by Akkina (61) and Purchio et al. (14) who
found values which may be a link between the other widely diverging
results that means between the two groups of low and high molecular

weight. The data were confirmed on three proteins with low molecular

Table 3 Molecular weights of structural proteins of BVDV

Pritchett and Zee (57) 93-110%* 70 50-59 27
Matthaeus (58) g57 g44d 34

Akkina (61) 115 80 g54 g45 35

Coria et al. (59) g75 g66 g54 26
K&rsnas (60) 140 g75 60 g28
Purchio et al. (15) 115 80 g55 45 38
Enzmann, unpubl, 100 85 57 46 35

* x1.000

weights (58), as well as on high molecular weight peptides found by the
other authors (Table 3). Analogous to HCV, the peptides with molecular
weights above 57K were regarded as uncleaved precursors since they did
not appear regularly. Interestingly non-cytopathogenic strains of BVDV
were unable to process the high-molecular weight peptides (61). By
fractionation of polyribosomes from infected cells .into free and
membrane-bound polyribosomes, BVDV-specific polypeptides synthesized by
membrane-bound polyribosomes were never detected (14). The low-molecular
weight peptides 45K and 38K were only found in small amounts, and there
was no precursor-product relationship between the high-molecular weight
peptides and the 55K protein which, as a glycoprotein, is presumably
synthesized on membrane-bound polyribosomes. From these data it can be
concluded that the precursor of the 55K protein was not detected and that
the large molecular weight peptides may be uncleaved precursors of the
other structural polypeptides which were incorporated into the virion, as it
was also stated for HCV (54). In our studies HCV and BVDV polypeptides
were analyzed by radioimmune precipitation. In contrast to former reports
(62) that HCV antibodies failed to react with p34 of BVDV, all HCV and
BVDV peptides were precipitated by HCV antibodies and BVDV antibodies,
but with different reactivities. E2 of HCV was best precipitated by the
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heterologous serum. Since radioimmune precipitation is much more sensitive
than the analysis of immune complexes without radioactive label, the
presence of the BVDV C-protein in the precipitate was possibly unnoticed
in the former report (62). Reactivity of the high-molecular weight peptides
of HCV with antibodies depends on the source of immune serum. Sera from
reconvalescent pigs usually precipitated high-molecular weight peptides to a
higher degree than hyperimmune serum produced by inoculation of purified
virus by which low-molecular weight peptides were detected. As in the
BVDV system (61), an anti HCV serum produced by repeated injections of
purified virions into pigs exhibited a good reactivity with a high pathogenic
strain of HCV and gave only a poor reaction with a low pathogenic strain.
Here again reactivity of the virus with antibodies of different sources seems
to depend on the presence or absence of high- or low-molecular weight
peptides in the virion. The cleavability of the precursors in the infected
cells determines whether the antigen is well or only poorly recognized by
the antibodies.

The soluble antigen of BVDV appears early in infected cultures and is
liberated concomitantly with infectious virus. Various data were given for
the molecular weight of that protein ranging from 28K tc 82K in the BVDV-
as well as in the HCV system. Although there was no definite report on
that protein to be a structural constituent of the virion, it has been shown
that pigs could be protected against an otherwise fatal challenge infection
with HCV by immunization with soluble antigen prepared from BVDV
infected cell cultures (for a very detailed review on the soluble antigen see
(8)). From this aspect it may be concluded that the absence of this protein
from the virion is artefactual rather than real. Possibly it is a cleavage
product from a precursor or an uncleaved precursor itself. Both
possibilities are derived from the widely diverging data on the molecular
weights. In the pestivirus genus it seems to be a normal event, depending
on the virus strain used, that uncleaved precursors of the structural
proteins are incorporated into the virion. By this hypothesis, it would be

possible to explain the protective effect of the soluble antigen.

6. REPLICATION, STRAIN DIFFERENCES AND MUTANTS OF
PESTIVIRUSES
Kinetics of Pestivirus replication is strongly dependent on virus and

cell strains used. Studies on the replication of HCV were mostly performed



94

in PK(15) cells but also in other cell lines or primary cell cultures of
porcine tissues, such as spleen, kidney, testicle, and leucocytes obtained
from peripheral blood. Adsorption of the virus to the cell surface is slow.
First newly synthesized virus is found by fluorescent plaque assay 4 to 7
hours p.i. with an exponential growth up to about 15 hours p.i.
Thereafter, titers still tend to rise up to 50 hours p.i. resulting in
maximum values of 500 to 1000 PFU/cell (for reviews see Liess (63);
Eorzinek (8); Brinton (45)).

Characteristic growth curves obtained with different HCV strains at
various temperatures have been used as genetic markers of their virulence
for the pig (64).

Izawa et al. (65) isolated a cold mutant using a subline of pig kidney
cells persistently infected with HCV and kept at 28-29°C. This strain was
immunogenic for pigs without inducing clinical signs.

The data reviewed on the kinetics of BVDV growth in cell culture are
widely divergent (8). After a latent phase of 4 to 106 hours exponential
growth starts and stops at 12 to 24 hours p.i., then a plateau is reached.
Obviously conditions for virus adsorption or single growth curves are not
clearly defined. On the other hand a large number of BVDV-strains exist.
The duration of the latent phase also depends on the virus strain and the
cell culture system. However, cytopathogenicity doces not seem to be
correlated with the duration of the latent phase nor exponential growth

phase.

7. CONCLUSIONS

There rermain several questions to be solved in the HCV-BVDV system.
First of all the relationship of pestiviruses should be further elucidated not
only between the HCV group and the BVDV group, but also within these
groups. The picture emerges that there exists a gradient of HCV strains
from high to low virulence that is connected with a gradient of BVDV
strains (including BDV) from low to high virulence. This view comes from
virological and biochemical work, for example from neutralizatiorn studies
using several HCV strains but only one BVDV serum. To be complete,
neutralization tests using BVDV sera against low- and high- virulence virus
strains seem to be necessary. But this view comes also from precipitation
tests (described in the section "structural proteins of pestiviruses") which

indicated that sera from reconvalescent pigs precipitated uncleaved
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precursors of the wviral structural proteins to a higher degree than
hyperimmune sera produced by inoculation of purified virions. These
experiments need further expansion, in the HCV group as well as in the
BVDV group of pestiviruses. In addition, these experiments refer to
further unsolved questions in the BVDV-HCV system: The contribution of
uncleaved or partially uncleaved precursors of the structural proteins to
the structure of the virions must be solved for virulent and avirulent
strains of HCV and BVDV, perhaps the role of the soluble antigen and its
origin will also be elucidated. It would be of interest to combine the
knowledge on protein structure and on viral strains to discuss the
relationship which seems to exist on the basis of these different viral
characteristics. As it was already stated above it seems to be necessary to
push the activities with this important virus genus, especially to use the

modern methods of gene technology.
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DIAGNOSTIC PROCEDURES
E.A. CARBREY

1. INTRODUCTION

A tentative diagnosis of hog cholera (HC) may be made in
the field if a thorough history is obtained and clinical signs
and necropsy lesions are carefully observed (1, 2). In many
instances there have been recent additions to the herd, or
there is illness in herds in the neighborhood. With acute HC,
deaths occur, and usually there have been unexplained deaths in
advance of the outbreak. The recent use of HC vaccines or the
feeding of wuncooked garbage may be important points in the
history (3).

Rectal temperatures should be taken and total leucocyte
counts performed on at least six pigs. A marked leucopenia is
associated with the initial rise in body temperature in acute
HC infection. The leucopenia persists until death or recovery
and is found in chronic HC infection as well. The pigs with the
lowest total white blood cell counts should be selected for
specimen collection regardless of the severity of <clinical
signs present (4). In addition, recently dead or moribund pigs
should be necropsied, examined for the lesions of HC, and
specimens collected. The tonsils, mandibular lymph nodes and
spleen should be submitted to the laboratory for virus
detection. Tonsil biopsies may be obtained from the pigs when
the herd owner is reluctant to provide additional candidates
for necropsy. A blood sample may be taken at the same time for
serum antibody tests while the pig is restrained for the tonsil
biopsy.

It is important to consider the differential diagnosis of
other diseases and collect specimens as appropriate. African
swine fever should always be considered and is quite difficult

B. Liess (ed.), Classical Swine Fever and Related Viral Infections. Copyright ©
1988. Martinus Nijhoff Publishing, Boston. All rights reserved.
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to differentiate from HC on the basis of clinical signs and
lesions. Salmonellosis produces lesions, especially petechial
and ecchymotic hemorrhages, that may be mistaken for those of
HC. Erysipelas, pasteurellosis, transmissible gastroenteritis,
pseudorabies, and acute salt poisoning must also be considered.

The clinical signs and lesions will be less severe when the
infecting strain of HC virus (HCV) is of reduced virulence. In
some cases modified live virus vaccines have spread to baby
pigs and caused losses while the older pigs remained healthy.
However, when HC has been enzootic in a country for many years,
low-virulence strains will be present and will cause baby pig
losses, abortions, stillbirths, and fetal abnormalities and the
disease will remain undiagnosed unless laboratory studies are
conducted.

2. LABORATORY DIAGNOSIS
2.1. Viral antigen detection in tissue sections

The first application of the fluorescent antibody tissue
section test (FATST) was made to detect HC viral antigens in
the infected tissues of malformed embryos and fetuses (5).
However, it was quickly accepted as a rapid and wuseful
technique for the laboratory confirmation of HC. The same
workers reported on an impression smear technique for the
detection of HC antigen with fluorescent antibody conjugate
using mandibular and parotid lymph nodes, salivary glands,
spleen, kidney and lung (6).

Sections for the FATST were cut at 4 pm, and complement was
added to the conjugate to enhance the wunion of antigen and
antibody. HC antigens were detected in tissues from infected
pigs three to ten days after exposure. Viral antigen was
detected in brain, spleen, kidney, lymph nodes, salivary
glands, and lung. However, spleen and lymph nodes were
consistently positive in all infected pigs.

The FATST was standardized by a committee of the American
Association of Veterinary Laboratory Diagnosticians and used
extensively in the HC eradication program in the United States
(7). Workers in other countries also found the FATST to be a
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rapid and accurate procedure for detecting HC viral antigen in
tissues (8, 9, 10).

Only three major pieces of laboratory equipment are
required for the FATST: microtome cryostat, incubator, and
fluorescence microscope. With the aid of a small truck or large
station wagon, the basic equipment can be moved to a field
location and a temporary laboratory can be set up. The ideal
specimen for the FATST is the tonsil, however, spleen and
mandibular lymph nodes should also be taken at necropsy. A
small biopsy of tonsil suitable for the FATST may be taken
using a human rectal biopsy forceps (11). Pigs have flat-ended
areas of tonsillar tissue located on each side of the posterio-
dorsal part of the oral cavity. Using a speculum to force open
the mouth, the forceps are inserted along the hard palate and
onto the soft palate a little to either side of the midline.
The forceps are opened and the jaws are pushed into the tonsil
and closed. The instrument is removed, the jaws are opened, and
the biopsy is teased from the forceps with a needle to avoid
macerating the tissue fragment. It should be examined for the
pores of the tonsil crypts to confirm that tonsillar tissue was
otained. Tissues, including the biopsy, may be sent to the
laboratory refrigerated or frozen.

An alternative method for <collecting tonsillar material
from a live pig has been desribed using a specially designed
instrument (12). Equipped with a battery as a power source, a
light for observation and a rotary blade were used to slice off
sufficient tonsillar tissue to prepare a smear for fluorescent
antibody staining.

In performing the FATST in the laboratory, blocks of tissue
10 mm square by 3 mm thick are cut and frozen on microtome
chucks with water or preferably special solutions such as OCT
Compound. Biopsy specimens are mounted intact. Tissue sections
8 pm thick are cut, mounted on glass slides, fixed with acetone
for 10 minutes and dried. The slides are covered with HC
fluorescent-antibody conjugate and incubated in a moist chamber
at 37°C for 30 minutes (13, 14). For control purposes,
additional sections may be stained with a mixture of normal



102

{(HC-negative) serum and HC conjugate for comparison. Another
useful control is to stain duplicate sections with a conjugate
prepared from serum obtained from a specific pathogen-free pig.

After staining, the conjugate is decanted from the slides,
the sections are rinsed with phosphate-buffered saline pH 7.2-
7.4 (PBS), and coverslips are applied with buffered glycerine
(equal parts glycerine and PBS). Upon examination with a
fluorescence microscope, the cytoplasm of cells infected with
HCV stains bright green while the nuclei do not stain.
Uninfected cells are dark green or brown but, if necrotic, may
take up conjugate non-specifically. This may be checked by
viewing the necrotic cells with incandescent light. These cells
and other debris will wusually stand out from the background
when viewed with incandescent 1light while infected cells that
have wviral antigen combined with <conjugate will drop in
background. Usually, infected cells are found in clusters or
lining a tonsillar crypt, but occasionally the whole section
will fluoresce. In this case, a careful comparison with control
slides should be made. The specific viral fluorescence is most
easily confirmed in the epithelial cells of the tonsillar
crypts. Fluorescence in the germinal centers may be due to the
uptake of stain by macrophages. Occasionally tonsils from
healthy pigs will have a germinal center fluorescence that
appears to be genuine. In such cases, additional sections
should be <cut until specific fluorescence 1is observed in
epithelial cells before calling the case positive. It is also a
rule in our laboratory never to make a diagnosis of HC if the
spleen is the only tissue found positive.

The use of tonsil biopsies has been an effective way of
detecting HCV infection in herds where owners are uncooperative
and conceal pig losses (11). By collecting tonsil biopsies from
20 to 30 pigs in a suspect herd, it is possible to confirm HC
infection and justify depopulation.

2.2. Virus isolation in cell culture
Although it was well established by many workers that HCV
will replicate in porcine cell cultures, the failure of the
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virus to produce a cytopathogenic effect limited the use of
cell cultures for laboratory confirmation (15). Cytopathogenic
strains of HCV have been reported but are exceptions to the
rule (16). The cytopathogenic virus was useful for titrating
neutralizing antibody, but it was difficult to maintain in
sufficient titer for routine 1testing. The application of
immunofluorescence to detect viral antigen in infected cells
provided a rapid and convenient diagnostic and assay method for
HCV (17). Viral antigen is detected only in the cytoplasm of
the infected cells and may be observed as early as six to eight
hours after inoculation (Fig. 1). Attenuated strains as well as
virulent strains propagate in porcine cell cultures. However,
rabbit passage strains may replicate more slowly.

FIGURE 1. HC virus (strain Alfort) replication in PK(15) cell
culture 6-8 hours post-cultural inoculation (courtesy Liess,
Hannover Veterinary School).
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A suspension of spleen, tonsils, or lymph node tissue
prepared in cell culture medium 1is inoculated into coverslip
cell cultures. Heparinized blood may also be used, but it is a
less consistent source of virus. The PK(15) (pig kidney) cell
line has been used extensively, but primary embryonic swine
kidney cells or other pig cell lines may be used.

After incubation at 37°C for one hour, the cultures are
washed, the medium is replaced and the cultures are placed at
379C. After incubation overnight, the coverslips are removed,
fixed with acetone and stained with conjugate. Using
fluorescence microscopy, HCV-infected cells are readily
detected by their bright green color in contrast to the darker
green or brown of the uninfected cells in the cell sheet.
Duplicate cultures should be maintained at 37°C for an
additional day to confirm negative findings or to verify a
small number of fluorescing cells detected on the first day.
The few fluorescing cells observed initially will become
clusters of positive cells by the second day of incubation
(Fig. 2).

Control cultures, both inoculated and uninoculated, must be
stained and observed to make certain that the cell cultures
used are susceptible and have not become adventitiously
contaminated with bovine viral diarrhea virus (BVDV). In the
author's experience, the PK(15) <cell line will, without
warning, suddenly lose its susceptibility to HCvV. If the cell
cultures are transferred a few times, usually susceptibility
will be regained. It is more convenient to start a new set of
cultures from frozen stocks.

The serum used as enrichment in the propagation of the cell
cultures must be free of antibodies against BVDV or there will
be interference with the isolation of HCV. If bovine fetal
serum is used, there is the risk that BVDV contamination may
occur from intrauterine infection of the donor calf. The use of
BVDV contaminated serum will vresult in a false positive
confirmation of HCV since the HC conjugate will stain BVD
infected cells. It is standard practice in our laboratory to
culture each lot of BVD antibody-negative bovine fetal serum
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and have the virus-negative lots exposed to 2.5 to 3.5 megarads
of gamma radiation to destroy any undetected BVDV.

In addition to contamination problems with BVDV, one must
recognize that pigs may be naturally infected with BVDV (18).
Specimen tissues from BVDV infected pigs will be positive on
FATST and by cell culture using HC conjugate. Differential
examination using bovine cell cultures and BVD conjugate may be
helpful. However, it may be necessary to resort to pig and calf
inoculation to identify the BVDV isolate.

FIGURE 2. HC wvirus (strain 331) 2 days post inoculation of
PK(15) «cell cultures (courtesy Liess, Hannover Veterinary
School).

The cell culture and tissue section techniques for the
confirmation of HCV depend on the availability of a good HC
conjugate and initially on +the preparation of a potent
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hyperimmune serum. A variety of methods have been used,
however, it may be worth describing the commercial procedure
used in the era of simultaneous vaccination (virulent virus-
hyperimmune serum) for HC. Pigs were vaccinated with live virus
and serum, given virulent virus 14 days later, maintained for
60-90 days, and then inoculated i.v. with 10 ml of viremic HC
blood per kg body weight. After another 14 days, the pigs were
bled out for hyperimmune serum. The viremic blood was obtained
from donor pigs three to five days after infection,
defibrinated, chilled overnight and inoculated into an ear vein
of the serum pig under pressure.

2.3. Pig inoculation
The most sensitive method for the detection of HCV is the
inoculation of the natural host, the pig (19). When comparisons

are made between the titration of virus in cell culture and
pigs, the virus is found up to one tenfold dilution higher in
the latter. The inoculation of tissue suspensions directly into
the pig may produce confusing results. If the pig sickens and
dies, it is necessary to confirm HC by either tissue section or
cell culture inoculation. If the pig survives, its immunity
should be challenged by the inoculation of virulent HCV, or its
serum should be tested for neutralizing antibodies.

In our laboratory, pigs have died following inoculation
with a spleen suspension that yielded both HCV and Salmonella
cholerae suis on culture. When either of these agents were
administered seperately, the pigs survived after a mild course

of illness. If it is desired to check the virulence of an
isolate, the original tissue specimen should be filter-
sterilized to remove bacteria.

A differential pig inoculation system that might have
application under isolated field conditions was proposed before
the development of the tissue section and <cell culture
technique (20). Four pigs are inoculated: One must be
previously vaccinated against HC, a second receives 15 ml of HC
hyperimmune antiserum, and two receive only the specimen tissue
suspension. A fifth pig is kept in isolation from the others as
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a challenge control. After 28 days all surviving pigs are
inoculated with virulent virus.

A word of warning is appropriate concerning the
difficulties of avoiding security breaks when working with
virulent HCV. Air movement must be perfectly controlled to
avoid inadvertent infection by aerosol.

2.4. Relative efficiency of the diagnostic test procedures
HCV isolation in <cell <culture was compared with the
inoculation of susceptible pigs and found to be sensitive and

specific (19). Samples were examined from 225 herds, 84 of
which were negative by both tests. Only 13 of the remaining 141
herds were negative by cell culture and tissue section
procedures. In a controlled study, specimens were collected
from 122 pigs and were coded to conceal their identity (21).
The ©pigs were divided into two groups according to the
treatment given: 48 were classified as HCV exposed and 73 as
HCV free. In the HCV exposed category, 32 pigs were found
positive and three negative by both techniques. O0f the
remaining 13, eight were negative by tissue section but
positive by cell culture inoculation and five were positive by
section and negative by cell culture. O0f the 74 HC free pigs,
all were found negative by tissue section and all but two were
negative by isolation of HCV in cell culture. The two sets of
tissues found positive by cultural isolation were from pigs
exposed to BVDV. The differences in the two fluorescent
antibody techniques were not statistically significant. The
tissue section was positive for 77% of the HCV-infected pigs
and the cell culture was positive on 83%. In the HCV-free group
of 74 pigs, the tissue section accuracy was 100%, while the
cell culture was 97%.

3.CHARACTERISTICS OF ISOLATES FROM FIELD OUTBREAKS
3.1. Serotype characterization

Although minor antigenic variations my be detected among
isolates of HCV, it continues to be recognized as a monotypic
virus. Pigs surviving infection with any strain of HCV are
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protected against exposure to other strains. Minor variations
are distinguishable but distinct serologic groups do not exist
(22). A significant antigenic relationship exists between HCV
and BVDV. Using the immunodiffusion precipitin test, a
continuous line of identity was found using HCV-infected tissue
and BVD and HC antiserums (23). Using the neutralization test,
HCV may be identified by the specific envelope antigen. Field
infections with BVDV and HCV in pigs can be distinguished by
the relative levels of neutralizing antibodies (22).

With much time and effort HCV has been cloned using an
endpoint dilution fluorescent antibody technique (24). However,
the antigenic and pathogenic characteristics of the cloned
virus were the same as those of the parent.

The first report of antigenic variation in HCV was related
to problems using the simultaneous vaccination method in the
forties (25). The use of certain lots of HCV and antiserum
resulted in sickness six to ten days after vaccination. In some
cases, all animals in the herd were affected while in other
herds only a few. The clinical signs and lesions observed were
those of HC. Other pathogenic bacteria or viruses were not
isolated from the vaccine or antiserum. When pigs were given
the vaccine virus and the antiserum dosage was increased by
50%, they remained healthy. On the basis of the above in-
formation, it was decided that a variant of HCV had developed
during virus propagation. However, in retrospect, the pheno-
menon may have been due to poor antiserum quality. At that
time, the neutralization test was not available for titration
of the antibody content of an antiserum.

Minor antigenic differences in HC viral isolates have been
detected using the neutralization test and also by comparing
cross neutralization titers obtained with antiserums prepared
against strains of BVDV.

A strain of HCV, '331', found to cause persistent
infections in experimentally infected pigs, was compared with
the virulent "Ames’ strain (26). Using strain-specific
antiserums, the two strailns were neutralized to a much greater
degree by their homologous than by their heterologous antisera.
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A 64-fold difference was observed in the cross-neutralizing
titers.

A slight antigenic difference was detected between an
attenuated (Chinese) strain of HCV and the virulent ALD strain
by wusing specific antiserum prepared against the attenuated
strain (27).

Other workers have associated virulence and low
immunogenicity with the antigenic properties of different
strains (28).

A relationship between the virulence of HCV strains and
their neutralization by BVDV antiserums has been reported (29).
The strains were inoculated into pigs to determine virulence
and reacted against BVDV antiserum to determine the degree of
cross neutralization. The BVDV antiserums neutralized the low-
virulence HCV strains more strongly than the HCV strains of
high virulence. The strains studied were classified into two
groups according to their neutralization by BVDV antiserums.
Most of the virulent strains were in the group neutralized
minimally by BVDV antiserums.

A confirmation of the above observation was found when 23
field isolates of HCV from recent outbreaks were tested against
antiserums to the T20-5 strain of BVDV and the ALD strain of
virulent HCV (30). Five HCV isolates were weakly neutralized by
BVDV antiserum and strongly neutralized by the HCV antiserum,
while the remaining 18 reacted conversely. When two isolates
from each group were inoculated into pigs the two strains that
were neutralized most strongly by HCV antiserum caused death in
10 to 12 days while the two isolates from the second group
caused death in 17 to 20 days.

3.2. Pathotype characterization

During the HC eradication program in the United States, 135
field isolates were characterized by inoculation into specific-
pathogen-free pigs (31). The isolates were classified as
follows:

1) High virulence - pig sickened and died.
2) Low virulence - pig had chronic illness and recovered,
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or died after a protracted course.

3) Avirulence (immunizing) - pig had little or no reaction
and remained healthy following subsequent inoculation
with virulent virus.

4) Persistent infection (immune tolerant) - pig had
clinical signs of HC but developed a persistent
infection during which it was relatively free of
illness but had a high concentration of virus in its
blood.

Using the above system 61 (45%) of the 135 isolates were of
high virulence, 37 (27%) of low virulence, 29 (22%) avirulent,
and 8 (6%) caused persistent infections.

The eight isolates that caused persistent infections in the
test pigs were recovered sporadically from 1965 through 1976.
Seven of the persistently infected pigs survived for 30, 32,
66, 9, 114, 127, and 152 days, respectively, while the eighth
pig was killed at postinoculation day 53. Since all of the pigs
had weight gains of 1 to 2 kg per week and appeared healthy,
these 1isolates were considered to be different from low-
virulence strains. Six of the pigs were given virulent HCV,
five intentionally and one inadvertently. Two of these six pigs
died after the administration of the virulent HCV. Although the
number of isolates causing persistent infections was small, it
was considered that this characteristic was unique to these
strains. It is quite certain, however, that the specific host
pig contributed to the development of persistent infection
since one of the isolates was inoculated into several pigs but
not all of the pigs developed a persistent infection.

The persistent infection has been produced experimentally
by exposure of pregnant sows to HCV; specifically, the 'Bergen'
strain (32, 33). One persistently infected pig survived
superinfection with virulent HCV for 45 days. It was proposed
that the 'Bergen' strain was a low-virulence strain that was
capable of producing congenital infections experimentally and
in the field. The baby pigs were born alive with persistent
infections. The pigs were viremic and failed to develop serum
antibodies or cell-mediated immune responses to HCV, even
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though they had normal immunologic responses to other antigens.
It has been postulated that certain field strains of low
virulence are most suited to produce this persistent or chronic
infection (34, 35). The infections occur most often following
intrauterine infection since the virus does not kill the sow
but passes through the uterus into the fetuses (34, 35).

Other markers for virulence other than serological
differences have been reported. Fully virulent viruses were
characterized by rapid multiplication and the formation of
large cellular plaques when incubated at 39 to 40°¢ (36).
Also, virulent viruses were more resistant to heat at 56°C.
Conversely, avirulent strains of HCV had optimum growth at 33
to 340C, multiplied slowly, formed small plaques, and lost
infectivity at 56°C.

Another marker reported was the ability of HCV strains to
replicate in porcine alveolar macrophage cultures (37). The
macrophages were obtained by lavage of the pulmonary alveoli.
0f eight HCV strains tested, five virulent strains replicated
well to 10910 titers of 4.75 to 6.25 TCID50 per ml. Three
avirulent strains grew poorly: strain '331' had a titer of
3.75; GPE(+), 1.50 and GPE(-) did not replicate. A positive
correlation was established between a severe reaction and
mortality in seven days in the pig and replication in porcine
alveolar macrophage cells.

4. CONCLUDING REMARKS

Although the «clinical signs and lesions of acute hog
cholera (HC) are easy to recognize, many field strains of HC
virus (HCV) are of low virulence and produce chronic disease or
abortions, stillbirths, and baby pig losses. The identification
of HC wviral antigen 1in frozen tissue sections wusing the
fluorescent antibody test is a rapid and accurate method of
laboratory confirmation. Tonsil biopsies may be taken without
sacrificing the pig. As an additional confirmation, the virus
may be isolated and identified in cell culture. The inoculation
of susceptible pigs for the detection of HCV is the most
sensitive confirmatory ©procedure but must be <carefully
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controlled to eliminate the presence of other pathogens such as
Salmonella and Erysipelothrix. The characteristics of field
isolates are considered in terms of antigenic and pathotypic
variation. The monotypic nature of the HCV serotype 1is
emphasized while reports of minor differences in HCV strains
are considered. The natural variation of the virulence of HCV
is reviewed, and the unusual characteristics of strains that
cause the persistent infection following pre- or postnatal
contact with HCV are described.
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SEROLOGY
B. LIESS

1. INTRODUCTION

Animal protection tests for the assessment of
immunogenicity and safety of vaccines (1,2) or potency of
hyperimmune sera (3,4) against hog cholera (HC) were
indispensable as long as in vitro methods for the determination

of anti-hog cholera antibodies were not available.

The need for such a serological procedure came also from
the growing understanding of some epizootiological features
related to HC. Low virulence strains of HC virus (see chapter
11) accounting for subclinical infection, e.g. 1in pregnant
sowS, can give rise to immunity and antibody formation which by
serology may be detected on a herd basis. Positive reactions
would indicate the possible presence of HC virus due to
transplacental transfer in persistently infected piglets even
in the absence of typical signs of HC in any of the breeding
animals present (5).

Furthermore, a serological assay for the qualitative and
quantitative determination of HC antibodies was desirable 1In
order to facilitate studies on the host response in the course
of infections with various strains of HC virus (6).

Despite the successful propagation of HC virus in several
tissue and cell culture systems, no cytopathic effects (CPE)
were observed except with one strain of virus at low titres
(approximately 100 TCIDSO) and only when lamb serum was
incorporated into the culture medium (7). This cytopathogenic
strain A of HC virus not only produced HC when inoculated into
susceptible pigs, but was also neutralized by immune sera.
Nevertheless the use of cytopathogenicity as 1indicator in a
neutralization test was restricted to this particular strain of

B. Liess (ed.), Classical Swine Fever and Related Viral Infections. Copyright ©
1988. Martinus Nijhoff Publishing, Boston. All rights reserved.
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HC virus and was also not easy to handle.

A more versatile test became available when a direct
fluorescent antibody technique was first described by Solorzano
(8). This procedure allowed the detection of HC viral antigen
in cell cultures after inoculation with HC virus for diagnostic
and assay purposes (9). The fluorescent antibody cell-culture
test (FACCT) also formed the basis for a serum neutralization
test (FASNT; 10, 11).

The need for such a test procedure was best illustrated by
numerous efforts to develop other methods for the
identification of HC virus infections in pigs in order to
replace the former pig inoculation test. The latter was not
only costly and time consuming but for various reasons was also
limited in its applicability as a routine diagnostic test and
in addition was unsuitable for precise quantitative studies
(12, 13). Many of the HC laboratory techniques for diagnostic
and assay purposes as reviewed by Dunne (14) did not find a
wide application and will be mentioned in the present chapter
only if comparative results are available in the literature.
Emphasis has been layed wupon the basic antigen-antibody
reaction rather than the in vitro indicator system and the
techniques wused for the demonstration of the reaction.
Otherwise differing results would give reason for
misinterpretation. This could be falsely attributed to the kind
of technique wused 1instead of the differences between the
components involved in the reaction.

2. SEROLOGIC REACTIONS USED FOR HUMORAL ANTIBODY DETECTION
2.1. Precipitation

In order to confirm the diagnosis of 'swine fever' as hog
cholera, the 1injection of a susceptible pig was considered
necessary as long as a satisfactory simple specific test was
not available (13). The ‘'gel-diffusion precipitin test' of
Ouchterlony (15) was first used by Molnar (16) to demonstrate
the precipitation reaction induced in the presence of
HC virus-containing substances and HC-specific immune sera of
high titre. The conditions influencing the sensitivity of the
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test have been a matter of intensive investigations (17 - 23).
Other reports dealt with the reliability and specificity of the
test (24 - 28). The HC specificity of the precipitation
reaction between swine serum and homologous pancreas extracts
has been questioned (29) but can be clearly attributed to a
specific antigen-antibody reaction by other methods (27, 30).
The nature of the antigen formerly termed 'disease-specific'
(31, 32) was confirmed to be specific for HC virus by
infectivity tests in pigs inoculated with immunoprecipitates
containing antigen-antibody complexes (33) and was found to be
possibly identical either with the virus itself or merely a
'soluble antigen' in serum of pigs inoculated with HC virus 5
days prior to bleeding (21).

In the literature most reports described the evaluation of
the agar-gel precipitation test (AGPT) as a diagnostic tool for
the detection of precipitin antigen mainly in pancreas (17) and
spleen (20) of experimental or field cases of HC (19, 26, 36,
37). Intensive consideration was given to the production of a
suitable serum or serum concentrate from hyperimmunized pigs or
rabbits to provide the most reliable precipitation reaction.
When investigating the value of the AGPT for the diagnosis of
mucosal disease (MD) in cattle a continuous precipitation line
of identity formed on the same Ouchterlony plate between the
homologous HC and MD system. This suggested a vrelationship
between the two (34, 38), probably having soluble antigens
'with closely similar molecular arrangements with one or more
common groups available for combination with antibody' being

Syncnyma: plate gel diffusion precipitin test (17); gel-
diffusion precipitin test (18); double-diffusion in
agar gel (34); Agar-Gel-Diffusion (25); agar
diffusion-precipitation test (ADP) (19); agar double-
diffusion precipitation test (20); agar-gel
diffusion-precipitation test (26); Agar-Gel-Test
(AGT) (21); Agargel-Prdazipitation (35); agar-gel
precipitation test (AGPT) (14)
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responsible for the cross-reaction (39).

In contrast to the use of the AGPT for the detection of
antigen in tissue organs, little information is available on
the value of this test as a serological tool for the detection
of antibodies in field sera from pigs. The possible value of
such a test has been mentioned above (section 1). Following
comparative investigations on the presence of HC viral antigen
in organ tissues and antibodies detectable in sera of pigs in a
herd with high mortality amongst piglets, serological testing
of clinically healthy breeding pigs appeared to be an important
issue (40). Demonstration of precipitating antibodies using the
AGPT correlated in most cases with the presence of neutralizing
antibodies with only a few pigs circulating HC virus in the
blood and having low neutralizing indices (N.I.) but no
detectable precipitating antibodies. This situation occurred in
herds with chronic HC virus infections as also shown by other
investigators (5, 6, 41 - 44).

All the results accessible in the literature need to be
considered in relation not only to the stage of infection but
also to the type of infection: (i) virus persistence due to
immune tolerance, (ii) acute/subacute infection resulting in
typical clinical signs of HC or (iii) subclinical transient
infection with recovery from infection. Without differentiation
according to the type of infection in pigs of various age
groups and conditions (fattening or breeding), comparison of
serological results obtained with AGPT and detection of antigen
by the same method is of rather limited value. In other words a
pig without detectable antibodies might well be infected and
contain virus and viral antigen as a consequence of HC virus
persistence, and yet the results do reflect the true situation
and are not contradictory. With this in mind, former
comparative investigations that distinguish between positive
and negative results and calculate the diagnostic applicability
of the AGPT on this basis appear somewhat misleading. A
negative serological reaction obtained with AGPT does not
preclude the possibility of HC being present (18) where even
more sensitive methods like neutralization tests fail to give a
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positive reaction,

Another reason for a negative reaction is an early stage
of infection although this 1is in most cases 1impossible to
determine wunder field conditions. 0On the other hand low
virulence strains of HC virus might account for a higher
percentage of positive reactions (45) compared with other
strains of different virulence (18, 37, 40, 46, 47). In this
respect the few reports in the literature describingbresults of
testing pig sera for precipitating antibodies against HC viral
antigen were based on rather heterogenous or even obscure
materials leaving ample room for interpretation. Intriguing
contributions were those on the HC specificity of the
precipitation reactions with pancreas extracts (29) or
proteases (33) and at the same time on the pathogenesis of HC
(48). All these factors add to the wuncertainty over the
reliability of the AGPT although a number of investigators did
consider this method as a valuable tool provided that strict
requirements governing the test are closely followed (20).

In order to accelerate the immunoprecipitation reactions
obtained by diffusion in agar gel, electrophoresis has been
additionally applied for distinguishing within 25 to 40 minutes
between the sera of healthy pigs and pigs five days post-
infection (49). The pig sera served as precipitation antigen
which in 'precipitation electrophoresis' migrated towards the
anode in contrast to corresponding antibodies moving to the
cathode by electroosmosis thus forming a precipitation line at
the point of impact. This test was also evaluated as a
diagnostic tool for the detection of antibodies against HC in
pig sera (50). Immunoelectro-osmophoresis (IEOP) was applied to
field sera and sera from pigs experimentally infected or
vaccinated wusing either tissue culture-derived antigens or
spleens from HC-infected pigs. Precipitating antibodies could
be demonstrated two to three weeks after the inoculation of HC
virus strains. The technique proved to be 2 to 6 times more
sensitive than the AGPT but did not discriminate between
antibodies against HC virus and BVD virus and for this purpose
required the more specific neutralization reaction.
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2.2. Complement-fixation
There were many attempts to make use of complement-

fixation for the detection of antibodies against HC Virus.
Ultracentrifuged supernatant fluids of tissue cultures infected
with cytopathogenic strains of bovine viral diarrhea (BVD)
virus contained a common soluble antigen (51) which was used
for the detection of complement-fixing and neutralizing
antibody to BVD virus and HC virus 1in bovine and porcine sera
(52). The ultracentrifuged supernatant tissue culture fluid was
in addition concentrated before use in the complement-fixation
(CF) test employing sera sequentially collected from calves
inoculated with BVD virus or BVD soluble antigen, respectively.
Hyperimmune HC antisera prepared in pigs were included in the
CF tests which resulted in fixation of complement to the
antigen-antibody system. The fixation of complement was
enhanced by the addition of normal untreated bovine serum which
also resulted in significantly higher titres.

Interestingly neutralizing antibodies were not
demonstrable in the HC antisera when tested against BVD virus
whereas such antibodies were present in all calf sera where
they appeared after CF antibodies. This led to the possible
interpretation that different types of antibodies are produced
at different stages of infection or that different antigens are
concerned in the tests where soluble antigen may represent a
precursor or by-product of viral synthesis. Furthermore it was
concluded that the CF test 1s a wuseful alid in studying the
relationship between BVD and HC viruses but deficient as a
single test for HC because pigs infected with BVD virus could
develop CF antibodies without being exposed to HC virus. If pig
sera contained CF antibodies against BVD soluble antigen in the
absence of BVD virus-neutralizing titres this would be
presumptive evidence of earlier exposure to HC virus.

For the detection of HC viral antigen in spleen from
experimentally infected pigs Boulanger et al. (53) applied
various techniques of the CF test in order to overcome the
precomplementary activity often thought responsible for the
difficulties in detecting complement-fixing antibodies in pig
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sera. Only minimal quantities of precomplementary and lytic
substances were present in the immune sera tested. More
important was the procedure for the extraction of the antigen
and the stage of infection when the spleens were collected from
the pigs. The results communicated reflected also the
possibility of wusing the CF test for the detection of HC
antibody in immune sera from pigs which previously had proven
by AGPT to contain precipitating antibodies (20).

By applying the Fulton-Dumbell microtechnique the CF test
was found positive with sera from pigs 20 - 23 days after
experimental inoculation with high virulence HC virus but not
after another group of pigs received lapinized HC virus vaccine
(54). In most of the investigations reported, 5 % normal
pretested bovine serum was found a necessary supplement of the
guinea pig complement used. Otherwise pig serum antibodies did
not fix the complement when the sera were heat-inactivated
before tested (53, 55). Attempts were made to overcome this
situation by the application of the conglutination complement
absorption test (CCAT) based on former experience with certain
antisera which did not fix haemolytic complement but would fix
horse conglutinating complement. The CCAT was, however, not
readily applicable and required selective 1inactivation to
remove inhibitors normally present 1in porcine sera which
interfere with conglutination (56).

Similar to CCAT, in the CF test a haemolytic prozone
phenomenon is often encountered with porcine immune sera and
can be eliminated by mercaptoethanol (57). The addition of
porcine C1q had an enhancing effect on complement-fixation with
IgG from porcine pseudorabies immune serum (58). Similarly this
resulted in highly improved complement-fixation reactions when
sera obtained from pigs inoculated intravenously or in contact
with low virulence strains of HC virus were tested against an
HC antigen prepared from infected cell cultures (59, 60). In
block titration tests the CF antibody response to the low
virulence strains of HC virus was rapidly reaching maximum
titres two weeks after inoculation. The neutralizing antibodies
(plaque reduction test) again developed more slowly. However,
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it is worth noting that in a pig exposed by contact to two HC-
virus inoculated pigs, complement-fixing or neutralizing
antibodies in serum could not be demonstrated during the
observation period of 13 weeks.

Using the same CF test (59), sera from experimentally
infected pigs were additionally tested for neutralizing
antibodies which were detected at the same stage of infection
or earlier than complement-fixing antibodies. The latter could
not distinguish between antibodies against HC virus and BVD
virus while the neutralization test based on peroxydase-linked-
antibodies (NPLA; section 2.3.) did so with a high degree of
reliability (61).

2.3. Neutralization

The isolation of a cytopathogenic strain of HC virus by
Gillespie et al. (7) made it possible to demonstrate antibodies
which would neutralize the infectivity of HC virus in tissue
Culture. Neutralization tests in  vitro allowed the
identification of HC viral isolates, evaluation of vaccine
efficacy and virus dose determinations as well as studies on
active immunity in relation to antibody production and
maternally derived immunity. A test procedure based on the
constant virus varying serum dilution technique was developed
and the accuracy established (62). Further studies were
designed to show that the neutralization test was an accurate
indicator of immunity (63).

After Kumagai et al. (64) like many other investigators
had failed to find «cytopathogenic effects of HC virus in
various cultured cell types they applied the 'exalting effect
of HC virus on Newcastle Disease (ND) virus (END)' for the
detection and measurement of HC virus and its neutralizing
antibodies (65). The END method was based on the observation
that ND virus (strain Miyadera) exerted no cytopathic effect
when inoculated into swine testicular cell monolayer cultures
within 4 or 5 days of cultivation but did so after 6 to 8 days,
and that ND virus would produce marked cell changes before the
fifth day of cultivation if such cell cultures were infected in
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the initial stages of cultivation with HC virus (66). For
titration of HC virus as well as the measurement of
neutralizing antibodies 1inhibiting the exalting effect of HC
virus 50 % endpoints were determined. The END neutralization
test was found simple enough for routine wuse, highly
reproducible and specific (67).

Using the Sato strain of ND virus instead of strain
Miyadera, HC virus was observed to inhibit the <cytopathic
effect of ND virus in pig kidney monolayer cell cultures and to
increase the haemagglutination titre of Sato virus (68). The
sensitivity of the 'haemagglutination exaltation and inhibition
of cytopathic effect' (HEIC) method was improved by extending
the culture incubation to nine days and was used for the
measurement of neutralizing antibodies in a potency test of
crystal violet vaccine (69).

The 'exaltation' methods including the test with high
culture passage HC virus rendering Teschen virus cytopathogenic
in porcine testis cells (exaltation-Teschen-virus: ETV; 70, 71)
and used for the detection and quantification of neutralizing
antibodies combined reproducibility with high specificity and
sensitivity (72). Nevertheless all these tests including the
neutralization test developed and standardized on the basis of
the CPE produced under certain conditions by HC virus strain
PAV-1 (62, 73) were laborious and time-consuming and,
therefore did not achieve wide application. Results however, on
the serologic host response following HC virus inoculation are
basically valuable and require further consideration 1in the
respective section (3.3.).

For diagnostic purposes all the neutralization techniques
mentioned were outranged by tests based on serologic criteria,
e. g. immunofluorescence, for the infectivity of HC virus in
cell cultures. Following the introduction of the fluorescent
antibody (FA) method for diagnosing HC virus infections (8),
and its application to cell cultures inoculated with HC virus
(74, 75), the fluorescent antibody-cell culture test (FACCT)
was adopted for the evaluation of anti-HC sera (9) and modified
for use in determining the serologic status of test pigs
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(4, 76). Standardized FA procedures using the PK(15) cell line
for the multiplication of indicator strains of HC virus were
evaluated by using the 50 % endpoint method and widely applied
with various equipment, macro- or micro-techniques being
introduced (10, 40, 77 - 81). Other procedures were based on
the constant virus varying serum technique using a 50 % or 90 %
reduction, respectively, of fluorescent micro-plaque counts for
the determination of the endpoints (9, 11, 82, 83). Thereafter
a variety of modifications of the FA micro-plaque reduction
test (PRT) was introduced (84, 85) and either used to determine
the serum dilution reducing the micro-plaque (micro-foci)
counts by 90 % compared with controls or for the calculation of
the neutralization index (86, 87).

Although the wuse of FACCT as 1indicator system for the
detection and measurement of HC virus-neutralizing antibodies
has proven to be not only specific but also highly sensitive
giving reproducible results, several attempts were made in
order to overcome the immunofluorescence step by a less
laborious technique. Other neutralization assays were based on
a cytolytic HCV strain producing micro-plaques in a micro-plate
(88), or formation of macro-plaques under agarose overlay (89)
but did not find great echo. Formerly, a cytopathogenic strain
of BVD wvirus (Oregon C24V) had been wused for titrating
commercial HC-immune sera (3). However, all of the assays
mentioned were strictly bound to cytopathogenic viruses and had
thus a low value as compared with test procedures that also
permitted titration of noncytopathogenic viruses and homologous
(strain-specific) as well as heterologous neutralizing
antibodies.

Assays using fluorescein- or enzyme-labeled antibodies had
the advantage of not only permitting detection of the indicator
viral antigen but also of being independent of the appearance
of a cytopathic phenomenon. In this respect a neutralization
test carried out in micro-plates wusing the ‘'chessboard'
principle and read by means of peroxidase-linked antibody
(NPLA) innovated some years ago by Holm Jensen (61) proved to
be a valuable tool for the detection of neutralizing antibodies
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against HC virus on a large-scale (90). It also permitted
distinction between antibodies induced by either HC virus or
BVD virus (61). The latter aspect is important in view of the
difference in antibody titres against HC virus and BVD virus
after pigs were infected with one of these viruses under field
conditions. The degree of cross-reaction depends on the variant
strains of BVD wvirus or HC virus involved as shown
experimentally (91).

Unfortunately not every strain of HC virus can be used in
such neutralization tests for the detection of homologous
antibodies. The lapinized Chinese strain (see Chapter 10) of HC
virus does not multiply readily in cell-culture systems and if
it does suspicion arises as to the nature of the virus or to
the degree of adaptation to rabbits. In order to determine
neutralizing titres in rabbit hyperimmune sera or sera derived
from pigs vaccinated with lapinized HC virus, hyperthermic
reactions in rabbits have been used as an indicator for the
presence or absence of antibodies. The rabbits were injected
intravenously with virus-serum mixtures and the neutralizing
titre calculated as 50 % endpoint (92, 93). Although it was
found that the protective titre in rabbits is comparable to the
protective titre in pigs and that the neutralizing titre in
rabbits is higher than the protective titre, this test is no
longer justified and should be replaced by neutralization tests
in cell cultures using FA or enzyme-labeled antibodies (ELA).

2.4. Inhibition

Apart from precipitation, complement-fixation or
neutralization, there are additional serologic reactions which
may be summarized under (i) inhibition and (ii) mediation of
reactions (sandwich reactions).

Inhibition 1is <characterized by blocking of antigenic
binding sites by specific antibodies in a way that they are
unaccessable for antibody reagents which otherwise detect the
respective antigen by a serological reaction. The inhibiting
(blocking) antibodies might have properties in common with
other antibodies as was shown for the binding affinity in the
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direct immunfluorescence technique (94). Therefore inhibition
can be ascribed to steric hindrance irrespective of the type of
antigen-detection method. A typical example would be a
haemagglutination-inhibition test on the basis of a passive
haemagglutination reaction (95) or by using treated erythocytes
to which HC virus had been adsorbed (96, 97). However, these
tests have not found any wider application certainly because of
the introduction of more specific and sensitive methods.

The direct FA technique was used for the detection of
antibodies which inhibit the specific immunofluorescence (98).
Realizing the significance of a serological diagnosis of
subclinical HC in eradication and control programs, Have (99)
developed an antibody-blocking assay in which test sera mask HC
viral antigen so that it will no longer be able to react with a
reference rabbit antiserum against HC virus. The antibodies of
the latter if bound to the HC viral antigen were detected by
swine-anti-rabbit 1IgG conjugated with horseradish-peroxidase
and the antibody-reactivity of test sera was calculated from
percentage of inhibition by reading the optical density. This
inhibition test based on an indirect enzyme-linked
immunosorbent assay (ELISA) appeared to closely parallel a
neutralization test (61) in detecting an wearly antibody
response in experimentally infected pigs. The sensitivity of
the indirect ELISA was determined by comparison with the
neutralizing dose (NDSO) and the latter found to correspond
to approximately 20 % inhibition (cut-off level) by a reference
antiserum against HC virus strain Alfort (99).

2.5. Sandwich reactions

In principal a sandwich reaction vresults from the
overlaying of antigen-antibody <complexes with a labeled
{conjugated) antibody produced against purified gammaglobulin
of the species from which the antigen-bound antibecdy was
derived, e.g. HC convalescent or vaccinated swine. Such
reactions are known since Weller and Coons (100) reported on
in vitro studies with varicella and herpes zoster viruses using
the indirect fluorescent antibody assay (IFA). Later IFA was
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applied for the rapid detection of HC-specific antibodies in
test sera in view of large-scale screening (101). This test
seemed to be a promising candidate for such purposes also
because of its specificity, simplicity and rapidity.
Examination of groups of sera from pig herds suspected of
subclinical HC revealed within three hours antibodies specific
for HC virus. However, cross-reactivity was shown to occur with
antibodies specific for BVD virus and therefore possibly to
interfere with this test. This was also observed with an
indirect enzyme-labeled antibody (ELA) technique 1in which
horseradish-peroxidase was used for conjugation to antispecies
gammaglobulin instead of FITC (102). Similar to the IFA, the
ELA 'sandwich technique' was developed for use as a screening
method for the rapid detection of HC-specific antibodies
following the Hog Cholera Emergency Declaration 1972 in the
United States (103). The test was evaluated on blood samples of
different classes of experimental pigs including those infected
with HC virus and BVD virus, respectively, and a positive
correlation of more than 99 % was found with the neutralization
results obtained with the same sera.

A slightly modified ELA technique (PLA: peroxidase-linked
antibody) was used by Holm Jensen (61) to examine porcine sera
for antibodies against HC virus and BVD virus by comparison of
the PLA technique, neutralization assay (NPLA) and a CF test.
It was concluded that CF and PLA are sensitive tests but not
quite as sensitive as the NPLA assay.

In much a similar way as antibodies against HC virus and
BVD virus can be detected by any of the 'sandwich' techniques
in polyclonal sera, such techniques have been used for the
screening of hybridoma supernatant fluids for monoclonal
antibodies against HC virus by an ELA technique (104) as well
as against BVD virus in comparison to HC virus by IFA (105).

3. APPLICATION OF SEROLOGICAL METHODS
3.1. Potency testing of immune sera

Sixty years ago Benner (106) stressed the importance of
administering 'ample doses of potent serum' simultaneously with
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a potent HC virus to pigs weighing fifty pounds or more in
order to confer a solid and lasting immunity. In the absence of
any serological test except experimental pig 1inoculation, the
estimation of potency of hyperimmune serum depended largely on
"how soon after (simultaneous) vaccination' the pigs died. This
situation called for an in vitro potency test for anti-HC
antibodies in order to replace the animal inoculation assay
which provided only approximate information on the immune serum
value. For this purpose Simonyi (3) developed a titration
procedure for HC immune sera based on the neutralization of the
cytopathogenic BVD virus strain Oregon C24V after unsuccessful
attempts to produce a cytopathic effect with the strain of HC
virus propagated by Gillespie et al. (7) in tissue culture.
Since the introduction of the lapinized Chinese ('C') strain of
HC virus (see Chapter 10) the use of hyperimmune sera for
simultaneous vaccination of pigs decreased gradually.
Nevertheless, as late as 1968 a neutralization test based on
the FA technique was applied to evaluate 137 commercially
produced antisera for antibody content against HC virus (4).
This test was also used to determine the serologic status of
pigs in which some serials of anti-HC serum were tested for
their antibody levels and also to select HC-susceptible pigs
for HC vaccine safety testing. This indicated a shift from
potency testing of hyperimmune sera to vaccine potency and
safety testing which required pigs not immune to HC virus.

3.2. Determination of immune status

Previous studies on the evaluation of vaccine efficacy,
colostral protection, experimental HC virus infection in pigs,
and antibody production were mainly hampered by the lack of
information on the 1immune status of the pigs prior to wuse.
Therefore neutralization tests as indicators of immunity became
very important (1, 4, 6, 12, 62, 76, 85, 107 - 109). Actively
acquired neutralizing antibody titres of 1/2 (77), 1/4 (75),
1/5 (90, 110) or higher were taken as threshold and thus of
immunity due to former HC virus infection or vaccination. It
was realized that titres below these values may occur in spite
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of an HC virus infection during incubation or 1in case of
persistently infected immunotolerant pigs. This risk can be
reduced to nearly zero by testing sera twice at three to four
week interval for antibodies and additional examination for HC
virus by cultural isolation.

3.3. Host humoral immune response

No disagreement seems to exist on neutralization being the
most sensitive and specific reaction of HC virus with immune
sera derived from pigs (or ruminants: see Chapter 13) following
experimental or field infection with HC virus or vaccination.
Therefore most reports dealing with host humoral immune
response to HC virus refer to the development of neutralizing
antibody in a more or less precise dose-and-time-dependent
manner.

Next in sensitivity to the neutralization peroxidase-
linked antibody (NPLA) assay ranged the sandwich techniques ELA
(103) or PLA (61), respectively. An indirect ELISA used as an
antibody-blocking (inhibition) test displayed a similar
sensitivity (99).

Because of low sensitivity (low titres) other reactions
than those mentioned above (precipitation, complement-fixation)
were mainly used in screening for antibodies (111) without
offering means for differentiation of antibodies against HC
virus and BVD virus (60). Antibodies against the latter virus
appeared following infections with HC virus in pigs usually to
lower titres and at a later stage of infection than antibodies
against the homologous and heterologous HC virus strains (43,
61, 90, 99).

In an attempt to define the conditions under which the
host humoral immune response should be investigated, not only
methods and techniques used for the qualitative and
quantitative demonstration of antibodies need consideration.
Studies on the immune status of the host organisms requires the
absence of any former experience with HC or BVD virus
infections as well as passive immunity. Virus dose and route of
infection are also important factors. They influence to a
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considerable extent the serologically measurable response and
are due to wide individual variation. Moreover, the serological
testing demands the use of the homologous HC virus strain in
view of distinct titre differences as compared with results
obtained with heterologous as well as BVD virus strains (43,
91, 112). Even if all of these requirements are fulfilled it
might be presumptuous to conclude that experimental HC virus
infections cover field conditions exactly. Differences in
virulence of HC virus strains occuring in the field change not
only the disease pattern but also contribute to delayed or
suppressed immune responses (see Chapter 8).

In a systematic study using the END neutralization test
Ikeda et al. (108) investigated the immunological response of
pigs as well as sheep, goats and rabbits, following intravenous
or subcutaneous infection of virulent HC virus strain ALD
(sheep, goats) or lapinized HC wvirus (pigs, rabbits).
Serological testing at weekly intervals revealed neutralizing
antibodies in all but one goat after two weeks and within
another two weeks, an increase in titre ranging between
2 to 8 (- logz) ultimately vreaching 10 (- logz) serum
dilution.

Coggins and Sheffy (62) using the CPE neutralization test
followed the development of antibodies against a presumably
rabbit-adapted HC virus vaccine strain by plotting the average
antibody titre of sera taken twice in the second week after
vaccination. Antibody increase was noticed between the seventh
and eleventh day in two pigs reaching serum titres of
2.0 (- log10) on the fourteenth day. Patterns of neutralizing
antibody formation against HC virus strains under experimental
as well as field conditions have been reviewed elsewhere (43).

A more intrinsic picture of the serologic response was
obtained when groups of pigs were inoculated with HC virus
strains of different virulence and tested for neutralizing
antibodies against the homologous as well as heterologous
strains of HC virus. Plots of mean geometric titres similar to
former experiments (62) exhibited distinct and reproducible
profiles characteristic for each strain of HC virus including
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BVD virus strains used in the neutralization tests on the same
sera (43, 112). With the low virulence HC wvirus strain
'Glentorf' antibodies were detectable in the majority of pigs
within the range of 14 to 21 days after contact with infected
pigs while pigs intranasally inoculated with the same strain of
virus exhibited neutralizing antibodies 10 to 14 days post-
inoculation.

Individual wvariation of the time before neutralizing
antibodies appeared after intranasal inoculation or contact
with HC virus-infected pigs necessitated the correction of the
kinetics to the first date of antibody detection (43, 91).

Absence or low-level neutralizing antibody production has
been found in baby pigs after 