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Preface

Every scientist has key experiences, encounters and quotes that are forever re-
membered. Writing the editorial to a volume, such as this one on the history of
virology, brings them back and puts one’s own life in perspective. The visit of
Sven Gard, the grand old man of Swedish virology and former Archives edi-
tor, 1s remembered at the Federal Research Institute of Animal Virus Diseases
in Tiibingen/Germany, where one of us was working at the time as a Ph.D. stu-
dent. Gard’s advice “. .. you should go into immunology; everything interesting
has already been discovered in virology ...” was wrong, at least in its last part.
That memorable visit took place in 1965, before reverse transcriptase, polymerase
chain reaction, cellular onc genes, gene splicing, etc. had been discovered; and
before the molecular evolution of viruses was recognized as the source provid-
ing virologists with an inexhaustible plethora of subject matter (and relative job
security).

History provides not only information for the sake of information but provides
perspective on where we are headed. The old adage about redoubling one’s efforts
when one has lost sight of one’s goals never has been more pertinent than today.
In this age of molecular wonders it is easy to forget why we are doing this work.

It seems fitting that we have published here selected papers presented at two
geographically distant but historically close locations. Amsterdam and Greifswald
— or rather Delft and Riems Island — provided the intellectual climate, the sem-
inal insight that led to the birth of a new discipline in microbiology. Its growth
in the following years was not steady but occurred in leaps, usually following
technological breakthroughs. Many of the early achievements were published in
virology’s first and most venerable journal, the Archiv fiir die gesamte Virus-
forschung. This was founded by Doerr in 1939 and, after the name was changed
to Archives of Virology, continued by inspired Editors-in-Chief, the last one being
Fred Murphy.

Also with respect to the history of virology, the Archives (a.k.a. “the yellow
journal”) has a tradition: the Virology Division’s News column has run a series
of retrospectives, a list of which the reader can find below.

George Santayana said, “Those who cannot remember the past are con-
demned to repeat it.” When one looks at the rediscovery of known viruses (lactic
dehydrogenase-elevating virus, for one), this historic imperative provides quite a
special flavor. Science is about discovery, so to find something new, one must be
aware of what is old. We trust the present volume will convey this message.
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We are grateful to Thomas Mettenleiter, who organized the Greifswald meet-
ing in the splendid rococo aula of the University, and to Ab van Kammen and
Peter Rottier who did the same at the Royal Academy in Amsterdam; both parties
agreed on having selected papers from the meetings published in a joint volume.
Special thanks go to the many people who did the real work in producing this
issue, the authors of the papers included herein. Their work has been based on the
work of others and has served and will serve as a basis for future work by future
generations. If this issue provides historical perspective to one young person, we
will have succeeded in our task.
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Beijerinck’s contribution to the virus concept — an introduction

A. van Kammen

Laboratory of Molecular Biology, Wageningen Agricultural University,
Wageningen, The Netherlands

Summary. The existence of viruses was first recognized when certain pathogens
were found to pass through filters that otherwise stop bacteria. Pasteur made such
observations in 1887 with the pathogen of rabies, but he thought that the pathogen
was a very subtle microbe. In 1886 Adolf Mayer studied the mosaic disease of
tobacco plants. He was unable to observe the least trace of a microbe, but still
assumed that the pathogen was a bacterium. In 1892 Iwanovsky demonstrated that
tobacco mosaic was caused by an agent that passed through bacteria-proof filters
but he insisted till the end of his life that the tobacco mosaic virus was a small
bacterium. Similar observations were made by Loeffler and Frosch in 1898 on
foot-and-mouth disease of cattle. Beijcrinck confirmed the filterability of tobacco
mosaic virus but confirmed its properties in more detail and then, in 1898, firmly
concluded that tobacco mosaic virus is not a microbe but a contagium vivum
fluidum. His idea that a pathogen can be a soluble molecule that proliferates
when it is part of the protoplasm of a living cell was revolutionary and new. This
new concept has laid the foundation of virus research and directed further studies
on the nature of viruses.

*

In 1876, Martinus Willem Beijerinck, then twenty-five years old, was appointed
teacher of botany at the Agricultural School in Wageningen, that much later
became Wageningen Agricultural University (Fig. 1).

One of his colleagues was Adolf Mayer, a chemist from Heidelberg, Germany,
who had come to Wageningen in the same year to teach agricultural chemistry.
Mayer’s attention was drawn to a serious disease in tobacco, which was, at that
time, grown in the region west of Wageningen. The disease caused great losses
in yield, and the leaves could not be used for the production of cigars. Beijerinck
was first absorbed in continuing his research on plant-galls, which had been the
subject of his doctoral dissertation.

Mayer named the disease ‘tobacco mosaic’; he demonstrated that it is an
infectious disease, and that it can be transmitted to healthy plants by inoculation
of sap. He also observed that the infectious agent was inactivated by heating the
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Fig. 1. Martinus W. Beijerinck, shortly
after he was appointed teacher of botany,
in 1876, at the Agricultural High School in
Wageningen

leaf juice of infected plants at 80 °C [23]. He concluded that the disease was caused
by abacterium, the infectious form of which he was not able to identify. Beijerinck
was very interested in Mayer’s experiments on tobacco mosaic and, upon Mayer’s
request he attempted to identify the responsible microorganism, but failed. He
did not attach much value to this lack of success, as he considered himself not a
sufficiently trained bacteriologist to solve the problem unambiguously.

In 1885, Beijerinck moved to Delft as he had accepted a position at the Nether-
lands Yeast and Spirit Works, now grown into Gist-Brocades NV. He became Head
of the first industrial research laboratory in the Netherlands. There he developed
into a microbiologist in heart and soul, although he continued to do research on
plants. Beijerinck became a real microbe hunter, as is illustrated by the many
papers on the identification and characterisation of various microorganisms. He
had, however, no strong affinity to the technological problems of the Yeast Factory,
rather a preference for fundamental academic problems.

In 1895, he acquired a position at the Polytechnical School in Delft, now the
Technical University Delft, as a professor of bacteriology, and he was granted a
new laboratory and greenhouse facilities (Fig. 2). This should become the cradle
of the renowned Dutch School of Microbiologists.

Here Beijerinck took up his studies on tobacco mosaic disease, which he had
started in Wageningen. He now demonstrated that the sap of diseased plants was
infectious even after filtration through a bacterium-proof porcelain filter candle
that retained all visible aerobic bacteria. No microorganisms, neither aerobic nor
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Fig. 2. Martinus W. Beijerinck at the age of
45 years, when he had become professor of
bacteriology at the Polytechnical School in
Delft and resumed his study on the causative
agent of tobacco mosaic

anaerobic microbes, could be detected in the infectious filtrate, and the infectious
agent could not be cultured in vitro. Moreover, if a drop of juice of diseased plants
was put on the surface of a thick agar layer, the contagious principle diffused into
the gel, leaving behind all bacteria as well as possible spores. This convinced him
that the agent was soluble in water and rather not a microorganism. Furthermore,
he showed that the infectious principle is inactivated by heating the juice to 90 °C,
thereby excluding the possibility of dealing with spores.

The agent actually multiplied in living tissues of infected plants. The rapidly
growing young leaves of tobacco plants were particularly affected and showed
severe disturbances in development. In addition, the material could be stored
for months without losing its infectious properties, even in soil, and it could
be precipitated with alcohol without loss of infectivity. After many painstaking
experiments, unable to detect bacteria by any accepted bacteriological technique,
Beijerinck was brought to conclude that tobacco mosaic disease is caused not
by a bacterium, but by a contagium vivum fluidum. That resulted in the paper
he presented to the Royal Netherlands Academy of Sciences on November 27,
1898, which is commemorated this year [3, 4]. A more detailed description of
the experiments is given in his publication of 1900 in the Archives Neérlandaises
des Sciences Exactes et Naturelles. A biography of Beijerinck was published by
Iterson et al. [17].
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In 1892, Iwanovsky, in Russia, had already demonstrated that the agent caus-
ing tobacco mosaic passed through bacteria-proof filters. Loeffler and Frosch [20]
made similar observations on the infectious principle of foot- and mouth disease;
however, these researchers concluded and maintained that a small microbe was
involved. In doing so, they conformed themselves to the authority of Pasteur [24],
who had stated that ‘virulent affections are caused by small microscopic beings,
which are called microbes... The microbe of rabies has not been isolated as yet,
but judging by analogy we must believe in its existence. . . to resume: every virus
1s a microbe.’

The discovery and definition by Beijerinck of a category of infectious agents
differing from all microorganisms was therefore new and revolutionary — a new
concept. The idea that tobacco mosaic virus (TMV) is a contagium vivum fluidum,
is molecular and soluble, cut across the idea of a microorganism. The contagium
vivum fluidum defined a self-reproducing, subcellular entity.

Beijerinck’s ideas met with strong opposition and were not readily accepted.
In the next decade, however, more self-reproducing pathogenic agents were found
that shared the properties of being filterable, invisible by microscopy and impos-
sible to culture in vitro. Amongst them were the causative agents of several other
plant diseases and of animal diseases such as measles, poliomyelitis, rabies,
yellow fever and smallpox.

Beijerinck’s concept obtained support from the discovery of bacteriophages
by Twort in 1915 [29]; subsequently D’Hérelle [15] showed that bacteriophages
can destroy bacteria but also require bacteria for their multiplication. D’Hérelle
gave full credit to Beijerinck as being the first scientist to declare that there
can be infectious agents replicating at the expense of the living cell, and which
are themselves non-cellular and much smaller than cells. Such agents might be
proteins like albumin, or enzymes.

Indeed the failure of microscopic and cultural methods to reveal any cause
of virus diseases as established by Beijerinck and others had produced various
speculations on the nature of the contagium vivum fluidum, and often proteins
and enzymes were indicated. Beijerinck referred to these hypotheses in his paper
on The Enzyme Theory of Heredity [6] where he suggested the application of
methods that were being developed in protein chemistry. Thus, Mulvania [22]
found that TMV could be precipitated with protein precipitants without loss of
infectivity.

In 1926, Summer obtained the first enzyme, urease, in pure form and produced
crystals from pure urease — a milestone in protein chemistry. Another major
development was the demonstration that the local lesions produced by TMV on
the leaves of some host plants could be used for a quantitative assay, similar to
the plaque test for bacteriophages.

Inspired by the success of purification of an enzyme, Wendell M. Stanley
attempted to purify and isolate TMV using precipitation with ammonium sulphate.
In 1935, he obtained crystals of TMV from the juice of infected tobacco plants and
concluded that TMV was to be regarded as an autocatalytic protein that required
the presence of living cells for multiplication [27, 28].
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Fig. 3. Electron micrograph of negatively stained tobacco mosaic virus particles from a

preparation purified by Bawden and Pirie, in 1935, at Rothamsted Experimental Station,

England. The electron micrograph was made fifty years later, in the eighties (courtesy by
Dr. T. M. A. Wilson, Dundee, Scotland)

One year later, Bawden and others [1, 2] in England showed that TMV is not
really a pure protein, but contains about 5% ribonucleic acid (RNA) (Fig. 3). Two
years earlier, in 1934, Schlesinger had shown that bacteriophages contain protein
and deoxyribonucleic acid (DNA). Nucleic acid had made its entrance in virus
research.

These findings represented major discoveries that strongly appealed to the
imagination. How could an agent like TMV reproduce if its chemical composition
was so simple? It became a major goal to elucidate the structure of viruses in
order to learn how they work. Viruses received full attention by biophysicists,
biochemists and crystallographers. Part of the studies of viruses were molecular
studies, actually leading to molecular biology.

The first indications of the shape of TMV particles came from the observation
that dilute solutions of TMV showed the phenomenon of anisotropy of flow.
Bawden et al. [2] used a goldfish swimming in a TMV solution to demonstrate
this phenomenon and concluded that the virus particles were probably rod-shaped.

The real disclosure of the shape and form of virus particles was brought about
by the development of the electron microscope in the late thirties, which made di-
rect visualisation of the hitherto invisible particles possible. It revealed that TMV
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particles are indeed rod-shaped [19] and as we know now, are 300 nm in length
and 18 nm in width. Many other viruses are spherical. The more complex structure
of bacteriophages, with their heads and tails, was first visualised in 1940 [25].

Then in 1952, Hershey and Chase discovered that, upon infection, the phage
DNA is the only, or at least the principal phage component that enters the host cell
while the bulk of the phage protein remains outside. This experiment showed that
DNA is the carrier of the genetic programme for phage replication and provides
for the genetic continuity of the phage. Later, Gierer and Schramm [13, 14] and
Fraenkel-Conrat [9] proved that the RNA from TMV is the infectious component
and that viral RNA, devoid of protein, can initiate virus replication upon infection
of tobacco plants.

In the meanwhile, X-ray diffraction studies of TMV crystals had shown that
virus particles are assembled from a large number of identical protein subunits
[8]. Fraenkel-Conrat and Williams [10] then found that in a solution containing
a mixture of TMV RNA and disassembled protein subunits, virus particles re-
constitute to their original structure and regain full infectivity. Using RNA from
different TMV-strains, Fraenkel-Conrat and Singer [11] prepared hybrid viruses
by reconstitution and showed that, after infection, the probing virus was always
composed of RNA and protein corresponding to the RNA in the infecting hybrid.
This clearly demonstrated RNA as the genome of the virus.

X-ray diffraction studies by Franklin and others [12] finally revealed the en-
tire structure of TMYV, in which a single RNA molecule wound into a helix, 1s
surrounded by radially arranged protein subunits. By then, the particle of the
contagium vivum fluidum responsible for tobacco mosaic disease had been char-
acterised in all detail.

Through the years, a large and ever increasing number of animal, plant and
bacterial viruses has been identified. In the middle of this century, almost fifty
years after Beijerinck’s discovery, virus research had gradually developed into
virology, a branch of biological science constituting a distinct body of knowledge
and methodology, with its own genetics and generalisations that formed a firm
basis for further research. There was a general agreement that viruses are entities
whose genomes are elements of nucleic acid, either DNA or RNA. They replicate
inside living cells, they use the cells’ metabolic and protein synthetic machinery
and direct the synthesis of specialised elements that can transfer the viral genome
to other cells. Viruses neither grow nor divide, so they are no organisms. They de-
pend upon host organisms for their reproduction. During replication, they become
part of the infected cell, but they have their own genetic programme.

To obtain an overview of the large variety of viruses and their biological
properties, and to reveal their possible evolutionary relations it became essential
to classify viruses in meaningful categories [21]. By then, Beijerinck had been
dead for more than 25 years. He died January 1, 1931 and did not live to see the
purification and crystallisation of TMV. At his retirement from the University of
Delft in 1921, he ended his farewell address by proclaiming ‘.. .how happy are
those who are now beginning. . .” Might he have had some notion of how exciting
virus research would become and how important for biology?
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The Prussian State and microbiological research — Friedrich
Loeffler and his approach to the “invisible” virus

H.-P. Schmiedebach

Institut fiir Geschichte der Medizin, Greifswald, Federal Republic of Germany

Summary. When Loeffler took his first steps in the newly-emerging field of vi-
rology, the aim and the methods of his research activities were influenced by two
different issues: 1) Loeffler was rooted in the scientific paradigm of bacteriology,
but during the progress of his research on foot-and-mouth-disease (FMD) he rec-
ognized that the classical techniques derived from bacteriology were useless in
identifying the agent of this disease. Thus he focussed on the properties of the
pathogen and — though he could not find a method in order to visualize the ‘virus’ —
he tried to develop a vaccine against the disease. 2) The Prussian Government was
highly interested in effectively combatting FMD. In 1897 Loeffler was appointed
by the Ministry of Cultural Affairs to the newly-established commission for ex-
ploring that disease. The agricultural lobbies and the public pursued the activities
of the commission with a mixture of hope and serious scepticism and demanded
convincing results. These circumstances caused a considerable degree of political
pressure on Loeffler, pressure which determined that his research activities would
take a pragmatic approach, that he would avoid sophisticated reflections and trials
on the nature of the ‘virus’, and that his research strategies would have as a goal
the development of an effective immunization.

Introduction

In 1897, when Loeffler was appointed to the commission that was to explore
FMD he already was a highly respected bacteriologist. As one of the first collab-
orators with Robert Koch, Loeffler had worked with him for about eight years
(Fig. 1). During this time, he became familiar with the methods of bacteriological
research of that era, but in 1888, he accepted the newly established Chair for
Hygiene at the medical faculty in Greifswald. In the years before his appointment
to Greifswald he had been able to make some outstanding discoveries in the field
of bacteriology; for example, in 1884 he identified organism causing diphtheria
and about five years later he isolated the toxin produced by this organism [29-31].

In this paper I discuss his merits concerning the establishment of virology.
Loeffler is often named the “father of virology”, mostly in German or German-
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Fig. 1. Friedrich Loeffler and Robert Koch (about 1886) [source: Upger H (1936) Robert
Koch. Roman eines groflen Lebens, 6. Aufl. Verlag der deuschen Arzteschaft, Berlin]

speaking periodicals, while the Anglo-American journals primarily apply this
title to Dimitri Ivanovski [17] or to Martinus Willem Beijerinck [13]. Ivanovski
is generally given credit for first recognizing an entity that was filterable, sub-
microscopic in size, and that might be the cause of a disease [28, 37]. In 1892
he presented a paper before the Academy of Sciences of St. Petersburg in which
he stated that the sap of leaves infected with tobacco mosaic disease retained
its infectious properties after filtration through filter candles [16]. However, this
discovery produced several questions concerned with the nature of the filterable
infectious agent [14]. What did Beijerinck mean when he spoke of a contagium
vivum fluidum (contagious living fluid) [4]? Was the agent hypothesized as liquid
and soluble or was it as particulate? Was the ability to multiply a kind of self-
reproduction of a living organism or was it more a product of metabolic activity
of the host-organism? The evaluation of these questions was strictly connected to
the emergence of virology.

In this paper I deal with two aspects of Loeffler’s contribution to virology
and his exploration of FMD: the first issue emphasizes the research goals and
the experimental settings. The second focuses on the contextual background in
which the experimental strategies of Loeffler, and his collaborators Frosch and
Uhlenhuth, were implemented. Both aspects are interwoven to some extent and
constitute a reciprocal relationship. The contextual conditions embrace politi-
cal demands, practical purposes of the research project as well as the pressure
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and the power of public opinion with regard to the expected success of the re-
search activities. The experimental work should be evaluated with respect to the
trials they performed, the devices they used and the problems they tried to over-
come.

The published records and articles written either by the research commission,
which Loeffler headed, or by himself show some epistemological uncertainties.
Most of the authors who have described Loeffler’s merits ignored such passages
in his articles and did not discuss these interesting items [1, 3, 6, 7, 8, 10, 15, 33—
36]; but even Claude Bernard, one of the founders of the experimental method
in physiology, stated in 1865 that when the scientific object is absolutely dark
and unexplored, the physiologist is allowed to act haphazardly and to undertake
something that Bernard likened to “fish in troubled waters” [5]. To emphasise
such dark aspects of a research process leads us to the most interesting issues; if
we discuss these questions we can discover the different factors that determine
the proceedings and the results of those activities. The thesis that emerges from
this and that I discuss is as follows:

The research programme concerning FMD, which was initiated by political
authorities, was primarily aimed at the development of an effective vaccine but led,
as a side-effect, to the virus itself. Nonetheless, it was not possible to find a way to
visualize the supposed virus and thus Koch’s postulates could not be completely
employed. Loeffler emphasized the practical side of his research activities, which
to some extent de-emphasised the theoretical and scientific requirements. The
political, practical and public context determined the experimental strategy and
the focal points of his research.

The experimental settings

I refer to the experimental setting, or to the history of the discovery, as far as
it is concerned with the establishment of virology. The first fact we take into
consideration is that the term “virus” was used in discussions in papers by bac-
teriologists long before the end of the 19" century. Even in Antiquity and in the
Middle Ages the term “virus’” denoted a venomous agent. In 1844 a well-known
German medical encyclopedia gave several definitions, ranging from “poison”, to
“miasma” and to “contagium” [34]. In the first records of Loeffler and Frosch in
the year 1897, this notion is mentioned several times. Of course this term did not
then embrace the connotations of the modern word “virus”. They used this word
in the sense of an agent that causes a disease (“Krankheitsstoff”) [25]. About one
year later Loeffler added the denotation of an agent with the ability to multiply
[18].

Loeffler and Frosch adhered to the paradigm of bacteriology and all their
research activities moved within this field. They were looking for a bacterium or
a bacterium-like germ and they used the approved methods of bacteriology, for
example the culture media [25, 27]. The result of these trials was a definite one: a
bacterium could not be found and certain cultures contained organism that were
contaminants and which were easy to identify.



12 H.-P. Schmiedebach

Fig. 2. Loeffler in his laboratory [source: Unger H (1941) Unvergiingliches Erbe. Das
Lebenswerk Emil von Behrings. Gerhard Stalling Verlagsbuchhandlung, Oldenburg Berlin]

In a second step Loeffler and Frosch focussed on some of the very important
properties of the germ they were looking for, properties relevant to the devel-
opement of a strategy to be used against the infectious agent. Therefore, they
formulated seven research issues: 1) transmitting the disease to various species
of animals; 2) mode of infection; 3) the infectious material itself; 4) the dura-
tion of activity of the “virus”, 5) methods for destruction of the pathogen; 6) the
development of immunity; and 7) the possibility of vaccination [25]. In all, they
established standard methods that could be used to study many viruses.

During half a year of experimentation on these problems they emphasized the
question as to whether animals that recovered from the disease were then protected
by an immunity against a second infection. They spoke about the dangers to the
agricultural production due to this disease. Not only the large number of dead
animals, but also losses of milk, meat, capacity for work and the negative influence
on cattle-breeding were mentioned in this regard.

In addition to this problem, there were contradictory opinions about the ques-
tion of immunity. Some veterinary authorities denied the possibility of immuniz-
ing against FMD. However, certain observations made by the commission showed
that some of the animals did indeed mount immunity. Nonetheless, this was not
a consistent occurrence and there was no knowledge about the duration of such
protection.

Later they tried to determine a useful immunization procedure. They per-
formed some trials with different kinds of lymph, with the blood of animals that
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were shown to be immune and with a mixture of lymph and blood of these pro-
tected animals. Through these trials they discovered that blood from animals that
had recovered from FMD could protect other animals [25].

With regard to the question of immunization the commission conducted other
experiments. They injected blood from newly affected animals with and without
blood of immunized individuals. In another experiment, they removed lymph,
which was cleaned of any corpuscular elements by a filtration process, diluted it
with 39 parts of water, mixed in bacteria as a marker, and filtered this twice through
a Berkefeld filter. The filtration was considered as successful when there were
no bacteria in the filtered substance, proving that all bacterial and corpuscular
elements were held back in the filter.

This kind of filtration had been used since the early 1870s in order to remove
microorganisms from fluids. Loeffler and Frosch wanted to determine whether
there were soluble agents within this lymph that could provide immunity to FMD.
The aim of these injections was strictly connected to the immunization. The
investigators were surprised when they saw that all cows treated with the filtered
lymph became as ill as the control cows that had received injections of unfiltered
material.

Reflecting on this phenomenon they considered two possibilities: First, that
the filtered lymph, which did not contain any bacteriological elements, contained
a soluble, extremely efficient toxin and second, that the invisible germs causing
FMD were of such a small size that they could pass the pores of a filter able to hold
back all known bacteria. Loeffler and Frosch reported this in their third record,
from January 1898 [25]. As mentioned, Loeffler was experienced with both alter-
natives. In the past he had discovered some germs and in 1889 he had been able
to isolate the toxin of the organism causing diphtheria. So Loeffler now had to
construct an experimental strategy to exclude or to prove one of the alternatives.

In a first step he compared the toxic efficacy of lymph from cattle with FMD
with that of tetanus-toxin. In an arithmetical example he came to the conclusion
that the toxic efficacy of such lymph would be much larger than that of the very
highly effective toxin of tentanus. He then referred to an observation he had made
with a pig that became infected with FMD after injection with a diluted sample
of lymph taken from a blister of a cow that had become ill after being injected
with diluted filtered lymph. Because in this example the toxin had been diluted
twice, the supposed toxin efficacy would be extremely high. Loeffler commented
on the result of his calculations with the words: “Such a toxic efficacy would be
simply incredible!” [25, p.100] with this rhetoric he arrived at the second step.

Once again he presented a mathematical example combined with a simple
experimental observation. The starting-point was an assumption. He assumed that
the toxin of FMD that would be totally, or to a very large extent, excreted at those
places of the body-surface where the blisters emerged. He felt this assumption
was legitimate because it was not possible to prove the existence of a toxin in
organs of a deceased animal. Moreover, he estimated that the whole content of
all blisters would be 5 ml. With only 1/30 ml of filtered lymph it was possible
to infect an animal. Accordingly the original amount of toxin was now diluted
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to 1:150. Only 1/50 ml of this diluted lymph was enough to infect a 30 kg pig,
dilution of 1/7500 of the original fluid. Again he compared his results with the
toxic efficacy of tetanus toxin and related it to a gram of blood: it would result in
a toxic value of the FMD-toxin per gram of pig blood of 1:7,500,000,000. Also
this second example seemed to prove a high efficacy of the toxin. Loeffler then
presented his conclusion — based on his assumptions and on these calculations-
which he formulated very cautiously: “Thus we cannot reject the assumption that
the effect of the filtered lymph is not caused by a soluble substance, but rather
by a germ with the ability to multiply” [25, p. 100]. (,,Es 148t sich deshalb die
Annahme nicht von der Hand weisen, daB es sich bei den Wirkungen der Filtrate
nicht um die Wirkungen eines gelosten Stoffes handelt, sondern um die Wirkung
vermehrungsfihiger Erreger).

These calculations, based on a mechanical view without consideration of
possible metabolic activities, brought him to the conviction that there existed a
germ of very small size that could pass through common filters. Nonetheless, he
could not present scientifically derived evidence for the existence of that small
germ. Loeffler was fully aware of this epistemological dilemma. In his record
he added an explanation for the impossibility of seeing this very tiny germ. He
referred to correspondence with Professor Abbé in Jena who was an authority
of the highest reputation regarding microscopic techniques. Loeffler discussed
with him the limitations of microscope performance. If the supposed germ of
FMD had a size of only about 0.1 pwm, even the best immersion techniques of
that day could not made this virus visible. According to Loeffler, this would be
best explanation for the fruitless attempts to discover the germ by microscopic
investigation. Although this was a very pessimistic view, he tried to turn the tables
and offered a perspective concerning the possible discovery of a large number
of other germs that could not be identified at that time. In connection with the
necessity of future studies on that problem, the commission also requested for the
grant of new financial support from the government [25].

The commission could not identify the supposed microbe by microscope nor
was it possible to make it visible by any other methods. However, there were
some scientific requirements to be fulfilled in order to accept a supposed germ as
the causative agent for a disease. In 1903 Loeffler himself wrote on the occasion
of Koch’s 60" birthday about the scientific foundations of the newly emerged
discipline of bacteriology and declared the development of “Koch’s Postulates”
as a decisive attainment. While Koch had mentioned four postulates in 1890 [12],
Loeffler referred only to three:

1. “Constant evidence of the concerned organism in all cases of the disease;

2. isolation of the pathogen in a pure culture that had to be cleaned of all corpu-
scular elements of the sick individual;

3. generation (Wiedererzeugung) of the disease anew by reliable pure cultures.”

[20]

I will not discuss the differences from Koch’s original formulation but we
must evaluate whether Loeffler himself undertook any steps to employ these
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Fig. 3. Shibasaturo Kitasato in the Institute of Hygiene in Berlin (1899) [source: Collected
Papers of Shibasaturo Kitasato (1977). Kitasato Institute and University, Tokyo]

three postulates in the case of FMD and which, if any, he employed. As we have
already seen, two very successful methods, microscopy and culture, failed with
regard to the identification of the microbe. So Loeffler and his collaborators had
to figure out some other methods. As already reported in their first record, the
commission focussed on the biological or biochemical properties of the causative
agent, properties such as duration of activity, resistance to high temperatures,
destruction of the supposed “virus”, etc. The published records contain some
information on these properties, sometimes with slight modifications from one
record to another.

Moving on in this field, the terms “invisible” and “filterable” emerged [24].
Quality of filtration was determined by the quality of the devices and the con-
ditions of techniques such as pore size of the filter, adsorption properties, and
filtration pressure. So the category “filterable” became primarily an experimental
definition. Moreover, this experimentally defined category did not always apply,
even for the supposed pathogenic virus of FMD. In their record from 12 August
1898 Loeffler reported that diluted lymph, which had been squeezed several times
through the very small pores of a Kitasato-filter (see Fig. 5) lost its pathogenic
ability. Loeffler concluded that the pathogenic agent of FMD could not permeate
these very narrow pores; thus it must be of corpuscular character [18].

The agent was sometimes filterable, sometimes not. This experimental defini-
tion was dependent on the choice of the filters and of the filtration technique, but
there is no hint that Loeffler or one of his collaborators understood the significance
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Fig. 4. Berkefeld-Filter [source: Catalogue of Fig. 5. Kitasato-Filter [source: Catalogue of
the firm “Pohl”, Den Haag (without year)] the firm “Pohl”, Den Haag (without year)]

of this observation and performed additional experiments to find out other ways
to characterise the supposed virus.

In 1907 Loeffler published an article dealing with new methods of quick
colouring microorganisms. He wrote that the during previous years he had tried
to identify the pathogen of FMD by a special mode of colouring but that all these
trials had failed. In addition, his newly developed procedure based on two highly
effective methods, the malachite colouring and the Giemsa staining method, could
not make the virus visible [27]. So some essential aspects of “Koch’s Postulates”
could not be employed in Loeffler’s research activities.

Nonetheless, in one respect Loeffler was successful. In 1903, he told the
scientific community that he had found a culture medium for FMD virus, the
bodies of piglets. In his attempts to develop an effective serum against FMD, he
needed lymph with as constant and as high a virulence as possible. The little pigs
of the Yorkshire race proved to be the most suitable animals for this purpose.
In order to continue the cultivation of the virus he injected a certain quantity of
lymph every 5 to 6 days. Normally after 2 to 3 days, the pigs became sick and,
after having lymph removed from the blisters that developed, a protective serum
was injected so that the losses were limited [19]. This success was more a result
of the immunization experiments than a product of a well-calculated hunt for an
adequate culture medium for FMD virus. Despite this success, one hardly can say
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that all Koch’s postulates were fulfilled. Loeffler was aware of these difficulties
and though he did not often give notice about his unsuccessful trials, he obviously
could not claim a breakthrough concerning the identification of FMD virus. Owing
to this deficiency, in the first decade of the 20th century a discussion about the
nature of the newly described “virus” arose. This controversial dispute took place
to a large extent in the pages of the “Centralblatt fiir Bakteriologie, Parasitenkunde
und Infektionskrankheiten” and revolved at that time primarily around tobacco
mosaic virus [11, 32, 38]. The two protagonists were Beijerinck and Ivanovski.
The central item they dealt with was a question of the nature of the virus: was it a
living agent or an inert chemical product [14, 37]? It is striking that Loeffler did
not contribute to this discussion with articles referring to his own research results.
Only in an article from 1906 did he mention in one phrase the “smallest plants”,
the so-called bacteria [22]; however, he gave only notice of this opinion, without
any argumentation or reflection. Even if we concede that these questions were
only academic and that convincing evidence based on experimental research was
lacking for either approach, it is surprising that Loeffler, as one of the fathers of
virology, did not take part in this discussion and did not question the contradictory
results with regard to the filtration results.

Political context and public pressure

In discussing the politics of this drama, I refer to what I have introduced as
the contextual conditions of the research project on FMD. Two Prussian Min-
istries played a crucial role concerning financial support. The Prussian Ministry of
Cultural Affairs from 1897 to 1907 and, from 1909 onward, the Prussian Ministry
of Agricultural Affairs. The establishment of a research commission in 1897 was
intended to provide the solution to this practical problem in the field of livestock-
breeding and production with the help of the newly established discipline of
bacteriology [7].

Losses in the agricultural production caused by FMD were extremely large;
at the end of the 19th century they amounted to 100 million marks a year. The
appointment of Loeffler to the Chair of Hygiene at Greifswald University in the
year 1888 was largely a political decision by the Ministry of Cultural Affairs and
not the result of an academic desire of the faculty. The list of names of the proposed
scholars for this appointment embraced four persons. The first position was given
to Gustav Wolfhiigel, who had studied chemistry and medicine and was qualified
in hygiene by Max von Pettenkofer in Munich. The second person was Ernst
Salkowski, who had worked in Tiibingen and later for Rudolf Virchow in Berlin,
becoming head of the chemistry department at Virchow’s Institute for Pathology.
The third candidate was Friedrich Renk from the Berliner Reichsgesundheitsamt.
The fourth person was Loeffler, who was only able to gain a place on that list
because the Dean’s vote for Loeffler was double-counted; thus a majority of one
voice ensured position number four for Loeffler. This was a very uncommon
procedure. The faculty wrote to the Minister that in the opinion of the professors,
Loeffler was indeed qualified in bacteriology but not sufficiently in chemistry,
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Fig. 6. Page of the “Berliner Abendpost” from 24 April 1911 with the article that re-
proached Loeffler about not having discovered the pathogen causing FMD (“Die Tierseuchen-
Kalamitit™)

which was seen as a main pillar of hygiene. Therefore, the faculty preferred an
appointment of one of the other candidates [31]. Nonetheless, the Minister was
convinced of the high reputation of bacteriology and its relevance to hygiene, and
Loeffler was allowed to take up his new position at Greifswald University.

The beginning of Loeffler’s research work on FMD was promoted by an
activity of the Prussian Government. In 1897, the Prussian Ministry of Cultural
Affairs established a “commission for the investigation of the FMD at the Institute
for Infectious Diseases in Berlin.” The collaborators of Loeffler were, first, the
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veterinarian Paul Frosch and, later, Paul Uhlenhuth. This commission was obliged
to submit regular reports to the Ministry of Cultural Affairs.

The initiative for this research programme, as well as the financial support,
were results of political interests of the state. Million mark losses caused by FMD
each year in the agricultural sector, especially in the field of milk production and
cattle breeding, stimulated the activity of the parliament and paved the way for
state support. Unfortunately, this support made Loeffler dependent upon political
trend.

However, the Ministry did not restrict itself to these basic activities; it built a
network that was intended to provide information necessary to collect the needed
material. The Ministry required several local authorities of rural communities
around Berlin to send information about new out-breaks of the disease immedi-
ately by telegraph to the Berlin Institute for infectious diseases; district veteri-
narians (Kreistierdrzte) particularly supported the commission. Thus, the receipt
of fresh lymph samples from newly erupted blisters of cows was guaranteed. In
their first collection, Loeffler and Frosch referred to the contents of blisters of 12
animals from four places.

Later, when they had performed successful laboratory trials and found effec-
tive sera, they wanted to scrutinize their results under practical conditions in the
countryside. They had to wait for such an opportunity and, when informed about
a new epidemic, they travelled to the affected farms. In their records they tell us
about a large scale of “considerable difficulties” (erhebliche Schwierigkeiten):
because of very wild animals, for example, but serious injuries did not happen
[25]. Loeffler and Frosch had to receive the permission of the proprietor of the
concerned cattle herds before they could vaccinate the animals. Thus the lab-
oratory work was integrated not only into an information network, it was also
dependent on farmers in the countryside. All these conditions of their research
work underline the practical purpose of the research programmes.

In 1907, Loeffler was confronted with numerous difficulties. Since 1902, he
had been using a farm in Greifswald for his trials. In 1907, the Prussian Minister of
Agricultural Affairs accused Loeffler of being responsible for the dissemination
of FMD in the region of Greifswald. Loeffler’s experiments at this farm were seen
as the main cause for the spread of the disease.

Supported by agricultural associations of farmers of Pomerania, the Minister
demanded the suspension of all experiments at the farm as well as the university
institute. Loeffler had to stop his activities and the farm was rented to a farmer
and a master carpenter [7]. After an intermission of two years, he resumed his
research activities in another place: the newly purchased and equipped island
of Riems, which provided an almost ideal location for his work. The danger of
disseminating the disease was minimized because it was an island.

Two years later Loeffler had again to endure great public pressure. The success
of his vaccination experiments was denied by two important professors: Profes-
sor Schmalz, head of the Berlin Veterinary Medical School and Professor Casper
from Breslau University. They both strongly criticized Loeffler’s research activi-
ties. Their opinions were published in an article in a newspaper in April 1911 (see
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Fig. 6). The article attacked both Loeffler and the Ministry of Agricultural Af-
faris. The unknown author blamed the Minister for having given too much credit to
Loeffler’s immunization methods. Because the Minister had eased restrictive mea-
sures, the epidemic spread, infesting about 11,000 farms. Loeffler is said to have
announced newly developed sera each year but none showed any effect. He was
even reproached because he had not discovered the etiologic agent of FMD [2].

This was motivated by differences between two concepts of combating the
disease: Schmalz and Caspar preferred veterinary administrative restriction, such
measures seen as being able to be lifted if a vaccine would be developed. With re-
spect to the uncertain results of veterinary research, the protagonists of veterinary
policy measures did not agree with any easing of such restrictions. Not only fund-
ing quandaries but also the politically-motivated purpose of the research project
as well as the public pressure were contextual factors influencing the specifies of
the research.

Closing remarks

1. As mentioned, Loeffler was appointed by the Ministry of Cultural Affairs to
a commission for studying FMD. The entire project was dedicated to a very
practical end: combating the heavy agricultural losses caused by FMD.

2. The experimental setting, a laboratory as a center of a widespread network
of farms and stables in Pomerania where trials could be performed in cattle
under rural conditions, underlined this practical reference to cattle-breeding
and agricultural production.

3. In 1899 Loeffler was appointed as an extraordinary member to the “Kaiser-
liches Gesundheitsamt”. He was obliged to observe the development of all
aspects of public health in his district. With this appointment, he became
someone like a public health officer as controller and advisor in public health
affairs.

4. From the beginning of his research activities on FMD, he and his collaborators
prioritized the development of a vaccine against the disease. The majority of
his statements, and publications dealt with problems of immunization [19,
21, 23, 26]. His first trials in that field had already given some reason for an
optimistic assessment and for further study. Attempts to identify the etiologic
agent were subsumed to the loftier goal of finding a method for adequate
immuniztion. Loeffler hoped that the identification of the virus could facilitate
and lower costs of production of an effective vaccine.

5. The agricultural lobbies and the public, especially the rural population, pur-
sued the activities of the commission with a mixture of hope and scepticism.
From 1907 on, Loeffler was forced to interrupt his research activities because
of the resistance of agricultural associations, but in 1909, the Ministry of Agri-
cultual Affairs again granted financial support. However, now the pressure on
Loeffler increased. The Ministry of Agricultural Affairs had to decide which
protective measures should be performed in case of an epidemic. These mea-
sures embraced a grand scale, ranging from temporary segregation of affected
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farms to the slaughter of sick animals. Loeffler was an important advisor to the
Ministry and so he had to take on a considerable degree of responsibility. If he
was successful with his research on vaccination, the toughness and duration of
protective measures ordered by the political authorities could be minimized.

Dependent on the success of medical innovations was a dynamic relationship
between governmental regulations and veterinary medicine. The more effective a
vaccine was, the less rigorous veterinary policy measures would become. Without
an effective vaccine, the extensive veterinary administration concept would re-
main dominant. There were certain contradictions between these two approaches,
although in 1909 Loeffler tried to construct a more complementary relationship.
He was fully aware that an effective protection, i.e. active immunity, was attained
only five weeks after immunization. Passive immunity induced by a serum be-
came effective at once but it lasted only for two weeks. These facts demonstrate
distinct limitations for a dominance of veterinary prophylaxis over administra-
tion. Therefore, he stated that a serum vaccination would not be the only measure
against the epidemic and that a real effect would be caused when passive immu-
nity was applied in combination with rigorous veterinary administration measures
[23]. According to the veterinary authorities at that time, preventive measures had
failed, so strict veterinary regulations seemed to be the only way to combat FMD
successfully. )

One can imagine which political pressure determined Loeffler’s research
activities. He always accepted the very practical purpose of the FMD-research
project and he submitted his research strategies to the goal of developing an
effective method of immunization. Therefore he used the methods he had be-
come familiar with during his time as Koch’s collaborator, but his overall activity
was concerned with the exploration of FMD, giving special attention to the prac-
tical end. In particular the Ministry of Agricultural Affairs demanded effective
results for its continued financial support and Loeffler did perform the first suc-
cessful trials of immunization. This led to optimism about further experiments in
that field without having identified the virus.

Following this, and considering the heavy pressure, it is not surprising that
Loeffler was not in the contemplative mood required to publish sophisticated
articles about the nature of the virus and to perform experiments to prove one or
the other theory in this field. In addition, he was adherent to the bacteriological
paradigm that had presented many successful discoveries up to that time and
he did not see any convincing reason to reject this concept. Considering all the
ramifications of his work, his research strategy, despite all the remaining questions
and the epistemological uncertainty, becomes more comprehensible.
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The legacy of Friedrich Loeffler — the Institute on the Isle of Riems
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Summary. When starting the experiments on foot and mouth disease on the Isle
of Riems in October 1910, Friedrich Loeffler could continue investigations that
had been interrupted in 1907 by ministerial order. Loeffler’s appointment to Berlin
in 1913 and his sudden death in 1915 lead to the temporary cessation of work on
the Riems. With high personal creativity and many years of seminal influence,
Otto Waldmann carried Loeffler’s ideas further, in the selection of themes and
research strategy, making the Riems a world famous place of research. Some
essential elements have determined life and research on the island for decades: the
development of measures against epidemics, the conception of their application,
the extension of research to new diseases of economic significance, the close
contacts with the veterinary practice at all times, the presentation of results to
experts and the stimulating discussions in the laboratory. I will try to briefly draw
a bow covering the decades of different social conditions to the present and to
suggest that Loeffler’s ideas, which have been improved with the years, can affect
many a current decision, even though differentiated individually.

*

The last hundred years of animal virus research often gave reason to remember
its initiators and their achievements [7, 32, 60, 61]. Celebrations for different
occasions mostly took place at Greifswald or on the Isle of Riems [6, 19, 42,
44]. In addition, Frankfurt an der Oder, Loeffler’s native town, repeatedly hon-
oured its great son, who was born in June, 24th, 146 years ago [3]. This contri-
bution deals with a part of what we define as the legacy of Friedrich Loeffler,
namely that part which has been linked for years with the name “Riems” for
dealing with novel pathogens — the viruses — described for the first time in 1898
[28].

First one should start with Friedrich Loeffler: Some words Loeffler said about
himself [24]: ... The remembrance of that time, when we were still working ... in
the middle Robert Koch and we at his side, when we were faced almost daily with
new miracles of bacteriology and when we — following our principal’s shining
example — were working from dawn to dusk hardly finding time to meet the
physical requirements, the remembrance of that time I shall never forget. Surely
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Fig. 1. Friedrich Loeffler (24.6.1852-10.4.
1915) (Archives of Riems)

we learned in those days what it means to observe and to work exactly and to
follow a fixed target with energy.” (Fig. 1)

Uhlenhuth, Loeffler’s most recent co-worker said in memoriam [60]: ... when
he succeeded in finding a new staining method ... he could be glad like a child to
demonstrate us his specimen preparations under the microscope putting back his
glasses and exclaiming enthusiastically in his vivacious nature: ‘Candy, candy,
Gentlemen!””

A little book about the University of Greifswald mentions him as “... a lively
personality with keen very friendly glittering eyes hidden behind glasses, the
lower lip pushed forward somewhat gruffly out of the blond trimmed beard, the
manner of speaking short, in Berlin dialect. Wherever he was he created around
himself a ring of security, clarity and gladness ...” [30]

Loeffler’s person was also the subject of some doctoral theses. One of the
latest dissertations [33] reports: “... so he surely succeeded in his most important
discoveries mainly due to his attitude towards science, his creativity his obsession
with science and his courage to take a risk. In spite of brilliant achievements being
the results of strenuous work, he had to overcome first of all the considerable op-
position of the competent colleagues and the small-mindedness of the authorities
particularly in his research dealing with foot and mouth disease...” We can imag-
ine a little how Friedrich Loeffler arranged his working day, how he formed new
ideas and organised the experimental basis for them mentally. We can feel him
being glad about good results, how he made every efforts to share this gladness
with his collaborators and how he had a longing for discussing with them, before
writing down the results for the next publication. Without wanting to place Loeffler
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into the present I think that many of his activities not only impressed friends and
colleagues but also many a researcher of following generations who could only
read what the Privy Councillor was doing. — This statement may be a little ide-
alised, as young scientists often are no longer interested in things being older than
a week, as Sidney Brenner once said [8]. When working for the preparation of
the Riems 50th anniversary in 1960, I became very much aware of working in
the world’s first virological institute. Sometimes, however, you remember ances-
tors of your subject more vividly and this has not changed until now, as Walter
Plowright underlined last year [37].

In the following, one should emphasise one part of the legacy, referring to
selected aspects of the Riems research, the more so as some of these results
substantially influenced the development of the institute. Again a statement by
Loeffler is placed at the beginning [27]: “..Robert Koch’s example showed us
how to take effective measures for the control of agents based on the knowledge
of them and their biology.” After October 10, 1910, the day when the experiments
of foot-and mouth-disease (FMD) was restarted with the lymph which arrived at
the Riems from Vickovo, he realised this principle vehemently. The classifica-
tion of FMD as a disease in which protective antibodies are produced led to the
development of an immune serum, its first administration — alone and together
with FMD virus, named “seraphtin” — showed that the complex of prophylactic,
therapy and control of epidemics is inseparable [25].

Astonishingly these developments were fiercely attacked from veterinary cir-
cles and Loeffler’s results were frankly regarded as irrelevant [50]. Loeffler got
used to such objections and was trained in polemics [23].

He felt angry repeatedly that not sufficient immune serum was available, and
that it was so expensive. Loeffler himself said [26]: “... At present the fairly
high price still interferes with the common administration...but I hope that it will
become cheaper in the course of time”. Loeffler’s hope came true but he did not
live to see it. “When I was appointed director of the Robert Koch Institute for
Infectious Diseases, I ceased working on the Isle of Riems...” [27]. Loeffler died
in 1915 and was buried in Greifswald.

The experiments on the Riems also ceased. The demise of the whole institute
was nearby, had it not been for Dr. Nevermann from the Berlin ministry who made
—as in Loeffler’s lifetime — a strong effort to promote and protect Loeffler’s idea
of FMD research on the Isle. In May 1919, Dr. Otto Waldmann, a veterinarian
employed at the Berlin Veterinary Faculty, was appointed assistant to the district
veterinarian on the Isle of Riems. Waldmann filled himself and his rapidly growing
staff of co-workers with enthusiasm. As early as 1926, Kurt Wagener, one of the
coworkers on the Isle of Riems, appraised this activity as follows [64]: “...The
scientific progress culminated economically in an extraordinary drop in the costs
for serum production and thus in a strong reduction of the serum price from more
than 150 to about 50 Marks per litre...The few hundered litres of serum which
had formerly been produced per year can now be produced within days...Today
the research institute has two laboratory buildings with modern equipment, where
the scientific work for the further research of foot and mouth disease is carried
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out. The stables were enlarged so that at present 300 adult cattle can be kept...”
Scientific progress during these years was characterised by the transmission of
the virus to the guinea pig [68], evidence of FMD virus’ diversity [67, 59], the
first attempts to grow the virus in tissue culture [15], and the serotype diagnosis
using the complement-fixation reaction [58]. Further work during those years
was dedicated to basic investigations about the FMD virus in order to obtain an
inactivated vaccine as soon as possible and to improve measures of epidemic
control for inhibiting the spread of the disease [12, 40, 72, 69].

In the 1930s, the Riems efforts showed first successes when in different at-
tempts a combination was found. This included own experience, French results
about the possibility to inactivate FMD virus with formaldehyde [62], and the find-
ing of a Danish veterinarian [51] about adsorbing the virus to aluminium hydrox-
ide. Due to these efforts, the first efficient inactivated FMD-vaccine was produced
[70]. Very soon after having tested it under experimental conditions, an excellently
organised and evaluated field trial [66] was carried out in 15,200 cattle, 1,600
sheep and 320 goats. The following results [29, 13] were reported: “...the vaccina-
tion did not show any disadvantages, neither for the single animal nor for the whole
population, that the protection was fully developed 6 to 12 days after vaccination
and that vaccinated animals were protected longer than 3 months, even in cases of
massive contact infection... In the control of foot and mouth disease the Riems vac-
cine will take away the fright from this devastating disease, as soon as it can be used
comprehensively.”

Also the press reported repeatedly and informed that: “.. 2.5 million
Marks will be made available in order to extend the Riems institute” [53]. These
means were used to finish the second extensive building phase of Waldmann’s
Riems and in 1940, the main building was completed. In those days, it was the
domicile of the microbiological division (Prof. Traub), the divisions of pathol-
ogy (Prof. Rohrer), chemistry (Prof. Pyl) and production (Prof. Mohlmann)
(Fig. 2).

After several discussions, the Office International des Epizooties in Paris
recommended the prophylactic use of the Riems FMD vaccine and the teams on
the Riems were busy with the continuous improvement of their vaccine [35, 71].
As early as 1942 the annual production was 80,000 litres of mono- or 50,000
litres of bivalent vaccine, being sufficient for 1.5 million or 900,000 cattle, re-
spectively [65]. However the maintenance of this progress become complicated
during World War II, especially in 1943 to 1945 [11, 74]. The whole installation
was disassembled after the war and on one of the laboratory walls an unknown
wrote “Research is finished”. Thus, many of those having lived and worked on
the Riems for years with high creativity and propensity for research left the island
[44, 31]. Together with some co-workers Waldmann went to Argentina but re-
turned in 1953. Friends and colleagues spoke at his grave in 1955. W. NuBhag, the
long-time neighbour of the Waldmann family in Greifswald, one of my teachers
at the Berlin University, said at the grave [34]: “... this man was able to build the
first, the greatest and the finest institute for virus research, the example for all
others ...” (Fig. 3)

13
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Fig. 2. The main building of the institute (erected 1940) on the Isle of Riems; in front of the
institute the sculpture “The cow” (created in 1960) by F. Cremer, Berlin (Archives of Riems)

Fig. 3. The Otto Waldmann memorial near the institute (created by W. Grzimek, Berlin, 1960)
(Archives of Riems)
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Fig. 4. The rector of the Greifswald Univer-
sity (Prof. Werli) presenting to Prof. R6hrer the
letter of appointment to the post of Professor
for Virology at the medical faculty on October
10, 1960 (Archives of Riems)

The poorly equipped laboratories became the “Institute for the Control of Foot
and Mouth Disease”. An increase in production and the start of reconstruction
began because of an order of the soviet military administration, beginning in
November 1948. During these years the efforts and devoted work of each one
wishing to preserve the laboratory and to maintain the FMD control according
to the ideas of Friedrich Loeffler, and to improve them with new results, went
to the limits of endurance. The motive could have been read for many years on
the window in the middle of the foyer — “Our will was stronger than the German
misery” — was a daily hint for each co-worker as to his own expected contribution
to the rebuilding of the laboratory after 1945. It called each guest’s attention to the
fact that everything now in existence was achieved only by hard work. This was
led by Heinz Rohrer who returned to the Riems in 1948 and acted as President of
the institute until 1970 [48, 21] (Fig. 4).

The development of the Riems FMD concentrated vaccine during the first
years after World War II enabled a reduction of the immunising dose from 30
to 5 ml per cattle and the increase in vaccine production on the Isle of Riems,
respectively, represented the basis of the annual prophylactic vaccination in the
German Democratic Republic (GDR) [43]. “From 1961 to 1965 a pilot plant
for the production of FMD-tissue culture vaccines was established” [49]. Great
efforts were put into developing a FMD live attenuated vaccine for application in
pigs, because it proved impossibe to efficiently immunise swine. The results of
these experiments were unsatisfactory [16, 52].

In the early 1950s, due to the political partition of Germany, it became increas-
ingly obvious that also in the Federal Republic an FMD vaccine production had to
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be secured since some epizootics had already caused heavy damage. Well-known
manufacturers carried out this vaccine production. Nevertheless there was also
a need to conduct research on FMD and other virus infections of animals, and
an appropriate institute was founded in Tiibingen, with Erich Traub as the first
president. Because he was a former Riems co-worker, it stood to reason that he
would bring considerable experience and Waldmann'’s ideas to the construction
and profile of the Tiibingen Research Institute.

Cattle were vaccinated in many European countries. This was an essential
contribution to the containment of FMD in Europe and fundamental to the fact
that since July in 1988, East and West Germany are officially free from FMD [20],
an aim achieved 50 years after the first field trial with Riems’ FMD-adsorbate-
vaccine in 1938. It might also well be to Loeffler’s liking if we recall his words of
1914 [27]: “...since I have been engaged in this research since 1896, I am keenly
interested in it and I wish with all my heart that it will be always promoted, for
the benefit and the welfare of German agriculture...”

In early 1992, vaccination against FMD was stopped within the European
Community. Apart from the changes that had already taken place at the Riems
Institute, it had consequences [73], which gave reason to speak about a possible
end of the Loeffler tradition [5].

The aim of research at the Riems, however, was not just vaccination in general
but the elimination of the threats caused by FMD using a vaccine, always assisted
by veterinary sanitary measures until the disease was eradicated and the agent
eliminated. This fundamental principle was also in the Loeffler tradition; with
regard to hog cholera it was defined by Rohrer, who said [45]: “...if once the disease
has been eradicated completely and there is no or little danger of introducing it
into a sanitised area then vaccination could be consequently dispensed with ...and
the measures of control could be again solely veterinary sanitary ones.”

However, Loeffler’s legacy is more than FMD research alone. As early as
1912, he postulated [26]: “For an extremely great number of diseases of man and
animals, such as yellow fever, rabies, hog cholera, fowl plague, equine plague,
pox diseases, to count only a few no causative agent had been found. As research
showed they all are caused by a virus..”” And so in the late twenties investiga-
tions on hog cholera started on the isle. Later, almost exclusively for economical
reasons, the range of research was extended to virus diseases which required an
etiological and diagnostical cleaning up and a control strategy. By the words of
W. NuBhag [34] Otto Waldmann was able to continue the legacy of Loeffler over
all the years. In 1955 he said: “...always he underlined the practicable applica-
tion of the new findings both a sophisticated method of virus research and the
construction of straw-huts to prevent influenza of pigs...”

Thus in the 1930s the Riems institute very quickly became not only a consul-
tancy office for cattle holders but also for the pig breeders, for the horse breeders
and owners, as well as a source for poultry farmers in the case of new diseases
(Table 1).

The extension of the Riems’ research tasks continued after the work was
resumed in 1948. In Riemserort a production plant was built, particularly for
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Table 1. Scientific items of the Institute on the Isle of Riems until 1948

Viral infections
(Beginning of elaboration)

Items

Co-worker

Hog cholera (1930)

Influenza of pigs (1932)

Cough of horses (1934)
Bronchitis of cattle (1935)
Pneumonia of calves (1937)
Infect. anemia of horses (1938)
Fowl plague (1943)

Mouse poliomyelitis (1944)

diagnosis, latent infection
pathology, histology
cytology of blood
etiology

diagnosis

epidemiology, eradication
etiology

etiology

etiology

experimental transmission
pathogenesis, diagnosis
vaccine

histopathology

David, Schwarz
Rohrer, Waldmann
Nagel

Kobe, Waldmann
Schmidt

Vogt, Radtke, Hein
Waldmann, Kobe
Waldmann, Kébe
Nagel

Kobe

Dinter, Rohrer
Traub

Rohrer

Fig. 5. Building of the CVV production (1956) in the village Riemserort, where some
laboratories of the production division of the “Friedrich-Loeffler-Institut” had been situated,
since 1991 this building is a part of the “Riems Pharmaceuticals Ltd” (Archives of Riems)
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crystal violet vaccine (CVV) against hog cholera; it started production in 1956
([10, 44, 56]; Fig. 5). Equine infectious anaemia and fowl plague remained major
topics in the Riems research programme [39, 17]. New research, traditionally
initiated from practice, in order to assist the veterinary practitioner and the di-
agnostician as well as to improve basic knowledge, was initiated (Table 2). At
the age of 85 years, Rohrer summed this philosophy up as follows [47]: “...The
foot and mouth disease vaccine as well as the crystal-violet-vaccine against hog
cholera are striking examples for a successfully completed systematic research
carried out with a strict strategy. They result from a lively relation to the veterinary
practice, which has always been exercised by the institute. That is also true for
...other scientific achievements of the Riems institute. They have almost all been
elaborated in close interweaving of basic and applied research and technology as
well as in their reciprocal fertilisation. In this sense the Riems institute has been
working since its foundation flexible in its inner structure and its interdisciplinary
co-operation...”

Rohrer’s successors struggled to maintain the Riems tradition. More than ever,
agriculture and the authorities demanded not only research results about the cur-
rent epidemics within the highly industrialised animal production in the GDR but

Table 2. Scientific topics and vaccine production in the “Friedrich-Loeffler-
Institute” on the Isle of Riems, 1948-1970°

Main scientific items Vaccine production

Aujeszky’s disease of pigs FMD-vaccine

Borna disease based on

Pustular dermatitis *aphthes from infected cattle
Enzootic bovine leukosis *tissue culture

Foot-and mouth-disease

Fowl plague Hog cholera

Hog cholera *crystal-violet-vaccine

Inf. bovine rhinotracheitis
Influenza of pigs

Inf. laryngotracheitis of poultry
Inf. bronchitis of poultry

Infections of laboratory animals experimental vaccines

Mucosal disease FMD (live vaccines)

Ornithosis *egg-adapted virus
Parainfluenza Il inf. of calves *mouse adapted virus (neurotropic)
Teschen disease *tissue culture adapted virus
Rabies

Stomatitis papulosa
Talfan disease
Transmissible gastroenteritis of pigs

Unlike in Table 1, it is not possible to name the coworkers in Tables 2 and
3; most of the coworkers are listed in the chapter references or in the papers of
some of the cited authors of the Institute on the Isle of Riems
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Table 3. Scientific topics and vaccine production in the “Friedrich-Loeffler-Institute”
on the Isle of Riems, 1971-1990?

Main scientific items Vaccine/diagnostic production
Application of vaccines vaccine production

*by aerosol (CSF, Aujezsky ...Erysipelas of swine) *FMD (BHK21-tissue culture vaccine)
*oral delivery systems (TGE, SVC) *Hog cholera strain C in rabbits
Enzootic bovine leukosis

Foot-and-mouth-disease strain C in tissue cultures

Hog cholera (CSF) *Marek’s disease

Inf. bovine rhinotracheitis *Transmissible gastroenteritis
Marek’s disease *Infect. bovine rhinotracheitis
Modern diagnostical systems (ELISA) *Parainfluenza I11

Mucosal disease *Rabbit haemorrhagic disease
Parainfluenza III inf. of calves diagnostics

Transmissible gastroenteritis of pigs *several immunofluorescence sera
*Corona and corona-like infections *BLV test kit (AGPT)

Viral diseases of fish (e.g. spring viraemia of carp, SVC)

Swine vesicular disease (SVD) vaccines in experimentally forms

*inactivated SVD vaccine
*BEl-inactivated FMD-vaccine
*Qil-adjuvanted FMD-vaccine for pigs *SVC oral vaccine

4Some items were studied in close co-operation with the “Institute of Vaccines” Dessau, Central
Institute of Cancer Research and Central Institute of Molecular Biology of the Academy of Sciences
in Berlin-Buch; Faculty of Pharmacology of the Martin-Luther University in Halle etc. and several
Veterinary Research Institutes in Bulgaria, Czechoslovakia, Hungary, Poland, the (former) Soviet-Union
and Romania

also the production of vaccines and diagnostics on the island and new technology
in application of vaccines [63]. It was possible to present to the Academy of agri-
cultural sciences of the GDR good results in most of the cases despite material
and technical problems (Table 3). Results from the Riems Institute were highly
regarded. However, for safeguarding of the secrets of production and the most of
the epidemiological details about viral diseases in animal production, many of the
results remained unpublished or were only allowed to be published in German
and only rarely in foreign specialist periodicals [2, 4]. Because production was
beneficial for the “economy” of the institute warning words like “today the Isle of
Riems is practically a people-owned vaccine plant” did obviously not influence
the existing plans [46]. Soon, however, we realised that due to this trend and
other restrictions we were no longer recognised world-wide and even failed to
answer comprehensively questions about the products of the Isle, even practical
questions from veterinarians in the country. Emphasis on the exclusively applied
research resulted in neglect of urgently needed basic work [57]. Even when a
molecular biology team was established application had priority [18]. The legacy
of Friedrich Loeffler and the worldwide reputation based in the era of Waldmann
and Rohrer faded away. In 1985, Zvonimir Dinter, who had been working on the
Riems from 1943 to 1945, wrote [9]: “In 1960, the Riems research institute cele-
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Fig. 6. Dr. Zvonimir Dinter participating in the scientific symposium “50 years of Riems”

(midst, with pipe). On the left: Dr. Hansen (Stockholm) and the Russian interpreter. On the

right: Dr. Moosbrugger (Basel). In the foreground from the left to right: Dr. Szent-Ivanyi (Bu-

dapest), Dr. Bakos (Stockholm), Prof. Dr. Rubarth (Stockholm) and Dr. Tomescu (Bukarest).

In the background: Collaborators of the Riems Institute and Dr. Lieschke (Academy of
Agricultural Sciences, Berlin; Archives of Riems)

brated its SOth anniversary...and many virologists from here and abroad (including
myself) accepted the invitation... It was a successful meeting in every respect and
in this, [ saw Rohrers attempt to foster the international association of scientists
and to establish contacts. Shortly thereafter the curtain of isolation went down
over the Riems and this became a permanent condition. I do not know why this
was necessary but I said to myself: Riems mon amour — as if I had lost a dear
friend.” (Fig. 6)

The political events of 1989 provided the opportunity to return Riems to
what it was. In this complicated situation, the former president himself stood
frequently by the management on the island. Future trends were suggested by the
Scientific Advisory Council [73]: “Not only because of the vaccine production
which has to be removed to the private business but also because of the far-reaching
restraint of formerly significant virus diseases research at the FLI needs a new
orientation...The Council recommends to bring together both facilities working
in the field of virus research on the Isle of Riems sooner or later...”

In 1991 the production units was separated and privatised. The insular part
became the “Federal Research Centre for Virus Diseases of Animals” (the first
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president was Prof. Dr. Volker Moennig; since 1994 Prof. Dr. Thomas C. Met-
tenleiter) and is now to become the only location of veterinary research in this
field in Germany. It is self-evident that even today one is faced with Loeffler’s
ideas of research on the Riems, particularly when reading: ““...The main task of
the institute is the development of diagnostics and vaccines...” and coincidentally
you are quite close to Loeffler’s striving to know the causative agents (*“...Robert
Koch showed us clearly how to can take effective measures for the control of them
based on the knowledge of them and their biology...”), even if using the methods
100 years after Loeffler, according to Mettenleiter who emphasized: “... to define
the causative agents referring to their molecular biology and to trace out the gene
factors being responsible for the disease causing properties of the viruses...” [36].

Finally, one must mention the sites of memory and tribute to the founder of
animal virus research on the Isle of Riems. There are memorial stones, busts and
pictures. These honour those Riems veterinarians who, together with Friedrich
Loeffler, the Doctor of veterinary medicine honoris causa of the Gieflen Veterinary
Faculty, take prominent place in the annals of veterinary medicine. It is possible
to show the subjects dealt with. And so the “guinea pig monument” (Fig. 7) and
the “cow” have to be placed into the set of artistic monuments, too. They are not
only presentations of animals in general but illustrate that only by using these
creatures was it possible for work on research on the health of domestic animals.
This idea continues in the sculptures, designed by W. Grzimek, which confront
life and death artistically and call on the researcher to protect life. This chain
of thoughts leads to one of the paintings of H. Neubert, showing the origin of
modern virus propagation in cell culture and integrating the thought of minimising
tests in animals by using such systems. The cell collection on the Isle of Riems,

Fig. 7. The sculpture “guinea pigs” created by F. Cremer, Berlin (Archives of Riems)
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established in 1973 [41], “...is of high significance for virus research and unique
in the whole Federal territory...” as the scientific council stated in 1991 [73]. The
series of paintings made by H. Neubert has held an eminent place for years. It
shows the level that virus research had reached 50 years after the beginning of
Loeffler’s activities on the Riems [38]. It also illustrates the progress of the recent
past achieved by the creative work of researchers all over the world, nowadays
the way to characterize the structure and function of each molecule in order to
increase basic knowledge as well as to improve diagnostics and vaccines. The
painting showing the electron microscope shall be mentioned, for it was on the
Riems where the first electron microscope constructed by Ruska was installed and
by means of which Ardenne and Pyl [1] tried to visualise FMD virus for the first
time (Fig. 8). Therefore, this painting is more than simply a snapshot. It highlights
that scientists of the Riems contributed to the characterisation of Loeffler’s FMD
virus, using electron microscopy [54], characterisation of the nucleic acids [17],
and sedimentation analysis of the FMD virus [22] in the 1960s (Fig. 9).

Fig. 8. The picture “electron microscope”, painted by H. Neubert, in the foyer of the main
building of the Institute on the Isle of Riems (Archives of Riems)
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Fig. 9. Electron microscopy of FMD virus (original 640 000 fold) negative staining (Schulze
and Gralheer — see also [54]; Archives of Riems)

Fig.10. The houses on the Isle of Riems, in which F. Loeffler and his coworkers were working
during the first years (Archives of Riems)
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Now we have returned to that virus whose first description 100 years ago by
Loeffler and Frosch brought us together and who chose the Isle of Riems as a
research station (Fig. 10).

I close with the words from a contemporary of Loeffler, the chemist Wilhelm
Ostwalds who said [55]: “And the progress of science coincides with a steadily
growing number of reliable signposts”. Some of the numerous Riems signposts
have been presented, others not. Researchers at the institute on the Isle of Riems
have ample opportunities to find and to place new signposts.
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The post-Loeffler-Frosch era: contribution of German virologists

R. Rott

Institut fiir Virologie, Justus-Liebig-Universitit Giessen,
Giessen, Federal Republic of Germany

Summary. This presentation dealt with the contributions of German virologists
in the rapid development of virology following the Loeffler-Frosch era. Thereby,
only research was included which was undertaken within German institutions,
even though guest scientists from other countries or international cooperative
efforts have in some cases contributed to the work. Contributions to the field
of veterinary virology were not considered here, since this topic was treated
separately during this centennial symposium.

The overview includes contributions of the very early period when interest was
focussed mainly on the determination of the physicochemical properties of the
fast growing number of newly detected viruses, and of the pioneering period when
fundamental discoveries of the nature of viruses were made. The concepts that
derived from those studies made the development of modern virology possible.
Some highlights of the present period were presented describing the findings of
selected virus families. This part was followed by a description of the results
which were relevant to problems of how viruses become pathogens, and the role
of the immune response to virus infections. Finally, attention was drawn to the
contributions of molecular studies which became important not only for the field
of virology but also for life sciences in general.

Introduction

A century of virology is cause enough to remember with respect those tasks suc-
cessfully completed in this field, to recognise ongoing work and to express wishes
for success in the future. These aims reflect the spirit that inspired the organisers of
this anniversary celebration to deal separately with the contributions of German
virologists to the breathtakingly rapid development of our scientific discipline
world-wide. This kind of inspiration, however, tends to be difficult to interpret
correctly. In light of the international co-operation in science and the correspond-
ing cosmopolitan behaviour of many scientists, it may even be questionable as
to whether it is at all feasible to speak truly of national contributions. In the fol-
lowing, I will focus on research that was undertaken in German institutes, even
though guest scientists from other countries and all other kinds of international co-
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operation may have contributed to the work in many cases. However, it will only
be possible to recollect a selection of these achievements. These will be limited
to work that either resulted in the discovery of previously unknown phenomena,
or develop into new ideas, or created new methods that opened the pathways and
defined the final objectives which led to the current knowledge and present under-
standing of our discipline in modern science. Repetitions or mere improvements
upon imports of knowledge from other countries will not be considered.

In taking the freedom to express my own personal view on the contributions of
German virologists on an international scale and without pretending a historical-
biographical professionalism, I fully realise that my selection and evaluation will
appear to be subjective. In doing so, I may offend certain individuals and would
therefore like to apologise in advance. In any case, I will not sing a hymn of
praise but will try to follow the admonishment of Baco von Verulam as quoted
by Immanuel Kant in his ‘Kritik der reinen Vernunft’ (2™edition): De nobis ipsis
silemus. This will be somewhat less difficult for me since the topic of veterinary
virology will be treated separately by Marian C. Horzinek.

The early post-Loeffler-Frosch period

The history of virology is a particularly good example of how scientific achieve-
ments are directly related to the prevailing way of thinking, and to the state of
technical development, and to the methods available at that time. It also shows
how the past 100 years of virology have forged new concepts and provided new
insights into the history of life.

The first era of virology was dominated by bacteriologists or even hygienists
who took advantage of the experimental procedures already used so successfully
by the discoverers of foot and mouth disease virus. Even at the beginning of
the 1950’s I was told that a “good bacteriologist is also a good virologist”. This
attitude therefore clearly shows why virology did not become a separate discipline
at German universities until the 1960’s.

During that early period the viral aetiology of a large number of infectious
diseases was recognised and even viruses which cause tumours were identified.
It is remarkable however, that German scientists have taken comparatively little
interest in the primary discovery of human pathogenic viruses. Herpes simplex
virus (HSV) was among the few exceptions. The unequivocally infectious nature
of HSV was recognised 1919 by A. Lowenstein. He demonstrated that virus re-
trieved from vesicles of herpes labialis produced lesions on the cornea of the rabbit
[1]. Forty years later K.E. Schneweis found that 2 serotypes of HSV, HSV-1 and
HSV-2, can be differentiated, which are associated with differences in the clinical
manifestation of infection [2]. Whereas HS V-1 predominates in infections “above
the belt”, HSV-2 is associated with genital disease. This discovery breathed new
life in herpes virus research. Marburg disease virus, discovered in 1967 by
R. Siegert and W. Slenczka [3], was substantially characterised in Marburg and
became the first representative member of a new virus family, the Filoviridae. In
1979 H. zur Hausen and L. Gissmann [4] discovered in a B-lymphoblastoid cell



German virology after Loeffler 45

line derived from an African green monkey a widely distributed B-lymphotropic
polyomavirus. In this context Borna disease virus might also be mentioned. It
was originally identified by W. Zwick (1926) as a pathogen of horses [5]. How-
ever, during the last few years it has attracted much wider attention since growing
evidence indicates that Borna virus causes behavioural alterations or psychiatric
disorders in humans and animals [6]. Finally, the laboratories of H. zur Hausen
and H. Pfister (for [7]) contributed significantly to the world-wide efforts to iden-
tify new papillomaviruses. Presently no fewer than 80 different types have been
identified, and in addition, more than 50 partial sequences are known, pointing to
still more types of such viruses.

During this first period of virology interest focused primarily on the deter-
mination of size and shape of the bewildering variety of viruses detected, their
sensitivity to chemical and physical agents, their host range and their differences
in the manifestation of diseases caused by infection. Application of physico-
chemical and chemical techniques used in biochemistry and their continuous
improvements helped to define the nature of viruses. By ultrafiltration, ultracen-
trifugation and electron microscopy, developed and applied by H. Bechhold and
M. Schlesinger in Frankfurt, and Helmut Ruska in Berlin, in particular, the size
and morphology of many viruses was determined. Mrowka, a veterinarian at the
former leasehold German naval base at Tsingtao, China, was one of the first to
use chemical procedures for the isolation of viruses, as early as 1912. He suc-
ceeded in precipitating fowl plague virus from infectious blood serum by means
of tannin, without destroying infectivity. He concluded that the virus behaved in
all respects like a colloid globulin and should be regarded as such [8]. Twenty
years later differential centrifugation and ultrafiltration allowed M. Schlesinger

Fig. 1. First electron micrograph of tobacco mosaic virus [10]
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Fig. 2. The DNA of bacteriophage T2, liberated from the head of the phage by osmotic
shock [12]

(1933) to purify bacteriophage particles in sufficient amounts for various further
analyses. He not only obtained important information about the dimensions of
such viruses but showed simultaneously that pure phage material consists only of
protein and DNA in roughly equal amounts [9]. This led for the first time to the
suggestion that viruses in general may be composed of nucleoprotein. In 1939,
H. Ruska and co-workers presented the first electron micrograph of any virus,
the tobacco mosaic virus (Fig. 1), using a microscope built by his brother Ernst
[10]. Two years later he was the first to show how bacteriophages are adsorbed
to the surface of their bacterial host [11]. In this context I would like to recall the
aesthetic electron micrographs presented in 1962 by A. K. Kleinschmidt and his
colleagues [12] which show the DNA molecule of bacteriophage T2 being liber-
ated from the head of the phage particle by osmotic shock, published in several
text books (Fig. 2). The Kleinschmidt spreading technique allowed the correct
determination of lengths as well as the determination of higher order structures of
nucleic acids. Brownian movement brings phage particles into random collision
with their host cell which is, as originally described by M. Schlesinger (1932),
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the first step leading to phage adsorption [13]. In 1954, W. Weidel presented the
first evidence for the nature of a corresponding bacterial receptor [14]. G. Koch
(1958) characterised as a lysozyme the enzyme responsible for phage release
from a bacterial cell by lysis-from-within [15].

From all studies it became clear that viruses are autoreproductive particles
ranging in size from the smallest bacteria to the largest known biologically active
macromolecules. The most intriguing question remaining at that time was: Do
viruses represent the transition from inanimate nature to the typical life? This
question, intensively discussed by vitalists as well as by mechanists, became
even more accentuated when in 1935 Wendell M. Stanley (Princeton) published
the “Isolation of a crystalline protein possessing the properties of tobacco mosaic
virus” [16]. However, if we adhere to the principle of the “whig interpretation
of history”, which evaluates the past on the standard of its significance for the
present, today all these questions appear to be of minor interest.

The pioneering period

Immediately realising the utmost significance of Stanley’s discovery, Adolf
Butenandt, who at that time worked successfully on oestrogen, made a far-
reaching decision. Together with F. von Wettstein and A. Kiihn in 1938 he
established a working group for virus research at the Kaiser-Wilhelm Institut
fiir Biochemie in Berlin-Dahlem. G. Schramm was nominated to head its bio-
chemical section and G. Melchers to be responsible for the genetic part. After
the war that working group, which was later joined by H. Friedrich-Freksa, G.
Bergold and W. Schifer, continued with their investigations in Tiibingen. The
Max-Planck-Institut fiir Virusforschung, which emerged from this initiative in
the 1950’s became a focal point for virus research and was prominently involved
in the development of molecular biology in Germany. More than that: Tiibingen
institutes became also the elite school for virology in Germany, which influenced
the development of our discipline enormously. Thus, for example, more than 20 of
Schifer’s descendants received prominent positions in national and international
institutions.

On a par with the establishment of molecular virology in Tiibingen, Richard
Haas in Freiburg (Fig. 3) put considerable emphasis on medical virology, thereby
promoting virology as a new field of research and application in medicine. He
really was the forerunner of modern medical virology in Germany. His spirit
was carried on by R. Thomssen, who has contributed enormously in tying to-
gether medical and molecular virology. He was often ahead of the time, e.g.
when he developed the radioimmune assay before the Nobel prize was awarded
for this technique [17]. It should also be mentioned that H. J. Eggers, K.-E.
Schneweis, and R. Kandolf in particular also played a large part in the bring-
ing together of basic and applied virology. They became particularly known
for their work on antiviral agents (for [18]) and on herpes simplex virus patho-
genesis (for [19]) or on picornavirus-induced myocarditis (for [20]),
respectively.
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Fig. 3. Richard Haas (1910- Fig. 4. Gernot Bergold (x 1911)
1988)

Gernot Bergold (Fig. 4), who left Tiibingen in 1948 for a leading position in
Canada, can be very rightly regarded as the founder of biochemical insect virology.
After a long period of errors in the research on inclusion body diseases of insects,
in the 1940’s he was able to elucidate the viral aetiology of the polyhedrosis
disease of Bombyx mori and of another caterpillar disease, the granulosis dis-
ease. In both cases, he biochemically characterised the rod-like, DNA-containing
viruses and discovered that they were embedded in protective, non-infectious pro-
tein structures, the so-called polyhedra [21, 22]. He also showed that infectious
virus was released from polyhedra by treatment with diluted alkaline solution
(Fig. 5).

Plant viruses, in particular tobacco mosaic virus (TMV), proved to be suitable
as a model to elucidate the structural properties of viruses, since they could be
obtained quite easily. It was found that up to 90% of the protein present in infected
plant juice might consist of TMV and reliable methods to quantify virus particles
then became available. Gerhard Schramm (Fig. 6), in Berlin, had already detected
that treatment with slightly alkaline solution caused TMV to dissociate into sub-
units with defined size and shape. The isolated subunits could be reaggregated to
TMV-like rods, while infectivity was lost [23]. The amino acid sequence of TMV
protein later was resolved by A. Anderer (1960), as the first primary structure of
any viral protein [24]. Subsequent determination of the protein sequences from
different TMV strains and mutants helped H. G. Wittmann (1962) to contribute
to the codon assignment for the genetic code, which of course added evidence
to the universality of the genetic code [25]. Of exceptional importance was the
finding by A. Gierer and G. Schramm [26] in 1956 that the genetic information of
TMY resides in its RNA. From this discovery a most important conclusion was
drawn that RNA could also be genetic material, a property previously thought to
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Fig. 5. Polyhedra obtained from Lymantriz dispar, dissolved with alkaline solution (Photo-
graph by G. Bergold)

be restricted to just DNA. The possibility of isolating biologically intact RNA
by the phenol method has contributed enormously to many facets of molecular
biology. A modification described by E. Wecker [27], the “hot phenol method”,
also allowed the extraction of infectious RNA from enveloped positive stranded
viruses. The analytical studies on TMV-RNA by H. Schuster provided the basis
for an elucidation of the mechanisms of mutagenicity caused by nitrous acid and
hydroxylamine treatments [28, 29]. Based on these results in 1958 A. Gierer and
K. W. Mundry succeeded for the first time in generating specific virus mutants
[30]. Treatment with chemical mutagens enhanced the mutation frequency, which
became a useful tool for genetic studies in general. In 1963 Anderer was the first to
demonstrate that an isolated hexapeptide of the TMV-protein forms the minimal
structure for an epitope capable of inducing virus-specific antibodies [31].
Werner Schifer (Fig. 7), the successor to Bergold in the field of animal
virology in Tiibingen, became acknowledged world-wide for his studies on fowl
plague virus (FPV), Newcastle disease virus and encephalomyocarditis virus, as
well as RNA tumour viruses. FPV proved to be an excellent paradigm to study
structural and functional relationships of enveloped viruses and served as a feasi-
ble agent for tracing virus replication, particularly of orthomyxoviruses. Without
any doubt FPV was for a long time one of the best known animal viruses, with
respect to its physical, chemical, architectural and biological properties [32]. If
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Fig. 6. Gerhard Schramm (1910- Fig. 7. Werner Schifer (x 1912)
1969)

one is tempted to give testimony to a fair spirit of competition in the work of
G. Schramm in Tiibingen and H. Fraenkel-Conrat in Berkeley, one may also
similarly recognise a competitive parallelism in the way Schéfer and Leslie Hoyle
(Northampton) dealt with FPV and human influenza viruses, respectively. This
became particularly evident when Schifer found in 1955 that FPV is in fact an
influenza virus [33], and that it might, perhaps through a process of recombination,
exchange host specificity with other influenza A viruses which might contribute
to the frequent occurrence of previously unencountered strains. We know today
that this assumption was close to reality. The model of influenza virus structure
developed by Schiifer showed a filamentous ribonucleoprotein surrounded by a
lipid-containing envelope, into which a glycoprotein, the haemagglutinin (HA)
is incorporated. The HA serves as a ligand during adsorption of the virus to a
cellular receptor, the determinant of which was identified by E. Klenk (1955)
as neuraminic acid [34]. In addition, the HA turned out to be the immunogen
which induces the production of protective neutralising antibodies in the infected
host [35]. Schéfer’s proposal to use only the immunogenic glycoprotein for the
vaccine production has meanwhile been realised via subunit vaccines also used
for immunisation against other virus infections. Worth mentioning are the results
obtained by the Tiibingen group on the participation of the cell nucleus in the
replication of influenza viruses [36], first indication that the virus envelope is a
virus-specific altered host cell membrane [37], the first indication of the segmented
nature of influenza virus RNA [38] and — already largely forgotten — the first
evidence that the production of viral proteins is possible in subcellular fractions,
i.e. in an in vitro system without employing intact cells [39].

Schifer’s scientific descendants in Giessen later extended the knowledge
about structure and biology of orthomyxo- and parainfluenza viruses, when the



German virology after Loeffler 51

arsenal of methods had been expanded and refined. Recognition of the exceptional
segmented structure of influenza viral RNA allowed new insights into viral genet-
ics, into the emergence of new influenza viruses, and into molecular epidemiology
(for [40]). Certainly, the results obtained by the Giessen team (mainly H. Becht,
W. Garten, H.-D. Klenk, M. Orlich, R. Rott, M. E. G. Schmidt, C. Scholtissek and
R.T. Schwarz) on structure, production and biological properties of influenza and
parainfluenza viral glycoproteins have set a precedent for subsequent investiga-
tions with other viruses (for [41]). This includes post-translational modification
of the glycoproteins by the different steps of glycosylation, by employment of
new glycosylation inhibitors (for [42]), by palmitoylation and myristoylation (for
[43]), and by proteolytic cleavage [44]. In this way the dominant role of these
glycoproteins in the initial process of viral replication and their significance as de-
terminants for pathogenicity have been resolved. Though the presence of receptor
destroying enzyme of influenza C virus was demonstrated already in 1950, it was
characterised only in 1985, by G. Herrler, as a neuraminate-9-O-acetyl esterase
[45].

In 1953 Arnold Graffi isolated in Berlin-Buch the causative virus of murine
myeloid leukemia of mice [46], named after him the “Graffi virus”, which he
identified later as a type D retrovirus. It was again W. Schifer, who, together with
Heinz Bauer, introduced basic retrovirus research in Germany. Following the pre-
vious experience with the myxoviruses that elucidation of the correlation between
structure and function will yield the deepest insight into the nature of viruses, their
groups made important contributions to retrovirus research. Characterisation of
the different structural compounds of murine and chicken oncornaviruses was
without doubt among the highlights of the diverse studies performed in Tiibingen
and later by several other groups in Germany. The fundamental insights achieved
led to the world-wide understanding of the structure of these viruses, and the pro-
duction of globally employed monospecific antibodies, some of which have been
suggested for use in tumour therapy [47]. Completion of our knowledge on the
action of the enzyme reverse transcriptase came from Karin Mélling (1971), who
discovered RNase H activity and the mechanism of its function as a processively
acting exonuclease [48].

The present period

Since the beginning of the 1960s the establishment of virology as a separate
discipline at German universities, the possibility of study periods abroad, the
continuous development and application of new techniques, but also the frequent
use of viruses to study general biochemical and molecular biological aspects have
all contributed late, but not too late, to the boost in virology in Germany.

It is interesting to note that in the early 1960’s several virologists held the
view that the golden age of virology was already over. With all major foundations
of molecular biology elucidated no more spectacular results were expected; ap-
parently the “eighth day of Creation” came to an end. Of course, this assumption
turned out to be inaccurate. Even though no Nobel-prize awarded discoveries were
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made in virology in Germany, a number of impressive results have significantly
contributed to the mosaic of our current knowledge of the nature of viruses and of
their properties as causative agents of infectious diseases. Since a large number
of these tesserae should be common knowledge, I shall only expand upon a few
areas in which German virologists have substantially contributed.

Viroids

Certainly, one of the most remarkable discoveries in plant virology in the post-
Schramm era was the simultaneous and independent finding by Theodor O. Diener
in the USA and Heinz L. Sianger in Giessen of “naked” small RNA molecules as
a new kind of autonomously replicating subviral plant pathogens known today
as viroids. Previously Sanger had successfully studied the structural and genetic
interactions of the two particles of bipartite tobacco rattle virus whose unique
helper mechanism he could elegantly explain [49]. Based on this experience he
characterised the causative agent of exocortis disease of citrus as a viroid [50].
He then succeeded in isolating and purifying several other viroids, resulting in a
detailed biochemical, physicochemical and morphological characterisation. Thus,
in collaboration with G. Klotz, D. Riesner, H. J. Gross and A. K. Kleinschmidt [51]
he was able to demonstrate in 1976 that “viroids are single-stranded covalently
closed circular RNA molecules existing as highly base-paired rod-like structures”
with a molecular weight of 120,000 corresponding to ca. 360 nucleotides. In
1978 both the nucleotide sequence and secondary structure of the first viroid
RNA was published [52]. His subsequent studies later undertaken in Martinsried
on the relation between viroids structure and function and on viroid replication
rendered viroids the best characterised class of small RNA molecules next to
tRNAs.

Hepadnavirus

Itis generally agreed that German virologists around H. Schaller, P.-H. Hofschnei-
der, W. Gerlich, and H. Will, contributed enormously to our current knowledge
on hepadnaviruses, particularly hepatitis B virus (HBV). Schaller and Hofschnei-
der were involved in cloning and sequencing the whole HBV-genome [53, 54],
through which it became possible not only to understand this virus’ structure
but eventually also to produce the first anti-cancer vaccine. It was H. Will in
Schaller’s laboratory who obtained the first cloned infectious DNA [55]. Char-
acterisation of viral transcripts by Schaller’s group and study of the viral DNA
polymerase revealed the full replication strategy of the hepadnaviral genome
[56]. W. Gerlich deserves credit for elucidating the structure-function relation-
ship of HB-S and HBe proteins [57, 58]. Hofschneider’s group showed that the
HBx protein acts as a transactivator, stimulating a striking variety of promoters,
which do not share any known cis-regulator element [59]. This group also showed
that HBx is frequently present in liver carcinomas. Gerlich’s group demonstrated
that HBx is in fact able to transform immortalised hepatocytes [60]. Most sur-
prising was the observation by Hofschneider that the pre-S-domain of the HBV
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genome also possesses a transactivating effect [61]. Finally, some indications
on the pathogenesis of HBV-infection was obtained with virus variants isolated
by H. Will.

Papillomaviruses

Since the beginning of this century, viruses had been known to be the causative
agent of human skin warts, genital warts and laryngeal papillomas. For decades,
wart viruses had been barely characterised due to the lack of in vitro systems for
viral propagation and it was generally believed that there would be only a sin-
gle type of human papilloma virus. Stimulated by the tendency of certain types
of human warts to malignant conversion, H. zur Hausen, L. Gissmann, and H.
Pfister started a systematic analysis of virus isolates from individual warts in the
mid-1970’s and soon established the heterogeneity of papilloma viruses by char-
acterising HPV1 and HPV4. With the advent of recombinant DNA technology,
these investigations led to cloning and characterisation of papillomaviruses from
different sources. For instance HPV6 and HPV 11 from condylomata acuminata
and laryngeal papillomas, HPVS, 19, 20, and 25 from patients with epidemodys-
plasia verruciformis, viruses known to correlate with increased risk of developing
skin cancer, HPV13 from Heck’s disease of the oral mucosa, and HPV 16 and 18
from cervical cancers. HPV 16 or 18 can be detected in up to 70% of carcinomas
of the cervix uteri, and both are now recognised by the WHO as the major cause
of cervical cancer [62-65].

Seroepidemiological studies in Pfister’s laboratory during the 1980’s indicated
that HPVs, originally assumed to be restricted to patients with epidermodysplasia
verruciformis (EV), are widespread in the general population. This was most
recently confirmed by the demonstration — in plucked hairs — of EV-virus-specific
and related HPV DNA sequences in a considerable proportion of asymptomatic
controls. Such sequences were similarly found in more than 50% of cutaneous
squamous cell carcinomas in the general population [65].

In the past decade zur Hausen’s group discovered a number of intracellular
and intercellular signalling pathways that regulate cell differentiation but that also
influence HPV oncogene activity [66]. Similarly, Pfister and colleagues identified
the cellular transcription factor YY1 as a repressor of HPV 16 oncogene transcrip-
tion, and showed frequent deletion of YY1 binding sites from extrachromosomal
HPV16 DNA within cervical cancers [67]. This likely leads to increased ac-
tivity of the oncogene promoter and suggests another important step in tumour
progression.

Viral oncogenes

Germans were involved in other innovative studies on viral oncogenes. T. Graf
and H. Beug [68] are particularly known as the discoverer of the retroviral erb B
oncogene. K. Molling [69, 70] found the first retroviral oncogene products, Myc
and Myb, located in the cell nucleus, and their DNA-binding ability in vitro. She
also discovered the first serine/threonine protein kinase encoded by the oncogene
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mil/raf [71]. B. Fleckenstein in co-operation with W. Haseltine, Boston, identi-
fied the tax-gene product of human T-cell leukaemia virus type 1 as the T-cell
transforming protein [72]. In his highly acknowledged studies on herpesvirus
saimiri, Fleckenstein described new transforming genes. Thus, in a subgroup A
strain an oncogene, stpA, which is responsible for peripheral T-cell lymphomas
in transgenic mice, was detected, mapped and characterised [73]. At the homol-
ogous position in the genome of a subgroup C-strain the information is localised
for two oncogenes stpC and tip. The first strongly transforms rodent fibroblasts
while the product of tip interacts specifically with T-cell specific tyrosine kinase
Lck, which might explain the T-cell tropism of transformation by herpesvirus
saimiri [ 74].

Finally I emphasise Wolfgang Deppert’s analysis of the interaction of the
SV40 T antigen with the cellular regulator protein p53 [75]. The p53 protein is
the most famous protein in tumour biology, as itis a tumour suppressor whose gene
is genetically altered in about 50 to 60% of all human cancers. Deppert’s finding
that p53 exhibits 3'- to 5’-exonuclease activity substantially extended our view
concerning its role as a “guardian of the genome” such as control of homologous
recombination and the possibility that p53 might act as an external proof-reader
for polymerase alpha in SV40 DNA replication [76].

Pathogenesis of virus infections

During the last 30 years, we have obtained more and more results that are relevant
to the questions as to how viruses become pathogens. First demonstrated with
influenza viruses and then confirmed for an increasing number of other viruses,
pathogenicity is of polygenic nature. However, in addition to the necessity of an
optimal gene constellation [77] the Giessen virologists demonstrated the impor-
tance of the structure of the cleavage site of the HA glycoprotein of influenza
viruses and the F protein of parainfluenza viruses in determining pathogenicity
of these viruses, and also pointed to the potential of the proteases secreted from
co-infecting bacteria for enhancing viral invasiveness (for [78]). There is now
evidence for an analogous effect with Filoviridae as shown by Heinz Feldmann
in Marburg [79].

The Wiirzburg group, in cooperation with Martin Billeter from Ziirich, has
shown that in infected brain cells from patients with subacute sclerosing panen-
cephalitis (SSPE) induced by measles virus the viral envelope glycoproteins are
markedly underexpressed or even absent. This is apparently caused by the pres-
ence of a mutated stop codon in the corresponding genes. In addition, in measles
virus cloned from infected brain tissue, a biased hypermutation has been demon-
strated in the M gene, which leads to an exchange of up to 50% of a particular C
residue to U, possibly caused by the action of a cellular duplex RNA-dependent
adenosine deaminase activity found in human neural cell extracts [80, 81]. Thus,
measles virus formation in brain cells seems to be associated with an abrogation of
M protein function, as has also been suggested for abortive infection of influenza
virus in brain cells [82].
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In some virus-induced diseases of the central system (CNS), the lesions
very much resemble the neuropathological changes observed in experi-
mental allergic encephalitis. Based on these observations, the virologists around
V. ter Meulen and H. Wege in Wiirzburg have established two interesting an-
imal models in which a coronavirus or a measles virus infection leads to an
autoimmune inflammatory disease process in the CNS. Both virus infections
induce the activation of CD44 T-cells against brain specific antigens, which
become perpetuated after virus replication has ceased. Similarly, as shown by
the Giessen group, vesicular stomatitis virus, when grown in brain cells, causes
demyelination, too. In this case, myelin basic protein was found incorporated
into the envelope during virus maturation [83—85]. These results suggest that un-
masking of CNS membrane components and/or incorporation of host-specific
antigens into the viral envelope and subsequent priming of self-reactive im-
mune response might be a common pathogenic mechanism underlying the
post-infectious encephalitis syndrome as already hypothesised in 1969
[86].

Otto Haller, when coming from Ziirich to Freiburg, continued his studies on
the Mx family of interferon-induced antiviral proteins, particularly the human
MxA protein. Investigations on MxA transgenic mice have shown that MXA has
a powerful antiviral effect also in vivo. In the Thogoto virus model he demon-
strated for the first time a mechanism by which MxA exerts its protective activity:
MxA binds to the incoming viral RNP in the cytoplasm of infected cells, thus pre-
venting its import into the nucleus and consequently viral genome amplification
and transcription [86a].

Virus interaction with the immune system

In the mid 1970’s U. Koszinowski and R. Thomssen reported on lysis mediated
by T-cells and restricted by H-2 antigen of target cells infected with vaccinia virus
[87]. This was the first virological confirmation of the fundamental work on MHC
restriction of virus-specific T-cells published only shortly before by Zinkernagel
and Doherty. Furthermore in determining the requirements for generation of virus-
specific cytotoxic T-cells, Koszinowski [88] and others [89] found for example,
that fusion of Sendai or fowl plague virus with target cell membranes is required
for T-cell recognition.

It is due to Fritz Lehmann-Grube that attention was drawn to the role of
T-cell mediated cytotoxicity in the elimination of viruses in the infected organ-
ism. He contributed a great deal to our understanding of the mechanism of the
immunopathogenesis of lymphocytic choriomeingitis of mice. This disease, which
was originally studied by Erich Traub, became the paradigm for virus diseases, in
which the infecting virus by itself does not affect vital functions but the outcome
of the disease is caused by T-cell-dependent immunopathological reaction [90,
91]. A similar mechanism of immunopathogenesis was found underlying Borna
disease [92] by a research group in Giessen and hepatitis A by A. Vallbracht and
B. Fleischer [93].
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Viruses are true survival artists and have invented different tricks to escape
the immunological defence. Suppression of the host immune system was first
documented 90 years ago by the German paediatrician Clement von Pirquet who
observed that the tuberculin skin test of immune individuals was depressed during
the course of acute measles virus (MV) infection [94]. A breakthrough in the
understanding of this important phenomenon, regarded as a major cause of the
high mortality of MV infection, came from V. ter Meulen’s group [95]. They
convincingly demonstrated that — in direct contrast to commonly held opinion
— responding lymphocytes do not themselves need to be infected in order to
be suppressed but rather that the contact with both viral glycoproteins triggers
immune suppression.

Cytomegaloviruses (CMV) manipulate the immune system on several levels.
U. Koszinowski and his co-workers have delivered important contributions on the
disturbance of formation and transport of MHC molecules in CM V-infected cells,
which prevent or reduce their expression on the cell surface. Recently, they found
three new CMYV proteins that interact with this process (for review see [96]).

Contributions to molecular biological studies

Obviously World War II and restrictions imposed by the Allies on particular fields
of research, such as genetics, prevented German scientists in the post-war period
to participate in development of molecular genetics as initiated by the “phage
group” around Luria, Delbriick, Hershey and others. Unfortunately, German sci-
entists also missed the boat in the beginning of recombinant DNA revolution
where viruses again played a central role. Nevertheless, a few impressive contri-
butions in the further development of that area which became important not only
for molecular virological studies, but also for life sciences in general are men-
tioned here. Thus, I would like you to remember that R. Jaenisch was definitely
the first to produce transgenic animals. In 1975, while still in Hamburg, he was
able to show that after infection of early mouse embryos with Moloney leukaemia
virus the viral genome became incorporated into cells to the germ line and that
the integrated genetic information was inherited in accordance with Mendel’s
rules [97]. He found eight years later that the integration can lead to recessive
lethal mutation of the cellular gene which carries the provirus. With this discovery
Jaenisch was also the first who described the phenomenon of insertion mutagen-
esis in mammals (for [98]). In 1960 Hofschneider isolated infectious DNA from
phages for the first time [99] and described in 1974 the isolation and properties
of the replicative form of phage M12 RNA which is relevant for the replication
of many RNA viruses [100]. With phage $X174 first evidence was obtained for
genetic recombination of single stranded DNA. Once suitable selective genetic
markers had been developed, D. Pfeifer (1961) found that recombination could be
detected at a level of 10~* and 10> recombinants per progeny virus [101]. It was
much later in Giessen that non-homologous RNA recombination was detected
with influenza viruses [102]. In the field of virus evolution the group of Manfred
Eigen, who developed the “quasispecies” concept, has made important contri-
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butions concerning the experimental coupling of mutation and selection [103].
As early as the 1970’s M. Sumper, a member of Eigen’s group, had shown that
genomic RNA could be recognised and reproduced by QB-replicase, the RNA
polymerase of phage QB, and that during replication under certain environmental
conditions defined phenotypical properties may be selected [104]. H. Schaller
studied the prokaryotic promoter structure in 1977 and defined the minus ten
region, the “Schaller-box”, as the polymerase binding site [105]. This was exem-
plified on phage fd, the first known filamentous, circular single-stranded DNA
Ff phage, isolated by Hoffmann-Berling (1961). In 1977 J. Messing introduced
part of the lac regulatory region into the genome of M 13 [106], another Ff phage,
which converted this phage to a most suitable cloning vehicle and made Sanger-
sequencing with this single-stranded DNA vector genome quite easy.

M13 vectors soon became the most important vehicles for shotgun cloning
and sequencing, and continue to be so today. It should also be mentioned that
the first information about the significance of the baculovirus vector came from
Giessen [107]. The strong promoter of cytomegalovirus is also widely used as
the driving force in eukaryotic expression constructs in several aspects of gene
technology. It is, as found in 1985 by B. Fleckenstein’s team constitutively active
and is not controlled by transactivating or other viral factors but can be regulated
by cellular transcription factors [108]. In 1978 G. Hobom was the first to describe
structure and function of the bacteriophage lambda origin of replication [109].
H. Lehrrach and A. Frischauf developed from the phage lambda the so-called
EMBL phages [110], which proved to be a most suitable basis for the construction
of gene banks.

Reverse genetics was extended to negative stranded RNA viruses by K.-K.
Conzelmann (1994). He succeeded in molecular cloning an infectious cDNA of
rabies virus, which proved useful as a new vector system [111]. Hobom (1994)
was able to construct a cDNA system for in vivo expression of the segmented
influenza viral RNA by RNA polymerase I [112]. Cloning the whole, up to
230 Kbp containing infectious genomes of herpes viruses by U. Koszinowski and
W. Hammerschmidt, promises important results for these viruses in the future
[113,114].

In a follow-up study of his discovery that adenovirus 12 (Ad12) DNA persists
in transformed hamster cells in an integrated state, Walter Doerfler (1978) found
that integrated Ad12 DNA becomes modified by methylation and that integration
also changes the methylation pattern of cellular DNA sequences (for [115]). These
observations stimulated further studies on the role of DNA methylation in the
regulation of eukaryotic gene expression.

Epilogue

It 1s certainly possible to criticise concerning the development of virology in
Germany and also to point out reasons as to why our research may perhaps have
had certain shortcomings, when compared to research carried out in some other
countries. I must admit, however, that what had seemed first like a major burden
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to me, then gained a touch of personal pride even after realizing that not only it
would be impossible to mention every important contribution from our country to
virus research but it would also be impossible to do justice to these contributions.
The chosen examples — personally biased — can therefore neither be regarded
a complete nor a truly representative selection of all innovative virus research
carried out in Germany over the last century. Many of the studies not mentioned
here, have made equally reputable contributions to international virology.

This is particularly true concerning clinical virology. On a daily basis, fun-
damental discoveries are rare events. Their true significance comes to light when
sensitive methods, which in part have been developed by clinical virologists, are
applied and as consequence, precise and definitive results are obtained, enabling
a diagnosis to be made and a clinical alarm or all-clear to be sounded, or when
epidemiological relationships can be established and infection chains thus uncov-
ered. Moreover, through the development and testing of vaccines and methods for
virus inactivation and also in the evaluation of the effect of chemotherapeutics —
albeit to-date not yet as successful —clinical virology has proven itself to be invalu-
able. It is obvious that some areas of basic virological research have their roots in
clinical observation. Furthermore, although German clinical virologists often tend
not to make headline news, new discoveries they have made are highly regarded
by their international community. For example, I might recall the standardisation
of diagnostic methods or the ease with which new findings have repeatedly been
gickly introduced into general praxis. The Deutsche Vereinigung zur Bekdampfung
der Viruskrankheiten has no doubt played a significant role in this. Ultimately as
a result of these successes, virology’s reputation has not only been boosted in the
eyes of the general public but more importantly it is also regarded in a different
light by those institutions who provide substantial support for research. Although
I could recount the names of many noteworthy clinically orientated virologists,
I do not believe that I am wrong in choosing Gisela Ruckle-Enders from Stuttgart
as an example. With a background in basic research, she earned special recog-
nition in the area of epidemiology of intrauterine and perinatal virus infec-
tions whilst running a virus-diagnostic laboratory in a truly exemplary man-
ner. This kind of fruitful juxtaposition of theory and practice or of more basic
and more applied research, something that can also be seen in the transdisci-
plinary makeup of the Gesellschaft fiir Virologie, will become even more im-
portant in the future. This is especially evident if we think of the origins of
virology and thereby address the questions, which again increasingly come to
the forefront, concerning the mechanisms by which viruses become pathogenic
agents and with which means we can better confront the problems of virus
infection.

Virology is sometimes regarded as one of the jewels of German research.
All the same, it would be dangerous, even on this 100t anniversary, to be too
high handed in this regard in such a review. In recollecting such contributions
I hope that our young adept scientists will be guided by the desire to equal the
achievements made by their predecessors, even to outdo them in the future.
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Importance and impact of veterinary virology in Germany

M. C. Horzinek

Veterinary Faculty, Virology Unit, Utrecht University, Utrecht, The Netherlands

Summary. The causative agent of tobacco mosaic and of foot and mouth disease
(FMD) were recognized in 1898 as “filterable” or “invisible” — and eventually
termed “virus”. Four years later the viral aetiology of yellow fever was established,
and the new discipline took off. Thus animal virology started with a veterinary
problem, and Germany’s contribution during the following decades came mainly
from the chairs of veterinary teaching and research establishments in Giessen,
Munich and Hanover, the Riems Institute, and the Federal Research Institute
for Animal Virus Diseases in Tiibingen. From a superficial bibliometric analy-
sis, a wide divergence in impact figures is noted, with excellent contributions in
international virology journals and lesser papers in German veterinary journals.
The publications in the observed time frame reveal a fascination by virion struc-
ture, physical characteristics and structure-function relationships with little work
published in journals dedicated to immunology and pathogenesis.

Scientific priority

The first German connection with virology — though not in the animal field —
predates Martinus Willem Beijerinck’s historic definition (1898) of the contagium
vivum fluidum: Adolf Mayer (1843-1942), a chemist from Heidelberg, was
appointed at the Agricultural School in Wageningen, the Netherlands, in 1876.
He first reported on a disease in tobacco plants in 1882, named it ‘tobacco
mosaic’, and showed that it could be serially transmitted in the apparent absence
of microorganisms [6]. The causative agent of tobacco mosaic was to become the
first model virus that revealed many secrets of virion structure. Dmitri Ivanovsky
(1864-1920) 1s quoted for his classical filtration experiments in which he demon-
strated passage of the causative agent of tobacco mosaic through the pores of a
bacteria-proof Chamberland filter. His paper, read before the Academy of Sci-
ences in St. Petersburg, Russia in 1892, is undoubtedly a landmark in the history
of virology. Of special significance for interpreting the author’s ideas, however,
is his dissertation published in German while he was working in Warsaw [5]. In
it he reiterated that he was dealing with a microbe, which might have passed the
pores of the bacteria-proof filter or might have produced a filterable toxin.
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In analysing priority claims one should appreciate conceptual originality
rather than comparing publication dates. The polemics surrounding such claims
reflect the Olympic spirit in science — citior, altior, fortior — giving the illusion
that fame can be quantitated. Beijerinck’s achievements for virology are some-
times disputed in this trivial sense, and Ivanovsky is quoted as his competitor,
as having been the first. Beijerinck himself was more gracious than later his-
toriographers in acknowledging that he did not know about Ivanovsky’s earlier
publication, and he gave him credit. Ivanovsky, however, related that he had
“succeeded in evoking the disease by inoculation of a bacterial culture, which
strengthened my hope that the entire problem will be solved without such bold
hypotheses” [4]. In 1903, when further criticising Beijerinck’s conclusion about
the contagium vivum fluidum, Ivanovsky claimed it to be a contagium vivum
fixum. He wrote: “. . .the persistence of infectivity of the filtered sap can only
be explained by the assumption that the microbe produces resting forms...”
(spores). All these quotes demonstrate that Ivanovsky did not grasp the scope
of his observations, that in his mind Koch’s Postulates had fossilised into dogma
[2].

When assessing achievements of the early workers, who we would call
virologists today, one should avoid the trap of anachronism; it is a semantic
trap. Thus, “virus” meant something quite different to Ivanovsky and Beijerinck,
to Loffler and Frosch, to Reed and Carrol, than it means to us. “Fluid” at the turn
of the century was synonymous with “non-corpuscular” insofar as particles with
dimensions were concerned that could not be visualised by light microscopy —
electron microscopy not having yet been invented. It took another forty years to
demonstrate the particulate nature of virions.

The beginnings of animal virology in Germany

At the same time, filtration experiments were also performed with an animal
pathogen in Germany, which lead to the identification in 1898 of the cause of
foot and mouth disease (FMD) as a “filterable” or “invisible” virus. The finding
resulted from a close collaboration between Friedrich Loffler, professor and direc-
tor of the Institute of Hygiene in Greifswald, and Paul Frosch, then employed at
Robert Koch’s Institute of Infectious Diseases in Berlin; Loffler had been Koch’s
assistant there, until his appointment to the Greifswald chair in 1888. In 1890,
Robert Koch already had deplored the fact that many infectious diseases were
still aetiologically undefined; at the occasion of the 10th International Congress
of Medicine in Berlin he proclaimed “. . .I tend to believe that the diseases men-
tioned (he referred to influenza, pertussis, trachoma, yellow fever, rinderpest,
pleuropneumonia) are not caused by bacteria but by structured disease agents
that belong to quite different groups of micro-organisms.”

The optimistic atmosphere at the turn of the century, the enthusiasm about
discovering more — perhaps even all — human and animal pathogens is reflected
in the minutes of the 7th International Veterinary Congress in Baden-Baden,
7-12 August 1899. It was held under the protectorate of His Royal Highness the
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Grand-Duke Frederick of Baden, and this is how Friedrich Loftler’s report (in its
original translation) reads for Tuesday, August 8th:

“The necessary funds were granted by the German Empire and the Prussian State, and
I was charged with the execution of the work, which at first I carried on in the Institute for
Infectious Diseases in Berlin, afterwards, in that of Hygiene at Greifswald, with the assistance
of Professor Frosch, and later, from January 1898, of Dr Uhlenhuth.

When I undertook the work, the aetiology of foot and mouth disease was little studied.
It was known that the disease was transmitted to cattle, pigs, sheep and goats, and that its
germs might be carried by diseased animals and also by persons who had been in contact
with them. The mode of action of the germ and the ways of infection were unknown.

The microscopical examination of coloured and not coloured preparations, the various
methods of cultures did not permit us to discover the virus in the fluid, where it ought to have
been found, namely, in the contents of the aphthae.

However, an entirely new and very interesting fact could be established. In order to see
whether the contents of the aphthous vesicles, when filtered and attenuated with water, would
grant immunity, they were passed through filters, which would with certainty hold back the
most minute micro-organisms, for instance the bacilli of influenza. Still, the germ of aphthous
fever did pass. In this way we were able to obtain a pure virus and to obviate any accidents
that might arise from the presence of the organisms in the fluid that we used.”

In view of the semantic trap mentioned above it should be noted that Loffler
used the word ‘virus’ in the generic sense. Since antiquity the term has been
applied to denote slime, animal semen, foul odour, acrid and salty taste, snake and
scorpion venom, and poison in general; an early quote can be found in Cicero’s
De amicitia (On friendship, written about 45 B.C.) where a person’s “. . .virus
acerbitatis. . .” may be translated as “. .. the venom of bitterness” [3].

Thus animal virology originated at the same time as plant virology, and it took
only four more years before the viral nature of yellow fever, an arthropod-borne
infection, was determined. Animal virology arose from the need to control a
disease of economic importance, as exemplified above, and Friedrich Loeffler
was less concerned with the properties of the foot-and-mouth agent than with its
elimination from the Prussian cattle population.

Importance and impact of veterinary virology

Before commenting on the importance and impact of “veterinary virology” in
Germany, some definition is required. This is where ambiguity starts. Friedrich
Loeffler had a medical education, as had Paul Frosch, though he held the chair for
Hygiene at the Berlin Veterinary School during the last twenty years of his life. Is
veterinary virology that branch of the discipline to which persons with a veterinary
education have contributed? Then the fundamental studies at the Max-Planck
Institute for Virus Research in Tiibingen by Werner Schifer — a vet by training —
on murine retroviruses would fulfil the criterion. Or is veterinary virology aimed
at companion and farm animals, as medical virology is aimed at human health?
Then Erich Traub’s studies at the Federal Research Institute for Animal Virus
Diseases in Tiibingen (FRIAVD) on murine lymphocytic choriomeningitis virus
should be excluded. . .
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This is a moot point, of course. To approach the topic in a formal way, I shall
examine the chairs, directors and presidents of veterinary teaching and research
establishments in Germany. However, as every historian will confirm, chronolog-
ical distance is a prerequisite for a fair assessment of the past. Also, I call persons
in this group my friends, and I would not want to sacrifice this relationship by
giving too little credit to one, or — perhaps worse — too much to his adversary. I
therefore decided to do a 30-years literature analysis starting in the 1960ies, when
veterinary virology took off.

In doing this, I analysed the literary production of the past professors of
virology at the veterinary faculties in Giessen, Miinchen and Hanover and the
presidents of the FRIVAD in Tiibingen, under the assumption that their leadership
is reflected by co-authorships of articles. This should suffice to define the German
aspect.

I should also specify the distinction I make between ‘importance’ and ‘im-
pact’. An important finding would be one that may be or has been useful for vet-
erinary medicine. This is difficult to formally assess — perhaps a review of filed
patents and their applications in products that have reached the market would
be a method. A finding with a high bibliometric impact, on the other hand, has
contributed to the science of virology in general, irrespective of its applicability
— it suffices that it is interesting for virologists. This distinction is both arbitrary
and fuzzy, but it does follow bibliometric terminology.

Veterinary virology units in Germany

The most venerable institution dedicated to the teaching of infectious and epi-
demic animal diseases can be found at Munich University. It had been part of
General Veterinary Pathology since 1790, later baptised ‘Institute for Micro-
biology and Infectious Diseases of Animals’, and was headed by Anton Mayr
from 1963 to 1990 (Fig. 1). Having been trained as a virologist at the Bavar-
ian Vaccine Establishment and at the FRIAVD in Tiibingen, which he led for 4
years, he maintained the general microbiology perspective during his entire ca-
reer. Toni Mayr’s continuous interest was in the poxviruses, in a broader sense
in their role as inducers of non-specific immunologic defence. He coined the
term ‘Paramunitdt’ — a peculiarly German invention — and developed parapox-
and avipoxvirus preparations to stimulate the non-specific defence. Though poorly
defined, products developed from these studies reached the marketplace and were
much used as an anti-infectious panacea, again mainly in Germany and the Nether-
lands. Mayr’s impact on the animal health scene in Germany has been remarkable
and multifaceted. The students loved him, he was a sought after speaker at vet-
erinary conventions, a relentless advocate of ‘practical virology’, a prolific writer
of articles and handbooks, a politician — certainly the most general ‘veterinary
microbiologist’ amongst the key figures here discussed.

The first dedicated chair of virology at a veterinary faculty was established
in 1964 in Giessen, and Rudolf Rott (Fig. 2) become its head. During the six
years preceding his appointment, he had worked with Werner Schifer at the



Veterinary virology in Germany 67

Fig. 1. Anton (‘Toni’) Mayr Fig. 2. Rudolf (‘Rudi’) Rott

Max-Planck-Institut fiir Virusforschung in Tiibingen. The ortho- and paramyxo-
viruses should stay with him during his entire scientific life, until (and after) his
recent retirement. In his laboratory, he established groups working on alpha-,
flavi- and birnaviruses, and on Borna virus — a German favourite, which only
Hanover succeeded to ignore. The groups directed by Rudi Rott have made sem-
inal contributions to general virology, and he had a clear conception about what
scientific quality means.

Rudi Rott was much admired, revered — and feared. When he entered a dis-
cussion, everybody held his breath. He was a relentless critic, very influential in
the German science environment — especially in the German Research Council -
but he also determined the face of German virology internationally.

In keeping my promise to avoid comments on acting Heads of Departments, I
skip the Veterinary Faculty at Berlin, where virology assumed independent status
as late as 1978. Its first professor, Hanns Ludwig, is one of Rudi Rott’s disciples,
as is Hermann Miiller, who recently occupied the chair in Leipzig. By establishing
a school of virologists, Rudi Rott followed Werner Schifer’s example; Schifer’s
disciples eventually occupied seven chairs of medical and veterinary virology
in German-speaking Europe (Giessen, Hanover, Wurzburg, Cologne, Heidelberg
and Zurich).

The Veterinary School in Hanover appointed Manfred Mussgay (Fig. 3) as its
first full professor of virology in 1964. Having worked on Venezuelan equine en-
cephalitis and vesicular stomatitis virus as a visiting scientist in Gernot Bergold’s
lab in Caracas, he further exploited the alphavirus model, gradually focusing on



68 M. C. Horzinek

Fig. 3. Manfred Mussgay Fig. 4. Bernd Liess

the characterisation of pestiviruses. In 1967, he left for Tiibingen to become
President of the FRIAVD; the administrative duties there made it difficult to
continue hands-on research, but he went through the showers almost every day
and supervised work mainly on foot-and-mouth disease virus and murine and
bovine retroviruses. Manfred Mussgay was a meticulous experimental worker, a
cheerful personality with a contagious laugh. His death in 1982 at the age of 55
years was a severe loss not only for his friends, of which I have been one, but also
for virology.

After Manfred Mussgay had left Hanover, Bernd Liess (Fig. 4) became his
successor. He, too, had a spell in a tropical country, having worked in Kenya with
Walter Plowright on rinderpest virus. Upon his return to Germany, he focused on
the pestiviruses causing swine fever and bovine viral diarrhoea/mucosal disease.
This line of research determined the profile of the Hanover laboratory until today.
However, his interest in morbilliviruses continued, and he co-authored articles
on canine and phocine distemper viruses. Bernd Liess retired in 1996 and was
followed by Volker Moenning, a second-generation disciple of Schifer’s and
former FRIAVD president.

Bibliometric analysis

If the importance of virology in Germany for the veterinary profession is dif-
ficult to assess, as mentioned, its impact can be estimated. To get an impres-
sion of the gross number of publications dedicated to veterinary medicine and
virology, respectively, I queried the time-unlimited PubMed Entrez database
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(http://www.ncbi.nlm.nih.gov/htbin-post/Entrez/query?) of the U.S. National
Library of Medicine/National Institutes of Health. MeSH (Medical Subject
Headings) major topics and subheadings were used in the search, respectively.
MeSH is a vocabulary of medical and scientific terms assigned to documents in
PubMed by a team of experts. It is used for indexing articles, for cataloguing
books and other holdings, and for searching MeSH-indexed databases, including
MEDLINE.

From 1963 onward, about 137,000 “veterinary” articles were found as com-
pared to about 208,000 papers containing “virus OR virology”, both starting in
1963. The publication dynamics show a gradual increase in both categories in the
late 1960’s — most likely as a consequence of both the growth in funding of virus
research and the increasing bibliometric activities of the Institute of Scientific In-
formation (ISI). In the 1970-1983 period the ratio of virology/veterinary science
papers remained fairly constant, with fewer indexed publications in the veterinary
and medical sciences, with all their facets, than in virology alone. A conspicuous
divergence occurred afterwards. In 1984, the retrovirus that causes AIDS was
discovered, testing for antibodies was begun, HIV research took off, and many
virologists jumped on the bandwagon that was propelled by a superabundance of
funding.

The fraction of veterinary papers in the virology category was assessed by
querying “((virus[MeSH Major Topic] OR virology [MeSH Major Topic]) AND
veterinary [Subheading])”, which resulted in 9707 hits — in other words: 4.7%
of all indexed publications in virology contain the term “veterinary”. When ex-
tending the query with “Germany” the number is reduced to 91. These figures
are nothing but indicators, as may be expected from such a superficial analysis;
thus “veterinary” may be absent from many papers on viruses affecting animals
(resulting in a underestimate).

Subsequently, the names of the German virologists mentioned above were
used to search PubMed; a steady stream of 22 + 5 papers/year from 1968 to 1995
shows the productivity of the groups. The articles have appeared in the journals
in Table 1, with additional bibliometric indicators. ‘Total cites’ is the number of
times that each journal has been cited in a given year. The impact factor (IF) is
a measure of the frequency with which the average article in a journal has been
cited in a particular year (the number of current citations to articles published in
a specific journal in a two year period divided by the total number of articles pub-
lished in the same journal in the corresponding two year period). The immediacy
index (IT) is a measure of how quickly the average article in a specific journal is
cited.

The following considerations are meant to provide “food for thought”. Of the
640 publications examined, about 3/4 have appeared in 12 journals (in total, 91
journals have been used for publication). Only “virology” journals rank amongst
the first 12, while the “veterinary” category journals are generally low ranking. A
notable exception in Veterinary Microbiology, which (in the 1995 listing) ranks
7th in the “veterinary” subject listing, though only 38th in the “microbiology”
category. The dichotomy between excellent virology journals and low-impact
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Table 1. Listing of publications from the authors Liess, Mayr, Mussgay, Rott and Traub in the 19681995
period, with the numbers(#) of papers, total cites, journal impact factors (IF) and immediacy indices (IT)

Total Publications with >1 pub./journal by Liess, Mayr, Mussgay, Rott, Traub, as listed in MEDLINE
(Ordered according to frequency)

0 N O\ kWb —

=]

10
11
12
13
14
15
16

Bio/MDS

Journal # total cites  IF I Vir Vet Mic
Zentralbl Veterinarmed (J Vet Med B) 122 394 0.460 0.079 - 38 - -
Arch Gesamte Virusforsch & Arch Virol 58 2768 1.384 0323 12 - - -
Virology 54 23475 3901 0674 3 - - -
Deutsche Tierarztl Wochenschr 44 445 0.231 0.009 - 64 - -
J Gen Virol 41 12589 3410 0444 5 - - -
Berl Munch Tierarztl Wochenschr 35 294 0.234 0.026 - 63 - -
Zentralbl Bakteriol 27 1018 0.898 0014 - - 44 -
Tierarzt]l Prax 24 — - - - 7 - -
J Virol 20 45077 6.033 1176 1 - - -
Med Microbiol Immunol (Berl) 20 587 2.145 0.136 - - 19 -
Vet Microbiol 15 1516 1.076 0.202 - 7 38 -
Bull Off Int Epizoot 11 - - - - - - -
Fortschr Med 7 - - - - - - ?
Intervirology 7 823 1.260 0.037 13 - - -
EMBOJ 6 59817 13.505 2281 - - -
Nature 6 257287 27074 6.043 - - - 1

The right 4 columns show the ranking of the respective journals in in the indicated bibliometric categories

(J Virol ranks 1% in the ‘virology’ category, Vet Microbiol ranks 7 in the ‘veterinary’ category etc.)
gy gory. gory

veterinary journals becomes even more pronounced, when “the German special-
ities” are compared with the rank listing in virology and the veterinary sciences
(in the latter category only journals that would publish microbiological papers
have been listed; Table 2). The language bias may have contributed to the skewed
distribution that makes German journals rank behind for example Scandinavian,
Czech and Belgian ones.

Veterinary virology publications from Germany in this time frame reveal
the fascination by virion structure, physical characteristics and structure-func-
tion relationships — arguably Werner Schifer’s heritage. Amongst journals
used only once by an author are very prestigious ones such as Cell (Rott),
and many titles that are marginal to virology. Though “veterinary” would sug-
gest interest in the animal’s role in viral infections, there is little work pub-
lished in journals dedicated to immunology and pathogenesis, e.g. no papers
in Vet Immunol Immunopathol; Am J Vet Res, or Proc Soc Natl Acad Sci
USA.

A comparison of immediacy indices reveals the dynamics in the various bib-
liometrical fields: if it took an article published in the Zentralblatt fiir Veter-
indrmedizin one year to be quoted, then an author publishing in the Journal of
Virology would be cited within a month — an author writing in Cell 4 days. This
is an arithmetic exercise, of course, but quite illustrative.
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Table 2. Comparative subject category listing of journals where virologists might want to publish,
with their rankings in the bibliometric categories ‘virology’, ‘veterinary sciences’, and ‘molecular
biology/immunology’

Comparative Subject Category Listing (SCI Journal Citation Reports 1995)

Virology Veterinary Sciences Mol. Biology/Immunology
Rank Title IF Rank Title IF Title IF
1 J Virol 6.033 5 Vet Immunol Immpath  1.138 Cell 40.481
2 Adv VirusRes 5.120 7 Vet Microbiol 1.076 Nature 27.047
3 Virology 3.901 11 Vet Rec 1.014 Immunol Today 25.228
4 Semin Virol 3.625 15 Am J Vet Res 0.907 Science 21.911
5 1 Gen Virol 3410 16 Vet Pathol 0.879 J Expl Med 15.126
6  JMed Virol 2232 19  Avian Dis 0.774 EMBO/J 13.505
7  Virus Res 2.161 24  Res Vet Sci 0.717 PNAS 10.520
8 Antivir Res 1.849 25 J Comp Pathol 0.715 J Immunol 7412
9 RevMedVirol 1.780 28 Comp Immunol Microb 0.645 J Biol Chem 7.385
10 Virus Genes 1.472 30 Aust Vet J 0.627
11 J Virol Methods 1.464 36 Adv Vet Sci Comp Med 0.516
12 Arch Virol 1.384 38 JVetMed B 0.460

The German Specialties. . .(<0.250)
62 Wiener Tierarztl Monat

63 BMTW

64 DTW

68 Schweiz Arch Tierheilk

70 Tierarztl Umschau

76 Monatsh Veterinarmed

87 Prakt Tierarzt

89 Kleintierpraxis

Another priority issue

While Robert Koch and Louis Pasteur have become household names, so to
speak, in microbiology, another figure in the virology, immunology, vaccinol-
ogy triangle has been almost completely forgotten. I should like to draw the
veterinary virologists’ attention to a self-taught Dutchman, a miller and farmer,
who is still remembered in his birthplace. A monument was recently erected
in Winsum/Friesland to honour Geert Reinders (1737-1815), the ‘inoculator’
and saviour of the country from rinderpest. After the 1768 epidemic in the
Netherlands he concluded

e that cattle which had experienced the natural illness were protected from disease
after another infection

e that the same was true for animals with only light symptoms e.g. after vacci-
nation, and
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e that the mode of inoculation and supportive therapy had no influence on the
outcome of infection. He also discovered what we today would call “maternal
immunity”, the protection transferred from an immune cow to its calf.

Geert Reinders published his observations in 1776 — Edward Jenner’s vaccinia
protection experiments appeared in press two decades later. At that time, however,
Jenner was already a public figure, known as a skilful and popular surgeon, even-
tually becoming a member of the Royal Society due to his discovery of the nesting
parasitism of the European cuckoo. Reinders’findings were published in Dutch
and had a small readership. Historically, it would appear that veterinary vacci-
nology predated medical vaccinology — as veterinary virology preceded medical
virology. The speed of progress, however, was quite different.

Scientific priority is of historiographic interest (where chauvinist motives
may obfuscate the issue), but above all it is of importance to every scientist.
However, being first chronologically is different from the priority perceived by
the scientific incrowd, by academia, by the public. It takes social and political
skills to convince the ‘shakers and movers’, the establishment, the referees of
high-ranking journals, that one really has made a novel finding. Proverbially,
only posterity will assess and acknowledge the inventor and the discoverer. The
book on the rediscovery of viruses will eventually be written, probably by a retired
professor, who saw his favourite finding go unnoticed, only to return in another
countenance, published and publicised by a dynamic young colleague from a
renowned research establishment.

There is no doubt that the cradle of virology was rocked about 100 years ago,
in Russia, Prussia, and in the Netherlands; nor is there any doubt that a veterinary
problem led to one of the greatest serendipitous discoveries in biology.
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The evolution of viruses, the emergence of viral diseases:
a synthesis that Martinus Beijerinck might enjoy
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Nothing in life makes sense,
except in the light of evolution.
T. Dobzhansky, 1973

Summary. The relentless production of viral variants and their selection for im-
proved “fit” are seen from the perspective of the infectious disease sciences as
ever-changing viral phenotypes and emerging disease risks. In the Darwinian
cause:effect equation, we can characterize very well the effects of mutation and
selection — these are catalogued as new viral phenotypes or pathotypes. However,
the selective forces themselves driving such changes remain rather mysterious.
Many selective forces must be at work, acting on the virus, the host, the host
population and the environment. In some instances the virus seems to test new
unoccupied niches in the absence of any apparent environmental change, but usu-
ally it is clear that changes are driven by human activity. Most important must be
the ever increasing density of human, domestic animal and crop plant populations
and the consequent increased opportunities for transmission of viral variants. Also
important must be the great changes affecting all ecosystems — these especially
favor the emergence of new zoonotic viruses and viral “species jumpers.” The
great increase in human travel and transport carries exotic viruses, vectors and
hosts around the world, again favoring viral occupation of new niches. The rise
of bioterrorism adds yet another threat. Increasing numbers of emerging viral
disease episodes seem to be linked to a decline in global resources for proven
public health programs, agricultural extension programs, and the like, programs
that have stood in the way of the spread and evolution of viral pathogens. If the
relationship between viral evolution and the emergence of new viral diseases is
rooted firstly in the host and the host population, then more research and resources
must be directed to intervention at these levels rather than at the level of the viruses
themselves.
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Introduction

Our understanding of the direction and rate of the evolution of viruses follows
upon the most spectacular achievements in viral genetics and viral genomics.
Of course, our understanding is at its best when we consider the smallest vari-
ations between viruses, say variations between strains or species in the same
genus. It is quite a different matter to discuss viral evolution in the context of the
evolving natural history of pathogens, where important phenotypic characters,
dominant selective forces and the true essence of “fit” (i.e., reproductive success)
are much more complex and still quite mysterious. At this level there seems to
be a conflagration of Darwinian determinants driving viral evolution — virologic
determinants (such as mutation, recombination, reassortment, natural selection,
fitness adaptation, evolutionary progression), host physiologic determinants (such
as host innate, immune and inflammatory responses), natural environmental deter-
minants (such as ecologic and climatic determinants), and determinants pertaining
to human activity (such as behavioral, societal, commercial, transport, iatrogenic,
and malicious determinants). Would not Martinus Willem Beijerinck, fresh from
100 years of observing the march of virologic research, enjoy being here today
as this is discussed?

Focus upon the viruses themselves leads to a myopic view of important larger
subjects, subjects such as viral natural history and the emergence of new viral
diseases. Although in some instances the emergence of new diseases has seemed
to follow solely upon mutation in the virus, in most instances determinants
external to the virus seem to be paramount. How can we fathom the relationship
between viral evolution and disease emergence? The answer may still ultimately
lie in the field of molecular genetics, but this must include host genetics, host
immunogenetics, and host population genetics, as well as viral genetics.

Insight into the interrelationship between virus evolution and the emergence
of new viral diseases must stem from observations of nature — it must stem from
study of exemplary viral diseases in their natural settings. When we conduct such
studies, we see in some cases endemic constancy, in other cases a waxing and
waning in disease incidence, in yet other cases spectacular de novo epidemic
explosions, and in every case a sense that the next “new” virus and the next
emergent disease episode will be as unpredicted as the last. Such studies, the
subject of this paper, follow the tack advocated by Stephen Jay Gould: “The beauty
of nature lies in detail; the message in generality. Optimal appreciation demands
both, and I know no better tactic than the illustration of exciting principles by
well-chosen particulars.”

Darwinian forces at work in the evolution of the virus

All virologists appreciate full well that viruses undergo an infinitely long series
of replication cycles as they are transmitted from host to host, and that during
this process spontaneous mutants are continually generated, some of which pro-
duce variant phenotypes. In the Darwinian sense, however, continuing, relentless
production of mutants is just the fodder for the selection of the occasional viral
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variant with improved “fit.” The great mystery concerns the selective forces them-
selves — in the Darwinian cause:effect equation, we understand the second term
rather well, but not the first.

Selection of particular viral variants must take place chiefly in vivo, within
infected cells of the host, during replication. Selection must predominantly and
preferentially affect the ability of the variant to replicate and be serially trans-
mitted, but in some cases it must also affect virion qualities pertaining to tissue
tropism, host range, and environmental stability, as these affect perpetuation of the
virus in nature. There are few data to support more specificity in this matter. The
great evolutionary scholars of the day rarely mention organisms that reproduce
asexually, and in most cases never mention the viruses at all — so, it seems that
we are on our own. We each have our own perspectives, our own biases, to guide
us in considering the selective forces that have guided the evolution of our fa-
vorite viruses; further, our view of these forces is biased by our sense of those
viral characters that are most important in the “success” of our favorite viruses.
Whatever our perspective, perhaps the watchword is, “never underestimate the
power of selection.”

In considering the effects of selective forces on virus evolution, it would seem
that some of the most successful viruses have evolved.

The capacity to replicate rapidly

In many instances, the most virulent strains of a virus replicate faster than more
temperate strains (e.g., enteropathic strains of mouse hepatitis virus replicate
more rapidly than more temperate strains). This character seems to define the
most successful variants of even those viruses with the slowest cycles in nature
(e.g., human immunodeficiency virus 1). However, if replication is too rapid, it can
be self-defeating — extremely rapid viral growth may not allow time enough for
transmission before the host is removed by death or severe illness (e.g., myxoma
virus in rabbits in Australia, where strains with intermediate replication qualities
were selected within a few years of initial release of a very virulent strain).

The capacity to replicate to high titer

Very high vertebrate host viremia titer is employed as a survival mechanism by
arthropod-borne viruses to favor infection of the next blood-feeding arthropod
(e.g., epidemic strains of Venezuelan equine encephalitis virus produce very high
viremia titers in horses). The same viruses produce very high titers in the salivary
glands of their arthropod hosts so as to favor infection of the next vertebrate host.
Such very high virus titers can be associated with silent infections in some natural
vertebrate hosts (e.g., eastern and western equine encephalitis viruses in reservoir
avian hosts), but in those vertebrate hosts that we care most about the evolution
of this capacity is often associated with severe, even fatal, illness (e.g., eastern
and western equine encephalitis viruses in humans and horses).
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The capacity to be shed quickly

Not all viruses that replicate rapidly are shed rapidly, but those that are all seem
to employ the simplest viral “entry/infection/exit cycle,” where all aspects of
infection take place in the same superficial target cells (e.g., parainfluenza viruses,
which nearly exclusively infect airway epithelial cells). This infection pattern
often does not stimulate a vigorous host response and when it does it only
appears after transmission has already been accomplished (e.g., rotaviruses in
the intestinal epithelium).

The capacity to be shed for long periods of time

The evolution of the capacity for chronic shedding offers exceptional opportunity
for virus survival and entrenchment (e.g., maedi/visna virus in sheep, in which
persistence is so sustained that in Iceland eradication has required synchronous
depopulation of whole districts). Recrudescence and intermittent shedding add
additional survival advantages to some viruses (e.g., varicella-zoster virus); long-
term shedding from congenitally infected hosts represents yet another survival
advantage (e.g., rubella virus).

The capacity to restrict gene expression

Viral latency may be maintained by restricted expression of genes that have the
capacity to kill the cell. During latent infection, some viruses express only a few
early genes that are necessary in the maintenance of latency (e.g., herpesviruses);
during reactivation the whole viral genome is transcribed again. This strategy
protects the virus from all host defenses except during recrudescence.

The capacity to cause non-cytocidal infection

Some viruses establish chronic infections without killing the cells in which they
replicate (e.g., arenaviruses and hantaviruses in their reservoir rodent hosts, retro-
viruses in virtually all hosts). The capacity to infect resting cells represents an
extension of this survival advantage (e.g., Epstein-Barr virus in B-lymphocytes).
Similarly, the capacity to infect undifferentiated cells presents yet another
extension of this strategy (e.g., papillomaviruses, which invade basal cells of
stratified epithelium but produce infectious virions only in fully differentiated
cells near the body surface).

The capacity to replicate in certain key tissues

The evolution of viral tropisms and the employment of specific host cell receptors
are major determinants in defining viral disease and transmission patterns (e.g.,
rabies virus, which employs the acetylcholine receptor at neuromuscular end
organs). Infection in sequestered sites provides great survival advantage: such
sites include the central nervous system (e.g., rabies virus in neurons, as the
cause of fury), the kidneys (e.g., Sin Nombre virus in Peromyscus maniculatus,
its reservoir host), the salivary glands (e.g., Machupo virus in Calomys callosus,
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its reservoir host), the lymphoid system (e.g., human immunodeficiency viruses
1 and 2), and the reticuloendothelial system (e.g., measles virus).

The capacity to elude the host immune response

Vertebrate hosts have evolved elaborate immune systems to defend themselves
against the viruses, but viruses have in turn evolved systems to elude host defenses.
Viruses, particularly those with large genomes, encode proteins that interfere with
specific host anti-viral activities (e.g., adenoviruses encode a protein that binds
to MHC class I protein, reducing its cell surface expression). Some viruses cause
syncytia, enabling the viral genome to spread from cell-to-cell without exposure
to host defenses (e.g., mumps virus in salivary glands). The capacity to cause
immunologically tolerant infection represents an evolutionary progression that
gives some viruses an extreme survival advantage (e.g., bovine viral diarrhea
virus).

The capacity to evoke an immune decoy and mask viral epitopes

Some viruses have evolved strategies for evading neutralization by the antibody
they elicit (e.g., Ebola virus produces a truncated version of its peplomer glycopro-
tein which is secreted extracellularly and “soaks up” antibody). The glycoproteins
of some viruses are very heavily glycosylated — carbohydrate may constitute one-
third of the mass of surface peplomers — thereby masking epitopes on virions and
virion budding sites on infected cells (e.g., Ebola virus, Lassa virus, Rift Valley
fever virus).

The capacity to evade host herd immunity by genetic/antigenic
drift and shift

Mutations (point mutations leading to drift, recombination or reassortment lead-
ing to shift) may be the cause of viral escape from a level of immunity in a host
population that would otherwise interrupt transmission. Of course, influenza is
the example par excellence — the survival advantage of these capacities for the
influenza viruses is evident in the history of pandemics in humans and epidemics
in chickens in high-tech poultry industries. Similarly, seemingly minor point
mutations have been the basis for viral species jumping (host range extension)
(e.g., canine parvovirus 2 emerged by mutation of from feline panleukopenia
virus).

The capacity to survive by killing (or conversely, not killing) the host

Whether or not a virus regularly Kkills its host must reflect a central survival
strategy, but the lesson so often taught to students, that evolutionary progression
always favors viral commensalism, seems simplistic. Again, the emergence of
myxoma virus variants of intermediate virulence in Australia is often used in this
lesson, but the term “intermediate virulence,” as used here, is relative — the long-
term surviving variant virus in Australia still kills about 50% of exposed rabbits
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(vs. 90-99% in the year after virus was first released). Rabies virus evolution
seems to favor lethality in reservoir hosts — such hosts increase breeding rates
and usually refill niches quickly with susceptible young hosts — this favors the
perpetuation of the virus. Yellow fever virus has seemingly remained constant
in its capacity to kill its human hosts over 300 years. Human immunodeficiency
virus 1 is also extremely virulent, killing a very high proportion of infected,
untreated subjects, again without any evidence of becoming more temperate.
Viruses that kill their hosts after assuring adequate or even maximal transmission
do not represent failures in “fitness.”

The capacity to be vertically transmitted by integration
of the viral genome into the host cell genome

Viruses that employ vertical transmission via the integration of proviral DNA
into the genome of host germ-line cells are perpetuated without ever confronting
the external environment (e.g., endogenous retroviruses). This represents another
evolutionary progression, fortunately one not associated with any important
human pathogen.

The capacity to survive after being shed into the external environment

All things being equal, a virus that has evolved a capsid that is environmentally
stable must have a substantial evolutionary advantage (e.g., canine parvovirus
2, which was transported around the world within two years of its emergence,
mostly by fomite carriage).

This list of capacities of various successful viruses may seem overly long
and convoluted, but in fact more items could be easily added. Moreover, many
successful viruses employ several of these capacities, each acting synergistically
to favor transmission between hosts and perpetuation in host populations. Worse
yet, many capacities that we think of only in terms of viral transmission and
perpetuation correspond to capacities associated with virulence. In some cases,
this is just a matter of whether one is thinking as an epidemiologist or as a
pathologist. What do these capacities of successful viruses suggest about specific
selective forces at work in nature? What do these effects suggest about their
causes? Does the diversity of these capacities indicate an equally diverse set of
forces contributing to selection for “fitness”? Most importantly, what are the
selective forces that were involved in the evolution of those viruses that represent
the most significant pathogens of today, and what are the selective forces that will
be involved in the evolution of the emergent pathogens of tomorrow?

Selective forces operating in nature, whatever their nature, seem to be attuned
to the level and rate of change that can be tolerated by viral genomes — excesses
are self-destructive — the status quo is overwhelmed — failures disappear from the
gene pool. “Fitness” for survival in nature represents the fine balance of many
traits. Interestingly, most experimental manipulations of viruses aimed at testing
hypotheses pertinent to this subject cause a loss of “fitness.” Laboratory-passaged
strains of viruses are often faint shadows of their wild type progenitors. There
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are many experimental approaches being taken today that require that artificially
constructed variant viruses approximate the wild type in their “fitness.” New
vaccine strategies, eukaryotic gene vectoring, even the notion of replacing in a
particular econiche a pathogenic virus by a non-pathogenic variant, require not
only the genotypic stabilization that can be achieved with infectious molecular
clones, but also an understanding of the selective forces that can stabilize or
destabilize the genotype. Perhaps present experimentation will have a spin-off;
perhaps it will provide guidance as we try to unravel the mysteries of selection.

The quasispecies concept, advanced by Manfred Eigen, John Holland and
their colleagues, has greatly advanced our notion of how selective forces operating
at the level of the virus population may influence the rate and direction of
evolution. In the quasispecies concept, the virus species, defined by conventional
phenotypic properties, exists as a genetically diverse, dynamic, competing pop-
ulation of variants, each having only a fleeting existence. Taken together, all
the variants resemble a metaphorical cloud — the quasispecies cloud — where
variants probe the limits of their environment (i.e., their “sequence space”). Over
relatively short time periods genotypic drift occurs as particular variants gain
advantage; over longer time periods drift leads to the evolution of substantially
different viruses, that is new strains and species. For example, the quasispecies
cloud may yield immune escape variants or species jumpers (e.g., human immuno-
deficiency viruses 1 and 2 are clearly the products of species jumping). Viral
evolutionary progression is also affected greatly by other population-based phe-
nomena, such as genetic bottlenecks, Muller’s ratchet (mutations cumulatively
and irreversibly eroding fitness in ratcheted fashion), random drift, and perhaps
even punctuated equilibrium.

Ithad long been held that selection favors or discriminates against phenotypes,
not genes or genotypes, but this point has been argued hotly in recent years. In
sexually reproducing organisms, some evolutionary biologists have contended
that the unit of selection is the gene (e.g., in the concept of “the selfish gene”),
while others have maintained that it is the intact, reproducing organism (e.g., in
the concept of “genetic altruism”). At the same time, most of these authorities
have agreed that since in asexually reproducing species the parental genome is
reproduced in all progeny, the genotype and phenotype are co-variant, and the
unit of selection must be the organism (or virus) itself. Now, consequent to the rise
of the concept of quasispecies this notion must be refined: the unit of selection
is not the most fit genotype (i.e., the master sequence); rather, it is the entire
quasispecies cloud of variants that is acted upon by selective forces and yields
the next master sequence, the new phenotype.

Darwinian forces at work in the reactive evolution of the host

One pervasive metaphor of evolutionary biology is that selection is like the process
of fitting a key to a lock. The lock, in the case at hand the host and environment
in which the virus must be perpetuated, is a fixed entity, and the key, in this case
the virus, must be adjusted to fit — that is the niche provides the selective force
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or pressure and virus must adapt to the niche. This metaphor may be useful;
however, in virology we know that the host as well as the virus evolves reactively.
For example, many human populations evolved a substantial level of resistance
to smallpox virus infection.

As we examine the progression of particular virus:host relationships, the
metaphors of war and battle come to mind. At first glance, the armamentarium of
the host, the accumulation of all the survival mechanisms inherited from its pro-
genitors, seems pervasive — after all, the host brings a much more complex genome
and many more gene products to the battle. On the other hand, if the Lilliputian
genomes of the viruses were our only indication of the quality of their weaponry,
our interests and concerns would long ago have turned to other, more significant
threats to our survival and that of the animals, plants, and invertebrates upon
which we depend. In fact, the viruses bring formidable weapons to the battle.
The combatants, their weapons and their battle tactics are the stuff of medical
and veterinary virology, pathology and immunology, and of plant pathology,
invertebrate pathology and related sciences — the mass of the literature in these
fields suggests great complexity.

A view of the weaponry of the viruses is described above. The weaponry of
the host is usually categorized as: (1) innate, nonspecific, resistance factors (e.g.,
interferons, inflammatory cytokines); (2) acquired, specific, resistance factors
(e.g., the cellular and humoral immune systems); (3) physiologic factors affect-
ing resistance (e.g., age, nutritional status, and hormonal status, especially in
pregnancy); and (4) medical care factors (e.g., antiviral chemotherapy, immuno-
prophylaxis, and immunotherapy). The more innate, generalized weapons of the
host may be equal in power to the more specific, acquired weapons — after all, they
have been evolving for far longer — but, some are still rather mysterious and some
are subject to very little ongoing research. Terms used by evolutionary biologists
to describe the presence of such weapons, such reactive traits, in the host pop-
ulation include stability, persistence, longevity, fecundity, and fidelity. Although
these terms are not widely used in virology or the infectious disease sciences,
their inference is clear — evolutionary progression must include penetrance of
reactive traits into the population at risk.

One vertebrate host weapon system stands out, that is the immune system.
The capacity of the immune system reflects an incredible evolutionary progres-
sion, perhaps surpassed only by the evolution of the central nervous system. Its
evolutionary progression has been driven by diverse threats to the survival of
individual hosts and the host lineage — viruses, microorganisms, parasites, toxic
chemicals, radiation, cancer cells, perhaps any foreign entity smaller than the host
itself. Because the immune system evolved to deal with such diverse threats, we
recognize that it cannot be perfect — indeed, it is Darwinian in its purpose and its
capacities.

It has been said that some viruses have taken advantage of what have been
called “weak links” in host immune defenses — this notion must seem even more
anthropocentric than others mentioned in this paper! For example, we envision
human immunodeficiency virus 1 having an uncanny intelligence as it attacks
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CD4+4 T lymphocytes, the central cells of the immune system. Similarly, we
envision hepatitis B virus having devious qualities as it causes the persistent infec-
tion and immune tolerance that are the bases of chronic progressive cirrhosis and
hepatocellular carcinoma. In contrast, is it not intriguing that we do not call a virus
incompetent when it cannot stand up to host antibody, T cells or macrophages?
Pursuing this notion further, it seems that rather than focusing on immunolog-
ical “weak links,” we might better focus on the power, the successfulness of
the immune system. Nothing brings this point home better than examining the
consequences of the immunosuppression caused by human immunodeficiency
virus 1 or immunosuppressive anti-cancer drugs or congenital immunodeficiency
diseases. The unleashing of opportunistic infectious agents, including viruses,
as the immune system fails, leads to the most catastrophic clinical syndromes.
Ordinary viruses become lethal. The pathologist, reviewing the course of cy-
tomegalovirus infection in tissues from a fatal case of AIDS or varicella-zoster
virus infection in tissues from a fatal case of pneumonia in a child with leukemia, is
easily returned to a point of wonder in regard to the power of the immune system.

This sense of wonder is reinforced by review of studies with inbred mice,
in which very large repertoires of genes that confer survival advantage upon
the host have been identified. Of course, many of these genes map to major
histocompatibility and Ir loci and, therefore, influence host immune responses to
multiple viral and microbial infections, but others are specific for a single family
of viruses and their functions are quite mysterious. Conversely, line-breeding and
in-breeding have yielded classical strains of mice that are exquisitely sensitive
to certain viruses — these are the strains that have been used for many years to
isolate arboviruses, picornaviruses and rabies virus. While the nature of most
resistance alleles in these mice is unknown, it would appear that their analogues
in nature represent specific survival mechanisms that have been subject to natural
selection over evolutionary time. It remains now to identify them, genotypically
and phenotypically.

The subject of the evolution of host species that can survive the onslaught
of pathogenic viruses seems too large, too enigmatic, to pursue further here.
Understanding fails at the same point as when trying to understand virus evolu-
tion: what are the forces that were involved in the evolutionary progression that
led to the most successful vertebrate species of today? What are the forces that
will be involved in the selection of host species that can deal with the emergent
pathogens of tomorrow? Can we determine how virus infections may have driven
the evolution of the immune system? Does the complexity of the immune sys-
tem, with its incredible ability to discern a seemingly infinite number of epitopic
specificities, suggest anything about the limits of diversity of pathogenic viruses
and microorganisms?

Darwinian forces involving the host population

The notion of selection occurring at the level of the group or population has ac-
quired a sophisticated theoretical, conceptual base in recent years, but seemingly
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this base has been built upon only a few examples (notably, the barbed stinger
of honeybees). However, if the concept is relaxed to include scondary influences
upon evolutionary progression, one might conclude that selective forces that act
primarily at the level of the host population might be more important than any
others.

The host population is where the cumulative influence of basic human beha-
viors comes to bear, whether this is the personal behavior of humans within
communities, or various aspects of societal behavior. For example, changing
personal behavior affected by the peer community (e.g., multiple sex partners,
intravenous drug usage) has led to increased transmission of sexually-transmitted
and blood-borne virus diseases, and the inclusion of offal in feed supplements has
been identified as the cause of the epidemic of bovine spongiform encephalopathy
in cattle in the United Kingdom.

The host population is also where most ecological influences on the evolu-
tionary progression of viruses seem to operate — nearly all ecological changes that
have favored virus spread have been caused by human actions. In this regard, the
increasing impact of the arboviruses following upon various ecological changes
is exemplary:

e Population movements and the intrusion of humans and domestic animals into
ancient arthropod habitats have resulted in dramatic epidemics. Some are of
historic significance: the Louisiana Purchase came about partly because of
losses Napoleon’s army suffered from yellow fever in the Caribbean-several
decades later the same disease halted the building of the Panama Canal.

e Ecologic factors pertaining to changes in unique environments have contributed
to many new, emergent disease episodes. Remote econiches, such as islands,
harboring distinctive species of potential hosts and vectors, are often particu-
larly vulnerable to an introduced virus. For example, the initial Pacific “island-
hopping” of Ross River virus in the 1980s from its original niche in Australia
caused virgin-soil epidemics of arthritis-myalgia syndrome in Fiji and Samoa.

e Deforestation has been the key to the exposure of farmers and domestic animals
to new arthropods and their viruses. The occurrence in recent years of Mayaro
virus disease in Brazilian woodcutters as they cleared the Amazonian forest,
is a case in point.

o Increased long-distance travel facilitates the carriage of exotic arthropod vec-
tors and their viruses around the world. The carriage of the eggs of the Asian
mosquito, Aedes albopictus, to the United States in used tires represents an
unsolved problem of this kind — this mosquito is a proven vector foe dengue
and other viruses.

e Increased long-distance livestock transportation facilitates the carriage of
arthropods (especially ticks) and their viruses around the world. The intro-
duction of African swine fever virus from Africa into Portugal (1957), Spain.
(1960) and Central and South America (1960s and 1970s) is a case in point.

e Ecologic factors pertaining to water usage, especially irrigation, are becoming
important factors in virus disease emergence. The problem with primitive irri-
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gation systems, which are developed without attention to mosquito control, is
exemplified in the emergence of Japanese encephalitis in more and more areas
of Southeast Asia. New routings of long-distance bird migrations, brought
about by new man-made water impoundments, represent an important yet still
untested additional risk for the introduction of arboviruses into new areas.

e Ecologic factors pertaining to uncontrolled urbanization are contributing to
many new, emergent arbovirus disease episodes. Arthropod vectors breeding
in accumulations of water (tin cans, old tires, etc.) and sewage-laden water
is a worldwide problem. Environmental chemical toxicants (herbicides, pesti-
cides, and residues) can also affect vector-virus relationships, directly or indi-
rectly. Mosquito resistance to insecticides is a direct consequence of unsound
mosquito abatement programs and insecticide usage against crop pests.

o Global warming, affecting sea level, estuarine wetlands, fresh water swamps,
and human habitation patterns may be affecting vector-virus relationships
throughout the tropics — however, data are scarce and many programs to study
the effect of global warming have not included the participation of arbovirol-
ogists.

Qualities of human host populations, per se, that may affect the success of
viral transmission and the perpetuation of viruses in nature include: (1) population
size and density; (2) population age distribution; (3) population economic and
nutritional status; (4) population educational status; (5) population vaccination
and immune status (herd immunity); and the like. Host population qualities that
may affect the success of animal, plant and invertebrate viruses seem analogous.

Particular viruses have evolved survival strategies to deal with the extremes in
host population qualities — of the viruses transmitted from human to human, most
thrive when introduced into a new human population, but many express addi-
tional demands. For example, some of the viruses that are maintained by aerosol,
respiratory droplet or fecal-oral transmission depend on a minimum density of
susceptible hosts to sustain their transmission chain. If the density of susceptible
hosts falls below a critical threshold, the chain may be broken. This is exemplified
by the spontaneous disappearance of measles from human populations less than
300,000 in size. This phenomenon led to the speculation that human measles virus
must have emerged from some ancestral animal morbillivirus, such as rinderpest
virus, only after the rise of civilizations and cities. Our sense of the importance of
population density is bolstered by the success of vaccination campaigns, such as
the global polio vaccination campaign. In such campaigns, transmission chains
are often broken even when the level of herd immunity achieved is less than
desired.

Of all population-based characters, population age distribution is recognized
as one of the most important. For example, in dense urban populations in
developing countries the transmission of many viruses occurs at a very early
age and spread through the population is very rapid. This may be associated with
a low disease:infection ratio, as with polio, or a high disease:infection ratio, as
with rotavirus diarrhea and measles, but in every such instance the perpetuation



84 E. A. Murphy et al.

of the virus is enhanced when young hosts are involved. As the average age at
the time of infection increases, due to improved public health and/or community
hygiene measures, disease incidence may become more or less common or
severe, but again in every instance the success of the virus is threatened when
it must employ older hosts than was the case historically. In turn, however, as
such population-based qualities continue to exert their influence over time, it
seems inevitable that they should drive the evolution of the viruses and eventually
lead to the emergence of more “‘fit” variants. The rise of measles in college-age
populations, although not dependent upon any detectable viral variance, in a case
in point. The fictional genetically-engineered, aerosol-transmitted Ebola virus of
Hollywood fame touches the public’s imagination in this regard.

There are, of course, many more facets to the evolution of host populations
that relate to the evolution of viral pathogens, but again the subject becomes
unsatisfying because we do not understand the nature of the selective forces at
work here. Again, in the cause:effect equation we understand, at least a bit, the
second term, the effect of evolution on the virus and host phenotypes, but not the
first, the selective forces themselves.

Synthesis: The relationship between the evolution of viruses
and the emergence of viral diseases

To return to the central questions posed in this paper: How can we fathom
the relationship between the evolution of viruses and the emergence of viral
diseases? What are the selective forces that will be involved in the evolution of the
emergent pathogens of tomorrow? As one tries to merge ideas about the evolution
of the viruses and experiences with recent emergent disease episodes, several
predicate thoughts come to mind, all calling for better integration of various
disparate “databases.” First, we must integrate information on just how the viruses
are changing in nature — change, evolutionary progression, is in the nature of the
beast. Second, we must integrate information coming from viral genomic seq-
uencing (and partial sequencing) and we must move from viral genomics to func-
tional genomics. Third, we must integrate information from representative animal
model studies — this is an essential intermediate stop between basic and clinical sci-
ences, the place occupied by the fields of viral pathogenesis and pathophysiology.
Fourth, we must integrate information coming from studies of host populations —
this is another key intermediate stop, the place occupied by the fields of epidemi-
ology and clinical medicine — most importantly, here is where we may consider
new approaches for intervening in the course of emerging diseases. Finally, we
must integrate information coming from human, animal, plant, invertebrate and
bacterial virology and the sciences with which they are associated — this is yet
another key intermediate stop, the place occupied by the fields of comparative
biology and comparative medicine.

With these thoughts about future enterprise in mind, and still with only a sense
of mystery about the important selective forces, that is the causes of the evolution
of viral pathogens, we are left to pure speculation in regard to the bases for the
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emergence of viral diseases. Given the likelihood that many selective forces are at
work, and given the Pasteurian lesson in the specificity of causation that extends
across all microbiology/virology, perhaps this speculation should take the form
of a priority list — of course, each virologist is free to develop his/her own list.

My list is dominated by the role of humans in the emergence of new viral
diseases and in the re-emergence of old diseases. Paramount, in this regard,
is the ever increasing density of human, domestic animal and crop plant pop-
ulations, and the consequent increased opportunity for the selection, penetrance
and continued evolution of viral variants. Second, is the incredible change oc-
curring in all ecosystems brought about by human occupation of every corner
of the planet, and the consequent forced adaptation by every other species in
the name of survival. This high ranking reflects my sense that most viruses
representing new threats to humans are zoonotic or species jumpers and most
viruses representing new threats to domestic animals and crop plants are analo-
gous. Third, is the revolution in human movement and in the transport of things
that may carry viruses, vectors and exotic hosts around the world — in these cir-
cumstances viral variants should find it easy to test new host populations and
when the right niche is found to spread and evolve further to maximize “fit.”
Fourth, is the relative decline in global resources (and expenditures) for proven
public health programs, community preventive medicine programs, agricultural
extension programs, and the like, that in so many instances have stood in the
way of virus spread and evolution and have been central to human well-being.
The re-emergence of viral diseases that often follows such decline would seem
to present fertile ground for continuing viral evolution. Fifth, is the rise of the
threat of bioterrorism and biowarfare — much attention has been given to anthrax
and other low-tech threats, but the high-tech genetic manipulation, the forced
evolution, of viruses must not be overlooked. Sixth, is the capacity of the viruses
themselves to test unoccupied niches in the absence of any apparent environtal
change. Mutations leading to species jumping would seem to be most important
in this regard.

Of course, this list could go on and on, but even at this point it suggests that
the relationship between viral evolution and the emergence of new viral diseases
is rooted in the host and the host population. In my view, we humans, as the
dominant species on the planet, the only species that can affect the habitat of the
viruses, might yet do more to deal with the emergence of new viral diseases —
our intellect and energy has yet more to bring to the battle. So, again, what would
Martinus Beijerinck, having observed the march of virologic research for 100
years, say at this point? Might he think that emerging virus diseases will soon
overwhelm us, or might he look at the progress made since his seminal discoveries
and think that at his bicentennial celebration spectacular new disease prevention
and control successes will be reviewed and applauded? From our sense of the
man and his achievements, the answer seems clear enough.

Author’s address: Dr. F. A. Murphy, School of Veterinary Medicine, University of
California, Davis, Davis, CA 95616-8734, U.S.A.
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Summary. To some, the focus of research in virology entails the search for
solutions of practical problems. By definition then, attention is limited to those
viruses that cause disease or to exploitation of some aspect of virology to a prac-
tical end (e.g., antiviral drugs or vaccines). Once a disease is cured, or the agent
eradicated, it is time to move on to something else. To others, virology offers the
opportunity to study fundamental problems in biology. Work on these problems
may offer no obvious practical justification; it is an affliction of the terminally
curious, perhaps with the outside hope that something “useful” will come of it. To
do this so-called “basic science”, one must find the most tractable system to solve
the problem, not the system that has “relevance” to disease. I have found that
veterinary viruses offer a variety of opportunities to study relevant problems at
the fundamental level. To illustrate this point, I describe some recent experiments
in my laboratory using pseudorabies virus (PRV), a swine herpesvirus.

Introduction

Research in my laboratory centers on the molecular biology of neurotropic alpha-
herpesviruses, a subfamily in the Herpesviridae family [51]. The human viruses
are well known —herpes simplex virus types 1 and 2 (HSV-1, HSV-2) and varicella-
zoster virus (VZV) [58]. Common domestic animals have their own unique alpha-
herpesviruses as well, e.g., bovine herpes virus type 1 (BHV-1) in cattle, equine
herpes virus type 1 (EHV-1) in horses, Marek’s disease virus (MDV) in chickens,
and pseudorabies virus (PRV) of pigs [59]. Despite having the ability to infect
many cell types, these viruses invariably infect neurons in the periphery and
travel inside neurons to sensory ganglia where they establish either a productive
or nonproductive (latent) infection (Fig. 1). The latent infection ensures long-
term survival of virus in the host population. Viral replication usually occurs
first in non-neuronal cells, followed by spread of virus into afferent (e.g., sen-
sory) or efferent (e.g., motor) nerve fibers innervating the infected tissue. Under
some circumstances, virus may enter neurons directly with no prior replication in
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Fig. 1 Routes of spread to the nervous system after infection of a peripheral site. The cartoon
illustrates virus infection at a generalized mucosal surface (left) where virus spreads among
polarized epithelial cells. Depending on the surface, different cells can be found below the
epithelial cell layer. Four types of neurons whose processes or cell bodies are in the periphery
are illustrated. Any of these may be infected after, or concurrent with, epithelial cell infection,
depending on the mucosal surface. The direction of the nerve impulse conducted by these
neurons is indicated by the arrowheads. Two types of neurons whose cell bodies are in
peripheral ganglia are illustrated at the top. The first is a pseudounipolar sensory neuron
typical of the trigeminal ganglia whose dendrites are in the periphery and axons are in the
central nervous system (CNS). The second is a unipolar neuron whose cell body is in the
periphery (e.g., a sympathetic ganglion cell) and makes synaptic contact with axons of a
neuron whose cell body is in the CNS. The third neuron type is a motor neuron with its cell
body in the CNS and axon terminals in the periphery. An example would be the vagus motor
neurons that innervate the viscera. The fourth neuron type has its cell body in the periphery and
axon terminals in the CNS. Examples would be olfactory neurons and retinal ganglion cells.
PNS Peripheral nervous system

non-neuronal cells; however, this is probably an infrequent event, as nerve endings
are rarely exposed directly to the environment. Concurrent with the primary
infection in non-neuronal cells at the epithelial surface, all alphaherpesviruses
must accomplish four general processes to establish the neuronal infection: [1]
virus must enter the neuron at the axon or sensory terminal, or cell body, depend-
ing on the type of neuron exposed to virus [2] the viral capsid must be transported
toward the cell body of the neuron [3] viral DNA must replicate in the neuronal
nucleus, and [4] virus particles must be assembled and moved out of the infected
neuron in a directional manner. The direction of virus egress in the last step holds
the potential for dramatically different consequences for the host. For example,
following reactivation from a latent infection, virus could spread from the peri-
pheral nervous system to the central nervous system, or it could spread back to the
peripheral site serviced by that particular group of neurons. The direction taken
by the virus can be the difference between a minor peripheral infection or a lethal
viral encephalitis. The former is, by far, the most common outcome. Lethal CNS
infection is a rare occurrence in natural hosts, but can be quite common when
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non-natural hosts are infected. Therefore, alphaherpesviruses must encode mech-
anisms to travel cell to cell in polarized epithelial cells, as well as in polarized
neurons. In addition, in neurons the viruses must encode mechanisms that specify
direction of virus spread within a neural circuit, but the choice of direction must
be regulated.

My objectives are to understand the molecular mechanisms of herpesvirus
neurotropism and spread in the mammalian nervous system. In addition, we
seek to understand how the mammalian nervous system responds to neurotropic
virus infections. These objectives are studied in the context of two general ap-
proaches: 1) the genetics and molecular biology of viral genes that affect virus
attachment, entry, intraneuronal movement, virion assembly, transsynaptic pas-
sage and virulence and 2) the use of neurotropic viruses as tools to study the
mammalian nervous system. In particular we are using these viruses as tracers
of neural connections in the rodent brain and in developing chicken embryos
(cf. [3, 17]).

PRV is a favorite alphaherpesvirus in my laboratory for a number of reasons.
It is technically easy to work with, it grows well, purified viral DNA is highly
infectious, and the virus has an amazingly broad host range. PRV can invade
the nervous system and cause a lethal brain infection in diverse animals. Pigs
are the natural host, but cows, dogs, cats, mice, rats, rabbits, hamsters, gerbils,
Florida panthers, camels and young chickens, to name a few, can be infected
[59]. T believe this virus holds answers to the fundamental questions of how
invasion, spread and pathogenesis are fostered by alphaherpesviruses. Because
alphaherpesviruses have conserved genes and gene functions, it makes sense to
study a “veterinary” virus to learn about a human virus, and vice versa.

PRYV as a tool to study alphaherpesvirus pathogenesis

All alphaherpesviruses follow a common pathway of infection; aberrations in this
pathway give rise to the set of common diseases caused by these viruses (Fig. 2).
Alphaherpesviruses are pantropic, infecting a wide variety of cells in culture and

Fig. 2. An outline of the spread of
alphaherpesvirus infection and its re-
lationship to disease. PNS Peripheral
nervous system; CNS central nervous
system
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in their hosts. Their ability to infect the peripheral and central nervous systems
has attracted much attention over the years. This aspect of their life cycle results
in the establishment of latent infections in the peripheral nervous system (PNS)
of their hosts, a highly effective survival mechanism. Such quiescent interactions
may well occur in non-neuronal cells, but few studies have addressed this issue.
Variations in disease are manifest from the ability of alphaherpesviruses to spread
from the PNS to the central nervous system (CNS; spinal cord and brain) or to
infect peripheral tissues of non-neuronal origin.

Inhumans, representative diseases include epidermal lesions caused by HS V-1
and HSV-2, and chickenpox and shingles caused by VZV. Encephalitis and
disseminated spread represent the most severe pathogenic results of viral infection
[58]. In animals, similar pathogenic outcomes are observed after alphaherpesvirus
infection, but respiratory disease, abortion, neonatal death, weight-loss and sus-
ceptibility to other microbial pathogens often are noted because of their obvious
economic implications [59].

PRV is a complicated virus whose specific neurotropism and virulence are
understood only in principle [43, 59]. The molecular basis for almost all aspects of
CNS infection by PRV eludes us and many observations remain to be explained.
Many of the genes carried by the virus have no observable function in tissue
culture and therefore must function in intact animals. We cannot apply reductionist
molecular biology thinking until we develop phenotypes for these genes in the
animal. Once such an in vivo phenotype is found, molecular biology techniques
then can be used to study function, and more tractable in vitro phenotypes can
be sought. At the very least, the ability to create a genetically defined, localized
infection in the mammalian CNS provides a unique window to the molecular
interactions of a neurotropic parasite and its host.

Several features of the natural PRV infection have captured attention and
focused interest. First, PRV infects a variety of animals, and causes lethal
encephalitis in essentially all of them. The exception is the adult pig, PRV’s
natural host, where the virus can invade sensory ganglia and establishes a latent
infection. PRV is a particularly aggressive virus in young animals, even those of
its natural host, where infection is frequently fatal. One route of natural infec-
tion is via the oral-pharyngeal cavity, where virus invades mucosal epithelia and
then spreads to the brain via neurons that innervate that compartment. In many
young animals, infection by this route results in death in 3-5 days. At autopsy,
encephalitis is often obvious, with marked spinal cord and brain stem involvement.
Infectious virus is easily detected in brain tissue. A second feature of interest in
PRV was the effective use of live, attenuated vaccines in managing PRV disease,
thanks to the efforts of veterinary virologists. These vaccine strains have proven
to be “gold mines” for viral geneticists, as they contain a variety of mutations
that reduce virulence, while maintaining the ability to infect and initiate an
immune response. Many of us have teased out these vaccine strain mutations,
and have tried to understand their role in attenuating the virus. In doing so, we
were in for some surprises.
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Live, attenuated vaccine strains of PRV

Tamar Ben-Porat and colleagues performed classical studies on a PRV vaccine
strain called Bartha that was developed in Eastern Europe by classical methods
[4, 43]. The PRV-Bartha strain was one of several prototypes for live vaccines that
subsequently provided considerable insight into the issues and problems of such
agents. The PRV-Bartha strain is not a genetically engineered virus, but rather was
selected after rounds of replication in tissue culture in non-swine cells. An isolate
was selected that induced protective immunity in swine, yet produced few of the
symptoms associated with PRV infection. PRV-Bartha strain carries a number of
mutations, some of which are known, including point mutations in gC, gM, and
UL21, as well as a deletion in the unique short region (Us) (Fig. 3). It is not clear
if the point mutations represent gain-of-function mutations, or if they result in
reduced wild-type gene function. The deletion in the Ug region removes all, or
part of the coding sequences for four genes (gl, gE, Us9 and Us2).

PRYV infection traces neuronal circuitry

The use of PRV to trace neuronal circuitry in the brains of living animals may be
the most fundamental, non-applied use of a veterinary virus. The identification
and characterisation of synaptically-linked multineuronal pathways in the brain is
important to understanding the functional organisation of neuronal circuits.

Fig. 3. Map of the PRV Becker and Bartha genomes. The map units are indicated on the first
line. The general outline of the PRV genome is indicated on the second line with the unique
long (Uy), unique short (Ug) and inverted repeats (/R) indicated. Relevant genes in the wild
type strain Becker are indicated as boxes with the gene name above. Bartha contains a large
deletion in the Usg region (indicated by a shaded box) that removes the gl, gE, Ug9 and Us2
coding sequences. Bartha also contains point mutations in the gC, U 21 and gM genes as
indicated by the light color boxes. The gG and gD genes are not known to be different between
the two viruses
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Conventional tracing methodologies have relied on the use of markers such as
wheat germ agglutinin-horseradish peroxidase, cholera toxin subunit b, fluoro-
chrome dyes (Fluoro-Gold and Fastblue), or the plant lectin Phaseolus leucoag-
glutinin to delineate anterograde and retrograde pathways. The main limitations
of some of these tracers are both specificity and sensitivity. During experimental
manipulations, it is difficult to restrict the diffusion of certain conventional neu-
ronal circuit tracers to a particular cell group or nucleus, so that uptake of the
tracer occurs in neighboring neurons or fibers of passage and hence, false-positive
labelling. Secondly, neurons located one or more synapse away from the injec-
tion site receive a progressively diminished amount of label because the tracer
is diluted at each stage of transneuronal transfer. The ideal tracer then should be
specific for only those connected neurons within a particular circuit, and sensi-
tive enough to label all neurons (first-, second-, third-order, etc.) in multi-neuronal
pathways. The alphaherpesviruses (PRV, HSV-1, HSV-2) have demonstrated con-
siderable promise as self-amplifying tracers of synaptically connected neurons
(see [18, 37, 39, 40] for detailed methods and reviews). Under proper conditions,
second-, and third-order neurons show the same labelling intensity as first-order
neurons. Moreover, the specific pattern of infected neurons observed in tracing
studies are consistent with transsynaptic passage of virus, rather than lytic spread
through the extracellular space (see review by Enquist et al. [18]).

Goodpasture and Teague [21, 22] initially suggested that herpes virions are
taken up by nerve endings and transported to neuronal cell bodies by retrograde ax-
onal transport. Sabin was one of the first to examine neurotropic spread of several
viruses in mice, including PRV, and suggested that virus spread was consistent
with known neuronal pathways [52]. Cook and Stevens [10] and Kristensson,
Lycke and colleagues [30-34] were the first to demonstrate the transneuronal
transfer of HSV-1 within chains of synaptically linked populations of neurons.
Kuypers and co-workers [37, 57] and Dolivo and collaborators [14-16] showed
the practicality of using HSV-1 and PRYV, respectively, as transneuronal tracers.
The use of PRV and HSV-1 as transneuronal tracers have been the subject of
extensive review (see review [18]).

Both PRV and HSV-1 have similar properties as tracers. Both viruses can
infect all main categories of primary sensory neurons, motor neurons, autonomic
(sympathetic and parasympathetic) neurons and central nervous system sites in a
variety of mammalian species. Both viruses have been used extensively to define
circuits that modulate the output of both the sympathetic and parasympathetic
components of the autonomic nervous system, sensory (afferent) neurons of the
olfactory, optic, and trigeminal system involving the ophthalmic, maxillary, and
mandibular nerve branches, as well as motor neurons of the hypoglossal, phrenic,
ulnar and median nerves.

Detection of virus typically involves immunohistochemical localisation of
viral antigen by light microscopy. Intracellular distribution of viral antigen is
extensive and produces staining of the soma and processes of the infected cell
similar to that observed using the classical Golgi method. Methodologies for the
use and detection of HSV-1 or PRV for tracing neuronal connections have been
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extensively reviewed elsewhere [39, 40]. More recently, reporter genes have been
introduced into alphaherpesvirus genomes for more direct localisation of viral
infection. These include the lacZ gene from E. coli [38, 44, 54], the luciferase
gene from Photinus pyralis [28], and the green fluorescent protein (GFP) from
Aequorea victoria [26]. My students have constructed a variety of derivatives
of the PRV-Bartha strain expressing high levels of GFP from the human cy-
tomegalovirus promoter, as well as fusion proteins of GFP with the microtubule
binding protein tau (Fig. 4). The tau-GFP fusion protein facilitates labelling of
axons in brain tissue. Fusions of GFP with the Us9 protein provide brilliant mark-
ers of Golgi membranes in infected cells. Dual labelling experiments involving

Fig. 4. Expression of green fluorescent protein derivatives by recombinant PRV strains. PRV
151 Infection of PK15 cells. This virus expresses an enhanced GFP (EGFP) protein from
the HCMV immediate early promoter. The expression cassette is inserted in the gG locus
of PRV. Note that EGFP fluorescence is found throughout the cytoplasm and nucleus. PRV
340 Infection of rat brain after heart injection with a virus that expresses a tau-EGFP fusion
protein. A section of the brain stem is illustrated showing infected neurons expressing tau-
EGFP. Both neuronal process and cell bodies are fluorescent. PRV/53 Infection of PK15
cells. This virus expresses a Us9-EGFP fusion protein from the HCMV immediate early
promoter. The expression cassette is inserted in the gG locus. Note the intense fluorescence
of the Golgi and the lack of nuclear staining. The protein is found in the virion envelope.
PRV 103 Infection of PK15 cells. This virus expresses a gE-EGFP tribrid protein comprised
of the gE signal sequence fused to EGFP coding sequences, which in turn. are fused to the
gE transmembrane and cytoplasmic tail coding sequences. The protein is expressed from the
gE promoter. This protein concentrates in the endoplasmic reticulum, but small amounts are
visible in the Golgi and plasma membrane. The protein is found in the virion envelope
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the inoculation of viruses expressing different markers have been shown to iden-
tify several brain regions co-regulating multiple peripheral target organ functions

[25].

The attenuated Bartha strain is an excellent tracer
of neuronal connections

Initially, my colleagues and I were surprised to find that in rodents, the attenuated
strain PRV-Bartha was a far better tracer of neuronal connections than any wild
type strain tested [7]. The Bartha strain infects the nervous systems of a wide
variety of animals and spreads in a circuit-specific fashion whether injected into
peripheral tissue, or into specific areas of the brain itself (see review [18]). Thus,
we were confronted with an apparent paradox: it was long thought that animals
died of PRV infection because their brains were infected and neurons were killed.
Attenuated strains were thought to result from mutations that blocked virus spread
and therefore blocked subsequent killing of many cells. However, the results from
tracing experiments were unequivocal: the Bartha strain could spread extensively
in the brains of many animals and, while the animals ultimately died of their
infection, they lived several days longer, with relatively few symptoms, compared
to animals infected with wild type virus. It seemed likely that viral genes, other
than those responsible for neuronal infection, were involved in the early death of
animals infected with wild type strains. The challenge was to find these genes.

Spread of PRV to the brain, and ability to kill an animal
do not reflect necessarily the same process

In the panoply of attenuated, live vaccine strains tested for their effectiveness
in preventing PRV disease, many scientists have found that deletion of the non-
essential membrane protein gE is critical for attenuation of the virus in swine [24].
¢E mutants also exhibit reduced virulence in almost every animal species tested
that is permissive for PRV [24, 59]. The PRV gE gene encodes a multifunctional
virulence protein; it is required for spread from cell to cell in some, but not all
cell types, it binds the Fc portion of porcine IgG antibody [19], and it appears to
have intrinsic virulence properties.

The intrinsic virulence properties of gE can be seen easily when PRV spreads
to the brain by retrograde infection of a cranial nerve after infection at the
periphery. As an example, we focused on the tenth cranial nerve (the vagus
nerve), which innervates the laryngeal mucosa, the oesophagus, the thorax, and
most of the abdomen. We took advantage of the well established innervation of
the stomach musculature by the vagus, to follow retrograde spread of wild type
and attenuated strains of PRV from axon terminals in the stomach muscles, to the
cell bodies of the primary neurons of the vagus nerve in the brain stem, and then to
synaptically connected neurons throughout the brain. We injected approximately
10° plaque forming units of each of five virus strains into the stomach muscles
of different rats and followed spread of each virus into the nervous system. The
strains used were wild type Becker strain, the Bartha vaccine strain, plus three gE
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Fig. 5 Spread of PRV In the vagus circuitry after stomach muscle injection. The cell bodies
of motor neurons that project axons to the stomach muscles are located in the dorsal motor
vagal nucleus (DMV) of the brain stem. Neurons in the nucleus of the solitary tract (NTS)
lie immediately above the dorsal motor vagal nucleus and are in synaptic contact with DMV
neurons. Neurons in the paraventricular nucleus (PVN) (around the third ventricle) project
axons back to synapse on NTS neurons. Neurons in the insular cortex (IC) in the forebrain
also project axons back to synapse on NTS neurons. The wild type virus spreads from the
stomach to the brain stem infecting the DMV and NTS, but animals die before further spread
to the PVN and IC can occur. Animals survive longer after infection with Bartha or Becker
gE mutants and spread further in the vagus circuit

mutants isogenic with the Becker strain. PRV 25 contains a frame-shift mutation
affecting the cytoplasmic tail of gE, PRV 26 contains a nonsense mutation just
before the gE transmembrane domain such that the truncated gE protein is se-
creted from the cell, and PRV 91 carries a deletion of the entire coding sequence
of gE. Serial, coronal sections through the brains of infected rats killed at the
indicated times were stained for viral structural proteins with a polyvalent anti-
sera and a peroxidase-linked secondary antibody.

The results were quite striking: wild type Becker virus killed all animals by 60
hours after infection, but the virus had travelled essentially to the brain stem, and
no further. The Bartha strain, in contrast, spread through second- and third-order
synaptic connections infecting the extent of the known vagus circuitry, traveling
to the insular cortex and beyond. Animals sustained this massive brain infection
for at least five to six days after infection with little or no symptomatology. A
single point mutation in gE (e.g., PRV 25 or PRV 26) or a deletion of gE (PRV 91)
in the virulent Becker strain, facilitated spread of virus in the vagus circuitry such
that these viruses spread almost as far in the brain as the Bartha strain (Fig. 5). This
remarkable finding is evidence that the gE protein is a virulence factor, playing a
role in causing animals to die. However, this function is not related to the ability
of these viruses to infect the nervous system. It may appear to be counterintuitive,
but gE mutants spread further and infect more cells in the brain than their virulent
parent because the animals survive longer. Moreover, as suggested by the gE
mutant viruses PRV 25 and PRV 26, the cytoplasmic tail of gE is critical for
expression of this early virulence function [55].
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Fig. 6. The amino acid sequence of the PRV
Becker gE cytoplasmic tail. Amino acids are
indicated by the single letter code. The trans-
membrane region is noted by “TM” in a box
at the beginning of the sequence. The putative
endocytosis signals (general motif YXXL)
are underlined and in italics. Potential casein
kinase II phosphorylation of two serines is
indicated by the boxed SS sequence

The gE cytoplasmic tail: endocytosis functions

In the last two years, several laboratories reported that certain VZV envelope
proteins did not remain on the surface of cells that expressed them, but rather
were internalised by endocytosis in a recycling process [48, 62]. The biological
function of membrane protein endocytosis in the virus life cycle remains a
matter of speculation and debate. My students and I have demonstrated that
some, but not all, membrane proteins encoded by PRV internalise after reach-
ing the plasma membrane [56]. Glycoproteins gE and gB internalise from the
plasma membrane of cells, while gl and gC do not internalise efficiently. We
have found that the cytoplasmic domain of gE is required for its internalisation.
Indeed, two endocytosis motifs, of the general sequence YXXL, are found in the
gE tail (Fig. 6). PRV gE internalises from the plasma membrane in the absence of
other viral proteins and also directs endocytosis of its binding partner, gl. During
infection, internalisation of the gE/gl complex is inhibited after 6 h of infection
(Fig. 7). To test the role of endocytosis in the viral life cycle, we have engineered

Fig. 7. Endocytosis of PRV gE at 4h and 6 h after infection. The experiment was done as

described by Tirabassi et al. [56]. At the indicated time after infection, cells were put on ice

and exposed to a monoclonal antibody that recognized the gE/gl complex. Cells were then

shifted to 37 C to initiate endocytosis. At the indicated times, cells were fixed, permeabilized
and the gE/gl-specific antibody detected by an FITC conjugated second antibody
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Fig. 8. Summary of phenotypes of PRV gE mutants. The mutations are listed in the first
column. WT is the wild type PRV Becker gE protein. Y5775 is the gE mutant protein where
the tyrosine at position 517 is mutated to a serine. This mutation affects the second YXXL
putative endocytosis motif. Y4785 is a similar mutation in the first Y XXL putative endocytosis
motif. Double is a double mutation of Y5175 and Y478S. Both YXXL endocytosis motifs
are mutated. Tail-anc is a mutant gE protein that is anchored in the membrane but lacks a
cytoplasmic tail due to a nonsense mutation at codon 457. Tail-fs is a mutant gE protein
that is anchored in the membrane but has a frame-shift mutation at codon 446 such that
the transmembrane domain is 7 amino acids shorter than wild type and novel amino acids
replace the cytoplasmic domain. Tail-sec is a mutant gE protein that lacks the transmembrane
and cytoplasmic domain; it is secreted into the medium. The column labeled endocytosis
indicates that the gE protein is internalised (yes) or stays at the cell surface (inhibited) at
4 h after infection. The column labeled virion indicates if the mutant gE protein is found
in purified virions. The column labeled virulence scores the ability of the indicated virus to
cause disease in rats after retinal infection by 10° plaque forming units of virus. N.D. means
not determined. +++ means disease caused by wild type virus. +/— means significant
reduction in disease, but more than observed for the gE null mutant (—). Plaque size, MDBK
describes the size of plaques on MDBK cells. Wild type plaques are large (++++) and gE
null mutant plaques are minute (4). Plaques of intermediate size are scored ++-. The boxed
scores highlight the small plaque phenotype of Y478S, the double endocytosis mutant and
the tail-anchored mutant

viral mutants encoding mutations in two putative internalisation signals (YXXL)
in the gE cytoplasmic tail. A mutation in the first or both motifs decreases
internalisation of the gE/gl complex, while gE protein with a mutation in the
second motif internalises as efficiently as, or better than, wild-type gE. To test
if the gE cytoplasmic tail contains all signals necessary to direct internalisation
of the protein, we have constructed a virus encoding a hybrid GFP-gE tail fu-
sion (see Fig. 4, PRV 103). The gE transmembrane domain and cytoplasmic tail
is sufficient to target the GFP molecule into the secretory pathway as well as
into virions. We are testing whether the gE tail also directs internalisation of
the GFP molecule. A summary of the phenotypes of these mutants is given in
Fig. 8.

We do not yet understand the function of gE endocytosis in the PRV life
cycle. One idea was that internalisation was required for insertion of gE into
a virion envelope. In this model, the virus would acquire its envelope from a
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late endosomal compartment that would receive mature viral membrane proteins
by endocytosis. Our data suggest that this idea is not correct for PRV. We have
shown that gE protein internalised at 4 h post infection is not present in virions
formed at a later time [56]. More specifically, we have shown recently that viruses
with mutations in the gE internalisation signal incorporate gE efficiently in virion
envelopes. Another idea was that endocytosis was required for expression of
virulence. This also is not likely as mutants defective in gE endocytosis remain
as virulent as wild type virus. Surprisingly, endocytosis mutants have defects in
cell-cell spread as measured by plaque size on tissue culture cells, but appear to
spread like wild type virus in the rodent CNS. These findings again remind us that
spread from cell to cell measured in tissue culture is not always correlated with
virulence.

US9, a type II, tail-anchored membrane protein

The Us9 gene is deleted in the Bartha vaccine strain and attracted our attention
because Us9 is highly conserved among the alphaherpesviruses sequenced to
date, including VZV, which has the smallest alphaherpesvirus genome. The HSV-
1 Us9 homologue was reported to be a tegument protein and to be associated with
nucleocapsids in the nuclei of infected cells [20]. This assignment as a tegument
protein is commonly made for all Us9 homologues. We have determined that the
PRV Us9 protein is considerably different: it is a novel type II membrane protein
that is highly phosphorylated [5]. It localizes to the secretory system (predom-
inately to the Golgi apparatus) and not to the nucleus. By fusing the jellyfish
enhanced green fluorescent protein reporter molecule (EGFP) to the carboxy-
terminus of Us9, we demonstrated that Us9 not only is capable of targeting a
Us9-EGFP fusion protein to the Golgi compartment (see Fig. 4, PRV 153), it also
is able to direct efficient incorporation of such chimeric molecules into infec-
tious viral particles. The predominant localisation of Us9 to the Golgi apparatus
may have important ramifications for models of herpesvirus envelopment. The
Us9 protein lacks a signal sequence and is probably inserted in membranes post-
translationally. To the extent of our knowledge, this is the first identification of a
type II, tail anchored membrane protein in alphaherpesvirus envelopes.

We have used deletion analysis to study the signals required for localisation of
Us9 to the Golgi apparatus and for incorporation into the viral envelope. Prelimi-
nary results indicate that a highly conserved region containing potential tyrosine
and casein kinase I and II phosphorylation sites is important for the localisation
of Us9 to the Golgi apparatus. Deletion of these 10 amino acids resulted in
relocalisation of Us9 to the plasma membrane in both transfected and infected
cells. The deletion of this region, however, had no effect on incorporation of Us9
into the viral envelope. In addition, preliminary experiments on a cell line sta-
bly expressing a Us9-GFP fusion protein suggest that wild type Us9 molecules
not only are able to travel to the cell surface, but also those molecules that do
reach the plasma membrane are subsequently internalised. The newly internalised
molecules return to a cellular compartment reminiscent of the Golgi where they
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Fig. 9. Endocytosis of Us9-GFP. The PK15 cell line expressing a Us9-GFP fusion protein
is described in [5]. At zero time (top panel), the cells were placed on ice and exposed
to a monoclonal antibody specific for GFP which will react only with GFP present on
the cell surface. The cells then are shifted to 37 C, and at 90 min, the cells are fixed and
permeabilized. The GFP antibody (and Us9-GFP protein) are localized with a Cy-3
conjugated second antibody (red). Green GFP fluorescence is not visible

closely associate with non-internalised Us9 molecules (Fig. 9). One idea is that
the Us9 protein is maintained at steady state in this compartment by efficient
retrieval from the plasma membrane. The Us9 protein does not have a YXXL
internalisation motif as do gE and gB, so the signals by which it internalises re-
main to be discovered. The roles of US9 internalisation and Golgi localisation in
the virus life cycle are under study. A Us9 null PRV strain has been created and
preliminary results indicate that the mutant has defects in virulence and spread in
the rat nervous system.

Allele-specific regulation of MHC class I by pseudorabies virus

Identification of viral genes that influence host defences has become an impor-
tant part of research in viral pathogenesis. Many herpesviruses have been shown
to modulate major histocompatibility complex class I (MHC-I) expression inc-
luding HSV, Human and murine cytomegalovirus, BHV-I, VZV and PRV
[9, 23, 27, 41, 47]. The molecular mechanism by which PRV regulates MHC
I is unclear, as the PRV genome contains no obvious gene homologues related
to known herpesvirus genes that affect MHC expression. Thus, this virus may
offer the opportunity to find new molecules that interact with the immune system.
We have measured MHC-I expression on the surface of PRV-infected mouse
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Fig. 10. FACScan of MHC-I expression on the cell surface of murine L929 cells after PRV

infection. L929 cells were infected at an MOI of 10. At 16 h post-infection, cells were fixed

and stained for MHC-I with monoclonal antibodies specific for the Kk or Dk allele (A and

B). Samples were also stained for PRV gB with a gB specific antibody (C). This measures

the extent of virus infection in the population. The signal from infected cells is indicated by

the dark solid line. The signal from mock infected cells is indicated by the dashed line. The
signal from secondary antibody alone is indicated in A by the far left curve

fibroblasts (L929) and have shown that MHC-I cell surface expression is regulated
in an allele specific manner such that cell surface expression of the K* allele is
increased 130% during infection and the DX allele is decreased 70% (Fig. 10).
By comparing MHC-1I expression using the wild type strain Becker and the vac-
cine strain Bartha, we have shown that D and K are regulated by two distinct
mechanisms that can be separated genetically, temporally, and mechanistically.
In swine cells, we have shown that PRV increases MHC I in a B cell line (L14)
and decreases MHC-I in swine kidney cells (PK 15). By using low pH citrate
washes to remove MHC-I from the cell surface, we have also shown that the early
decrease of DX at 4 h post infection is not due to a block in synthesis or transport
of MHC-I to the cell surface. In contrast, later in infection, at 8 h post infection,
cell surface expression of both alleles is inhibited. These results suggest that PRV
contains genes that can both increase and decrease cell surface expression of
MHC-1. Finding and characterising these genes may shed light, not only on how
PRV interacts with the host immune system, but may also provide insight into the
mechanisms functioning in the MHC-I pathway.

PRV BACs

An unbiased screen for virus mutants that affect pathogenesis has been difficult
to perform. We and others have used attenuated, live vaccine strains to find genes
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that influence viral pathogenesis. In addition, targeted mutagenesis of known
herpesvirus genes has been another method to assess viral gene functions in
pathogenesis and viral replication. Traditional methods rely on homologous
recombination of purified viral DNA with an engineered plasmid following co-
transfection in mammalian cells. This can be an inefficient process that often
requires cumbersome screening and plaque purification steps. We are exploring
alternative approaches to genetic manipulation of PRV that largely circumvent
these problems. These methods center around construction and manipulation of
an infectious clone of the full-length viral genome (~ 142kbp) in a mini-F plasmid
(abacterial artificial chromosome or BAC, [42]). Mutagenesis of one PRV-Becker
infectious clone in E. coli by the methods of allelic exchange and transposon mu-
tagenesis is underway (Fig. 11). Currently, we have constructed several variations

Fig. 11. EcoRI restriction enzyme analyses of PRV-BAC plasmids with Tn5 transposon
insertions. The PRV-Becker BAC plasmid contains the approximately 7Kb F replicon
harboring a marker for chloramphenicol resistance in the gG locus of PRV. The F replicon
also contains two Eco Rl sites near each junction with PRV DNA. The Tn5 transposon con-
tains a single EcoRI site, while the PRV Becker genome has no EcoRI sites. The PRV Becker
BAC plasmid was transformed in to E. coli cells containing the Tn5 transposon (carrying a
kanamycin resistance marker) in a conditional growth plasmid, and grown for several gener-
ations. The culture was then transformed to another E. coli cell where only the BAC plasmid
would replicate and the culture grown in the presence of kanamycin and chloramphenicol to
select for BACs with TnS insertions. Plasmid DNA was purified and transformed into E. coli
and single clones picked for DNA analysis after growth on kanamycin/chloramphenicol
containing LB agar. Plasmid DNA from 18 single colonies was digested with EcoRI and
fractionated by pulse-field gel electrophoresis. Of the 18 isolates shown here, 11 were unique
and 7 were probably derived from the same transposition event. Four isolates contained in-
sertions of the transposon in the U region and 7 had insertions in the Uy region. The lane
marked M contains molecular size markers. / and 20 contain the EcoRI digested PRV-BAC
plasmid with no transposon insertion. Note the intact 142 Kb PRV genome and the approxi-
mately 7 Kb plasmid replicon (v)
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of PRV infectious clones and are analysing several recombinant mutant viruses
produced by these methods.

Conclusions and questions

Veterinary viruses have much to offer in our quest to understand the basic
principles governing the neurotropism and virulence of alphaherpesviruses. While
many laboratories are approaching these questions from different perspectives
using a variety of viruses, we all have only begun to define the problems, much
less to uncover the molecular mechanisms. As demonstrated by several laborato-
ries, the approach of studying attenuated PRV vaccine strains has provided much
insight into the issues involved in alphaherpesvirus pathogenesis. However, we
must go further to find additional pathogenesis genes. When one couples the
ability to work with natural host infections, the ability to establish many animal
models due to the broad host range of the virus, with new methods in mutagenesis
and mutant construction (e.g., BAC technology), I am optimistic that additional
pathogenesis genes will be discovered and understood.

For PRV, we now understand that the gE membrane protein has a multifunc-
tional role in the viral life cycle and pathogenesis [24]. First, gE is likely to be
required for efficient cell-to-cell spread at the site of primary infection of epithelial
cells. Without gE, it is likely that a primary infection is poorly established, and is
cleared rapidly by host innate defences (e.g., interferons, NK cells, complement).
Lack of this cell-spread function probably is the primary basis for attenuation of
gE-deleted viruses. However, gE often is required for transfer of virus from the
cell body of neurons to neurons in synaptic contact with axon terminals of the
infected cell (anterograde spread). In pigs, gE/gl is required for PRV to spread
to the olfactory bulb after infection of the nasal olfactory mucosa, and in pigs
and rodents, to the trigeminal motor nuclei in the brain stem after infection of
pseudounipolar sensory neurons of the 5Sth cranial nerve [2, 35, 36]. In rodents,
PRV gE/gl are required for anterograde infection of the optic tectum and lateral
geniculate, but not the suprachiasmatic nucleus [8, 60]. In the rodent CNS, gE/gl
are required, in part for anterograde transport from the prefrontal cortex to the
striatum [6]. This function of gE also may be required for directional spread
of newly produced virus to the mucosal surface after reactivation from latency.
Finally, gE apparently has intrinsic virulence functions that are independent of
its role in cell-cell spread; such functions require the cytoplasmic tail. At least
two functions are known to be encoded in this part of the protein: endocytosis
and serine phosphorylation [24, 55, 56]. Endocytosis has no obvious role in the
expression of virulence. The role of phosphorylation remains to be explored. One
hypothesis is that on the surface of an infected cell, gE binds a ligand (perhaps an
antibody-like molecule) that activates a signal-transduction cascade in the infected
cell in a process requiring the gE cytoplasmic tail. As a result of this signaling,
the infected cell would produce interferons or other biological modifiers that af-
fect virulence. As the gE tail is phosphorylated and the site of phosphorylation
is known, we are in a position to test the first order predictions of this hypothesis
directly.
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In searching for the virulence functions encoded in the gE cytoplasmic tail,
we found endocytosis signals that recycle the protein from its position on the
plasma membrane of infected cells. As noted above, these signals apparently
have no function in virulence, but are involved in cell-cell spread in cultured cell
lines. Fundamental questions remain. Why do some, but not all alphaherpesvirus
envelope membrane proteins internalise from the plasma membrane? Why does
endocytosis of some viral proteins occur early, but not late after infection? Why
is membrane protein endocytosis shut off at all in infected cells? The answers to
these questions await further study.

The role of the small type II membrane protein called Us9 in the biol-
ogy of the alphaherpesviruses is not understood. It is a major component of
the virion envelope, it is phosphorylated, it localises to a Golgi compartment
in infected cells by retrieval from the plasma membrane, and it is conserved
in every human and veterinary virus studied. Viruses lacking this gene have
few obvious phenotypes in infected tissue culture cells. This protein must play
a role in the survival of alphaherpes viruses in nature, but its function still
eludes us. The structure of the Us9 protein is similar to SNARE proteins such as
synaptobrevin involved in vesicle targeting and fusion. Perhaps, like synapto-
brevin, PRV Us9 protein might be translated in the cytoplasm and post-trans-
lationally inserted directly into secretory membranes. If this speculation can
be substantiated, it would challenge some of the models for envelopment of
herpesviruses.

One major mystery concerns the mechanism(s) by which infectious virus is
transferred from one infected neuron to an uninfected neuron (see review [18]).
If there is one take home message learned from studies with our neuroanatomy
colleagues who use PRV and HSV as tracers of neural connections, it is that
with rare exception, the viruses travel from neuron to neuron in functional neu-
ronal circuits, as defined by classical neuroanatomy and physiology. They rarely
spread non-specifically, even when injected directly into the CNS, or when they
infect sites never infected by the virus naturally. One way that circuit-specific
infection could occur is if HSV and PRV leave neurons at, or near, sites of
synaptic contact such that virus is taken up by connected cells. This assertion
raises three general unanswered questions: what is the nature of the virus particle
being transferred to uninfected neurons, how is this intracellular virus particle
targeted to sites of synaptic contact during viral egress, and what is the mech-
anism(s) for trans-synaptic passage? Transport of virus out of an infected cell
is intimately involved with the processes of virion assembly, a process that is
not yet understood in detail for any herpesvirus. It seems clear that movement
of virions or subvirion particles inside a cell must be governed by the basic
cell biology of neurons and use the motor proteins found in particular compart-
ments. For example, this might mean that transport of virus toward the nucleus
would use dynein-type motors in axons, and transport of virus away from the
nucleus would use kinesin-type motors. Several studies indicate that viral gene
products are involved in directional spread of PRV [1, 2, 8, 35, 36] and HSV
[13, 61] in the nervous system, but the search for such genes has not been
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exhaustive. The BAC system as outlined above (see also [42]) may enable us
to perform unbiased genetic screens for PRV mutants that affect the many steps
in this process.

In thinking about how virus infects the synaptically connected, uninfected
neuron, we should be wary of setting artificial boundaries based on data obtained
from cultured, non-neuronal cells. For example, in the simplest case for transneu-
ronal viral infection, all that needs to be transferred to the uninfected neuron is
the viral genome. A completed, mature virion need not be the vehicle for transfer
of genomes and tegument proteins between neurons. Immature enveloped viri-
ons, naked capsids or even individual proteins could be transferred to neurons at
or near sites of synaptic contact. Additionally, the processes of exocytosis and
endocytosis are active at synapses and there 1s no reason why they could not be
used by viruses. Mature extracellular virions, as identified in tissue culture ex-
periments, may be required primarily for passage between hosts or for infection
of mucosal epithelia. Evidence for this speculation comes from work in PRV
where the gD protein is required for mature virion infectivity, but not for cell-
cell spread in tissue culture (plaque formation) or for neuron-to-neuron spread
in animals [1, 46, 49, 50, 53]. This is not true for HSV, where gD is required
for every known mode of virion and cell-cell infection [12]. It is interesting to
note that VZV does not have a gD gene implying that in this virus, other viral
proteins provide gD function [11]. However, both HSV and PRV require the gB
and gH/gL gene products for infection and spread in neurons of every model
tested (anterograde or retrograde spread) [1, 2]. As these proteins are thought
to trigger pH-independent fusion of the viral envelope with the host cell plasma
membrane, it is likely that such an event must be inherent in neuron-to-neuron
spread.

Finally, little can be said at this time regarding the role of the host immune
system and the function of specific viral receptors in neurotropism. It is our hope
that neurotropic viruses like PRV can be used to dissect the immune defenses of the
nervous system, including regulation of MHC expression. It is apparent that the
alphaherpesviruses have mechanisms to help them establish a primary infection
at mucosal surfaces, mechanisms that facilitate their survival when reactivation of
a latent infection occurs in an immunized animal, and mechanisms that facilitate
their entry into and passage through the peripheral and central nervous system. At
this writing, no evidence exists for a unique neuronal receptor, but rather for many
co-receptors. The herpesvirus entry mediator (HVEM; now called HveA) that
facilitates entry of many HSV strains to lymphocytes, is not the only receptor used
by HSV and PRV [45]. Other alphaherpesvirus receptors are being identified, and
we may soon have sufficient information to tell us if any of these herpes receptors
function only in the nervous system. Despite many years of work and intensive
study, we clearly have much to learn about the molecular mechanisms of spread
and pathogenesis of alphaherpesviruses in the nervous system. Nevertheless, |
believe that veterinary viruses such as PRV have had, and will continue to have,
significant impact in this process.
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Immune modulation by proteins secreted from cells
infected by vaccinia virus
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Summary. Vaccinia virus comprises the live vaccine that was used for vaccina-
tion against smallpox. Following the eradication of smallpox, vaccinia virus was
developed as an expression vector that is now used widely in biological research
and vaccine development. In recent years vaccinia virus and other poxviruses
have been found to express a collection of proteins that block parts of the host
response to infection. Some of these proteins are secreted from the infected cell
where they bind and neutralise host cytokines, chemokines and interferons (IFN).
In this paper three such proteins that bind interleukin (IL)- 1, type I IFNs and CC
chemokines are described. The study of these immunomodulatory molecules is
enhancing our understanding of virus pathogenesis, yielding fundamental infor-
mation about the immune system, and providing new molecules that have potential
application for the treatment of immunological disorders or infectious diseases.

Introduction

Poxviruses are a group of large DNA viruses that replicate in the cytoplasm [34].
Members of the Orthopoxvirus genus have been the most important poxviruses
in human medicine. Variola virus caused smallpox, a disease eradicated in 1978
[20], cowpox virus was used by Jenner in 1796 to immunise against smallpox
[25], and vaccinia virus is the vaccine that was used this century for smallpox
vaccination and whose origin remains an enigma [9]. These viruses are all mor-
phologically indistinguishable and antigenically cross-protective. The genomes
are large double stranded (ds) DNA of nearly 200 kb that have been completely
sequenced for vaccinia virus strains Copenhagen [21] and MVA [7] and variola
strains India-1967 [42] and Bangladesh-1975 [31].

Smallpox was a devastating disease that killed up to 40% of those infected. It
struck people of all ages, races and ethnic origins. Like many viruses that cause

*Present address: Division of Virology, Department of Pathology, University of Cam-
bridge, Cambridge, U.K.
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a systemic infection, variola spread throughout the body in several phases of
replication, and disease symptoms did not develop for more than one week after
infection [20]. The failure of the immune system to prevent this severe disease
despite the long incubation period suggested that the virus had some strategies
to block or escape from the immune system. Studies with other orthopoxviruses,
particularly vaccinia virus, have revealed many ways that these viruses do this [47]
and it is paradoxical that this knowledge has been acquired only after smallpox
was eradicated.

The elimination of smallpox might have been expected to mark the end of
interest in vaccinia virus. However, barely had the World Health Organisation
certified in 1980 that eradication was complete, than two groups developed tech-
niques to construct recombinant vaccinia viruses expressing foreign genes that
had the potential to be used as vaccines against diseases other than smallpox [29,
39]. The proposal to re-use vaccinia virus as a human vaccine was not welcomed
by those who recalled the complications that smallpox vaccination had caused
[27] and it was generally recognised that before being re-used in human medicine
more attenuated vaccinia virus strains were needed. It was the search for virus
virulence genes, that when deleted would create safer attenuated vaccines, that
led to the discovery of many proteins utilised by the virus for immune evasion.
Here three proteins that are secreted from vaccinia virus-infected cells are
described. These proteins each bind different soluble host factors that either have
direct anti-virus activity or co-ordinate the immune response to infection.

Results

1. Intercepting interleukins (ILs): a soluble virus receptor
for IL-1B (vIL-1BR)

The nucleotide sequence of the genome of vaccinia virus strain Western Reserve
(WR) revealed an open reading frame (ORF), termed B 15R, that contained a signal
sequence, 3 domains typical of the immunoglobulin superfamily (IgSF) and sites
for addition of N-linked carbohydrate. However, there was no transmembrane
anchor sequence and cytoplasmic domain and so the protein was predicted to
be a secreted glycoprotein [44]. Of particular interest was the 25% amino acid
similarity of BI5R with the extracellular ligand binding domain of the type 1
interleukin-1 receptor (IL-1R), and hence it was predicted that this molecule
might function as a soluble IL-1R [44]. Shortly afterwards, the type II IL-1R was
cloned and this was found to be more closely related to the BISR protein than
BI15R was to the type I IL-1R [32].

Two independent research groups then demonstrated that the B15R protein
functioned as an IL-1R [2, 48]. The following description relates mostly to work
from our laboratory. The B15R gene was shown to encode a secreted glycoprotein
of 50-60 kDa that is expressed late during the infectious cycle [2]. To test if the
B15R protein functioned as an IL-1R, the protein was overexpressed from vaccinia
virus (vB15R) and recombinant baculovirus (AcB15R), and a vaccinia virus WR
deletion mutant lacking the gene (vABI15R) was constructed. Supernatants from
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Fig. 1. Vaccinia virus WR BI5R protein functions as a soluble receptor for IL-1B.
Human TK™143 cells were either mock-infected or infected with vaccinia viruses WR,
vB15R, vABI5R, vB18R (a strain of vaccinia virus WR overexpressing vaccinia virus
WR gene B18R) or vAB18R (a strain of vaccinia virus WR from which the BI8R gene
had been deleted) at 10 pfu/cell and the supernatants were harvested at 24 h post infec-
tion. Alternatively, Spodoptera frugiperda (Sf) 21 cells were infected with Autographa
californica nuclear polyhedrosis virus (AcNPV), or recombinant baculoviruses express-
ing the BISR (AcBI15R) or BI18R (AcBI8R) genes from vaccinia virus strain WR at
5 pfu/cell and the supernatants were harvested 3 days post infection. Supernatants were
centrifuged to remove cellular debris and the clarified supernatants were used in bind-
ing assays with 180 pM of human '>I-IL-1B. Complexes formed between the virus
IL-1BR and 'PI-IL-1B were precipitated with polyethylene glycol, the precipitate cap-
tured by filtration and the radioactivity counted as described previously [2]. Reproduced
with permission from Cell Press, from Alcami A, Smith GL (1992) A soluble recep-
tor for interleukin-1 encoded by vaccinia virus: a novel mechanism of virus modulation
of the host response to infection. Cell 71: 153-167

cells infected with wild type (WT) vaccinia, vB15R and AcB15R each contained
an activity that bound human ' I-IL-18 but this activity was absent from mock-
infected cells and from cells infected with vAB15R [2] (Fig. 1). These data
showed that BISR encoded a virus IL-1f3 receptor (vIL-1BR) and that this was
the only vaccinia virus gene that did so.

IL-1 comes in three forms: IL-1a, IL-1{ and the IL-1 receptor antagonist (ra)
protein that negatively regulates IL- 1 activity by binding to IL-1 receptors without
inducing signal transduction [19]. To determine which types of IL- 1 were bound by
B15R, human '®I-IL-1B was incubated with B15R in the presence of increasing
concentrations of unlabelled human IL-1a, IL-18 or IL-1ra. Only IL-13 was able
to compete with '2I-IL-1 for binding to vIL-1BR, indicating that vIL-1BR was
specific for IL-1B (Fig. 2) [2]. This was true for both human and murine IL-1 [4].

Scatchard analysis showed that approximately 10° copies of the BI5R
protein were released from each infected cell in a 24 h period and that the
molecule had a high affinity for IL-13 (Kd=226+38 pM) [2]. This high affinity
suggested that VIL-1BR would compete effectively with cellular IL-1Rs for IL-
18, a prediction confirmed in competition experiments with EL4 cells bearing
IL-1Rs. In the absence of competitor, '>’I-IL-1B bound to these cells, but this
binding was prevented by vIL-1fR or unlabelled IL-1 [2]. This established that
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Fig. 2. The vaccinia virus IL-1BR binds only IL-1B. Medium derived from 4 x 10* TK~143
cells that had been infected with vaccinia virus WR as described in Fig. 1 was incubated
with 100 pM of human '>’I-IL-1 in the presence of unlabelled IL-1a (open circles), IL-
1B (closed circles), IL-1ra (open squares) or IL-6 (closed squares). The radioactivity bound
to VIL-1BR was precipitated with polyethylene glycol and counted as described in Fig. 1.
Reproduced with permission from Cell Press, from Alcami A, Smith GL (1992) A soluble
receptor for interleukin- 1 encoded by vaccinia virus: a novel mechanism of virus modulation
of the host response to infection. Cell 71: 153-167

VIL-1BR could inhibit IL-1p binding to cells. In a parallel study VIL-1BR was
shown to block the ability of IL-1 to induce synthesis of IL-2 [48].

Role of the vIL-1BR in virus pathogenesis

To determine the role of the vIL-1BR in virus pathogenesis, WT and deletion
mutant (vAB15R) viruses were inoculated intranasally into BALB/c mice. Sur-
prisingly, infection by this route with the deletion mutant virus gave rise to a more
severe infection than with the WT virus [2]. In contrast, if similar viruses were
inoculated by intracranial injection, the deletion mutant showed a lower virulence
than WT [48]. In the intranasal model, animals infected with vAB15R showed
enhanced weight loss and signs of illness (pilo-erection, arched back and reduced
mobility), and although the overall number of mortalities was unchanged com-
pared to infection with WT virus, the mortalities induced by the deletion mutant
occurred sooner [2].

To understand how the deletion mutant was able to induce a more severe
illness, the function of IL-1 was considered. This pro-inflammatory cytokine can
induce local mediators of inflammation, such as IL-2, that might help to restrict
virus replication, but high levels of IL-1 can induce systemic effects such as fever,
weight loss, headache and shock [19]. Infection with either WT or deletion mutant
virus led to a serious illness that was likely to induce IL-1@ production. However,
after infection with WT virus, vIL-1BR was released from virus-infected cells at
sufficient levels to be detected systemically [4]. Consequently, vIL-13R would
bind available IL-1B and reduce the levels of this cytokine. In contrast, after
infection by vAB15R, the levels of IL-13 would not be reduced by vIL-1B3R and
so might be elevated and contribute to the disease. To examine this further, the



Vaccinia virus immune evasion 115

—O0— wild type

—e— VAB15R

—&— vB15R-rev

Temperature change (degrees C)

Days before and after infection

Fig. 3. The vIL-1BR prevents fever in infected mice. Groups of 10 female BALB/c mice
were infected intranasally with 2.5 x 10° pfu of either plaque purified WT vaccinia virus
WR (wild type), or vVAB15R or vB15R-rev. The mean change in rectal temperature (+=SEM)
and the basal temperature (broken line) are shown. The horizontal bar indicates those days
on which the difference between vABI5R and both WT and vB15R-rev were statistically
significant when analysed by the Student’s ¢ test and the mean P value is shown. The arrow
indicates the day of infection. Reproduced with permission from the National Academy
of Sciences, USA from Alcami A, Smith GL (1996) A mechanism for the inhibition of
fever by a virus. Proc Natl Acad Sci USA 93: 11029-11034 ©1996 National Academy of
Sciences, U.S.A.

body temperature of infected animals was measured, because IL-1 was one of
several cytokines reported to affect fever.

vIL-1BR prevents fever in infected animals

Mice that were infected intranasally with a plaque purified, WT, vaccinia virus
WR developed a slight hypothermia for several days after infection, despite suf-
fering a severe infection that resulted in substantial loss of body weight. In con-
trast, animals infected with vAB15R developed a fever that was sustained for
5 days (Fig. 3). Infection with a revertant virus, vB15R-rev, in which the B15R
gene was re-inserted into the deletion mutant, induced a temperature profile that
was indistinguishable from that induced by WT virus. This confirmed that it was
the loss of the B15R protein, and not some other mutation elsewhere in the large
virus genome, that caused the temperature difference [4]. The demonstration that
this virus protein controlled the temperature of the infected animals was novel
for virus pathogenesis but also had implications for the physiological role of
cytokines: because vIL-1BR bound only IL-18 and not other endogenous cy-
tokines such IL-la, IL-6, tumour necrosis factor (TNF), interferon (IFN)-o/B
and IFN-y, the result demonstrated that it was IL-1[3 and not these other putative
pyrogens that was controlling fever [4]. A similar conclusion was reached
independently using transgenic mice lacking IL-1f that were unable to produce
fever in response to pyrogenic stimuli [26].



116 G. L. Smith et al.

Two other observations were consistent with the B15R protein controlling
the body temperature of infected animals. First, during the smallpox eradication
campaign many different strains of vaccinia virus were used and these differed
in their virulence for humans [20]. In particular, the Copenhagen and Tashkent
strains had been more virulent, as judged by the frequency of post-vaccinial
complications such as encephalitis [20]. Other strains such as Lister and Wyeth
were safer and produced lower rates of this and other complications [20]. The
expression of a vIL-1BR by these strains was examined and, in accord with the
result observed with the WR strain in mice, it was found that the more virulent
strains Copenhagen and Tashkent did not express vIL-1R but did induce fever
in infected mice [4]. This might have been coincidence as these viruses probably
contain several differences in addition to whether or not they express vIL-1BR.
Therefore, the Copenhagen strain was studied in more detail.

The complete nucleotide sequence of the Copenhagen strain had revealed that
the vIL-1BR gene (B16R in strain Copenhagen) contained a frameshift mutation
near the 5’ end of the ORF [21]. The gene was therefore repaired and a recombinant
Copenhagen virus that expressed vIL-1BR was constructed. Like the WT WR
strain, but unlike the parental Copenhagen virus, this virus was unable to induce
fever in infected mice despite inducing a severe infection.

To be absolutely certain that it was the binding of only IL-1 by vIL-1BR that
was causing the change in body temperature during infection, mice were infected
with the WT Copenhagen virus and then injected with a monoclonal antibody
that neutralises IL-1[3. The fever that mice developed after infection with WT
Copenhagen was prevented by the injection of the IL-1( specific antibody [4].
This result taken together with the known specificity of the vIL-1BR for only IL-
1B, confirmed that in this model of infection IL-1f was the principal endogenous

pyrogen.

The vIL-1BR gene is non-functional in variola viruses

The DNA sequence of variola virus is related very closely to vaccinia virus
over the central region of the genome, but differs significantly near the genomic
termini where genes are found that are unique to either virus [1, 31, 42]. A
surprising difference between these viruses was that several genes in variola virus
that were closely related to vaccinia virus counterparts (> 90% nucleotide identity)
were disrupted and presumed non-functional. This included the BI5SR gene of
vaccinia virus that encoded the vIL-1BR. In variola viruses India-1967 [42]
and Bangladesh-1975 [31] this gene was disrupted in multiple places and is
non-functional. The disease smallpox was characterised by a severe illness with
high fever, and the lack of expression of vIL-1BR by variola virus was consistent
with the fever induced by infection with this poxvirus.

2. Interfering with interferon

Vaccinia virus produces several proteins that inhibit the action of IFN either
within the infected cell or by preventing IFN binding to its natural receptor and
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inducing expression of IFN-responsive genes, for review see [46]. The E3L and
K3L proteins function inside the infected cell and block the action of IFN-induced
anti-virus proteins. K3L is a 10.5 kDa protein with amino acid similarity to the
eukaryotic translation initiation factor 2a (eIF2a) [10]. Phosphorylation of eIF2a
by the IFN-induced and dsRNA-activated protein kinase PKR causes an inhibition
of protein synthesis. K3L serves as a substrate for PKR so that the phosphorylation
of elF2a is prevented and protein synthesis can continue. E3L is a 25 kDa dsRNA-
binding protein [15]. Both PKR and the IFN-induced enzyme 2'5'-oligoadenylate
synthetase are activated by binding dsRNA that commonly is produced during
virus infection. The E3L protein binds the dsSRNA so that neither enzyme is
activated and protein synthesis can continue.

In addition to these intracellular proteins that protect virus-infected cells
against the anti-virus effects of IFN, most orthopoxviruses also secrete proteins
that bind type I IFNs (IFN-a/B) and type II IFN (IFN-v) in solution. The first
poxvirus IFN-binding protein was discovered in myxoma virus [54]. This protein
shares amino acid similarity with the extracellular domain of the cellular type II
IFN receptor (IFN-yR) and with a similar sized protein from vaccinia virus [24,
54]. The protein from vaccinia virus and other orthopoxviruses was found to bind
and inhibit IFN-y from a wide variety of species [3, 36, 37].

A soluble receptor for type I IFN (VIFN-o/BR)

Independently, two groups found an inhibitor of type I IFNs in the supernatant
of vaccinia virus-infected cells [17, 49]. In this laboratory, the IFN inhibitor was
identified by screening supernatants from infected cells for activity that could
inhibit the anti-virus activity of IFN. In the absence of IFN, the infection of HeLLa
cells by cocal virus, a rhabdovirus related to vesicular stomatitis virus, led to the
destruction of the cells within 2 days. But, if the cells were pre-treated with
increasing doses of IFN, the cells were protected from destruction by the sub-
sequent virus infection. However, the anti-virus action of IFN was overcome
if the IFN was administered together with the supernatant from vaccinia virus
WR-infected, but not mock-infected, cells. Thus the supernatant of the infected
cells contained an IFN inhibitor. This inhibitor was widely distributed in ortho-
poxviruses [49] (Fig. 4) but vaccinia virus strains Lister and MVA [13] did not
express the activity and Wyeth expressed an IFN inhibitor with a much lower
affinity for type I IFN [49]. Notably these viruses were among the safer strains
of vaccinia virus used for smallpox vaccination [20].

Mapping the gene encoding the type I IFN inhibitor

The vaccinia virus Copenhagen genome had been sequenced [21], but we found
no protein with convincing amino acid similarity to the cellular type 1 IFN
receptors. Consequently, the gene was mapped by molecular genetics. To do
this we took advantage of the fact that most of the virus genes that affected
host range or virulence are located towards the genomic termini, and that several
mutant viruses were available that had large deletions in these regions [12, 35].
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Fig. 4. Most orthopoxviruses express a soluble inhibitor of human IFNa. TK™143 cells
were infected with the indicated strains of vaccinia virus or other orthopoxviruses and the
supernatant from 10? cells was tested for its ability to inhibit 5 units of human natural IFNa.
The test culture supernatant and IFNa were mixed and incubated with HeLa cells for 18 h.
These cells were then infected with 100 pfu of cocal virus and 48 h later the number of
plaques was counted. Data are expressed as the percentage of IFNo activity that has been
inhibited by the virus supernatant, i.e. the number of plaques formed after treatment of cells
with IFN and test supernatant divided by the number of plaques formed by cocal virus in the
absence of IFN. Reproduced with permission from Cell Press, from Symons JA, Alcami A,
Smith GL (1995) Vaccinia virus encodes a type I interferon receptor of novel structure and
broad species specificity. Cell 81: 551-560

Supernatants from cells infected with these different mutants were screened for
the type I IFN inhibitor and this led to the identification of a virus (vSSK?2) that
lacked the activity [49]. Importantly, this virus had a large deletion near the right
end of the genome but differed from another virus (vGS100) that expressed the
type I IFN inhibitor, by the presence of only nine genes. Only two of these genes
(B15R and B18R) were predicted to encode a secreted glycoprotein, and one
of these (B15R) had already been characterised as the vIL-1BR [2]. B18R was
shown to encode the anti-IFN activity by using a virus lacking the B18R gene
(vAB18R) and a recombinant baculovirus that expressed this gene (AcB18R).
Supernatants from vaccinia virus WR-infected cells, but not mock-infected or
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Fig. 5. Vaccinia virus WR gene B18R encodes the soluble IFN« inhibitor. Supernatants from
103 TK 143 cells that had been mock-infected or infected with vaccinia virus WR, vAB15R
or vABI18R, or supernatants from Sf cells that had been infected with baculoviruses AcB15R,
AcB18R or AcB8R (a recombinant baculovirus expressing the vaccinia virus WR B8R gene
[3]) were incubated with 50 nM of human '>’I-IFNa2 in the presence or absence of a 100 fold
excess of unlabelled human IFNa, IFNB, or IFN«. The vIFN-a/BR-!ZI-IFNa complex was
precipitated with polyethylene glycol, captured by filtration and the radioactivity counted.
Reproduced with permission from Cell Press, from Symons JA, Alcami A, Smith GL (1995)
Vaccinia virus encodes a type I interferon receptor of novel structure and broad species
specificity. Cell 81: 551-560

vABI18R-infected cells, contained a protein that bound human 'I-IFNa2
(Fig. 5). The BI8R protein bound only type I IFNs, as shown by the ability
of an excess of unlabelled type I IFNs but not type II IFN to prevent the for-
mation of the '*I-IFNa2-B18R complex. Similarly, AcB18R, but not AcB15R,
expressed a type I IFN-binding protein. Scatchard analysis demonstrated that the
B18R protein had a high affinity constant for human [FNa2 (Kd=174+£15 pM)
[49]. Hereafter the B18R protein is referred to as vIFN-a/BR.

Like vIL-1BR, vIFN-o/BR has a signal peptide, three Ig domains, sites for
addition of N-linked carbohydrate, but no transmembrane anchor sequence or
cytoplasmic domain [44]. It was surprising that vVIFN-o/BR was an IgSF because
the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>