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Preface

The chief aim of ‘“Applied Virology”’ is to discuss the practical applica-
tions of recent developments in basic virology, not only to virology but to
other disciplines as well, and to demonstrate the impact of virus diseases on
the environment, economy, and the health of man, animals, and plants. The
chapters in this volume, written by well-known experts, provide a large body
of practical information on the modern strategy used to produce virus vac-
cines, on antiviral chemical compounds, on simple, rapid, and specific
diagnostic techniques, and on epidemiology in relation to the prevention and
control of virus diseases. ‘“Applied Virology’’ reflects the current tendency
to produce safe and efficacious vaccines by genetic engineering technologies
and considers their laboratory study and field applications. Noninfectious,
synthetized peptides used as safe virus vaccines are reviewed with special at-
tention to their immunogenicity, multispecificity, and usefulness in case of
epidemics. A distinct but equally essential step for the study of epidemics
and the control of diseases in relation to the variation among viruses is the
rapid, sensitive, and reliable diagnosis of virus diseases. The applications of
advanced technologies for this purpose are also discussed.

It is our hope that ‘‘Applied Virology’’ will be of use to all concerned with
virus diseases, e.g., hospitals, veterinary clinics, infectious disease control
centers, plant protection institutes, departments of agriculture and public
health, and those who endeavor to improve the quality of life and environ-
ment by using advanced diagnostic and disease control technologies. It will
be an aid to all virologists, and will fill the needs of those working in develop-
ing countries, in which virus diseases continue to be an unresolved health,
economic, and environmental problem.

Virus diseases remain a worldwide problem, contributing to human
disability and mortality and causing severe economic losses by affecting
livestock and crops in all countries. Even with the preventive measures taken
in the United States, losses due to virai diseases exceed billions of dollars an-
nually. These costs are substantially higher in Africa, Asia, the Middle East,
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and South and Central America, where virus diseases hamper the develop-
ment of several countries.

I wish to express my sincere gratitude to the contributors for the effort and
care with which they have prepared their chapters, to the Faculty of
Medicine of University of Montreal and the Faculty of Medicine of Kuwait
University for the help provided, and the staff of Academic Press for their
part in the production of this volume.

Edouard Kurstak



Introduction

Biblical writings, ancient scripts, and archeological findings testify to the
length of time virus diseases have scourged humanity. For example, ex-
amination of the 3000-year-old mummy Pharaoh Ramses V reveals pock-
marks suggesting that he may have contracted smallpox, whereas Rhases, a
Persian physician who lived about 1000 years ago, described how smallpox
spread from Africa, where it was endemic, to Europe and the Middle East
during the first millenium AD (Becker, 1983). A commemorative carving in
stone, dating from the eighteenth Egyptian dynasty (1580-1350 BC), shows a
young man with a withered and shortened leg typical of poliomyelitis virus
paralysis (Melnick, 1984).

Virus diseases continue to contribute significantly to human morbidity or
mortality and to cause severe economic loss by affecting livestock and crops,
particularly in developing countries. For example, an estimated 200 million
persons are chronically infected with hepatitis B virus, one million children
are estimated to die annually from measles, five million persons are killed by
acute gastroenteritis (mainly rotaviruses) annually, and the list goes on and
on (Kurstak and Marusyk, 1984). The economic losses can be staggering (ex-
ceeding one trillion dollars in the United States alone). Those due to animal
or plant viruses are equally enormous, and the diseases caused are a major
factor in chronic malnutrition in many parts of the world. Reduction of
crops by 75-90% by plant viruses occurs frequently, causing disruption of
the fragile nutritional balance for large populations. Plant pathologists are
at a disadvantage in protecting crops from virus infections since immuniza-
tion is not possible. The main traditional strategies used to protect crops are
cultivation measures such as starting with virus-free material, removal of
vectors or diseased material, and restriction of epidemics through, e.g., crop
rotation and plant or culture spacing. Chemotherapy has hitherto been im-
possible or impractical in this area, but new advances in this field may be
most exciting in the area of plant virology.

Virology, as a science, has passed through a relatively long descriptive
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xxii Introduction

phase, a shorter but explosive expansion phase over the last two decades in
which advanced techniques in biochemistry, immunology, molecular
biology, genetics, etc., provided deeper insights in the molecular structure,
functioning, and reproduction of viruses, to a new phase: applied virology.
Applied virology is a direct result of several breakthroughs in molecular
biology, immunology, and diagnostic procedures. Wildy (1984) distin-
guished virologists, i.e., those who want to learn more about viruses (‘‘se-
cond-phase virologists’’), from ‘‘viropractors’’ (‘‘third-phase virologists’’)
whose purpose is to exploit viruses as tools. The latter are becoming very im-
portant in disparate areas such as genetic engineering, development of vac-
cines and diagnostic procedures, and insect control, and this group may, as
Wildy (1984) pointed out, be growing faster than that of ‘‘pur sang”’
virologists.

Parallel with the development of virology, attempts have been made to
combat virus diseases. A milestone in this respect was the large-scale produc-
tion of poliovirus in cell cultures and its use, after formaldehyde inactiva-
tion, as a vaccine in the early 1950s by J. Salk. The subsequent discovery that
the virus thus produced was sometimes contaminated with the undesirable
SV40 virus (latent in cells), which can transform cells in vitro, necessitated
the application of more rigorous control measures. Though inactivated
viruses are efficient vaccines in cases in which viremia are an essential part of
the disease, attenuated live viruses have been preferred to provide local im-
munity. Live vaccines have been established primarily by adaptation of the
virus in question to an unnatural host. The attenuated virus may contain a
large number of mutations, e.g., 35 for poliovirus type 1 vaccine (Nomato et
al., 1981). The attenuated virus may revert to the virulent strain again (e.g., 1
per 3x10¢ doses of live polio vaccine; CDC, 1982). Though in developed
countries this vaccine has been widely used, it is less used in developing coun-
tries since it interferes with other enteric infections.

Attenuated live-virus vaccines are widely preferred, but they also carry
significant risks. They may revert back to wild type or revert to novel strains
with an unpredictable host range. Moreover a live-virus vaccine may be at-
tenuated for one host but not for another, as exemplified with several at-
tenuated live rabies vaccines. Emergence of novel strains is occurring at a
higher rate than generally assumed and could potentially be very hazardous.
Too often it is assumed that viruses !.ave a certain constant host range and
that each virus exhibits a distinct and unique antigenicity.Canine parvovirus
for example demonstrates the fallacy of these ‘‘laws.”” In the Spring of 1978
articles appeared in both the lay and scientific press concerning the rapid
spread of canine parvovirus, simultaneously in different regions, which
caused a fulminant enteritis of high morbidity and mortality (up to 80%) in
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dogs of all ages and myocarditis in young puppies. This virus not only caused
a syndrome resembling the panleukopenia-enteritis syndrome in felines and
mink (Kurstak and Tijssen, 1981), but the virus proved to be very closely
related to the mink parvovirus (Tratschin ef al., 1982). This sudden host
reversion of the virus from mink to dogs raises important questions with
respect to the cause of this reversion, the possible reversion to man, and
measures which can be taken to decrease the chances of such reversions. It
should be stressed that the mink parvovirus is serologically un-
distinguishable from the feline panleukopenia parvovirus and that the mink
parvovirus (mink enteritis virus) had an equally sudden outbreak in 1947
and spread from Canada rapidly around the world. The possibility that the
canine parvovirus derives from the mink parvovirus must, therefore, be con-
sidered seriously. Adaptation could be a result of attempts to achieve at-
tenuation of wild-type mink parvovirus. Retrospective analysis of sera
revealed that the appearance of antibodies to this adapted virus in canine
sera coincided with the disease, except in Belgium where some sera collected
in 1976 and 1977 contained antibody (Schwers ef a/., 1979). It is, however,
difficult to understand how the virus could be present for two years without
being detected since it is very pathogenic.

New horizons for the production of safe vaccines have been opened by
new genetic engineering technologies. Genetic engineering techniques may
be used to produce stable deletion mutants instead of point mutation strains
which lose thereby a certain biological function but are still able to replicate
in certain cells (Jones and Shenk, 1979). There is, nevertheless, a tendency to
shift from whole-virus vaccines to vaccines of subunits or synthetic polypep-
tides. Despite an early view that the feasibility of the development of syn-
thetic vaccines would be rather limited (Arnon, 1980), this approach has
gained support in recent years. Current DNA technology also provides the
tools to produce hybrid vaccines (e.g., recombinants of hepatitis B and vac-
cinia genes). Bacterial plasmids may be used as cloning vehicles for DNA and
RNA viruses. Though these methods are still primarily used for the analysis
of individual genes and the determination of their nucleotide sequences,
cloning will have important applications with respect to the use of a single or
a few viral gene(s) for the production of vaccines.

Another exciting avenue is the production of antiidiotype antibodies using
hybridoma techniques. Monoclonal antibodies with an antiidiotype struc-
ture mimicking the crucial epitope on the virus seem to have great potential
for immunization and protection of the individual from a virus without vac-
cination with the virus, one of its products, or synthetic epitopes of the virus
(Kennedy et al., 1984; Koprowski et al., 1984).

In addition to the development of genetic engineering systems and
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hybridoma techniques to develop vaccines and the synthesis of small pep-
tides (epitopes) on a large scale, novel delivery systems and immu-
noenhancers are being developed.

These new technologies will not only have a tremendous impact on the
knowledge, development, and quality of new viral reagents and vaccines but
will also decrease very significantly the cost of the control of virus diseases.
For example, it can be expected that vaccines which now cost more than
$100, and therefore cannot be applied to control epidemics or endemics
satisfactorily, can be produced for, e.g., 1% of the original cost, and are
more effective than the original products. The worldwide excitement about
these prospects hardly needs to be stressed.

It can also be seen that the comprehensive knowledge available on virus
replication allows rational approaches to the design of antiviral drugs.
Developments in this area will have important consequences, e.g., for the
prophylaxis of viral diseases in plants. The number of antiviral drugs which
have become available is still rather limited despite extensive efforts. The
main problem is to find compounds which selectively inhibit the virus
without having toxic effects on cells. Hitherto, research on antiviral drugs
has been concentrated on a relatively few viruses (herpes, influenza), but it is
expected that this number will increase rapidly due to recent advances in the
understanding of virus replication and the development of sophisticated
techniques. Though different stages of virus reproduction may be blocked,
the stage of viral nucleic acid synthesis is most commonly chosen since the
differences between viral enzymes and cellular enzymes may be exploited.

Breakthroughs in methodologies to diagnose virus diseases have been par-
ticularly prominent in the last few years and are expected to have a major im-
pact on applied virology. The most important advances are due to the
development of the hybridoma technique and the replacement of
radiomarkers on antibodies or antigens by enzymes. Traditionally, radioim-
munoassays have been used on a large scale, but important disadvantages
hampered their transfer to less sophisticated laboratories or to developing
countries. For example, expensive counters are needed and the radioactive
reagents have generally short shelf lives. Moreover, the hazards of radioac-
tive labels and the sophistication of the procedures and equipment restrict
their use to well-equipped central laboratories in which large numbers of
routine assays are performed. The enzyme immunoassays which found their
inception in virology in 1969 (Kurstak ef al., 1969) are equally sensitive, are
simple, and are performed with relatively very stable reagents. The costs are
low so that these techniques are applicable anywhere. The rapid develop-
ment of very specific reagents by the hybridoma technique will accelerate
even more the already explosive expansion of this field.

The transfer of these new biotechnologies within developed countries and
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to developing countries presents an enormous challenge and requires, in ad-
dition to suitable support, adjustments in education and infrastructure in
order to prevent the establishment of heavy dependence on profit-oriented
large companies or countries.

The new era of applied virology allows us to benefit from decades of fun-
damental and molecular research in biochemistry, immunology, and
genetics of viruses. Without a doubt, applied virology has enormously in-
creased the potential for the control of virus diseases. The establishment of
adequate programs and the designation of necessary resources at national
and international levels are required to achieve these goals.

Edouard Kurstak
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I. INTRODUCTION

The introduction of vaccines against different viral diseases has led to
some of the major advances in modern biomedicine. Smallpox has been
eradicated worldwide and poliomyelitis has become a rare disease in in-
dustrialized countries. Childhood diseases such as measles, rubella, and
mumps are now less prevalent in many industrialized countries. Although
these achievements are impressive, much remains to be done. There is a
need to improve already existing vaccines and to develop new kinds of vac-
cines. The latter category should include those viral vaccines that have not
been developed to date because the viruses encompass too many different
serotypes or cannot replicate effectively in available in vitro systems.

The history of the development of viral vaccines reflects the emergence
of methods for in vitro propagation of viruses and their biochemical char-
acterization. Originally, animals were used for preparation of live vaccines,
but later, propagation of viruses in embryonated hen’s eggs allowed the
production of both live and killed vaccines. The major breakthrough oc-
curred when the technique for dispersion of cells from organs and estab-
lishment of monolayer tissue cultures was introduced. Several inactivated
and live vaccines, e.g., those against poliomyelitis, were rapidly developed.

APPLIED VIROLOGY Copyright © 1984 by Academic Press, Inc.
All rights of reproduction in any form reserved.
ISBN 0-12-429601-7



4 Erling Norrby

In the last decade further development of vaccines has relied mostly on the
introduction of new genetic and biochemical techniques. Methods have been
developed for isolation of structural surface proteins of viruses. Hybrid
DNA technology presents possibilities for synthesis of selected virus struc-
tural components in bacteria, for manipulation of viral genomes to estab-
lish genetically more stable live vaccines, and for introduction of extraneous
genes into genomes of large viruses. The development of the hybridoma
technique has increased the possibility of defining the antigenic epitopes on
the surface of virions, which are of primary importance for induction of
immunity against disease. Monoclonal antibodies also can be used for pu-
rification of viral vaccine antigens by immunoadsorption techniques. The
most recent development concerns the use of synthetic peptides representing
only a small selected fraction of a virus polypeptide (6-20 amino acids) as
immunogens.

II. CHOICE OF VIRAL VACCINES

The selection and use of available vaccines are determined by a wide range
of different factors. Industrialized and developing countries have different
priorities because of variations in the medical importance of viral diseases
and in the available resources for production or importation and distri-
bution of vaccines. The choice between live and killed vaccines has fre-
quently led to intense debates.

In a somewhat simplified way it can be stated that inactivated vaccines
are to be preferred over live vaccines because they provide better medical
safety, since there is no replication of virus in the body. However, the use-
fulness of an inactivated vaccine obviously is dependent on whether it can
provide the proper immunity. From a general point of view it appears that
inactivated vaccines may provide efficient immunity in situations in which
viremia is an essential part of the pathogenetic process, e.g., in poliomyelitis
and hepatitis.

It has been argued that live vaccines are markedly superior to inactivated
vaccines in providing local immunity, However, this is only partly true,
because it has been shown, for example, that inactivated polio vaccine used
under optimal conditions not only provides a protection against viremia but
also restricts local replication of virus in the gut. In the case of live vaccines,
the capacity of the attenuated virus to spread from the infected individual
to others may pose problems. This does not occur with measles and mumps
vaccines, but in the case of live polio vaccine, dissemination of virus does
occur. It has been emphasized that such a spread may assist in providing
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an extensive vaccine coverage but the repeated cycles of replication of the
genetically unstable virus may occasionally cause harmful effects.

III. LIVE VIRUS VACCINES

Several different forms of live virus vaccines can be categorized (Table
I). Most live vaccines have been established by adaptation of a particular
virus to an unnatural host. For example, passaging in monkey kidney cell
cultures was used to attenuate poliovirus strains. A comparison of genomes
of attenuated and virulent virus strains has shown that vaccine virus ac-
cumulates a large number of mutations. Thus, type 1 poliovirus vaccine
strain was found to have undergone 35 base changes compared to the wild
virus strain from which it was derived (Nomato et al., 1981). This obser-
vation emphasizes the problem in predicting genetic changes which are re-
quired to render a virus avirulent. We have almost no knowledge about the
genetic basis for the attenuation of the currently used live vaccines. Instead
this development is based on what Chanock refers to as a ‘‘genetic roulette’’
(Chanock, 1983).

The live polio vaccines have been used extensively, leading to a massive
reduction in the occurrence of poliomyelitis particularly in industrialized
countries (Nightengale, 1977). However, a certain price has to be paid in
connection with the use of this vaccine because of the lack of genetic sta-
bility of the vaccine viruses. Emergence of virulent virus may cause both
vaccine-induced and vaccine-associated paralytic cases. In the United States
it has been found that polio immunization is associated with paralytic po-
liomyelitis in one case per 3.2 million doses of live vaccine distributed (Cen-
ters for Disease Control, 1982a). From 1969 to 1980, 92 cases of paralytic

TABLE I
Categories of Live Virus Vaccines
Vaccine Category and/or example
Wild virus Restricted pathogenesis, adenovirus vaccine in enteric coated
capsules
Attenuated virus Naturally occurring variant; e.g., vaccinia virus

Adaptation to unnatural host cells; e.g., mumps virus

Reassortment (recombination) between virulent and atten-
uated virus; e.g., influenza virus, rotavirus (virions with
segmented genomes)

General mutagenesis and selection; experimental

Specific mutagenesis; experimental
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poliomyelitis associated with vaccination were reported. Twenty-five cases
occurred in otherwise healthy vaccine recipients, 55 cases occurred in healthy
close contacts of recipients, and 12 cases developed in individuals (recipients
or contacts) who had an immune deficiency condition. In developing coun-
tries the replication of attenuated poliovirus frequently is restricted due to
interference by other enteric infections. Regrettably it is difficult to use the
live vaccine effectively in these countries. Therefore attempts are being made
to use the inactivated polio vaccine or a combination of inactivated and live
vaccine.

The use of live measles, rubella, and mumps vaccines has increased in
many parts of the world. The live measles vaccine has been extensively used
in the United States and has lead to a virtual extinction during 1982 of
indigenous measles (Centers for Disease Control, 1982b). The small number
of cases which now occur in the United States are due to infection imported
from other countries.

One problem in the use of live measles vaccines in developing countries
is the thermolability of the freeze-dried product. Thus, in the absence of
an effective cold chain under primitive field conditions the vaccine is readily
inactivated. The availability of more thermostable vaccine (Heymann et al.,
1982) will improve this situation.

In addition to the problem of effective distribution of the live measles
vaccine in developing countries, the age of the recipient of the vaccination
poses a dilemma. Since measles virus causes severe infections during the first
year of life in these countries, it has been recommended that vaccination
should be performed at 6-9 months of age. Due to the presence of immunity
of maternal origin in many vaccine recipients at this age, the frequency of
vaccine takes is markedly reduced. As a consequence a second vaccination
has to be given at the age of 1% years. The effect of this two-dose scheme
needs to be further analyzed. In one study, an altered immune response
after a previous active/passive immunization has been suggested (Wilkins
and Wehrle, 1979). In countries where extensive vaccination occurs, levels
of maternal antibodies may become reduced in the future as circulating
vaccine-induced antibodies gradually substitute for antibodies deriving from
virulent measles. As this occurs the age for vaccination may have to be
lowered in industrialized countries as well.

Other live virus vaccines obtained by adaptation of the virus to unnatural
host systems are now at different stages of development. These include live
vaccines against varicella (Arbeter er al., 1982; Neff er al., 1981), cyto-
megalovirus (CMV) infections (Starr er al., 1981), and type A hepatitis
(Provost er al., 1982). One problem associated with the two herpesvirus
vaccines is the fact that the vaccine virus can establish latent infections,
which may become activated at a later date. This may be acceptable if it
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can be well documented from clinical-virological experiences that the main
complications with these virus infections correlate to the primary and not
to the activated latent infection. In the case of varicella one would therefore
have to require documentation showing that the vaccine virus does not pro-
vide a source for future development of herpes zoster as frequently as after
infections with wild virus. In the case of cytomegalovirus, one would have
to base the use of a live vaccine on a documented lower frequency of ac-
tivated latent infections vs primary infections in such situations as preg-
nancy and in immune-suppressed individuals receiving organ transplants.
The development of a live vaccine against hepatitis A has become feasible
by the successful isolation of the virus in selected tissue culture systems.
Repeated passaging of a virus isolate in such a cell system has led to an
attenuation of its virulence for marmosets.

In the case of viruses which have segmented genomes, such as reoviruses
and orthomyxoviruses, the genetic technique of reassortment facilitates the
establishment of attenuated virus strains. A particular problem in the case
of the medically important rotaviruses has long been their fastidious nature.
However, recently successful propagation of the three serotypes of human
rotaviruses in cell cultures was described (Urasawa et al., 1981), which may
lead to new approaches to vaccine production. Previously, attempts have
been made to establish combined infections in human cells from tempera-
ture-sensitive mutants of bovine rotaviruses, which have a capacity to rep-
licate under in vitro conditions, and from noncultivatable human rotaviruses
(Chanock, 1981). Selection of the derived viral reassortments was achieved
by exposing progeny from the mixed infection to a potent bovine rotavirus
antiserum which neutralized this virus but not the human rotavirus. The
surviving virus was then isolated in tissue culture at a restrictive tempera-
ture. This procedure has produced viral reassortments which could grow to
high titer in human tissue cultures and which were specifically neutralized
by antiserum to the human rotavirus serotype 1. Different procedures are
now available to develop both live and inactivated rotavirus vaccines.

The technique of reassortment has been used extensively in the case of
influenza A viruses (Chanock, 1981, 1982). The most recent approach was
to characterize the capacity of a set of isolates of avian influenza viruses
to grow in primate cells in vivo and to select strains which had a restricted
replicating capacity (Murphy ef al., 1982b). Such strains might then be used
in reassortment experiments together with virulent human influenza A virus
strains. The aim was to isolate a vaccine virus having surface antigen prop-
erties of the human influenza A virus, but with an extensively genetically
restricted capacity to replicate in human cells. Since the avian influenza
parent of this hybrid is distinct in many genes from its human counterpart,
one can hope that the variants established show a high degree of genetic
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stability with regard to their restricted capacity to propagate in human cells.
The technique of reassortment has also been used previously in combination
between virulent human influenza A virus strains and genetically modified
human influenza A strains. Both chemically induced temperature-sensitive
and cold-adapted genetically modified strains (Chanock and Murphy, 1980)
have been employed. Products of this kind are still at the experimental stage
and so far no completely genetically stable influenza A virus recombinants
have been defined. However, there is hope for the successful development
of an effective live influenza vaccine (Wright er al., 1982a). The use of such
a vaccine for local application should lead to a much more efficient local
immunity than the currently employed inactivated vaccines (Murphy et al.,
1982a).

The method of general mutagenesis and selection has also been used to
identify attenuated strains of other viruses. Attempts have been made to
prepare a temperature-sensitive respiratory syncytial (RS) virus vaccine. So
far the virus strains isolated have shown selected characteristics in tissue
culture systems and in animals. However, when the strains were adminis-
tered to young children a reversion to a certain degree of virulence was
encountered (Wright et al., 1976, 1982b). In view of the pronounced med-
ical importance of RS virus infections in young children it is to be hoped
that future attempts to produce a vaccine that can protect against these
infections will be successful.

As an alternative to general mutagenesis as a mechanism for establishing
stable attenuated strains of viruses, the method of directed mutagenesis,
preferably by introduction of deletions, offers interesting possibilities. This
technique has become available as a consequence of the development of
hybrid DNA technology and gene-sequencing methods. The application of
this technique requires that the viral genome be in a DNA form, but this
does not mean that it is restricted to DNA viruses. Experimental studies
have been made with genomes from DNA viruses such as papova- and ad-
enoviruses. In the adenovirus system, deletion mutants without transform-
ing activity but with full capacity to replicate in certain cells could be
established (Jones and Shenk, 1979). Deletion mutants with altered host
range or replication capacity would be of considerable interest not only in
developing other transforming viruses, but also in ensuring that an atten-
uated virus cannot regain virulence. As mentioned, directed mutagenesis
can also be applied to RNA viruses, provided these viruses can be tran-
scribed into a cDNA copy by use of reverse transcriptase. Recently, the
entire genome of poliovirus in a cDNA form was established, and it is of
particular interest that this DNA was shown to have infectious properties
(Racaniello and Baltimore, 1981). Possibilities now exist for the generation
of deletion mutants with stable properties of attenuation.
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Hybrid DNA technology might also be applied in a different context.
Extraneous DNA can be introduced into the genome of large DNA viruses.
In one study (Smith et al., 1983), the gene that directs the synthesis of hep-
atitis B virus surface antigen was recombined into vaccinia virus. The in-
fected cells synthesized not only vaccinia virus but also hepatitis B virus
surface antigen. In a way this represents a combination of /ive and killed
(“‘like’’?) vaccine, but the inactive component of this vaccine is special in
that it is processed in a cell as if it were part of a replicating virus. This
may have advantages with regard to the presentation of the antigen to the
immune system. The potential use of this kind of approach should be fur-
ther studied and animal virus vectors other than vaccinia virus might be
considered.

IV. CATEGORIES OF VACCINES CONTAINING
NONREPLICATING ANTIGENS

Three different categories of inactivated vaccines can be determined:
whole virus products, subunit vaccines, and synthetic polypeptides (Table
II).

The whole virus products include vaccines against influenza and polio-
myelitis as well as more regionally used vaccines against rabies, tick-borne
encephalitis, Japanese B encephalitis, and Rift Valley fever.

The whole virus inactivated influenza vaccine is prepared from egg-grown
material and has been available for several decades. There are three major
problems connected with the use of this vaccine. First, the formalin-inac-
tivated product is given parenterally, thereby inducing circulating, humoral
immunity. As a consequence the efficacy in terms of local immunity is less
pronounced. Second, the continued changes in the virus in terms of anti-
genic drift and occasional antigenic shifts demand that strains used in the

TABLE II
Categories of Inactivated Vaccines

Vaccine Examples
Whole virus products Rabies, influenza, polio
Subunit vaccines Naturally occurring components; hepatitis B virus

Split virus; e.g., influenza
Hybrid DNA synthesis; e.g., hepatitis B virus
(experimental)
Synthetic polypeptides Foot-and-mouth disease virus (experimental)
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vaccine be selected as close to the currently circulating strains as possible.
Third, repeated use of the vaccine gradually gives less effective immunity.
This is due to the ‘“‘original antigenic sin’’ which infers that the antibody
response upon repeated immunization becomes more and more directed
against the antigen which was originally presented to the individual than
that which is present in the most recently administered vaccine. A disad-
vantageous effect of yearly revaccinations has been documented (Hoskins
et al., 1979).

The inactivated whole virus polio vaccine has been shown to provide ex-
cellent protection against disease and to restrict the circulation of poliovirus
in the community by induction of a local mucosal immunity (Béttiger et
al., 1979). However, only a few countries have retained an immunization
program based exclusively on this vaccine. Since the 1960s most countries
have shifted instead to the live vaccine. Sweden is one of the countries that
has retained an immunization program based on inactivated vaccine. By
use of four properly spaced injections of a product of good potency a life-
long immunity appears to be established (Bottiger and Fagraeus, 1980). One
problem with the inactivated polio vaccine concerns the cells to be used as
a substrate for preparation of antigen. Primary monkey kidney cells do not
represent a satisfactory source of cells, and in addition monkeys have be-
come increasingly more difficult to obtain. Certain countries such as the
Netherlands have established local breeding colonies of monkeys in order
to provide materials sufficient for the national production of vaccines. At-
tempts have been made to exchange the primary monkey kidney cells for
human diploid cells and also human lymphoblastoid cells lines, but the yield
of virus in these systems is relatively poor. The solution to this problem
appears to be the use of established nontumorigenic epithelioid cell lines.
Previously negative attitudes toward the use of such cell lines have prevailed
(cf. Hilleman, 1973) and there has been a fear that possibly tumorigenic
genetic material could be transferred together with the vaccine antigen.
However, recently accumulated knowledge concerning mechanisms of tu-
morigenesis and also the development of chemical techniques which allow
the preparation of a product devoid of contaminating genetically active nu-
cleic acids have changed this view. The World Health Organization now
accepts the use of nontumorigenic cell lines for vaccine production with
certain provisions. The cells used, e.g., Vero cells, must not be tumorigenic
in nude mice and must not show any chromosomal abberations. After pu-
rification the final vaccine product should not contain nucleic acids exceed-
ing a defined size. An inactivated poliovaccine prepared in Vero cells was
recently licensed for use in France.

Most of the currently used inactivated rabies vaccine is prepared in a
human diploid cell line. This vaccine provides good immunity but regret-
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tably the virus yield from cells is poor, making the vaccine expensive. At-
tempts are now being made to produce the rabies vaccine in a nontumo-
rigenic established cell line (Vero cells).

The preparation of subunit vaccines has attracted interest, particularly in
cases of different enveloped viruses. However, capsid components from na-
ked viruses such as foot-and-mouth disease virus (FMDV) and adenoviruses
might also be used as subunit vaccines. Two different kinds of subunit vac-
cines from lipid-containing viruses have been prepared. One is the recently
introduced inactivated hepatitis B vaccine (Hilleman, 1982). This is a unique
vaccine in that the antigen material comes from individuals carrying hep-
atitis B virus infections. Circulating subvirion hepatitis B virus surface an-
tigen is isolated from serum material and is subsequently chemically
inactivated. This kind of antigen preparation has been shown to induce
humoral immunity and to protect against subsequent exposure to hepatitis
B virus. The duration of the immunity has not yet been established, al-
though it appears to last for several years. Current discussions concern the
selection of the target groups on which to use this vaccine. Usage has to be
selective, first, because the vaccine is expensive, and second, because the
product should be applied only in cases in which increased risk for infection
has been clearly established. The latter situation prevails only under con-
ditions of repeated, more than minimal exposure to possibly contaminated
blood.

The second kind of subunit vaccine is the influenza vaccine prepared by
dissociation of the virus envelope and isolation of its two peplomers, hem-
agglutinin and the neuraminidase. This kind of split vaccine has been shown
to give less local reactions than the whole virus products and as a conse-
quence larger amounts of antigen can be administered. The product there-
fore can be used in younger individuals although it is questionable whether
this is an important target group since influenza usually is rather mild in
younger children. The efficacy of immunization with a split virus product
does not exceed that of the whole virus vaccine, and the previously discussed
problem of decreasing efficacy of immunization upon repeated vaccinations
remains.

Attempts are being made to develop split vaccines of other viruses. In
the case of herpesviruses the use of envelope preparations is attractive, since
such products would allow the exclusion of genetic material with a potential
oncogenic capacity. Some experimental batches of vaccines have been pre-
pared and tested in limited field trials (Cappel et al., 1982; Klein ef al.,
1981).

Data have been obtained on the production and use of inactivated whole
virus measles vaccines and also to some extent on the use of subunit measles
vaccines. The previously used vaccines did not provide satisfactory im-



12 Erling Norrby

munity but instead set the stage for development of immune pathological
reactions leading to the occurrence of atypical measles. This was due to the
fact that the inactivation procedures employed destroyed the antigenicity
of one of the surface antigen components, the fusion component (Norrby
et al., 1975). It should be noted that the antihemagglutinin response induced
by the vaccine could effectively neutralize the virus in laboratory tests.
However, in vivo, there was an additional requirement for antibodies against
the fusion component, presumably to prevent cell-to-cell spread of the vi-
rus. Formalin-inactivated mumps virus vaccine was also shown to lack im-
munogenic hemolysin (Norrby and Penttinen, 1978), but no cases of atypical
mumps have been identified. Phenomena of a similar nature may also be
relevant to the accentuated disease seen after immunization with formalin-
inactivated RS virus (Kim ef al.,1969). It is therefore important that in cur-
rent attempts to produce subunit vaccines of paramyxoviruses the antigen-
icity of both the fusion factor and the hemagglutinin are retained. However,
it is also essential to give the fusion component a certain advantage in the
immunization process, since it has been shown that immunization with in-
activated whole virus retaining immunogenic F components induces the
production of an antibody response primarily against hemagglutinin (E.
Norrby, unpublished results). The efficient antibody response against the
fusion component in connection with wild virus or live vaccine virus infec-
tion may be a result of the exposure of this component on the surface of
infected cells. In order to achieve a matching immunity when an inactivated
vaccine is used, one has to prepare peplomer aggregates containing a rel-
atively increased proportion of fusion-to-hemagglutinin components com-
pared to that of the envelope of intact virus. Recent findings indicate that
such a product can induce both an efficient antihemagglutinin and anti-
fusion component of humoral immunity (P. Osterhaus, personal communi-
cation).

Another avenue to production of subunit vaccines is the use of hybrid
DNA technology. Isolated viral genes responsible for the production of sur-
face antigen components have been cloned in Escherichia coli. These in-
clude the VP1 (previously VP3) protein of FMDV (Kleid et al., 1981), the
hepatitis B virus surface antigen (Edman er al., 1981), the rabies virus G
protein (Yelverton et al., 1983), and the hemagglutinin of influenza virus
(Lai ef al., 1980). The production of nonglycosylated virus-specific proteins
has been demonstrated and these proteins have been shown to induce hu-
moral immunity in experimental animals. These kinds of preparations ob-
viously offer interesting possibilities for future vaccine production.

The feasibility of production of synthetic vaccines has been debated for
years (cf. Arnon, 1980), with the general consensus that the possibility for
development of this kind of product would be rather limited. This view was
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based on the observations that denaturation of a protein by physical means
and cleavage of a protein by proteases usually lead to a loss of antigenic
properties and immunogenic activity. There were some experiments, how-
ever, showing that a C-terminal hexapeptide of tobacco mosaic virus pro-
tein coupled to bovine serum albumin induced the production of antibodies
which could both precipitate and neutralize the virus. Furthermore, in work
with phage MS2, two synthetic peptides representing parts of the coat pro-
tein of the virus were shown to stimulate the production of antibodies ca-
pable of binding to the virus (Langbeheim et al., 1976). However, the full
potential of immunization with synthetic polypeptides could not be realized
until the genetic information provided by the combined use of hybrid DNA
technology and nucleic acid sequencing methods allowing prediction of the
amino acid sequence of viral proteins became available (cf. Lerner, 1982;
Sutcliffe ef al., 1983). During the past few years peptides corresponding to
parts of the influenza HA1 protein (Green et al., 1982), the HB, antigen
(Lerner ef al., 1981), and the FMDV VP1 protein (Bittle ef al., 1982) have
been studied. In both the influenza and FMDYV system, short peptides rep-
resenting the whole polypeptide were used for immunization. Only a few
of the peptides induced production of neutralizing antibodies. The synthetic
polypeptides of FMDV which induced neutralizing antibodies were shown
to protect against experimental disease. It was found that the synthetic poly-
peptides should be larger than 6 amino acids and that a suitable size was
12-20 amino acids to allow an effective induction of production of anti-
bodies. Preparation of longer polypeptides did not improve their antigen-
icity; instead, it has become apparent that the immunizing potency of short
polypeptides is based on the fact that they are less folding dependent than
the intact protein or larger fragments of the protein.

The use of synthetic peptides as immunogens offers a number of advan-
tages. The antibodies produced have a predetermined specificity, and in the
case of viruses, they can be selected to represent structures on the surface
of virions. However, the relative importance of different surface virion
structures in inducing immunity has to be evaluated separately. The syn-
thetic polypeptides also are interesting in that they can induce antibody re-
sponses not seen under normal conditions. For example, it has been found
that in the influenza hemagglutinin there are five major antigenic regions
and that under conditions of natural infection the immune response in-
cludes antibodies only to these regions. With synthetic polypeptides, an im-
mune response against other regions of the hemagglutinin polypeptide can
be generated, and these antibodies have been found to be capable of neu-
tralizing the virus. There are also indications that this immune response may
have a broader reactivity than antibodies induced by the whole hemagglu-
tinin.
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Because the synthetic peptides themselves have poor immunogenicity, they
have to be combined with substances that provide an adjuvant effect. Cou-
pling of the peptides to carrier proteins such as albumin or keyhole limpet
hemocyanin and use of an adjuvant have been tried.

V. CONCLUSIONS

Many viral diseases have been effectively prevented by use of either live
or inactivated vaccines, and in the case of smallpox global eradication of
disease has been achieved. Similar eradication might be possible for other
mono- (or oligo-)typic viruses which are transmitted as a chain of acute
infections and for which there is no nonhuman reservoir of practical im-
portance (Report on the international conference, 1982). This is the situa-
tion for viruses such as poliomyelitis and measles. Some of the procedures
used for vaccine production need to be modified. In selected cases it may
be advantageous to exchange primary cells for nontumorigenic heteroploid
cells in virus propagation, e.g., in the case of inactivated polio vaccine.

Methodology introduced during the last decade, i.e., hybrid DNA tech-
nology, establishment of hybridomas producing virus-specific antibodies,
and immunization with synthetic peptides, offers exciting possibilities for
production of vaccines under completely new conditions. Genetically un-
stable live vaccine virus may be rendered more stable by directed deletion
mutagenesis. Inactivated vaccines may be produced without any propaga-
tion of the infectious agent. Attempts should also be made to prepare vac-
cines against polytypic viruses. The use of isolated gene products or short
synthetic polypeptides should markedly facilitate the whole process of con-
trolling vaccine products and, in particular, allow the induction of an ef-
ficient immunity under conditions of maximal safety. Also, the costs for
vaccine production may be reduced by use of these procedures, so that vac-
cines could be made available to countries with more limited financial re-
sources.
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I. INTRODUCTION

Of all the promises of the biotechnological revolution none offers more
immediate application for improving the welfare of mankind than the ge-
netic engineering and chemical synthesis of vaccines for controlling the dis-
eases of food- and fiber-producing animals. Microbial and viral diseases
are still responsible for the largest proportion of livestock production loss
in developed and developing countries. International prohibitions to the
shipping of animals and animal products (established because of the risk
of exotic disease importation) lower the value of agricultural production,
including production of animal feed crops. Livestock loss from infectious
diseases is also a major influence on human nutritional status. In addition,
zoonotic animal diseases represent an important direct threat to human
health (BOSTID, 1982).

Much has been done to control many animal diseases. Chemotherapy,
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antibiotics, and anthelmintics, vector control, quarantine, test-and-slaugh-
ter programs, and vaccines have reduced disease incidence and economic
loss. All of these approaches are expensive, and all place a burden on lim-
ited scientific expertise and disease control resources. In some circum-
stances cost-to-benefit considerations result in dilemma. For example,
the cost of a pesticide for vector control may be so high that the livestock
producer may face ruin either from its purchase or from the loss caused by
unchecked vector-borne disease. This kind of economic dilemma may be
associated with other conventional approaches to disease control, such as
incomplete indemnification in test-and-slaughter programs. Genetic engi-
neering now offers possibilities for increasing vaccine potency, safety, and
stability and especially for decreasing vaccine costs. It seems clear that the
cost-to-benefit equations for control programs for many infectious diseases
will change for the good.

Virus disease vaccines deserve special emphasis when the potentials of
genetic engineering are considered. There are several reasons.

1. Many animal viruses have explosive epizootic patterns of spread, rep-
resenting great potential for economic loss over large areas. The spread of
African horsesickness virus into the Middle East and Indian subcontinent
from its enzootic niche in East Africa in 1959-1960 is exemplary—the eco-
nomic loss and associated human suffering caused by this single epizootic
was enormous. In this case, appropriate use of vaccine, i.e., immediate de-
livery from stored reserves of large numbers of doses of stable vaccine,
might have stopped this epizootic.

2. Many viruses have physical properties which allow them to survive the
same sanitary measures used to control most bacterial pathogens. Virion
stability can result in reemergence, reintroduction, and transport of viruses
irrespective of quarantine regulations. The spread of African swine fever
into the Iberian peninsula, Haiti, the Dominican Republic, and Brazil from
its enzootic niche in Central Africa is exemplary—the economic loss and
associated human suffering caused by this movement of the virus has also
been enormous, and the entrenchment of the virus in its new habitats prom-
ises continuing losses. Vaccine development for this disease promises to be
especially difficult, but if successful could reverse this entrenchment.

3. Many animal viruses are capable of entering a persistent infection cycle
with long-term continuous or intermittent shedding. In most instances such
infection cycles, once established, cannot be interrupted by vaccination or
other means. The consequence is that such viruses are present continuously
in the environment of each new generation of animals. An example is the
great economic loss caused by each of the important herpesviruses of ani-
mals. Infectious bovine rhinotracheitis, equine rhinopneumonitis, and many
more herpesvirus diseases represent difficult control problems which might
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be solved by development of vaccines suitable for use in young animals,
before primary infection initiates persistence.

From these few examples, it seems clear that control of virus disease is
a particularly worthy focus for application of genetically engineered vac-
cines. This conclusion is reinforced by some general characteristics of vi-
ruses themselves: most important in this regard is the relative simplicity of
the antigenic determinants of viruses and their similarity in related viruses.
This accounts for the potency of very small dosages of virus vaccine and
for the practicality of combining antigens into polyvalent vaccines. For ex-
ample, the extraordinary efficacy of the attenuated live-virus rinderpest
vaccine in cattle depends on the invariable, stable antigenicity of the virus,
and the ability to customize polyvalent bluetongue vaccines to match the
prevalence of particular serotypes in a given area is aided by the method-
ologic repetitiveness of vaccine production.

Conventional vaccine development has become rather static in the past
few years; many of the very good vaccines have been in use for more than
10 years, and the poorer vaccines have not been improved. This is the case
even though technological breakthroughs are applied quickly and with good
effect in the vaccine industry. Four research approaches lie at the heart of
the needed biotechnological revolution in vaccine development (BOSTID,
1982; Bachrach, 1981). (1) Recombinant DNA technology must be devel-
oped and adapted to large-scale systems. (2) Peptide synthesis must be
developed and adapted to large-scale systems. (3) Improved adjuvants, im-
munoenhancers, and novel delivery systems (e.g., liposomes, slow-
release carrier compounds, mechanical slow-release devices) must be de-
veloped and brought into general use. (4) Attenuated live-virus vaccines
with antigenicity and safety characteristics assured by controlled deletion
mutations must be designed. This is an exciting new research area which
should not be overshadowed by recombinant DNA technology. Cell-me-
diated immunity is the principal host defense against many virus infections,
and small virus proteins such as those produced by recombinant DNA tech-
nology or chemical synthesis methods do not (even with adjuvants) evoke
very good cell-mediated immune responses. It is hoped that this problem
will be overcome, but in case it is not, research emphasis must be directed
now to this new field of mutation-controlled animal vaccine engineering.
The same argument for a comprehensive, balanced research effort for the
genetic engineering of human disease vaccines is being voiced—it will take
very good synthetic vaccines to improve upon the present measles, rubella,
or mumps attenuated live-virus vaccines.

Recent breakthroughs made with two important viral vaccines—rabies
vaccine and foot-and-mouth disease vaccine—are used in this chapter to
illustrate the present fast-moving state of development of genetic engineer-
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ing technology. Parallel research on adjuvants and vaccine delivery systems
does not seem to be keeping up. Perhaps the latter is dampened by the
conservative position which must be taken with regard to the use of adju-
vants with human vaccines. However, questions appropriate in human med-
icine, such as adjuvant exacerbation of immunopathologic diseases, are not
as important in short-lived livestock species. A review of the acceptable
characteristics of animal vaccine adjuvants by an international body, such
as the FAO, would be of value. Such a review would clarify the limits to
acceptable reactogenicity and would lead to common international stan-
dards.

II. GENETIC ENGINEERING OF RABIES VACCINE

Rabies is an ancient scourge which must still be regarded as a very im-
portant disease of man and animals (Murphy, 1983a; Shope, this volume).
The human disease can be measured in terms of mortality statistics in many
parts of the world, but it must be measured also in terms of individual
suffering and public hysteria. The animal disease can be measured in terms
of costs of control, loss of livestock production, and impact on fragile wild-
life populations. In some parts of the world the incidence of human rabies
can be taken as an index of a massive underlying animal (usually dog) trans-
mission cycle. In other areas the incidence of livestock rabies can be taken
as an index of a massive underlying wild animal (including bat and free-
roaming dog) transmission cycle. In many of these areas the virus is en-
trenched and is unreachable by conventional means. Immunization of man
and domestic animals plays a major role in limiting the consequences of
human exposure and in limiting livestock losses. Immunization is used in
control programs along with control of animal movement (stray animal
control), surveillance, laboratory diagnosis, public education, and wildlife
control (Baer, 1983).

Immunization of man, primarily done in postexposure settings, has little
effect on the transmission cycle of the virus, but given the usual circum-
stances of exposure, the provision of safe and efficacious vaccine should
be considered a public responsibility. For many years human rabies vaccines
changed little from those developed by Pasteur; they were not potent enough
and caused neurological damage. Later, vaccines such as duck embryo vac-
cine, developed to avoid neurological damage, suffered from lack of po-
tency. The first great breakthrough in increasing potency safely came with
the Wistar Institute human diploid cell (HDC) vaccine; this vaccine is now
produced primarily by the Institut Mérieux (95% of world production). Be-
cause of the time, labor, and materials needed for its production, this vac-
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cine is extremely expensive; the current five-dose postexposure treatment
regimen costs more than 250 U.S. dollars (despite this, the Institut Mérieux
sells a million doses per year and there is an apparent demand for another
half-million doses). This cost, which is more than the mean per captia ex-
penditure for the entire health sector in many countries, represents a cruel
dilemma. How is the public health officer to advise people exposed to ra-
bies? Is he to say, ““There is a very good vaccine, but we cannot afford it”’?

The resolution of this dilemma lies in the production of a human rabies
vaccine that is potent, safe, and also inexpensive. Improvement in each of
these three vaccine qualities represents an important challenge. Potency has
been a problem compounded by very conservative requirements for certi-
fied cell culture substrates for human vaccine development and production.
It is not likely that cells such as BHK-21 (or other hamster cells) will ever
be allowed as substrate for human vaccines, even inactivated vaccines, in
the United States, but certifiable cells must continue to be developed and
tested for rabies virus yield characteristics if whole virus immunogens are
ever to be improved. Safety has been a problem compounded by “‘live virus
in inactivated products and inactive virus in attenuated live-virus prod-
ucts.” Safety assurances require infrastructure and professional oversight.
Cost control overrides all other considerations. Low cost must be designed
into the research approach to vaccine development, and this must be com-
plemented by manufacturing and distribution economies.

Immunization of animals, always done prophylactically, can be carried
out with the aim of preventing economic loss (e.g., cattle immunization),
reducing risk of human exposure (e.g., urban dog immunization), or in-
terrupting the transmission cycle (e.g., urban dog immunization, wildlife
immunization). Where the aim is to prevent economic loss, immunization
must be safe, efficacious, and inexpensive. Some animal vaccines grown in
cell cultures, e.g., inactivated and attentuated live-virus vaccines produced
in BHK-21 cells, nearly meet these demands, but again, cost remains a prob-
lem. A vaccine meeting all demands would fill a great need, especially in
Central and South America, where cattle rabies is a major problem (Baer,
1983; Murphy, 1983b).

Where the aim is to reduce human exposure or interrupt wildlife trans-
mission cycles, there are common principles and approaches. In each case,
immunization of the reservoir host population can better stop virus shed-
ding and transmission than can animal removal. Animal removal, whether
brought about by the usual slow epizootic of lethal rabies infections or by
animal-killing programs, leaves the econiche, whether urban or wildlife, to
be filled by a new generation of susceptibles (Baer et al., 1971; Steck et al.,
1978). The approach of distributing vaccine-laden bait, as used to immunize
foxes in Switzerland, can be adapted to reach other wildlife species in dif-
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ferent ecosystems (e.g., skunks in Ontario, Canada) and can even be adapted
to reach free-roaming urban dog populations (e.g., dogs in cities on the
United States-Mexico border) (Baer, 1983). The same approach could sim-
plify the immunization of pet dogs and cats (in a similar way to the Sabin
polio vaccine delivery system).

All these wildlife immunization schemes presume the availability of a safe
vaccine which is potent when administered orally (Murphy, 1983b). Con-
ventional inactivated vaccines, even when concentrated, have proved to be
worthless when administered orally (Baer et al., 1971). Attenuated live-virus
vaccines represent, in the authors’ view, an untoward risk—risk of rever-
sion to wild type or risk of emergence of novel, unpredictable infection
cycles in species which consume the bait or in species coming in contact
with the virus by indirect means. There is no guarantee that a vaccine virus
developed for use in a given species will be attenuated for all species which
might be exposed; in fact, there are many examples in the rabies vaccine
literature of species-specific attenuation. The circumstances of wildlife or
free-roaming dog immunization programs offer little possibility for recall-
ing a faulted vaccine. If, as seems to be the case, the lack of immunogenicity
of noninfectious rabies vaccines when delivered orally has been partly due
to insufficient antigen content, then the high concentrations of antigen
which can be produced biotechnologically might solve the problem. Cer-
tainly, such concentrated antigens must be tested as oral vaccines as soon
as they become available in necessary volumes. If successful, and if usable
in wildlife and free-roaming dog immunization programs, it is conceivable
that rabies might be eradicated from some areas of the world.

At the time of this writing the gene encoding the rabies virus glyco-
protein has been cloned by two research groups (a group from the Wistar
Institute, Philadelphia, Pennsylvania, and Transgene Ltd., Strasbourg,
France; and a group from Genentech Inc., San Francisco, and the Centers
for Disease Control, Atlanta, Georgia) (Anilionis et al., 1981; Genetic En-
gineering Letter, 1982; Yelverton et al., 1983a,b).

The strategy of the work done at Genentech Inc./Centers for Disease
Control has been as follows (Yelverton et al., 1983a,b): (1) From poly-
adenylated mRNAs obtained from rabies [challenge virus standard (CVS)
strain] infected cells, double-stranded cDNA species were synthesized using
reverse transcriptase and DNA polymerase. (2) The cDNAs were annealed
into the bacterial cloning vector (‘‘plasmid’’) pBR322, and the hybrid plas-
mids were then used to transform Escherichia coli cultures. (3) A library
of transformed E. coli colonies was screened by hybridization of plasmid
DNAs with native rabies G mRNA. Candidate plasmids potentially bearing
cloned rabies cDNA were confirmed by the technique of ‘‘hybrid arrest of
translation,’’ and one, pRab91, was chosen for expression. This clone con-
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sisted of >2000 base pairs encoding all of the mature rabies glycoprotein;
it was sequenced, and the amino acid sequence of its product was deduced
from the cDNA nucleotide sequence. (4) For expression of the pRab91 clone
in E. coli, it was annealed into an ‘‘expression vector’’ containing (a) an
RNA polymerase binding site—the promoter, (b) a control element for the
amount of mRNA produced—the operator, (c) a sequence for directing
protein synthesis—the ribosome binding sequence, and (d) a codon for the
beginning of translation of mRNA into protein—the initiation codon (all
derived from the E. coli tryptophan operon). The resulting plasmid,
pRabGtrpl, was used to transform E. coli, and large cultures were pro-
duced. (S)Whole-cell extracts of the transformed E. coli cultures were ex-
amined for the presence of viral protein; a protein of molecular weight
(MW) 62,000 was identified as an analog of the viral glycoprotein. (6) Be-
cause the MW 62,000 protein was extremely insoluble (typical of highly
hydrophobic viral glycoproteins), a plasmid was constructed containing a
truncated glycoprotein cDNA sequence. This plasmid encoded a rabies gly-
coprotein analog lacking the most hydrophobic transmembrane end of the
native protein (MW 49,000).

The two bioengineered proteins (MW 62,000 and 49,000) were shown to
be reactive with antiserum raised against the native rabies glycoprotein. Most
of the antigenic determinants of the native protein seemed to be conserved
in the E. coli-produced analogs. The worry that posttranslational process-
ing (such as carbohydrate side-chain attachment) would be needed for
expression of antigenic determinants does not seem to have been justified.
Protection of animals from rabies challenge with a vaccine made from these
analog proteins has not been tried yet, but experiments are in progress to
determine whether the bacterially produced protein will be as effective in
eliciting neutralizing antibody as the native glycoprotein (Dietzschold ef al.,
1978, 1979).

The matter of virus glycoprotein insolubility poses problems in vaccine
formulation. The potency of a vaccine depends on maximum availability
to the immune triggering system of the antigenic determinants, but insol-
uble glycoprotein complexes bury many of the determinants. The means
used to solubilize the bioengineered rabies glycoprotein analogs for prelim-
inary testing are not suitable for use in vaccines. This problem, and others,
has led to consideration of an alternative immunogen, that is, a chemically
synthesized small polypeptide with the same amino acid sequence as the key
antigenic determinant site on the whole viral protein. Such a peptide would
be designed by deduction, using the nucleotide sequence of the glycoprotein
c¢DNA. Such a peptide could be produced on a large scale inexpensively;
the peptide would be soluble, and when conjugated to a carrier it could be
a potent immunogen.
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The first experiments toward this goal were reported by Sutcliffe and
colleagues (1983); 18 peptides, representing over half of the rabies glyco-
protein amino acid sequence, were synthesized, and antibodies were raised
against each of these. Although each antiserum bound native rabies gly-
coprotein, none was capable of neutralizing virus (cell culture neutralization
test) or protecting mice or dogs against challenge. It was concluded that the
key epitopic sites on the rabies glycoprotein were not represented in the
group of 18 peptides, and so more peptides, representing likely regions of
the glycoprotein, are now being synthesized. This kind of progress is being
made even though key antigenic determinant sites on the rabies glycoprotein
have not yet been identified and characterized chemically. The great success
of this approach obtained with foot-and-mouth disease virus, as described
in Section III, suggests that this may be the ultimate solution to human and
animal rabies vaccine problems (Sutcliffe et al., 1983; Dietzschold et al.,
1983).

III. GENETIC ENGINEERING OF FOOT-AND-MOUTH
DISEASE VACCINE

Foot-and-mouth disease (FMD) is certainly the most important virus dis-
ease of the world’s livestock industries. The seven immunologically distinct
serotypes and more than 60 subtypes of the virus cause economic loss di-
rectly as a result of morbidity and mortality in affected animal popula-
tions, and indirectly as a result of constraint of international trade in animals
and animal products (Brooksby, 1982). In FMD-free countries, such as the
United States, costs relate to large disease control agencies that are main-
tained ready to implement an eradication scheme should the virus be intro-
duced. In countries which are usually FMD-free, such as the United
Kingdom, infrequent introductions have led to costly large-scale slaughter
of livestock as part of eradication protocols. In these FMD-free countries,
vaccine stockpiling is part of the control strategy—expensive insurance for
use if eradication fails. In countries where the virus is enzootic or is fre-
quently introduced there are immunization programs in place and vaccine
is produced on a scale unmatched for any other animal vaccine. Over three
billion monovalent dose units of vaccine are used annually in South Amer-
ica, Africa, and Asia (Henderson, 1981; Della-Porta, 1983).

The use of vaccine in well-organized control programs in Western Europe
has reduced an annual incidence of some thousands of outbreaks per year
in the 1950s and 1960s to the virtual elimination of disease in the past 10
years. However, extension of this success to other problem areas of the
world has been difficult. In South America it is necessary to distribute a



2. Genetic Engineering in Animal Vaccine Production 25

trivalent vaccine two or three times a year so as to reach a sufficient pro-
portion of the cattle population at risk. Anything less fails to reduce trans-
mission and fails to decrease the incidence of disease. The same vaccine
usage pattern is required in the Middle East and in Africa. The delivery of
so much vaccine frequently represents a great financial and social bur-
den—it is no wonder that FMD is not being controlled in many parts of
the world. The underlying problem is not only the cost of present vaccines,
but also the social impasse in maintaining needed enthusiasm. In the present
situation in FMD enzootic areas, this impasse might be broken by the con-
viction that a new vaccine of great potency might lead to true control or
elimination of the virus. This conviction would have to be based on vac-
cinating a higher proportion of cattle at risk than is usual. In such a situ-
ation, the cost-to-benefit equation for control would include the extra cost
of reaching all livestock in the given area, but it would also include the
extra benefit of greatly reduced virus transmission.

This worldwide situation, marked by the need for very large numbers of
vaccine doses, for vaccine of increased potency (so as to reduce immuni-
zation frequency), for vaccine which is absolutely incapable of causing dis-
ease (inadequate inactivation has been a common problem in vaccine
manufacture), and for vaccine which is inexpensive, has been addressed by
bioengineering technology. Capacity for control, and even area eradication,
of FMD will be greatly expanded by vaccines produced by transformed E.
coli or by peptide synthesis.

The gene encoding the VP1 protein of several FMD virus serotypes has
been cloned by three research groups (a group from the Plum Island Animal
Disease Center, Greenport, New York, and Genentech Inc., San Francisco,
in the United States; a group from the Animal Virus Research Institute,
Pirbright, and the Wellcome Research Laboratories, Beckenham, in the
United Kingdom; and a group from the University of Heidelberg, the Fed-
eral Research Institute for Animal Virus Diseases, Tubingen, the Max
Planck Institute, Munich, Federal Republic of Germany, and Biogen S.A.,
Geneva, Switzerland) (Boothroyd ef al., 1981; Brown, 1983a,b; Kleid et al.,
1981; Kleid, 1982; Kupper et al., 1981).

The strategy of FMD VP1 cloning has been as follows: (1) From viral
RNA obtained from FMD virus particles or from virus-infected cells, dou-
ble-stranded cDNA species were synthesized using reverse transcriptase and
DNA polymerase. (2) Selected cDNA species were annealed into cloning
vector plasmids, and these were used to transform E. coli. (3) A library of
resulting plasmids was screened, and individual clones encoding the VP1
protein were identified, sequenced, and cleaved with restriction endonu-
cleases to fragments encoding only desired parts of protein. (4) These cDNA
fragments were annealed into expression vector plasmids containing the E.
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coli tryptophan promoter-operator system. The plasmids were used to
transform E. coli organisms, which were then grown in large cultures. (5)
Lysates of these cultures were examined for the presence of FMD VP1 pro-
tein analogs, and the presence of biologically active proteins was demon-
strated.

In the first experiments done by the group from Plum Island/Genentech,
Inc. on FMD virus type Al12, 17-20% of the total protein of the bacterial
cultures was the viral fusion product (Kleid ef a/., 1981). This represented
2 x 10° molecules of protein per bacterium, or about 1 mg/ml of
bacterial culture fluid. This protein, when partially purified, specifically
bound homologous FMD antibody, and when two doses of the analog pro-
tein were inoculated with adjuvant into cattle and swine, the double dose
elicited neutralizing antibody and protective immunity against homologous
virus challenge. These research programs have now been broadened to in-
clude more FMD virus serotypes, and the process is being scaled up to pro-
vide enough virus protein for formulation into vaccines for additional
challenge trials and for open field trials in enzootic areas.

Despite these early successes with bacterially produced FMD VP1 pro-
tein, such theoretical and practical problems remain that there has been a
parallel development of chemically synthesized peptide vaccines for FMD.
A research group from the Research Institute of the Scripps Clinic, La Jolla,
California, and the Animal Virus Research Institute, Pirbright, United
Kingdom, has synthesized peptides corresponding to important antigenic
determinant sites on the VP1 protein (Bittle ef a/., 1982; Brown, 1983b;
Lerner, 1983). The strategy of this synthesis has been as follows: (1) From
VP1 cDNA nucleotide sequence data, the entire amino acid sequence of the
VP1 protein of several different FMD virus serotypes had been deduced.
Analysis of these amino acid sequences, especially for hydrophilic regions
and for regions exhibiting variability among subtypes (variability presumed
to be due to host immune selective pressure), led to selection of candidate
sequences for synthesis. (2) Peptides corresponding to these (and other)
amino acid sequences were chemically synthesized by the Merrifield solid-
phase method. (3) The synthesized peptides were covalently coupled to a
protein carrier (keyhold limpet hemocyanin) and tested for immunogenic-
ity.

The first results of this approach have been exciting. A peptide corre-
sponding to amino acids 141-160 elicited antibodies which neutralized virus
(mouse neutralization test) and protected against challenge (guinea pig chal-
lenge protection test) after a single dose. Neutralizing antibody levels which
would be expected to protect were also obtained when the peptide was in-
oculated into cattle. A challenge protection test in cattle is now underway.

The potential of synthetic peptide FMD vaccines is enormous: (1) Pep-
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tides of different serotype specificity might be coupled to provide a bal-
anced polyvalent vaccine. (2) Polymers of the peptides might be constructed
to increase the number of antigenic determinants per molecule as a means
of increasing potency (although folding of longer peptides limits epitope
exposure). (3) Large-scale peptide synthesis technology, either chemical syn-
thesis or biosynthesis technology, might reduce the cost per dose of vaccine
significantly. The key FMD peptide has now been biosynthesized in E. coli
by insertion of the appropriate synthetically constructed cDNA into an
expression plasmid. The protein produced by this means has been shown
to protect cattle when incorporated into a two-dose vaccination regimen.
The relative advantages and disadvantages of producing peptide immuno-
gens by biosynthesis versus chemical synthesis can now be studied. Perhaps
biosynthesis will lead to more inexpensive vaccines than can be produced
via chemical synthesis, but this is by no means certain. (4) Parallel devel-
opment of better carriers for the haptenic viral peptides and development
of better adjuvants might lead to long-term immunity in vaccine recipients.
Success in this area is a major requirement for disease control and eradi-
cation (Beale, 1982; Brown, 1983b; Lerner, 1983).

IV. PRIORITIES FOR GENETIC ENGINEERING
OF OTHER ANIMAL VACCINES

At a conference held in 1980 and sponsored by the American Association
for the Advancement of Science and other organizations, a group of sci-
entists attempted to set research priorities for maximum impact upon the
world’s livestock industries (Pond e al., 1980). Unlike most such exercises,
this one cut through the question of how to deliver present technology
worldwide and concentrated on new ‘‘research imperatives’’—new scien-
tific approaches to major problems.

The report of this conference has become quite influential. Under the
heading ‘‘Animal Health,”’ four subject areas were identified as having the
highest priority for research support: (1) integrated food animal health sys-
tems—the interdisciplinary approach to identifying and quantifying factors
responsible for losses in the intensive production environment; (2) food an-
imal toxicology—the interdisciplinary approach to identifying and con-
trolling the spectrum of chemicals (pesticides, herbicides, pollutants, natural
toxins) which decrease yields in the intensive production environment; (3)
human health hazards—the interdisciplinary approach to identifying and
removing from animals and animal products pathogens, toxic chemicals,
therapeutic drugs, growth promotants, growth permittants, hormones, etc.
(substances derived from intensive production practices); and (4) genetic
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engineering for disease prevention and resistance. The first three of these
‘“‘research imperatives’’ reflect the great change occurring in agriculture in
many parts of the world—the change to large-scale corporate or collective
production units. Genetic engineering is listed also for the purposes of in-
tensive production agriculture, but its application will help all livestock pro-
ducers, whether they be large corporations or collectives, family farm units,
or people surviving by subsistence farming.

If the promise of genetic engineering for livestock disease control is to
be organized rationally, one need is to establish priorities for research sup-
port. Priorities should be set in accord with the relative importance of par-
ticular diseases—in the intensive production environment and in the
production environment of developing countries. One attempt at this was
made at a workshop held in 1982 and sponsored by the National Research
Council and the Agency for International Development (United States), the
World Bank, and the Rockefeller Foundation (BOSTID, 1982). In the re-
port of this workshop, high priority is given to research support for bioen-
gineered vaccines in general and for vaccines for the following diseases in
particular: (1) neonatal diarrheas—including viral diarrheas; (2) bovine res-
piratory disease complex—including viral pneumonias; (3) African swine
fever; (4) hemotropic protozoa—trypanosomiasis, theileriosis, babesiosis,
anaplasmosis; and (5) animal tuberculosis. The next priority category in-
cluded vaccine research for Rift Valley fever and Newcastle disease, and
the third priority category included vaccine research for rinderpest, blue-
tongue, hog cholera, African horsesickness, the equine encephalitides, pul-
monary adenomatosis and related retrovirus diseases of sheep and goats,
pseudorabies, and vesicular stomatitis. Rabies and FMD vaccines were rec-
ognized as being very important, but it was considered that research on
them is well funded presently. This kind of prioritization is always subject
to revision according to area needs, but the overall hope is that this list, or
similar lists developed by others, will be used by international funding agen-
cies as they consider means to accelerate and broaden the biotechnological
revolution in animal vaccines.

V. TECHNOLOGY TRANSFER TO DEVELOPING COUNTRIES

The promise of genetic engineering of virus disease vaccines will not be
exploited fully until the technology is transferred from laboratories in de-
veloped countries to those in developing countries. At the workshop on
priorities in biotechnology research cited above, Baltimore (1982) asked,
‘““What would it take for less-developed countries to have the necessary ca-
pability to utilize the new technologies, and thereby set their own priorities



2. Genetic Engineering in Animal Vaccine Production 29

and to solve their own problems?’’ He answered this question with three
categories of needs: education, support, and infrastructure. Education needs
include graduate and postgraduate programs, technical training, personnel
exchanges between laboratories in developed and developing countries, and
development of effective lines of communication. Support needs include
funds for laboratory facilities, equipment, and supplies. Infrastructure needs
are most difficult and most crucial—they include reliable systems for sup-
plying specialized chemicals and enzymes, specialized laboratory devices and
gadgets, electricity, refrigeration and freezer space, etc. The overall com-
mitment would be very large. Baltimore (1982) concluded: ‘It is not pru-
dent for developing countries to maintain a continual dependence on the
developed world where much of the current work is profit-oriented. This
is not a solid base on which to build solutions to local problems.”’

One exercise aimed at breaking the dependence on biotechnological prod-
ucts from the developed countries was sponsored by the United Nations
Industrial Development Organization (UNIDO); this exercise involved
planning for ‘“The Establishment of International Centres for Genetic Engi-
neering and Biotechnology (ICGEB)’ (UNIDO Mission, 1981). This ex-
ercise, completed in 1981, was based on expert committee visits to many
parts of the world (including a visit to Kuwait University and the Kuwait
Foundation for the Advancement of Science) and included analyses of spe-
cific regional needs. The UNIDO mission also developed model plans and
cost estimates for building self-contained laboratory centers. The centers
would cost (in 1980 U.S. dollars) $9,530,000 to build and about $5,000,000
per year to operate and would have a professional staff of about 30. This
freestanding laboratory approach is controversial—it might be argued that
such centers would function better and be cheaper if integrated into uni-
versity or national laboratories. In any case, the need is clear, even if the
organizational structure is not. The need is tq broaden genetic engineering
capabilities in response to local and regional problems and to transfer tech-
nological breakthroughs quickly. New breakthroughs will come at an in-
creasing pace and with unpredictable impact upon animal agriculture.
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I. INTRODUCTION

The causative agents of poliomyelitis (Minor et al., 1982), classified into
poliovirus types 1, 2, and 3 on the basis of their serological characteristics,
are members of the family Picornaviridae, a large group of viruses of con-
siderable importance in human and veterinary disease. They are small vi-
ruses possessing single-stranded, messenger-sense RNA genomes of about
2.6 x 10% molecular weight (~7.5 kilobases) enclosed in a protein capsid
composed of 60 copies each of four virus-encoded polypeptides (VP1, VP2,
VP3, and VP4) ranging in molecular weight from 4000 to 30,000. The virus
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genome encodes a single large polyprotein which is specifically cleaved to
produce the viral capsid proteins (VP1, VP2, VP3, VP4) and several non-
capsid proteins, including an RNA polymerase, a viral protease, and other
proteins of yet unknown function. Complete processing of the polyprotein
seems to occur by the combined action of cellular and virus-encoded pro-
teases.

Poliomyelitis, although well controlled by the use of vaccines in devel-
oped countries, remains a major problem in the developing world (Paccaud,
1979; WHO, 1980, 1981). Epidemics of poliomyelitis in unvaccinated pop-
ulations are chiefly caused by type 1 poliovirus, but in countries with well-
established vaccination programs where paralytic cases have been reduced
to a very small number, some of the few cases reported are associated with
the use of live attenuated virus vaccines, particularly in cases involving
poliovirus types 2 and 3.

Current research on the characterization of polioviruses emphasizes the
biochemical analysis of poliovirus genomes, and the comparison of the an-
tigenic characters of different strains using monoclonal antibodies. Detailed
knowledge of poliovirus genome sequences may also contribute to the de-
velopment of improved live-virus vaccines, with genetic determinants op-
timized for antigenicity and stabilized for attenuation. Precise definition of
the structure of the antigenic sites involved in virus neutralization will be
of importance in the development of novel inactivated vaccines. Two ap-
proaches are feasible: the first involves expression in bacteria of a cloned
VP1 gene; the second involves the chemical synthesis of peptides repre-
senting sequences from VP1. Considerable progress has already been made
in the development of novel vaccines against another picornavirus, foot-
and-mouth disease virus, using each of these approaches (Kleid et al., 1981;
Bittle et al., 1982).

This chapter reviews progress in our laboratory on the antigenic analysis
of poliovirus type 3 using monoclonal antibodies, with particular emphasis
on the epitopes involved in virus neutralization and on the location and
amino acid sequence of an antigenic site on VP1 which appears to have a
critical role in neutralization.

II. ANTIGENIC ANALYSIS OF POLIOVIRUS USING
MONOCLONAL ANTIBODIES

Examination of poliovirus particles present in virus harvests has revealed
two major populations: infectious virus which sediments at 155 S and empty
80 S capsids (Mayer et al., 1957; Minor et al., 1980). These particles exist
in distinct antigenic forms which have been termed D and C antigen, re-
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spectively (Mayer et al., 1957). However, there is little information on the
detailed antigenic structure of these particles. To characterize the antigenic
determinants on infectious and empty particles, we have developed hybri-
doma cell lines secreting monoclonal antibodies to poliovirus. The anti-
bodies were tested for virus neutralizing activity and for their ability to bind
to D and C antigen in antigen-blocking tests. In addition, their reactivity
with isolated poliovirus capsid proteins in immunoblot tests was examined.

To develop monoclonal antibodies, mice or rats were immunized with
poliovirus type 3 (Table I) and hybridoma cell lines were prepared by fusion
of mouse spleen cells with P3 x 63 Ag8 cells and rat spleen cells with rat
Y; Ag 1.2.3 cells (Minor et al., 1982). Cell hybrids were screened for se-
cretion of antibodies to poliovirus type 3 in radioimmunoassay or single
radial diffusion (SRD) antigen-blocking tests (Ferguson et al., 1982), and
secretor cell lines were cloned. Fifty-one stable, cloned cell lines secreting
antibody to poliovirus type 3 were obtained, and the antibody was char-
acterized for immunoglobulin class by sedimentation in sucrose gradients
and the migration rates of the immunoglobulin chains in polyacrylamide
gel electrophoresis. Thirty-one of the antibodies were of the IgG class and
20 were IgM.

The antibodies were tested by SRD antigen-blocking tests (Fig. 1) to de-
termine their reactivities with D and C antigens of poliovirus 3. The method
used was a modification of the autoradiographic SRD method of Schild e
al. (1980). Briefly, [**Slmethionine-labeled 155 S or D or 80 S C peaks of
poliovirus antigen from sucrose gradients were mixed with the test mono-
clonal antibody before adding to wells in agarose gels containing low con-
centrations of hyperimmune anti-poliovirus type 3 serum. Diffusion of
radiolabeled antigen in the gel after 24-48 hr was detected by autoradiog-
raphy. Test antibody which reacts with D and/or C antigen inhibits its dif-
fusion into the gel compared with control antigen treated with phosphate-
buffered saline (PBS).

Antigen-blocking titers of ascitic fluids prepared from representative hy-
bridomas are shown in Table 1. Three categories of reactivity of the anti-
bodies were seen: those with SRD blocking activity exclusively for D antigen
(e.g., NIBp 134, NIBp 194), those blocking exclusively C antigen (e.g., NIBp
131, NIBp 198), and those blocking both D and C antigen (e.g., NIBp 175,
NIBy 25-4-12). Of the 51 monoclonal antibodies, 8 blocked D and C an-
tigens, indicating that they reacted with determinant(s) common to both
infectious and empty particles. Of the remaining 43 antibodies, 19 blocked
exclusively D antigen and 24 blocked exclusively C antigen.

The monoclonal antibodies were tested for neutralizing activity against
a range of type 3 virus strains in microtiter assays in Hep 2c cells using 100
TCIDs, as the challenge dose of virus. The neutralization titers of the rep-
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resentative group of viruses is shown in Table I. Efficient neutralization
was exhibited by antibodies of both IgG and IgM classes. In addition, an-
tibodies of each immunoglobulin class exhibited D, C, or D + C antigen-
blocking activity. The neutralization activities against poliovirus 3 (Sabin
vaccine strain Leon 12a,b) for all 51 antibodies is summarized in Table II.
All antibodies which reacted with the determinant(s) common to D and C
particles possessed neutralizing activity at titers = 1:100, whereas only 12
of the 19 D-specific antibodies had detectable neutralizing activity. Where
neutralizing activity was detected it was often at low titer. It is of interest
that not all antibodies which bind to infectious virus, as indicated by their
blocking titers with D antigen, possessed neutralizing activity. This suggests
that virus neutralization involves critical antigenic sites on the infectious
particle and is not a necessary consequence of binding of antibodies to any
antigenic site on the virus surface. All neutralization was poliovirus type 3
specific, suggesting that antigenic sites common to the other poliovirus sero-
types are not involved in neutralization. Surprisingly, one antibody which
reacted exclusively with C antigen in SRD antigen blocking tests appeared
to neutralize virus infectivity in the standard neutralization test. The mech-
anism of neutralization of this antibody is unknown. However, antibodies
with virus neutralization activity which do not react with free infectious
virus may nevertheless react with particles after attachment to cells or at a
late stage in replication, during maturation of release. It is of interest that
antibodies reacting with poliovirus C, but not with D, are the most abun-
dant antibodies to poliovirus detected in some collections of human sera
(G. C. Schild, J. M. Wood, and D. I. Magrath, unpublished data), and
their relevance to immunity requires further study.

Antibodies which bound to the determinants common to D and C par-
ticles possessed neutralizing activity against a wide range of poliovirus type
3 strains—in some cases, against all of the 30 strains tested. In contrast D-
specific antibodies often reacted with a narrow range of strains in neutral-
ization and antigen-blocking tests. Thus some antigenic determinants in-
volved in neutralization appear to be highly conserved within a serotype
whereas others are unique for individual strains. Several antibodies reacted
only with Sabin vaccine virus or with strains the RNA of which gave T1
oligonucleotide maps identical or similar to that of Sabin virus, showing
that they were genetically derived from vaccine (Ferguson et al., 1982) (see
Table III). Such monoclonal antibodies will be of use as diagnostic reagents
for the identification of vaccine-derived viruses.

The reactivity of the 51 monoclonal antibodies with separated poliovirus
capsid proteins was investigated using the method described by Thorpe et
al. (1982). The denatured poliovirus proteins were separated by SDS-poly-
acrylamide gel electrophoresis (Laemmli, 1970) and then transferred elec-
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TABLE 111

P. D. Minor et al.

Virus Neutralization Activities of Monoclonal Antibodies
against Strains of Poliovirus Type 3*

Neutralization titer of monoclonal antibody

Type NIBp 134 NIBp 138 NIBp 165
Type 3 strains with
Sabin-like maps”
Sabin vaccine 4,100 64 256
strain
106 10,000 90 256
116 >30,000 20 45
119 3,600 32 181
122 > 60,000 45 90
131 41,000 8 256
285/UK/74 10,000 11 32
5229/UK/74 10,000 45 128
11340/UK/74 > 30,000 128 720
Type 3 strains with
non-Sabin-like
maps
Saukett/USA/50 900 <4 <4
(COP)
30/USA/52 <4 <4 <4
190/USA/52 10,000 <4 <4
714/India/58 10,000 <4 <4
6/UK/62 <4 <4 <4
476/UK/62 <4 <4 <4
10/USA/52 640 <4 <4
77689/USA/53 90 <4 <4
Type 1 Mahoney/ <4 <4 <4
USA/41
Type 2 MEF/USA/ <4 <4 <4

42

“Data from Ferguson et al. (1983).
“T1 oligonucleotide maps of poliovirus RNA were performed as described by Minor
(1982). Isolates with maps resembling that of the Sabin type 3 vaccine are likely to have

been derived from vaccines (see Minor et al., 1982).

trophoretically onto nitrocellulose paper. Nitrocellulose strips were treated
with monocional antibody, and antibodies binding specifically to the virus
polypeptides were detected by application of '?’I-labeled anti-mouse Fab
fragments followed by autoradiography. The resuits are shown in Table II.
None of the antibodies specific for D antigen, nor those that reacted with
antigenic determinants common to D and C antigen, were found to bind
to separated polypeptides. This suggests that the antigenic sites present on
infectious particles, including those responsible for virus neutralization, are
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complex and dependent on the three-dimensional conformation of viral
polypeptide (VP1) at the virus surface. In contrast, six of the C-specific
antibodies reacted with denatured proteins, five with VP1, and one with
VP3. These determinants are therefore likely to be specified simply by amino
acid sequence rather than by tertiary confirmation of the protein.

The six antibodies found positive in immunoblot tests with poliovirus 3
were also examined in tests with poliovirus 1 and 2 capsid proteins; the
results are shown in Table 1V. Monoclonal antibodies NIBp 196 and 203
reacted with VP1 of poliovirus types 2 and 3 whereas NIBp 118, NIBy 25-
2-11, and NIBy 25-4-4 reacted only with VP1 of the homotypic virus. Sim-
ilar intertypic reactions were found in antigen-blocking tests with these
monoclonal antibodies. Although antibody NIBp 176 reacted with VP3 of
all three poliovirus types in immunoblot experiments, it reacted only with
type 3 C antigen in antigen blocking tests; this finding suggested that the
antigenic determinant against which it is directed is in a different confor-
mation in poliovirus types 1 and 2. Polyclonal antisera to poliovirus which
cross-react with all three poliovirus types in immunoblot (Thorpe et al.,
1982) and immunoprecipitation (Blondel ef al., 1982) studies have been de-
scribed. This, however, is the first report of monoclonal antibodies recog-
nizing common determinants in different poliovirus serotypes. The finding
of shared, sequence specified antigenic determinants between poliovirus
types is consistent with the observation of high levels (=90%) of predicted
amino acid sequence homology between polioviruses of types 1 and 3 (Stan-
way ef al., 1983a).

11I. LOCATION AND PRIMARY STRUCTURE OF THE
ANTIGENIC SITE FOR NEUTRALIZATION OF
POLIOVIRUS TYPE 3

Monoclonal antibodies are potent reagents for use in studies to locate
and identify the antigenic sites on virus capsid proteins which are involved
in virus neutralization (Minor et al., 1983; Evans ef al., 1983). We have
previously used antigenic mutants resistant to neutralizing monoclonal an-
tibodies to identify a single antigenic site for the neutralization of poliovirus
type 3. Evidence based on oligonucleotide mapping (Minor ef al., 1983)
suggested that this operationally defined site corresponded largely to one
physicochemical site on the capsid protein VP1 (Fig. 2). Evans ef al. (1983)
have presented conclusive evidence summarized below that the great ma-
jority of the mutations conferring resistance to neutralization are confined
to an eight-amino acid region of VP1, specified by a sequence of viral RNA
277-300 bases from the start of the region coding for VPI.
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Mutants of a single parental poliovirus type 3 strain (P3-Leon-USA-1937)
were selected in the presence of several individual virus-neutralizing mono-
clonal antibodies. Sixteen mutant groups were identified by their distinct
patterns of resistance against 11 monoclonal antibodies. Their reaction pat-
terns are presented in Table V, which identifies the monoclonal antibodies
used to select the various groups of mutant viruses. For the purpose of this
analysis, an antigenic site was defined as an area of the virus where a mu-
tation affecting the binding of one monoclonal antibody affects the reac-
tions of others directed against the same site (Minor ef al., 1983). Such an
operationally defined site need not necessarily be made up of a contiguous

of Type 3 Poliovirus®®

TABLE V
Reaction of Neutralizing Monoclonal Antibodies with Antigenic Mutants

25- 25— 27- Selecting
1- 4- 4- monoclonal
Mutant 14 12 4 199 194 134 208 175 204 197 165 antibodies
1 R R R R 25-1-14, 24-4-
12, 25-5-5,
27-4-4
2 R R R R R R  25-1-14, 25-4-
12, 199, 165,
25-5-5
3 R R R R R R R R R R 25-4-12, 27-4-4,
175, 204, 25-
5-5
4 R R R R R R R R R 25-4-12, 27-4-4,
204, 165, 132
5 R R R R R R 199, 134, 132,
165, 175, 204
6 R R R R R 199, 165, 132
7 R R R R R R R 134, 165
8 R R R R 27-4-4
9 R R R R R R R R R R  27-4-4, 199,
175, 204
10 R R R R R R R R R R 27-4-4, 134, 175
11 R R R R R R 199, 175, 204,
165
12 R R R R R R R 175
13 R R R R R R R 175, 204
14 R R R R R 175
15 R R R R R R R R R 175, 204
16 R R R R R R R 199, 204, 165

“Data from Evans et al. (1983).
"Reaction was assessed by neutralization of 5 x 10* TCID;, units of virus by a 1:10 dilution of
antibody ascitic fluid. R, resistant. The wild type was neutralized by all antibodies.
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sequence of amino acids (Caton et al., 1982). The RNA of representative
strains from each mutant group was sequenced to define precisely the po-
sitions of amino acid substitutions in VP1 which conferred resistance. This
was done by the dideoxy sequencing method (Caton et al., 1982) using a
primer restriction fragment prepared from cloned poliovirus cDNA (Cann
et al., 1983). A sequence of at least 60 bases, in most cases up to 150 bases,
was identified for each mutant. The sequences of all the mutants were the
same except for the single-point mutations shown in Table VI. Where mu-
tations were detected there was only one per mutant and all would result
in amino acid substitutions.

Base changes were detected in viruses of 15 of the 16 mutant groups and
were concentrated into a single region of only eight codons (Table VI). Only
one mutant group (group 9) had an amino acid substitution at position 4
(glutamic acid to glycine). The amino acids at positions 5 and 6 were con-
served in all the mutant groups. The remaining mutations were distributed
between positions 7 and 11. For example, mutants of groups 1, 2, and 14
showed different point mutations in position 7, and at least two distinct
mutations were located in each of positions 8 to 11. Furthermore, different
mutations which occurred in the same position resulted in different patterns
of resistance to neutralization. Single base changes at the six variable co-
dons could generate 33 possible different mutants. We have therefore iso-
lated nearly half of the total number of theoretically possible mutants.

In only one of the groups, group 6, was no mutation detected in the 150
bases sequenced by primer extension, indicating that in this instance the
mutation was elsewhere in the genome. This mutation might nevertheless
affect the same single antigenic site in the tertiary structure of the capsid.
This would not be without precedent. The hemagglutinin molecule of in-
fluenza A virus has been found to contain five operationally defined an-
tigenic sites all of which are coded for by noncontiguous portions of the
primary gene sequence (Caton et al., 1982). Other reports have suggested
the existence of multiple antigenic sites for poliovirus type 1 (Emini et a/.,
1982, 1983).

The amino acid sequence for poliovirus type 1 (Mahoney strain) in the
region we propose for the antigenic site of type 3 virus (positions 4-11) is
also shown in Table VI. There are only two positions within this region
which are conserved between types 3 and 1, and one of these is not con-
cerned between the wild-type 1 vaccine progenitor strain (Mahoney) and
the Sabin type 1 vaccine strain, LSc. In contrast the two amino acids at
positions 5 and 6 (glutamine and proline) were conserved in all mutants
derived from the Leon type 3 virus, the Sabin type 3 vaccine, and a virulent
type 3 vaccine-associated strain (119) (A. J. Cann, unpublished data); how-
ever, they are not conserved between polioviruses of types 3 and 1. The
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same two positions are conserved between the wild type 1 vaccine progen-
itor strain (Mahoney) and the Sabin type 1 vaccine strain (LSc). Thus, the
proposed antigenic site shows low overall sequence homology between these
two types of poliovirus. The significance of these observations with respect
to type specificity is not clear. Nevertheless, it is possible that for poliovirus
type 3 the conserved amino acids in positions 5 and 6 may contribute to
the type specificity of the neutralization reaction.

Of the 21 monoclonal antibodies we have characterized which neutralize
virus infectivity, none bound to isolated VP1 which had been denatured
during its preparation. However, the genetic and molecular studies of a
large collection of over 120 mutants of poliovirus type 3 selected for resis-
tance to 16 of the 21 antibodies indicate that all 16 antibodies bind to the
same eight-amino acid region of VP1. In addition, resistant mutant viruses
with identical point mutations within this antigenic site were isolated by
selection in the presence of either D-specific or D- and C-reactive mono-
clonal antibodies. Thus, neutralizing monoclonal antibodies with D and C
antigen or D antigen specificity appear to react with the same antigenic
region of VP1. In addition, so