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Microbiology

Microbiology was a recognized field of study in the School from the time of Frank
Fenners appointment as Professor and Head of the Department of Microbiology in
July 1948. During this period research was focussed on animal virolbfgly the
appointment of Gordon Ada as Head of Department in 1968 (to 1987), virological
studies continued but additional emphasis was given to the immunology of viral
infections (see Chapter 13, Immunology). When the divisional structure was intro
duced in 1989, the Department of Microbiology was absorbed into the Division of
Cell Biology (from 1995, Immunology and Cell Biology). During the period
1948-88 the prime interest of almost all tdsociated with the Department was
virology, which is the focus of 13 of the 14 essays in this Section. The majority
describe work done before the divisional structure was introduced,; since then viruses
have been used principally as useful agents for studying problems in immunology

Myxomatosis

by Frank Fenner

These days the study of a disease of rabbitenvironmental damage. A lethal disease of
such as myxomatosis, would not berabbits called myxomatosis had been-dis
regarded as a suitable subject for research aovered in South America in 1896.
a medical research institute; such researdBetween 1936 and 1943 scientists in CSIR
would be done in a veterinary department ofthe precursor of CSIRO) had demonstrated
institute. Howeverat the time it was inti the extreme host specificity of myxoma
ated, and indeed throughout the intensiveirus and had made experimental introduc
study there were no virologists in suchtions into wild rabbits in Australia, but these
places, and the emphasis in the ANU was ofmials were discontinued because of the.war
curiosity-driven research. It was apparentn 1949, with the establishment of a
within the first few years that the co-evelu Wildlife Survey Section in CSIRO, headed
tion of virus and host in myxomatosis pro by zoologist Francis Ratcld, eforts were
vided a model for the evolution of infectiousresumed and in the summer of 1950-51 the
diseases in general. disease spread over the Murray-Darling
The wild European rabbit was intro basin, killing millions of rabbits. There
duced into Australia in 1859 and by 1870 itwere no virologists in CSIRO, and indeed
had become a major pest; indeed, it has longo virologists in Australia at that time
been Australia worst agricultural pest and except in the \&lter and Eliza Hall Institute,
it is now clear that it also caused severavhere Frank Fenngas Professor of Micro
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biology in the John Curtin School, had been In collaboration with ecologists of the
provided with two laboratories. In FebruaryWildlife Survey Section, notably Ken
1951 he decided to make the investigatioMyers, they studied outbreaks in several
of myxomatosis a major project in hisparts of eastern Australia. At Lake Urana,
Department. located in the Riverina 260 kilometres west
During the next few months he of Canberra and one of the intensively stud
employed Gwendolyn Wbodroofe and lan jed field sites, they established that the case-
Marshall (see p. 399) as research assistaffgality rate in the initial outbreak exceeded
and commenced laboratory investigationgge, = Howeverafter survival of the at a
that continued until 1965, during which oy rate of spread disease through the-win
both of his colleagues gained PhD degreeg, ihe case-fatality rate in laboratory rab
and rose to tenured positions in the Deparyis caused by virus strains isolated from a
ment. In thr—; Iaboratory the team _stud|ed thg ontaneous outbreak in the spring was only
pathogenesis of the disease, active and p %. Using virus extracted from tumour

sive immunity vaccination with fiboroma . . . .

virus, the classification of the virus and rela ;n:;te;r?ll fg:;?;?abglgl?a\':\é?rli(r?rtshlg fJonui:z d

tions between viruses of the famibep Kinad h tbreak due t aif

oripoxviridae. Marshall demonstrated that ingdom (_W ere an outbreax due to a-dil
Harent strain of myxoma virus had been ini

high environmental temperatures moderate ) X .
the severity of the disease and low temperd/@t€d in 1953), they studied the progressive

tures greatly exacerbated its severityn changes in vi(ulence over periods o_f seyeral
collaboration with Max Day of CSIRO Years by testing in laboratory rabbits virus
Entomology they studied the mechanism offfom several hundred samples obtained
transmission by mosquitoeS, and Showeérom wild rabbits. HaVIng found that within
that in contrast to arboviruses, in which theone year of its introduction there were
virus multiplied in the vectgrtransmission enough survivors to allow selection for
of myxomatosis was mechanical — mosquiresistance to occur in theirfepring, for
toes were ‘flying pins’. several years they collected dozens of
young rabbits from Lake Urana each spring,
before the myxomatosis season. These
) were brought to the laboratories in Can
~— Healthy rabbits . .
——== Aedine mosquitoes berra, raised until they had lost maternal
--------- Anopheles annulipes antibody and their genetic resistance tested
by the inoculation of a small dose of the
‘90% lethal’ virus, samples of which had
been stored in liquid nitrogen. The rabbits
became progressively more resistant. While
virulence, as judged by the reactions of
genetically unselected laboratory rabbits to
the inoculation of small doses of virus,
remained stable at an intermediate level
(70% to 90% lethality) for many years, later
it slowly increased in parallel with the
increasing resistance of the rabbits. The
Figure 1. Initial transect counts of 5,000 rabbitson  &ritical question was: what combination of
the sandy shores of Lake Urana were reduced to . . . - -
50 within six weeks of the release of 100 infected virus virulence and _rabblt resistance will
rabbits (>99% case-fatality rate). During winter ~ Dest ensure transmission? The results of
and early spring the population grew to 500 by  this vast natural experiment are widely
breeding and immigration and in November a  gccepted as the best available example of
spontaneous outbreak occurred which reduced . . .
the population to 50 (90% case-fatality rate, ~the coevolution of a virus and its vertebrate
confirmed in laboratory rabbits). host.
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Figure 2. The appearance of susceptible rabbits infected with strains of myxoma virus of differing
virulence as a result of continuing evolution or laboratory manipulation (D). A. Original strain (>99%
case-fatality rate). B. Case from second outbreak at Urana (90% case-fatality rate). C. Field strain with
about 60% case-fatality rate. D. Laboratory strain of very low virulence obtained after intracerebral
inoculation of rabbit (heuromyxoma strain of Hurst).

In 1960 Marshall, while working on would produce a lump in the skin when they
arboviruses in California during his first bit each of four other species 8flvilagus
period of study leave, was able to collaborabbits, these lesions did not contain enough
rate with David Regnery of Stanford Uni vijrus to enable probing mosquitoes to trans

versity in an investigation of a défrent it infection to other animals, even to the
strain of myxoma virus that was endemic "highly susceptible European rabbit.

the Californian brush rabbi(Sylvilagus Fenner summarized the results of the

bachmani) in which it produced only a Australian work, and also information that

small fiboroma. The disease could be tran :
mitted by mosquitoes probing through this e had obtained on the European outbreak

fibroma to other brush rabbits and to EuroWNen on study leave in Cambridge in a book

pean rabbits, producing a uniformly andwritten in collaboration with Ratclié.

rapidly fatal disease in the latteFhe extent Much later in  collaboration — with
of the coevolution of the Californian virus Bernardino Fantini, a Swiss authority on the

and the brush rabbit was demonstrated bjistory of medicine, he updated this book
the fact that although mosquitoes which haénd looked comprehensively at the biologi
probed through a brush rabbit fibromacal control of vertebrate pests.

Further Reading

Fenner F and Ratclife, EN. (1965). Myxomatosis.Cambridge University Press, Cambridge.

Fenner F. and Fantini, B. (1999)Biological Contpl of \ertebrate Pests. The Histoof
Myxomatosis — an Experiment in EvoluticBABI Publishing, Véllingford.

374



15. Microbiology

Gwendolyn Marion Woodroofe, OAM (1918-).
After graduating BSc (Hons) at the University of
Adelaide in 1940, Woodroofe gained a MSc
degree in bacteriology before joining the
Department of Microbiology of JCSMR in 1951 as
a research assistant, to work on myxomatosis.
She later became a Research Fellow, gaining a
PhD degree in 1962, and then a Fellow until her
retirement in 1978. She played a major role in
laboratory investigations of myxomatosis
between 1951 and 1966, when she went to work
with lan Marshall on arboviruses. After retirement
in 1978 she became deeply involved with
community activities, especially with UNICEF,
work for which she was awarded a Medal of the
Order of Australia in 1997.

The photograph, which shows examination of the
chorioallantoic membrane of developing eggs for
pock-counting, illustrates the way viruses were
handled in the laboratory in the early days, on the
open bench and without gloves.

Neutralization of Influenza V irus by Antibody

by Frank Fenner

Research on influenza virus was the focua Senior Research Fellowle developed an
of almost all work at the ¥fter and Eliza accurate method of titrating influenza virus
Hall Institute when the Department ofand antibodies using fragments of allantois-
Microbiology was given laboratory spaceon-shell, and with graduate students David
there in 1950-52. Early in 1952 StepherWhite, Kevin Laferty and Robert \&bster
Fazekas de St Groth, a Hungarian-borpursued studies of incomplete influenza
virologist who had worked on influenza atvirus and the immunology of murine
the Hall Institute for five years, joined theinfluenza. Fazekas also introduced the use
staf of the Department of Microbiology as of Coomassie Blue for staining gels.

Further Reading

Fazekas de St Groth, S. (1962). The neutralization of virusggances in Wus Reseanh, 9, 1-
116.

Fazekas de St Groth, S.N.E.E.eb8ter R.G. and DatyneiA. (1963). Tvo new staining procedures
for quantitative estimation of proteins on electrophoretic strigischimica et Biophysica Acta,
71, 377-391.
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Left Stephen Nicholas Emery Egon Fazekas de St Groth (1919-) was born in Hungary and migrated to
Australia in 1947. He worked for five years on influenza virus at the Walter and Eliza Hall Institute before
being appointed a Senior Research Fellow in the Department of Microbiology. He continued to work on
influenza, using his considerable mathematical skills to elucidate mechanism of virus neutralization by
antibody. In 1960 he rose to be a Personal Professor and was elected a Fellow of the Australian
Academy of Science. In September 1965 he resigned to move to CSIRO in Sydney.

Right Robert Gordon Webster (1932-) graduated MSc at Otago Univerity in 1957 and PhD at JCSMR
in 1962 and has worked on influenza virus ever since. He was appointed a Research Fellow in the John
Curtin School in 1964 and rose to be a Senior Fellow in 1970, but then moved as a Professor to St Jude
Children’s Research Hospital in Memphis. He is now regarded as the world authority on the natural
history of influenza viruses and has continued a very productive collaboration with Graeme Laver. He
was elected a Fellow of the Royal Society in 1989 and a Member of the US Academy of Sciences in
1998.

The Structure of Influenza V irus Antigens

by Graeme Laver

In 1958 Graeme Laver was appointed as extensive antigenic variation this virus
Research Fellow and began work on thendegoes. The initial discoveryfrom
chemistry of the surface proteins ofwhich most subsequent discoveries
influenza virus, the haemagglutinin (HA) stemmed, was that particles of influenza
and the neuraminidase (NA). Havingvirus could be disrupted by degents much
shown that with influenza virus (in contrastmore extensively than by ethehe reagent
to Newcastle disease virus) these activitiethen used in influenza laboratories werld
were located on diérent molecules, he and wide. This led to the production of the first
Robert Webster began an investigation ofcommercial influenza subunit vaccine (most
the way in which these changed during thénfluenza vaccines now are subunit vac
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cines) and to the isolation, for the first time,a duck or horse influenza virus while the
of pure preparations of the HA and the NANA was from the ‘old’ Asian H2N2 strain,
This enabled Laver to demontrate, by elecsuggesting that genetic reassortment
tron microscopythe morphology of the HA between human and animal influenza
and NA. At the time antigenic drift in viruses could result in viruses with viru
influenza virus was thought to be due to théence for man and the antigens of the animal
rearrangement of a lge number of dfér-  virus to which the population had no immu
ent antigens on the surface of the virus, bothity.
guantitatively and spatially This idea was Field trips by LaverWebster and their
shown to be incorrect when HA moleculescolleagues to islands on the Great Barrier
isolated from variants selected under antiReef resulted in the isolation of a number of
body pressure were analysed and shown tvian influenza A viruses, some of previ
have single amino acid sequence changesisly unknown subtypes. The discovery
which obviously resulted from mutations inthat healthy wild sea birds, remote from
the viral RNA. human habitation, carry many influenza A
For many years the mechanism of antiviruses was followed by @bsters discov
genic shift, in which ‘new’ pandemic ery that wild ducks on the Canadian lakes
viruses suddenly appear in the human poptare one of the main reservoirs of influenza
lation, was a complete mysteryPeptide A virus in nature. The Reef trips also
maps of the HA from the H3N2 virus, whichyielded a virus with a new NA subtype, N9,
caused the 1968 Hong Kong influenza panand it was later found that the N9 Reu
demic, then showed that this HA came frontaminidase gave the best crystals of any
influenza NA so far examined; they have
been used world-wide in the rational design
of NA inhibitors as antiviral agents.
Influenza N2 neuraminidase was first
crystallized in 1978 and this led to the deter
mination by CSIRO scientist Peter Colman
of its X-ray crystal structure, which showed
that the catalytic site of the enzyme was
conserved among all influenza A and B
viruses. This allowed the rational design by
Mark von lItzstein of the neuraminidase
inhibitor, Relenza, which is now in use
throughout the world as a safe anfiefive
treatment for all influenza A and B infec
nysttals r(\)lfs; i”fluzf‘zadA_ V:iLgJSSS ?EUfami”idése tions. Using NA crystals grown in the
i(rsﬁlfue{]pzea vir)us‘,)rci)scl)JI:\?edlrll‘rom a rc??aci? Z\Y\ZE T]C.SMR’ three other neuraminidase
collected by Adrian Gibbs from a healthy noddy ~ inhibitors have also been developed ever
tern on North West Island of the Great Barrier ~ Seas to treat influenza in the community
Reef in 1975. The crystals, which are about 0.8 s anticipated that these inhibitors will play
mm in diameter, diffract X-rays to 1.5 A and have a major role in the control of a new pan
been used by a number of pharmaceutical . . . . .
demic virus if, as expected, this arises at

companies to design neuraminidase inhibitors for
use as anti-viral agents. some future date.

Further Reading

Laver, W.G., Bischofbeger, N. and V¢bster R.G. (1999). Disarming flu viruseScientific
American, 280(1), 56-65.

Laver, W.G., Bischofbeger, N. and Wbster R.G. (2000). The origin and control of pandemic
influenza. Perspectives in Biology and Medicjm, 173-192.
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William Graeme Laver (1929-) graduated BSc, Chemistry (1954) and MSc, Biochemistry (1956) from
the University of Melbourne and PhD, Biochemistry (1958) from the University of London. In 1958 he
was appointed a Research Fellow in the Department of Microbiology and by 1990 rose to the rank of
Professor. Apart from some early work on the structure of adenoviruses, he has spent his career
working on the structure of influenza virus, the mechanism of its antigenic variation and the development
of inhibitors of influenza virus neuraminidase which are now being used worldwide to treat influenza. He
has organized a total of nine international workshops on influenza. He was elected Fellow of the Royal
Society in 1987 and in 1996 shared the Australia Prize in the field of Pharmaceutical Design.

The Autoradiography of DNA

by John Cairns

Using autoradiography of cells labelled withcells. We found that each infecting virus
tritiated thymidine, @ylor reported in 1957 particle sets up its own ‘factory’ in which
that the DNA in eukaryotic chromosomes isvirus DNA and protein accumulate. Sur
made up of two components of oppositerisingly, although there is usually a consid
polarity that separate when the DNA iserable delay before the start of synthesis, all
replicated, exactly as &tson and Crick had the factories in a multiply-infected cell start
predicted four years earlierShortly there at the same time (Figure 1A). Some years
after, Cedric Mims introduced autoradiogra earlier we had observed a rather similar
phy into the Department of Microbiology in delay at the start of infection by influenza,
order to study the life expectancy of mousédut the cause of such delays is not known.
lymphocytes, and he kindly instructed me Subsequentlywe used the same tech
(and, more importantlymy technician, nique to study the DNA of bacteria and bac
Rosemary Henry) in the use of Kodak Strip teriophages. One of issues of the time was
ping Film. This allowed us to show thatwhether the two strands of the DNA double
vaccinia virus replicates in the cytoplasm ohelix really separate during replication,
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Figure 1 A. A mammalian cell infected with six or seven vaccinia particles. On the left, the sites of
accumulation of viral proteins (shown by fluorescein-coupled antibody); on the right the sites of
accumulation of cytoplasmic DNA (shown by autoradiography after labelling with *H-thymidine). B.
Three molecules of T2 bacteriophage DNA, labelled with *H-thymidine and autoradiographed for two
months. C. Two molecules of lambda bacteriophage DNA, labelled with *H-thymidine and
autoradiographed for two months (the scale shows 1 micron). D. More than 5 microns of Escherichia
coli DNA is labelled after a three minute pulse of *H-thymidine. E. Many 50-100 microns stretches of
mammalian DNA are labelled after a three hour pulse of *H-thymidine. F. The chromosome of
Escherichia coli, after labelling for two generations with *H-thymidine.
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because the unwinding problem seemedver that we were wrong and that the chro
almost insuperable. It was easier to imagmosome is usually replicated by two forks
ine that chromosomal DNA contained twomoving in opposite directions). In the case
identical double helices and that it is thes@f mammalian DNA, we found that replica
that separate during replication. eWvere tion is by multiple forks that move much
able, howeverto show by autoradiography more slowly (unfortunatejyowing to pres
that the DNA of Escherichia coliand sure of circumstances this last study was not
lambda bacteriophage consists, in each cagamyblished for another three years). In those
of a single molecule of DNA that containsdays, The Australian National University
two strands not foyrand since these two supplied efectively limitless resources for
species of DNA were already known toscience. The only weakness was therefore
replicate ‘semi-conservatively’ it followed the human element. For example we once
that the two strands of the double helix dglanned a trip, with Ric Davern of CSIRO,
indeed separate at replication. (An indeto the Canberra sewage works to look for an
pendent proof was reported at the samBNA bacteriophage, using a selection-pro
time, using the ééct of bromouracil on the cedure that we now know would have
melting temperature of DNA). Following worked, and this would have been the first
short pulses of tritiated thymidine we weresuch virus to be isolated. Unfortunately
able to see DNA ‘replication forks’ and there was a sudden cloudburst. So we put
measure the speed of replication. In theff the trip and by next day somehow had
case oftEscherichia coliwe calculated that lost interest in the matterAs Howard Fle

its millimetre long chromosome could berey once said, you can be a fool to do an
replicated by a single fork in the normal 40experiment but you can be a damn fool not
minute doubling time; (we now kngwwow  to do an experiment.

Further Reading

Cairns, J. (1972). DNA synthesiEhe Hawvey Lectues 1970—71Series 66, pp. 1-18. Academic
Press, New dftk.

John Cairns (1922-). After graduating in medicine
in Oxford in 1946 and working first as an intern
and then for two years as a bacteriologist, Cairns
spent two years at the Walter and Eliza Hall
Institute, working on influenza virus replication,
under the auspices of the British Colonial Office.
Following this he had to spend three years in their
employ, in Entebbe, Uganda. In 1955 he came to
the John Curtin School, where he worked with
influenza and vaccinia viruses and (during a
year’s sabbatical leave) with bacteriophages. In
1974 he was elected a Fellow of the Royal
Society on the basis of this work. He left Australia
in 1963 to become Director of the Cold Spring
Harbor Laboratory in New York. In 1973 he
moved to the Imperial Cancer Research Fund
Laboratories at Mill Hill, London, and from there,
in 1980, to the Harvard School of Public Health,
as Professor of Microbiology. He retired in 1991
and returned to England to live near Oxford.
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Pathogenesis of V iral Diseases

by Cedric Mims

Studies of viral pathogenesis in Australiainfluenza and myxoma viruses, but retained
began in the late 1940s, when Frank Fenndhe infection without passing it on to hepatic
working at the V&llter and Eliza Hall Institute cells. The latter were, howeydnfected

in Melbourne, carried out his classic studiesvhen the virus was introduced directly via
on the pathogenesis of ectromelia (meusdahe bile duct. For the previous 30 years
pox) virus in mice. In 1956 Cedric Mims investigators had been injecting viruses
joined the Department of Microbiology in directly into the brain of mice to study neu
JCSMR. By this time the fluorescent anti rotropism. Mims, confirming an earlier
body method was available, and the irfecreport by John Cairns, also in the Department
tious process could be dissected out in ternat that time, showed that during these injec
of individual infected cells rather that by tions the inoculum spills over into the blood,
merely determining the total amount of virusso that every intracerebral injection is also an
in each ogan. Events could now be followedintravenous injection. Some viruses infected
at the cellular and histological level. Mimsonly the meningeal and ependymal layers,
began with mousepox, and showed that in thehereas others spread further and invaded
liver there were defined cycles of growth;ini the brain substance.

tially in Kupffer cells, followed by spread to ~ PhD students made major contributions.
adjacent hepatic parenchymal cells. He alskilaus Schell showed that strains of mice
investigated the spread of the infectiorresistant to mousepox were resistant at least
through lymph nodes and spleen, a prematugeartly because they mounted a superior
attempt to get at the immunology of theimmune response to the infection, as judged
infectious process. Applying the fluorescenby antibody production, and John Roberts
antibody approach to other virus infectionsanalysed cellular events after infection via
he found that Kupér cells took up and sup the skin and the respiratory tract.isJue
ported the growth of intravenously injectedmacrophages played a key role in resistance

lllustration of power of the fluorescent antibody
technique. A. bronchiole 24 hours after the
intranasal infection of a mouse with Sendai virus.
B. Section of thymus and nearby muscle of a
newborn LCM virus carrier mouse, showing
infected thymus and neighboring intercostal
muscle. C. Leg muscle of a suckling mouse
showing infected muscle cells 24 hours after
infection with NWS strain of influenza virus. D.
Uterus from pregnant LCM virus carrier mouse,
showing infected endometrium and glands.
Figure A from Mims, C.A. and Murphy, FA,
(1973). American Journal of Pathology, 70, 315-
402, with permission.
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to mousepox, and another reason for thimfected. This included the thymus gland of
resistance of certain strains of mice was thatewborn animals, with its implications for
their macrophages were resistant to infedmmune tolerance, and egg cells in the
tion. At that time the antiviral action of ovary with its implications for the vertical
interferon was lagely anin vitro phenome transmission of the infection. Surprisingly
non, and TR (Mani) Subramanyan studied uninfected cells, as judged by the absence of
its rolein vivo in terms of the known steps antigen, could not be superinfected, so pre
in the pathogenesis of mousepox. sumably the virus could be present in a
Visiting workers brought with them defective form. He also made a longitudinal
interests and enthusiasms that broadened csttudy of congenitally infected mice, and
research activities. Fred Murphy joined udound that these mice were runted, although
in investigations of the pathogenesis in mic¢heir immune responsiveness was normal.
of Sendai virus and of Ross River virus, armhen Zlata Vélinerova mastered the daunt
Australian arthropod-borne virus (see ping technique of thoracic lymph duct canrnu
400). Richard Johnson, a clinical neurololation in mice which enabled her to follow
gist from the USA, spent a highly productivethe trafic of infected lymphocytes through
two years in the Department, taking advanlymphoid tissues, and PhD student Fred
tage of the fluorescent antibody method tdosolini made basic studies on mouse strain
study the passage of herpes simplex virususceptibility to LCM virus. As a final har
from the periphery to the central nervoussest from the fluorescent antibody tech
system of suckling mice. This could takenique, Mims investigated pathways of
place via peripheral nerves or from the bloodpread from mother to fetus of both LCM
across blood vessels in the brain. and mousepox viruses. Placental cells
Until the late 1960s the immunological involved were identified and the influence
aspects of infection had received only spoof immune responses studied.
radic attention. Using autoradiography In retrospect, the factors that made the
Mims had followed the fate of thymocytes1960s and early 1970s such a productive
in suckling mice, and had determined theperiod for studies of viral pathogenesis and
origin and properties of mouse peritonealmmunology were as follows. First, the
macrophages, a cell that came to play a ceavailability in the Department of well-stud
tral part in many of our pathogenesis studied model systems in the mouse. Second,
ies. In 1969 Robert Blanden took a majothe opportunity to use the fluorescent anti
step in the application of immunology tobody technique to analyse the course of
viral pathogenesis (see p. 319). Using thanfection, as well as the superbly convenient
mousepox model system, where so many ohethod for culturing cells on microscope
the parameters were now known, he showeslides devised by John Cairns. Third, the
that immune lymphocytes were essential fosteady flow of PhD students and Postdoc
the clearance of foci of infection on thetoral and \siting Fellows through the
liver. Antibody and interferon were rela Department, the life blood for a rather-iso
tively unimportant; it was cell-mediated lated laboratorybrought to the resident sci
immunity that mattered. entists the oxygen of new ideas and
It was from the studies on lymphocyticenthusiasms. Fourth, the presence of an
choriomeningitis (LCM) virus infection of excellent animal house where mouse
mice that the immunological approachpathogens (ectromelia and LCM viruses)
yielded its greatest harvest. For a startould be studied without them spreading to
Mims and PhD student Sally Alhwright uninfected areas, and where human
showed that adult mice experienced a-gerpathogens (LCM virus) could be safely
eral but temporary immunosuppressiorstudied. Fifth, the opportunity to focus sin
after infection with this virus. Mims found gle-mindedly on research without the dis
that in congenitally infected mice most oftraction of grant applications and
the cells in all tissues of the body wereundegraduate teaching.
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Left Cedric Arthur Mims (1924-). After graduating BSc(Hons) in Zoology at University College London
in 1947, Mims entered Middlesex Hospital Medical School, becoming a demonstrator in the physiology
department while studying as a medical student and qualifying in 1952. His introduction to laboratory
work came during a three-year spell in Entebbe, Uganda, working on tropical fevers, especially Rift
Valley Fever. He then spent a happy and productive 15 years at the John Curtin School, concentrating
on the pathogenesis of a variety of virus infections, including ectromelia, influenza, and lymphocytic
choriomeningitis. In 1972 he left Australia and became University Professor of Microbiology at Guys
Hospital Medical School, London. Much of his time was now spent teaching medical students, and he
wrote a classic book, The Pathogenesis of Infectious Disease, now in its 5th edition, and two other
scientific books. Serving on a Medical Research Council Committee over 12 years he made regular
visits to research projects in tropical Africa. He retired in 1990, but continued to write books, including
When We Die (all there is to know about death!) in 1998 and The War Within Us (Everyman'’s guide to
infection and immunity) in 2000.

Centre Frederick A. Murphy (1934-) graduated BS (1957) and DVM (1959) from Cornell University and
then served for two years in the U.S. Army Veterinary Corps. After obtaining a PhD in Comparative
Pathology from the University of California at Davis in 1964, he started the Viral Pathology Branch at the
U.S. Centers for Disease Control (CDC) in Atlanta. Over the next 14 years his research centered on the
pathogenesis and ultrastructural pathology of many viral diseases, including rabies, arbovirus
encephalitis, and the viral hemorrhagic fevers, including Ebola hemorrhagic fever. In 1970-71 he spent
a sabbatical year with Cedric Mims at the JCSMR. In 1983 he was appointed Director of the Division of
Viral and Rickettsial Diseases and in 1987 Director of the National Center for Infectious Diseases at
CDC. From 1991 to 1996 he served as Dean of the School of Veterinary Medicine at the University of
California, Davis and is now Professor of Virology there. In 1987 he collaborated with Frank Fenner and
others to produce a textbook, Veterinary Virology (2nd edition, 1994), as a companion book to Fenner
and White's Medical Virology, and took over as senior author of the 3rd edition (1999).

Right Richard T. Johnson (1931-) graduated in medicine at the University of Colorado and spent a year
at Stanford University and the Walter Reed Army Institute of Research before receiving training in
neurology at Harvard University and the University of Durham, England. He spent 1962—-64 as a Visiting
Fellow with Cedric Mims at JCSMR, then returned to the United States as a junior faculty member at
Case Western Reserve. In 1969 he went to the Johns Hopkins University School as Dwight D.
Eisenhower Professor of Neurology. He is also a Professor of Microbiology and Neuroscience. He has
published over 300 papers and among other awards received the first Pioneer Award of the International
Society of Neurovirology as the ‘Father of Neurovirology'.
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Immunopathogenesis of L  ymphocytic Choriomeningitis

by Peter Doherty

The outstanding research resource at thexperiments involved Jane Allan, Rod
JCSMR during the years 1982-1988 wa<feredig and several PhD students (Geeta
the availability of substantial numbers ofChaudhri, Jane Dixon, Felicityyhch and
high quality inbred mice. Otherwise, fund Zsuzanna dbi) from the two laboratories.
ing for both reagents and for personnel waBiscussions with lan Clark also led to an
somewhat limited. As a consequenceinterest in oxidative pathology (see p. 405),
though | was professorial head of a research topic that we explored both with LCMV
department and had a significant nationaand, in collaborative studies with lan
and international profile, | found myself RamshawPeter Badenoch Jones, and later
working like a postdoctoral fellow in order David Wllenborg, the rat experimental
to maintain a viable scientific program.allergic encephalomyelitis (EAE) model
This ultimately proved to be unsustainable(see p. 341). The work was donegky by
and would have been a totally ifeftual Narelle Bowern, who was then a PhD
strategy if it had not been for thef@t of scholar but had earlier been involved, as a
Jane Allan in my laboratory and collabera technician, in the pioneering experiments of
tive interactions with the independent pro Robert Blanden on ectromelia virus-specific
gram led by Rhodri Ceredig. Jase’ CMI that were the prelude to our 1973-dis
expertise was in virology and cellularcovery of MHC restriction (see p. 319). In
immunology while Rod was authoritative addition, PhD student Michael Uren ana
on the analysis of cell-mediated immunitylyzed the spectrum of CD4T cell speci
(CMI) by flow cytometry; Jane and | were ficity for some of the flaviviruses.
also helped by some excellent technicians, The unique advantage of the LCMV
particularly Diana Hartley and Andrew model was that it was possible to quantitate
Clearey the magnitude of the response following
My previous research program at thentracerebral injection with the virus by
Wistar Institute, Philadelphia, had d¢g@ly counting inflammatory cells in cere
focused on the CDBT cell response to brospinal fluid recovered from the cisterna
influenza A virus. This was also the area ofnagna. The exploitation of this approach
interest of Gordon Ada, then Head of thehad earlier (1973-75) led to the discovery of
Department of Microbiologyso | decided MHC restriction, and allowed us to demon
to leave influenza to Gordon (see p. 333¥trate that the phenomenon applied to both
and to return to an earlier obsession with theytotoxic T lymphocyte (CTL) activity
imunopathogenesis of lymphocytic chori measuredin vitro and the inflammatory
omeningitis virus (LCMV) infection. process induceith vivoby adoptively trans
Experiments with LCMV during my previ ferred CDg T cells. Many of the novel
ous incarnation as a Postdoctoral Fellowfindings that we made between 1982 and
then Research Fellow (1972-1975) at th&988 came from the further application of
JCSMR had led to the discovery (with Rolfthis adoptive transfer protocol.
Zinkernagel) that CD8 T cells recognize Using bone marrow radiation chimeras
major histocompatibility complex (MHC) made with MHC-diferent mouse strains,
glycoproteins that have been in some wawe showed that exposure to the appropriate
modified by the process of virus infectionspectrum of MHC+virus (antigen) in lym
(called MHC restriction) (see p. 323). phoid tissue led to clonal expansion and dif
| decided to concentrate on thevivo ferentiation of LCMV-specific CD8 T
immunobiology of LCMV-specific déctor cells. Howeverthese CTL déctors did not
and memory CD8T cell responses. Theselocalize in lage numbers to the virus-
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infected central nervous system unless theisted in the minds of many immunologists,
appropriate MHC glycoprotein was alsoand was only finally dispelled years later
expressed in the brain. The likelygatwas (1999) when it became possible to stain the
the LCMV-infected epithelium of the virus-specific population directly with
ependyma, choroid plexus and meningesetrameric complexes of MHC glycopro
During the course of these studies, we alsgin+peptide (tetramers) and antibodies to a
discovered that the then mysterious hybridhymidine analogue (bromodeoxyuridine)
resistance (Hr) éfct described many yearsfed during the course of the host response.
previously for bone marrow reconstitution  Flow cytometric analysis led to the con
by Gustavo Cudcowicz was equallffeaf  clysjon that a very small number of adop
tive in eliminating LCMV specific T cells. tively transferred, virus-specific CD8T
The radiation-resistant mediators of Hr borgq||s were sifcient to initiate the passive
the Thy 1 marker characteristic of T cells;gcryitment of lage numbers of otherwise

and some categories of natural killer éNK)uninvoIved ‘bystanders’. These experi
a .

c?rlls.t FurthermoLe, LC'}”V'SpeCiﬁC CD ,ments, together with the results from est
eféctors were shown 10 express asialomaeg of CD T cell frequency determined
GM1, a molecule that had previously bee

’ - rby limiting dilution analysis, were to influ
con::]d%réeéj i?jgaeft'ﬂg'tvgnr]narg?gg Eﬁrgegs'ence my thinking for many years. However
g€ P though there is every reason to believe that

at about that time was that CHg cell . ;
responses were generated from non—plrolifthe LCMV adoptive transfer studies were
correctly interpreted, and there is a ready

erating, pre-existing lymphocyte popla xplanation for the fact that limiting dilution

tions that were in some way removed fro assays only detect about 10% of the virus
suppression. This hypothesis was$eef o 09 el
bp yp specific CDg T cells, recent studies with

tively discredited by giving mice small !
doses of the cytotoxic drug, cyclophos tetramers have shown that we (like every

phamide, during the course of the primary’n€ €lse) greatly underestimated the magni
response to LCMV The treatment protocol tude qf the virus-specific h.ost response.
had no dect on ‘resting’ memory T Ce”S, SometlmeS_ the correct .p|CtUre annot
but the responding CDBpopulation was €mege until the appropriate technique
totally eliminated. Later studies using ira becomes available.

diated, adoptively transferred memory pop ~ One result from the Canberra years that
ulations also indicated that lymphocytehas stood the test of time was Zsuzanna
division is aSPrerequisite for the recall of aTabi’s demonstration that virus-specific
primed, CD8 memory T cell population. CD8" memory T cells dier from naive pre
Even so, the idea that secondarily-stimucursors in that they are much more readily
lated memory T cells do not normally dividetriggered to dector function and express
prior to mediating déctor function per high levels of the CD44 (Pgpl) glycoprotein.

Further Reading

Allan, J.E., Dixon. J.E. and DohertgC. (1986). Nature of the inflammatory process in the central
nervous system of mice infected with lymphocytic choriomeningitis vitugient pics in
Microbiology and Immunology 34, 131-143.
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Tabi, S., lynch, F, Ceredig, Rh., Allan, J.E. and DoheC. (1988). Wfus-specific memory T
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Left Rhodri Ceredig (1950-) was born in Aberystwyth, Wales, and graduated MB ChB at the Birmingham
University Medical School in 1974. In 1975 he moved to Australia where he was Senior Tutor at Monash
University Department of Pathology and Immunology from 1975-77, before enrolling for a PhD degree at
the Walter and Eliza Hall Institute, graduating in 1980. From 1980 to 1985 he worked at the Ludwig
Institute for Cancer Research, Lausanne, and came back to Australia in 1985 as a Senior Research
Fellow in the Department of Experimental Pathology, JCSMR. In 1989 he moved to the Laboratoire
Genetique et Moleculaire des Eucaryotes, Strasbourg, and was appointed to INSERM in 1995. After
spending periods of leave at the Basel Institute for Immunology, Switzerland and the MRC Center for
Immune Regulation, Birmingham University Medical School, in 2000 he moved to the Laboratoire
d’Immunochimie at the Atomic Energy Commission (CEA) at Grenoble, France, INSERM Unit 548.

Right Jane Elizabeth Allan (1956-) was born in Glasgow, Scotland, and graduated BSc at the University
of Glasgow in 1976. She then moved to the University of Western Australia, where she graduated
BSc(Hons) in 1979 and PhD in Microbiology in 1982. In 1982 she was appointed Postdoctoral Fellow
in the Department of Experimental Pathology, JCSMR, and promoted to Research Fellow in 1985. In
1988 she moved with Professor Doherty to the Department of Immunology at St Jude Children’s
Research Hospital in Memphis. In 1993 she moved back to the University of Western Australia as R.D.
Wright NH&MRC Fellow in the Department of Microbiology and in 1996 she was appointed Senior
Scientist and Lecturer in the Department of Medicine at the University of Western Australia.
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The Beginnings of Molecular V irology

by Wolfgang (Bill) Joklik

It is difficult to appreciate, at the start of theectromelia virus caused a dg@r (10- to 15-
third millennium, the state of molecularfold) increase in the amount of thymidine
virology half a century ago. i§sue culture kinase, later shown to be an early poxvirus-
or, more specificallyculturing and cloning encoded enzyme. He also found that infec
animal cellsin vitro, was just being devel tion resulted in lage increases in the
oped and not yet in general use. The onlgmount of polyribosome-associated RNA,
viruses that could be studied in homogeneougter shown to be poxvirus-specific early
populations of host cells were bacteriamessenger RNA. Studies like these laid the
viruses. Systems comsiig homogeneous groundwork for quantitative biochemical
populations of virus particles replicating instudies of single step viral growth cycles
homogeneous populations of mammalia@nd defined the expression of genetic infor
cells, a fundamental prerequisite for meanmation encoded in viral genomes and the
ingful quantitativestudies of changes in the responses of host cells to viral infection..
levels of specific host cell and viral proteins Second, he devised a technique for iso
during the one-step growth cycle, that islating poxviruses in high yield from cul
molecular Viro|ogywere just beginning to tured cells. The starting material was

be developed by Renato Dulbecco whegynchronously infected Hela cells which
Bill Joklik arrived in the Department of Were blended with Genetron, sonicated or

Microbiology in the autumn of 1953. Dounce-homogenized, and then centrifuged

As an ANU ScholarJoklik had worked through 36% sucrose cushionsirug in the
on various aspects of bacteriophage TPellets was then banded in 25-40% sucrose

replication, and Frank Fenner wanted him t(gjensityogradients. Recoveries were more
initiate biochemical, i.e., moleculastudies han 50%.

on tissues of rabbits infected with myxoma, _El€ctron micrographs demonstrated that
fhe product was essentially pure virus parti

virus. It soon became apparent that suc ; .
studies were not feasible owing to thecles, and the amount of virus could be-esti

extremely low amounts of myxoma virus inMated simply by measuring optical density
organs like the liver Joklik soon demon &t 2.60| mt“'tl cipgcallléjensny un'i. t;emg
strated that the amount of virus present i ql'mk/ﬁl en64 0 Thi X f["”“:ﬁ partlﬁ %S ¢
livers of myxoma virus-infected rabbits was'/c'91N9 94Hg. ThiS 1S Sl the method o

no more than 0.001% of the amount of Viruschmce for isolating poxvirus particles from

resent in the livers of rabbits infected Withculture_:d cells._ . .
Itohe strain of vaccinia virus known as rabbit Third, starting with cowpox virus (CPV)
pox virus (RPV), and he therefore directec
his attention to the replication of vaccinia
virus and closely related orthopoxviruses.

Joklik’s studies on the molecular virol
ogy of vaccinia virus replication during the
years 1955 to 1962 followed five
approaches. First, he initiated studies ol
nucleic acid metabolism in cells infected
with vaccinia virus, using radioactively
labelled precursors, a field that was jus
developing at that time. He demonstraten

that infection _Of equnentia”y growing gjectron micrograph of cowpox virus, chromium
HelLa cells with rabbitpox, cowpox, or shadowing.
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purified in this way Joklik isolated its orthopoxvirus virus abolishes the lag and
genome with an 80% vyield following treat permits uncoating to proceed under cendi
ment with SDS in the presence of 2-mertions of protein synthesis inhibition.
captoethanol, followed by digestion with  Finally, Joklik investigated the molecu
papain and extraction of residual proteidar basis of a phenomenon described by
with phenol. The isolated DNA was dou Berry and Dedrick in 1936, namely that
ble-stranded according to a variety of crite active myxoma virus could be recovered
ria. and its size was determined byfrom rabbits injected with mixtures of heat-
centrifugation in a Spinco Model E Ultra inactivated myxoma virus and active
centrifuge and by chromatography on Celitdibroma virus. This experiment had been
chaged with methylated bovine serumsuggested by Gfith’'s earlier studies on the
albumin, using authentic bacteriophage T2ransformation of pneumococcal types and
and lambda DNAs as standards. The ischad therefore become known as the
lated DNA had a molecular weight of aboutfibroma-myxoma virus transformation’. It
80 million, about one half of the expectedwas first shown that this phenomenon was
value of 160 million (as calculated from thenot limited to leporipoxviruses, but that it
accepted weight of poxvirus particles andvas a general phenomenon within the
their DNA content). It was further demon poxvirus family that transcended genera, for
strated that the DNA isolation procedureheat-inactivated RPV was found to be reac
used caused no change in the size of Tvated in the chorioallantoic membrane not
DNA,; and that the chromatographic profilesonly by other orthopoxviruses, but also by
of T2 and CPV DNA were very similar fibroma virus and fowlpox virus. Joklik,
with no evidence of random single breaks irHolmes and Briggs then demonstrated that
the CPV DNA. Whatever the reason for thareatment of RPV with urea, another protein
discrepancythe CPV DNA that was iso denaturant, also generated ‘reactivable’
lated represented genomes that had not beeinus, and that the property of ‘reactivabil
broken more than once, if at all. ity’ was retained when the outer coats of
Fourth, in 1960 Joklik started his inves heat- or urea- inactivated virus were
tigation of the intracellular uncoating of removed by proteolytic digestion, that is,
vaccinia virus. The techniques used were dseactivability’ is a property of poxvirus
follows. The virus used contained*“C cores.
labeled thymidine, &labeled leucine or All these experiments suggested that the
P=-labeled orthophosphate. At variousmost likely explanation of the Berry-Dedrick
times after synchronous infection infectedohenomenon was that during the conversion
cell samples were analyzed for the presena&f active to reactivable virus some protein
of DNA digestible by DNase (uncoatedessential for virus replication is inactivated
DNA), and degraded protein and phosphoand then supplied by the active, reactivating
lipid. The first stage of uncoating, whichvirus particles. If that is the case, it was-rea
commences immediately upon adsorptionsoned, virus in which the genome but not the
results in the breakdown of almost all phoscrucial protein had been inactivated, should
pholipid and the disintegration of part of thebe able act as the reactivating agent. Joklik,
outer viral protein coat. The second stag®am Abel and lan Holmes showed that this
begins after a 30 to 60 minute lag, dependvas indeed the case; RPdt indeed any
ing on the multiplicity of infection, and poxviruses tested, when completely inacti
results in the sensitization of the viralvated by treatment with nitrogen mustard,
genome to deoxyribonuclease, that iswhich inactivates DNA much more exten
uncoating. Initiation of this stage requiressively than proteins, was able to reactivate
protein synthesis; this stage does not occureat- or urea-inactivated RPV and any other
in the presence of inhibitors of protein syn heat- or urea-inactivated poxviruses tested.
thesis. Not surprisinglypre-infection with The Berry-Dedrick transformation thus fep
homologous or any heterologousresents the reactivation of poxviruses by a
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non-genetic mechanism. inducerprotein that induces the synthesis of
The final chapter to this investigationthe protein required for uncoating. The
was Jokliks demonstration that for heat- nature neither of the inducer protein nor of
inactivated virus particles the second step ahe protein that perhaps plays some role in
the uncoating process does not proceed, thetducing, are known. It is conceivable that
is, the genome of reactivable virus particleshe inducer protein is the viral DNA-
is not uncoated. It was thererore postulatedependent RNA polymerase, but there is no
that what is inactivated by heat or urea is aexperimental evidence for this suggestion.
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Joklik, WK., Abel, P and Holmes, I.H. (1960). Reactivation of poxviruses by a non-genetic
mechanismNature, 186, 992.

Joklik, WK. (1962). The multiplication of poxvirus DNACold Spring Harbor Symposium on
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Genetic Studies with V accinia V irus

by Frank Fenner

Fascinated by the initial virulence of myx pox virus, he showed that tfent white
oma virus (see p. 373) and seeking a bettgock strains produced dérent types of
virus for laboratory studies of poxvirus vir lesion on the chorioallantoic membrane, and
ulence, Fenner (see p. 51) made a compréhat by determining the rate of recombina
hensive study of a number of strains otion to produce wild-type that occurred with
vaccinia and cowpox viruses, which are thalifferent combinations of white pock
model viruses for laboratory study ofmutants it was possible to construct a rough
poxviruses, hoping to find strains that'genetic map’ of rabbitpox virus.
would be suitable for genetic studies. He During the next few years Fenner and
selected two strains of vaccinia virus, andis research student Joseph Sambrook found
demonstrated recombination between thenthat some white pock mutants were also
most conclusively by using single mixedly-host range mutants, in that they failed to
infected HelLa cells. produce plaques in a certain line of pig-kid
During a trip around the world in 1957 ney cells. Some years latéteter Cooper
he visited Salvador Luria in Urbana, 1lli (see p. 393) showed that all host range
nois. Discussing his work with poxvirus mutants of rabbitpox virus had a major dele
genetics, Luria pointed out that by analogytion at one end of their lge double-
with bacteriophage genetics, it would bestranded DNA genome, and that the white
more profitable to study recombination bypock mutants that were not host range
using several diérent mutants of a partieu mutants had a deletion at the other end.
lar virus. Fortunatelyin his initial survey Recombination occurred between, but not
Fenner had found that cowpox virus andvithin, these two classes of white pock
rabbitpox virus (a strain of vaccinia virus), mutants. Other research students aigit-V
which produced haemorrhagic pocks on théng Fellows greatly extended these studies
chorioallantoic membrane, also producednd also investigated termperature-sensitive
about 1% of white pocks. Choosing rabbit mutants of rabbitpox virus.

Wild type rabbitpox virus and some of its white pock mutants. (From Gemmell and Fenner, 1960, with
permission.) It was recognition that white pock mutants differed from each other that convinced Fenner
that the claim of Russian virologists the smallpox virus was a ‘white pock mutant’ of monkeypox virus
was wrong (see p. 466).
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Joseph Frank Sambrook (1939-) graduated BSc
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MRC Laboratory of Molecular Biology, Cambridge
(1966-67) and the Salk Institute (1967—69) before
moving to the Cold Spring Harbor Laboratory as
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Genetic Mapping of Poliovirus

by Peter Cooper

Poliomyelitis is now so well controlled that 39.5°C). Clones were isolated using a low
it may soon be completely eradicated, but ih-FU mutation rate of a 40°C clone of the
1962 poliovirus remained dangerous and itSabin type 1 attenuated vaccine. At this
growth process almost completely obscureime the ground-breaking work of Edgar
Coming to Australia then, Peter Coopemwith bacteriophagés mutants emeyed,
used his experience with poliovirusoutlining a useable protocol for poliovirus.
mutants, growth and plagque assay to-con By 1964 genetic complementation
tinue defining the workings of a ‘simple’ between polioviruss mutants was found to
animal virus and to further control of a seri be too ineficient to allow cistron mapping.
ous human disease. He chose a genetféd few years later (1968) functional pro
approach to the crucial step of identifyingteins were shown by overseas workers to
poliovirus gene functions in the eclipseseparate by post-translational proteolysis
phase. @&sting for thermal growth require from a monocistronic polyprotein of 2000
ments as in London, he showed in earlyamino acids). @&mperature shift experi
1963 that 5-fluorouracil mutated this RNAments showed that all gene functions
virus producing a treasure trove of temperaoccurred simultaneouslyMore useful was
ture sensitive mutantss( unable to grow at genetic recombination aided by a guanidine
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resistance marker allowing unambiguoust the extreme left and defective in replicase
three-factor crosses. Cruciagllwild-type 1. The second produced many mutants,
revertants in the mutant stocks were minalmost all demonstrably changed in coat
imised by several technical manoeuvresprotein including one mapping there. Thus
By 1967 the first genetic map of an RNAcoat protein was predicted to be towards the
animal virus was correlated with defects in5’ end of VRNA.
physiological function: (1) mutants on the  How much of the genome did the map
(arbitrary) left of the map had normal coatcover? Poliovirus VRNA was not then
protein but did not make cRNA at 39.5°Caccurately sized and so was redefined by gel
(replicase | defect, of course, progenyelectrophoresis as 2.53.13 x 10Da, cod
VRNA and coat protein could not be madeng for about 2500 amino acids. Unfortu
either); (2) centre mutants had normal coahately ambiguity in cleavage of the
protein but onet§-28) could be shown to poliovirus proteins prevented accurate- siz
make cRNA but not VRNA at 39.5°C (repli ing by gel electrophoresis. Howeyeount
case Il defect); (3) right-hand mutants madéng tryptic peptides from virions labelled
VRNA but all had coat protein defects.with rare amino acids (cystine, histidine,
Replicase I, Il and coat protein were desigmethionine) compared with a negentler
nated the three primary gene functions ohydrolysis and amino acid analysis indi
poliovirus. Loci for sensitivity to guanidine cated nearly 1000 amino acids (105 kDa)
and two other inhibitors mapped in coatprofor each capsid unit, or 40% of the genome.
tein and were unambiguously assigned ther&ssay of capsid protein terminals (aspartate,
by co-variation ofts and inhibitor sensitiv  glycine, serine) confirmed that virions con
ity characters in one-step wild-type rever tained 60 capsid subunits, each 106 kDa as
tants. Resistance loci to two furthercalculated from total capsid weight. As
inhibitors known to readh vitro with virion ~ 48% of the genetic map was coat protein, by
capsid protein also mapped there, a4971 it thus seemed to cover about 80% of
expected. the genome, with about 20% untranslated.
In 1969 two further unknowns were In the 1980s molecular biology sup
resolved: (1) possibly the original mutantplanted the blunter tool of classical genetics,
suite was too small to saturate the genomepnfirming this genetic map but revealing
but a second series from other mutagenseveral functions not suspected thirty years
nearly doubled their number but onlyago as well as complete nucleotide
extended the map 25% without new phenosequences. Much research is current and
type; (2) to define the’®nd of the map, two the replicase and recombination functions
different 5-FU pulse experiments respecare still not defined. Some secondary gene
tively tried to place mutagen either near théunctions remain unexplained, a host pro
3 or the 5ends of VRNA. The first yielded tein is needed somewhere and some impor
few mutants, but two were mappable, bothlant paradoxes still exist.
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Peter Dodd Cooper (1926-) graduated BSc (Hons) in Chemistry in 1945, receiving his PhD (Bacterial
Inhibitors) in 1949 and DSc (Virology) in 1968, from London University. After a year in industry, in 1948
he joined the Wright-Fleming Institute of St Mary’s Hospital, London, working on the site of action of
radiopenicillin. In 1954 a Fulbright Fellowship took him to the California Institute of Technology to learn
about animal viruses. In 1957 he became Director of the Medical Research Council Virus Culture
Laboratory in London, working with poliovirus. He joined the Department of Microbiology of the JCSMR
in 1962 as a Senior Fellow, continuing with poliovirus and spending the next sixteen years on virus
genetics. In 1978 he switched interest to studying cellular aspects of cancer induction, then in 1982
began exploring cancer treatment and vaccine enhancement by complement activation with the immune
stimulant gamma inulin. This resulted in two world patents. He retired as Senior Fellow in 1988,
receiving two research grants to continue this topic as Visiting Fellow in the JCSMR and in the
Neurosciences Research Unit of The Canberra Hospital, which (2000) is still in progress. He is an
Honorary Life Member of the Australian Society for Microbiology (National President, 1975-6) and of the
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a National Australia Day Council Medal in 1989.

Adenovirus DNA Replication

by Alan Bellett

Alan Bellett and Ph.D. student Banfieldstranded complementary ‘sticky’ ends
Younghusband began to characterize thehich allowed them to form circles or
DNA of several adenoviruses in 1969. Thechains within cells. The DNA replicated in
structure and replication of the DNA of these forms and was cut to form unit length
some bacteriophages &fscherichia coli linear molecules by endonuclease during
had already been outlined (see p. 379)packaging of the DNA into progeny bacte
Their DNA had terminal repeats or single-riophages, and it was assumed that the DNA
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of animal viruses would be similarBut both in the virus particles and infected cells
adenovirus DNA was lineaand had neither the DNA is unit length and lineabut has a
terminal repeats nor ‘sticky ends’. Theprotein covalently bound to each 5’ end.
DNA was eventually found to have The circular and chained forms of DNA
‘inverted’ terminal repeats, which would were due to binding of the denatured termi
not allow formation of circles or chains.  nal proteins to each othefThey therefore
Tony Robinson began his PhD on thesuggested that in infected cells newly syn
replication of adenovirus DNA in 1971. thesised molecules of terminal protein bind
When extracted by conventional methodson-covalently to the 3’ ends of the parental
involving protease digestion, replicatingDNA, and also bind deoxycytidine cova
adenovirus DNA remained unit length andently. This deoxycytidine would then act as
linear Replication began at each end angyrimer for synthesis of the 5’ ends of the
the growing progeny strand displaced thgyrogeny strands.
equivalent parental strand. At this time theé  \ynijle in London on study leave in 1975,
reason for the classical bacteriophage DNAsejiett collaborated with David Rekosh to
replication patterns was beginning to b@ape| terminal protein wittl, and showed
understood. DNA polymerases were founghat in human adenovirus 5 it has a motecu
to be unable to initiate DNA replication, but |, weight of 55K. On his return to JCSMR
required an existing 3'OH primer to which;, 1976 Bellett and Ph.D. student Bruce
they can ad(_j. Internally RNA p_olymerasesSti”man (currently Director of the Cold
can synthesise a short RNA primeubse Spring Harbor Laboratory) began to
quently removed and replaced by DNA, bL"develop methods to test the rival ‘hairpin’

this is not possiblt_a at the end of a Iineagnd protein priming hypotheses for the initi
DNA molecule. This problem can be OVET ation of adenovirus DNA replication. At
he 1976 Cold Spring Harbor Symposium
partial sequence data for the ends of the
viral DNA were first reported. This made it

nlikely, although not impossible, that the

during the replication of linear DNA.
James \dtson (then Director of Cold
Spring Harbor LaboratoryNew York)
pointed out that there remained a problem i, O .
understanding the initiation of replication at ends could form ‘hairpins’ with sfi€ient

the ends of linear DNA molecules which are>t@Pility to prime DNA replication.  Stil -
unable to form circles or chains. Thisman and Bellett did a number of experi
focussed attention on adenovirus DNAMENts which failed to find evidence for the

replication. Vitsons suggestion was that formation of terminal ‘hairpins’ in aden

the ends of adenovirus DNA were self com©Virus DNA. Using chromatography on
plementary and could form ‘hairpins’ that Pezoylated napthoylated DEAE cellulose,
primed DNA replication, the ends beingthey were able to distinguish between repli

reformed by endonuclease cleavage angfting and completed DNA molecules in
repair of the ‘hairpins’. infected cells, and showed that replicating

Robinson and Bellett thought thatDNA has a protein covalently attached to a

another possibility was that adenovirussingle strand of the terminal restriction
DNA might be circularbut was cut into a enzyme fragment, consistent with the -pro
linear form by an attached endonucleastein priming model. They also showed that
activated by protease. They thereforéhis protein is synthesised early in infection,
devised a method of extracting adenovirug@nd not late with the other structural pro
DNA with guanidine, which avoided pro teins. Subsequent work has confirmed the
tease digestion. They indeed found circlesnodel, although it was found that the intra
and chains of DNA, but several observacellular primer protein is lger than that
tions made it unlikely that these were prefound in the virus particles, and is cleaved to
existing. Rather the data suggested thahe final form during assembly
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Murray V alley Encephalitis, 1973-1976

by lan Marshall

In mid-1959, after working for some tenisolation of arboviruses.
years on myxomatosis, | was awarded a My laboratory had been designated the
two-year US National Academy of SciencesNorld Health Oganization Arbovirus Refer
post-doctoral grant to work with W. (Bill)  ence Laboratory for the Australasian Region,
Reeves at the University of California onwhich entailed some responsibilities in
arboviruses (arthropod-borne viruses), wittexamining material from other laboratories
the intention of establishing an arbovirusand supplying them with diagnostic reagents.
laboratory in the School when | returned.n this essay | will describe work on Murray
Myxomatosis was usually transmittedValley encephalitis (MVE) during 1973-76,
mechanically by insect vectors (see p. 373g period that included a major outbreak in the
but much more frequently insect transmisMurray Valley in 1974. | was assisted in the
sion involves multiplication of the virus in laboratory work by my colleague Gwen
the vector (most commonly a mosquito) andVoodroofe (see p. 375) and technicians,
infection via contaminated saliva. The pro Sylvia Hirsch and Elspeth Thibos; assistance
totype arbovirus is the highly lethal yellow with field work is mentioned belawSome of
fever virus, which was one of the firstour work on Ross River virus (R}, the
agents shown to be a ‘filterable’ virus and tacommonest cause of epidemic polyarthritis,
be transmitted by mosquitoes after multipli is described in the next essay
cation in the mosquito. There are now about The virus that causes MurrayaNey
450 catalogued arboviruses, belonging tencephalitis (MVE) was the first indigenous
five viral families; about 70 of these occurvirus that was pathogenic for humans to be
in Australia. isolated in Australia, when in 1918 Anton
Returning to Australia in mid-1961, | Breinl in Townsville infected monkeys by
proceeded to set up the kind of facilitiesintracerebral injection of monkeys with
needed for laboratory studies of arbovirusesnaterial from fatal human cases. In the
which were somewhat ddrent from those same year John Burton Cleland, working
used by most scientists in the JCSMRfrom Sydney also isolated the virus from
Arbovirology also required a commitment tothe extensive outbreak of ‘X’ disease in the
extensive field work, something that | hadMurray River basin and passaged it in mon
enjoyed in my work on myxomatosis. |keys and sheep, but at that time there was no
decided to concentrate on mosquito-transwvay of maintaining it. The next outbreak
mitted viruses, which are the most commormwas in 1950-51, when the environmental
arboviruses and include Australian specieand ecological conditions described later in
that were by that time known to cause serithis essay had occurred, and coincided with
ous human diseases (encephalitis, caused tye dramatic initial spread of myxomatosis
flaviviruses, and epidemic polyarthritis, through the Murray-Darling basin. On that
caused by alphaviruses). This required sebccasion Eric French isolated the causative
ting up an insectary in the animal house twirus from the brain of a fatal case and iden
breed mosquitoes for experimental studiegijfied it as belonging to the same group as
and ensuring thatvo high security animal Japanese encephalitis virus.
laboratories were up to the required standard My involvement with MVE began in
to permit experiments on potentially dangerApril 1973, with a reconnaissance trip
ous viruses. It was also necessary to arranglerough north-western and southern New
for the Animal Breeding Establishment toSouth Wales to find out whether inland epi
provide me with literally thousands of demics of polyarthritis resulted from the re-
female mice with litters (see p. 86), sincentroduction of Ross River virus (RfRfrom
baby mice were the preferred animal for thenorthern areas of endemicity or by radiation
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from persisting local enzootic foci. At the of dry ice (mosquito bait), liquid nitrogen
time virtually the whole of eastern Australiacylinders, vehicle maintenance and, of
was experiencing some degree of floodingourse, to help with the communal chores
and there was prodigious water-bird breedsuch as sorting mosquitoes, bleeding birds,
ing in the vast Macquarie Marshes and mangeparating serum, etc.
smaller marshes. Although the Murray and Late in January 1974, | telephoned
Murrumbidgee Rivers further south wereGeof Gard and Royle Hawkes, former PhD
flowing full, there was no widespread deepstudents, and explained what was afoot;
flooding, although there was shallow fleod both were keen to participate. | then phoned
ing in some of the low-lying river red-gum Harry Frith, Chief of the CSIRO Division of
forests. Overnight mosquito light-trap €ol Wildlife Research, and asked if | could bor
lections were made at seven sites on thew an ornithologist technician. Harry had
Macquarie, Paroo, Darling, Murray andbeen peripherally involved in the 1951
Murrumbidgee Rivers. Although it was MVE outbreak, so knew what was required.
autumn, the mosquito swarms were so eveiHe more than doubled my request and pro
whelming that we reduced the number ofided two senior technicians, Bevan Brown
traps set each night. When the trapped-moand Kent Keith, each with a Land Royer
quitoes, the vast majority of which wereone towing a small caravan and the other a
Culex annunliostris, were tested in the lab boat and outboard motor!
oratory they yielded 15 viruses. MVE virus  Early in February 1974 GebfGard,
was not isolated, and only one of the 19Royle Hawkes, Bevan Brown, Kent Keith,
belonged to the flavivirus group. Keith Clarke and | met at Barrenbox

Several months after this trip, on 3 JanuSwamp, about 25 kilometres west of Grif
ary 1974, the first case of MVE in the Mur fith, and later moved to six other sites in
ray \Valley since 1951 was diagnosed;south-west NSW and north-westctoria.
ultimately there were 58 cases of encephaliAt all these sites we collected bird sera and
tis, 12 of which were fatal. Seven moretrapped mosquitoes. This provided the first
cases had been diagnosed by 28 Januappportunity to obtain information on the
when Ralph Dohertythe arbovirologist at important reservoir hosts and to incriminate
the Queensland Institute of Medicalan epidemic mosquito vector
Research, called me to discuss what should Although water birds were breeding pro
be done. He was keen to continue his-cladifically at all the collecting sites, as they had
sical studies of arboviruses in the tropicabeen in the Darling-Macquarie river system
north and particularly on Capeoik and, in August 1973, the most spectacular sight
with lan Gust of the Fairfield Infectious Dis was the frenetic activity in the river red gum
eases Hospital, Melbourne, to study thdorests straddling the Murray RiveHere
pathogenesis and antibody response iwaterbirds had built their nests in tiers
patients and, where possible, confirm theround the circumference of the tree, each
causative virus as MVE or Kunjin or anothertier being occupied by a dérent species.
related Australian flavivirus. | decided to Nankeen night herons usually occupied the
concentrate on the epidemiology of the-distop tier sometimes preying on the nestlings
ease in the Murrumbidgee and Murray Riveof egrets, ibis and other heron species below
basins, their tributaries and the irrigation-disthem. Smaller cormorants often occupied
tricts through to Mildra. the lowest tier The nestling night herons

| discussed the project with Gordon Adawere hatched naked, and as they were-aban
who, incidentallyhad worked with MVE in doned about sunset while the parents were
the early 1950s when the Hall Institute wasut feeding they were exposed to mosquito
still devoted to virus research. He was verattack. Their hunting technique was to stand
supportive, so | borrowed his senior technimotionless in shallow water and when suit
cian, Keith Clarke, to oversee the generatoable prey approached one quick stab with
battery chager, mosquito light traps, supply slightly open beak was didient. American
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Table 1. Results of serological tests of bird sera

Species of bird Number MVE +ve  Sindbis +ve
Great cormorant 3 1 1
Little black cormorant 26 11 8
Little pied cormorant 46 18 26
Darter 4 2 1
Australasian grebe 5 1 2
Pacific heron 9 3 7
White-faced heron 18 6 5
Nankeen night heron 25 22 17
Sacred ibis 10 4 5
Black swan 9 2 7
Pacific black duck 20 1 9
Grey teal 158 9 51
Eurasian coot 15 2 3
Totals 348 82 142

ornithologists have found that this feedingup to fifty mosquitoes, sorted according to
technique also led to a very high tolerance tepecies and place, date and method of col
mosquito attack, so there was little wondetection, were homogenized in saline and
that the night herons were admirable hostgested for viruses by intracerebral inocula
for MVE. Later in animal house experi tion of day-old mice and inoculation of
ments, it was found that after Nankeen nightnonolayers of ¥ro cells. The results are
herons were infected with MVE, the anti shown in Bble 2. Apart from one isolation
body titres declined quite quickly after infec of MVE from Culex australicusall viral
tion, and they could become viraemic againsolates were fronCulex annuliostris.
if re-infected several months later Ten diferent viruses, belonging to four
Table 1 sets out the results obtaineaf the five families of arboviruses, were
when the bird sera tested for antibodies toecovered. The single isolation of Barmah
MVE, Ross River virus and Sindbis virus. Forest virus was the first isolation of that
Haemagglutination and neutralizationvirus, now known to be a cause of fever
tests on 348 specimens coming from 13vith rash and arthralgia in humans. The
species of birds showed 82 positive resultsommonest virus, Kunjin, is now recog
for MVE; tests on sera from 94 other birds, ohized as a cause of encephalitis in humans,
21 species, were negative for MVE, blitdf  and it is now thought that 5 of the 58 cases
these 21 species were positive for Sindbidiagnosed as MVE in the 1974 outbreak
virus (not shown in table). All tests for Rossmay have been due to Kunijin virus. Sindbis
River virus antibodies were negative. Subvirus occurs world wide, and is another
stantial numbers of several species of birdsause of fever with rash and arthralgia in
were MVE-positive, notably the nankeenhumans. Although no birds showed anti
night heron (88%), two species of cormoranbody to R/, 16 mosquito pools yielded
(40%) and two other species of heron (33%}hat virus, presumably being infected from
Overall, 138,359 mosquitoes were col its mammalian and marsupial reservoir
lected, the vast majority in Gaited light hosts. None of the other viruses isolated
traps. Tvelve species were representedcause disease in humans. In a limited period
98.3% beingCulex annuliostris. Pools of between February 4 and 12, at the height of

Table 2. Species of virus isolated from mosquito pools

Viral genus Flavivirus Alphavirus Bunyavirus Orbivirus
Viral species MVE KUN EH RRV SIN BF KOW KOO WON PAR
Totals 39 110 2 16 47 1 2 7 3 6

MVE = Murray Valley Encephalitis, KUN = Kunjin, EH = Edge Hill, RRV = Ross River Virus, SIN = Sindbis
BF = Barmah Forest, KOW = Kowanyama, KOO = Koongol, WON = Wongal, PAR = Paroo River
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the epidemic in the Murrayalley, a total of cally. Because of the depth of the watee

136,077Culex annuliostris subsequently had to travel through the forest by boat to set
yielded 238 isolates ofllantigenicallydis-  and collect the light traps. In contrast to the
tinct viruses including 38 strains of MVE 138 359 mosquitoes collected in 1974, only

virus and 1 strains of Kunjin virus; 180 apoyt 12,000 were collected during three
Culex australicuyielded 1 isolate of MVE o4 trips in 1975, and they yielded no

and there were no isolates of any VIruSez i oviruses. Serological tests on 1,800 bird
from 917 culicines of other species, nor

from 1,184Anopheles annulipesMost of sera indicated the presence of high levels of
’ i i 0,
the isolates were from trapping sites close t ntibodies to MVE, 94% of sera from adult

places of human infection. As the table?irds and 48% from immature birds being

shows, 64% of all viruses isolated werePOsitive. The Nankeen night heron is an
MVE or the closely-related Kunjin virus. ~ important reservoir of MVE virus and this
We returned to the area in 1975, andorrelates with the fact that the black-
found that because of abnormal floodingcrowned night heron is the most important
mosquito numbers had decreased dramatieservoir host of Japanese encephalitis virus.
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Ross River V irus Infections

by lan Marshall

Epidemic polyarthritis with rash was first fined community | decided to attempt to
described in southern Australia in 1928 andinravel the puzzle. | was always reluctant
there were frequent outbreaks among troop® base a PhD project on notoriously unpre
in northern Australia and fshore islands dictable field investigations, but with the
during the Second Wvid War. There was help of Gwen Wodroofe (see p. 375) and
an outbreak with thousands of cases in thehD student GebfGard, we concentrated
Murray Valley in the summer of 1956, buton an area of relatively undisturbed bush
although it was investigated by three group$and 2 kilometres south-west of Nelson Bay
of experienced microbiologists, thetownship, by trapping and testing mosqui
causative agent was not discovered. Howtoes for virus and carrying out serological
ever, epidemiological evidence suggestedests on native animals. All isolates from
that it was likely to be an arbovirus and thamosquitoes came from an area of consoli
the reservoir host(s) were likely to be mamdated sand dunes covered with grasses,
mals rather than birds. Many of the serahrubs and trees and bisected by a small
from patients were Alphavirus-positive, butcreek. Many flying foxes appeared in the
it was not until 1963 that what proved to beadjacent natural forest, and when their
the causative virus was isolated by Ralpltamps were occupied we collected mosqui
Doherty an experienced Queenslandoes at day and night, but no viruses were
arbovirologist, from a pool oAedes vigilax isolated.
mosquitoes caught at Ross Rivarear The next move was to trap wild animals,
Townsville. with the help on Kent Keith of CSIRO
In the 1950s Dr J. Alan Clarke, an Eng Wildlife Research, identify them, and test
lish physician, migrated to South Queensfor antibodies. The results of this work are
land, where he became acquainted witshown in Bble 1.
epidemic polyarthritis with rash. In the  The most surprising feature of the trap
early 1960s he moved to Nelson Baythe ping, apparent on the first night, was the
Port Stephens area of coastal New Southreponderance of a placental mouse. After
Wales. In 1965 he asked me to help diaghours of measurement and consultation of
nose what he thought was a localized- outhe literature, Kent Keith concluded that it
break of this disease, by now known to bavas a species long thought to be extinct,
caused by Ross River virus, in the area iPseudomysiovaehollandiathe New Hol
which he practiced. Itis a disease with{owland mouse. One specimen had been
grade fever and by the time arthralgiarapped in 1967 in Ku-ring-gai Chase
prompts medical attention, the patient iNational Park, the first recorded for over a
seropositive and it is impossible to isolatecentury yet here it was by far the most com
virus. Although at first sceptical, since mon of the terrestrial animals trapped. Both
arbovirus infections had not been reportedt and the greyheaded flying fox showed
so far south on the east coast, | agreed amdbout 25% seropositives over the three-year
serological tests showed that he had segreriod.
nine cases between March and April 1965. The initial tests of mosquitoes for virus
There were four cases between Februanyere disappointing — no Ross River virus
and May 1966 and one case in 1967. positives from 44,943 mosquitoes collected
Our laboratory continued to carry outin 1968 and tested, after sorting by species,
diagnostic serological tests for Dr Clarke,in infant mice and cultured cells. Subse
and in 1967, intrigued by the persistence ofjuently the results were better: 10 isolates
a low infection rate in such a small, eon from Aedes vigilax, one from Culex
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Table 1. Results of serological testing of mammals captured over the period
1967-69.

Species Common name Tested RRYV positive
Pteropus poliocephalus Greyheaded flying fox 261 65
Pteropus scapulatus Little red flying fox 21 1
Pseudomys novaehollandia New Holland mouse 72 18
Antechinus stuarti Marsupial mouse 16 1
Rattus rattus Black rat 18 0
Rattus luteolus Swamp rat 12 1
Mus musculus House mouse 4 0
Pseudocheirus laniginosis Ringtail possum 3 2
Trichosurus vulpecula Common brush possum 1 1
Petaurus breviseps Sugar glider 2 1

annulirostris and one from a pool dflan-  paralytic response. Cedric Mims, Fred
soniaand Culex spp. in 1969, one isolate Murphy (see p. 383) and PhD student Bill
from Aedes vigilaxn 1970 and one isolate Taylor, using routine histologymmunofiu
from Mansonia linealisn 1971. A total of orescent staining, electron microscopy and
10 isolates were made of two other unrevirus titration, found that widespread necro
lated arboviruses. sis with paralysis of the hindlimbs did not
This experience, made possible by th@ppear until several days after peak viral
interest and help of a country general praditres, and that five weeks later the muscle
titioner, is a unique record of how Rosshad regenerated, as judged by histoJogy
River virus can persist, probably indefi limb weight was normal and function had
nitely, in small populations of reservoir returned to normal.
hosts and periodically infect humans via A third genetic type of Ross River virus
vector mosquitoes. was responsible for a spectaculaginrsoil
The Nelson Bay isolates had anotheputbreak in Fiji and adjacent Pacific Islands,
surprise in store for us. The prototypenvolving tens of thousands of human cases,
Queensland Ross River virus and strainbetween April 1979 and February 1981. On
from the Murray Vlley and adjacent areasthis occasion virus rather than antibody
killed day-old mice inoculated intracere could be recovered from blood collected
brally in 3-4 days, but the Nelson Bay viruswhen patients first presented to a physician.
had no apparent fefct on them except This form, like dengue and yellow feyer
hindquarter paralysis, clearly evident 7-8could be maintained by person-to-person
days after inoculation. Full virulence couldspread via mosquito vectors, but it was not
be obtained by 8-10 intracerebral passagesjaintained in other animal hosts and even
but we were more interested in the unusudlally died out in the Pacific islands.
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Marshall, I.D. and Miles, J.A.R. (1984). Ross River virus and epidemic polyarti@itisent
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Antibody-Dependent Enhancement of V  iral Infectivity

by Royle Hawkes

In 1961 | came to do a PhD in the Departtwo years earlier | thought that | was not
ment of Microbiology at the John Curtin likely to make exactly the same mistake
School. My supervispian Marshall, sug twice, and that the phenomenon was proba
gested that | develop the agar gel precipitibly real. A flurry of experiments followed.
method for arboviruses, using Getah virusThe magnitude of the enhancement was
an alphavirus, and Murrayalfey encephali  considerable, it occurred with many viruses,
tis virus, a flavivirus. | used domestic fowls,it was virus-specific, and it occurred only
immunized with viruses grown in mousewhen avian antisera were assayed on avian
brain, as the source of antisera, and infectivge|ls. Asian antisera assayed on mam
mouse brain as antigen. itWhindsight, it malian cells, and mammalian antisera
would have been better to have used mice @Ssayed on avian cells, always produced
the source of the antiserum, to avoid the-sulheytralization.  Later work by others
sequent need to absorb out the anti-mousgowed that mammalian antisera demon
antibodies from the fowl antisera. strated the déct on mammalian cells.
One of the recognized properties Ofkeyin Lafferty lent his considerable expert
antiviral antibodies is their ability to neu e g purifying the active immunoglobulins
tralize viral infectivity The time came 10 gng g|ycidating the kinetics of the reaction.
carry out neutralization tests on the antisergyq speculated that somehow the attachment

to compare the levels of precipitating andys o niibody to virus particles increased the
neutralizing antibodies. For convenience, roportion of the viral population which

gsstcé ncthgrkn elgtiayoglrt::gggzt}sn aﬁhfgﬁ s?esr?a ould attach to and penetrate cells. It was a
Y » employing usy and exhilarating time.

dilutions of antisera are mixed with standar It took about ten years for the phenome

amounts of virus. The usual finding with on to be accepted, and for other workers to
potent antibody was that neutralization of1on accepted, ;
pegm to fill in the gaps. It is now well

the virus occurred at high concentrations o . :
antiserum, the degree waning with progrescStablished that —antibody  dependent

sive antiserum dilution, until eventuallif enhancemgnt oceurs ir) many Vir‘f"l fammes'
dilution proceeds far enough, the residuafd that it is clinically important in certain
virus in the mix became the same as that ijtuations, the most striking of which is
the standard virus mixed with normald€ngue haemorrhagic fevels so often
serum. Embarrassinglyny results showed happens, there was a lot of luck in the-dis
that the apparent virus level increasedCOVery; | happened to produce the antisera
rather than decreased, when mixed witt? chickens, | assayed the virus-antibody
diluted antibody | concluded that | had set Mixture on chicken cells, I had a supervisor
up the experiment wronglpeing unable, (lan Marshall) who displayed benevolent
like so many others, to envisage a situatiofcepticism until the phenomenon was
where antibody acted contrary to reason an@eyond doubt and strong support thereafter
all previous experience. Assuming that [|and another established scientist (Kevin
had botched it, | put the whole thing awayl-afferty) was willing to collaborate but
and went on to have an enjoyable two yeareareful not to dominate. Perhaps the best of
doing arbovirus epidemiology in New all was the opportunity to visit the matter
Guinea. twice, at an interval of two years. Dogma is

However later | repeated the experimenta difficult thing for the novice to surmount.
on the avian sera, just tidying up for my-thel needed a second try before | could ehal
sis, and got exactly the same results as | hdenge it.
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at the University of New South Wales as a Senior
Lecturer, later becoming an Associate Professor.
He worked on a number of medically important
viruses, especially the hepatitis viruses, and in
1980 began a long-term study of the
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Modulation of the MHC Class | Pathway in Cells Infected with Flaviviruses

by Mario Lobigs

The 1990s were the decade which gave supplies the endoplastic reticulum (ER)
detailed understanding of the cell biology oflumen with peptides of predominantly
the MHC antigen presentation pathways. Aytosolic origin explained in molecular
host of accessory molecules dedicated to therms the cell biological puzzle how the
generation and supply of peptides and thecompartmental barrier between cytosol
loading onto the restriction elements werdgsource of peptides) and ER lumen (site of
identified. For instance, the discovery ofassembly of MHC class | molecules) was
the TAP transportertfansporterassociated bridged in the antigen presentation pathway
with MHC class | antigeprocessing) which | had joined the Division of Cell Biology
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in 1990 and was working with Robertrepertoire and prevent escape of pathogens
Blanden and Arno Miillbacher on the cellu from T cell recognition, albeit with the pro
lar immune response against flaviviruses. Viso that the species has only a limited poly
also had an interest in intracellulargating morphism of its MHC class | genes.
of viral proteins and experience in the Our diversion into the immunobiology
recombinant vaccinia virus expression-sysof antigen presentation was unexpectedly
tem from my post-doctoral term at theturned back to my main interest as a virolo
Karolinska Institute in Sweden. At the timegist, the molecular and cell biology of {la
the proposition was raised that thdief viviruses, with the surprising result that the
ciency of antigen presentation would beantigen presentation defect in the Syrian
greatly enhanced if the accessory moleculdsamster (BHK) cell line was also repaired
of the MHC class | pathway co-evolvedupon infection with a flavivirus, @&t Nile
with their restriction elements such that avirus. Arno and | immediately set out to
functional polymorphism of the former devise and conduct a set of immunological
would result in the selective supply andand biochemical assays using various fla
loading of the latter with peptides. viviruses and peptide transporterAf)-
Arno and | decided to test this concepteficient cells to confirm the phenomenon.
using the premise that the putative funcWe had stumbled upon the likely meeha
tional polymorphism of the accessory mole nism for a discoverymade some ten years
cules of the class | pathway should besarlier by Arno, Robert, and their students
revealed by the presentation of afeliént Nick King, Yang Liu and Alison Kesson, of
peptide repertoire by mouse MHC class the up-regulation of cell surface expression
molecules when expressed in cells from difof MHC class | glycoproteins in flavivirus-
ferent species. Winfected cells of diverse infected cells. This phenomenon is a unique
origins, ranging from mammals to birds,effect of flavivirus infection and is found in
with vaccinia virus recombinants encodingdifferent cell types from diérent species. It
different mouse class | molecules. Surprisis interferon-independent, and presents a
ingly, with one exception, all infected cells paradox in terms of virus survival, given the
were sensitive to recognition by mouseapparent increased susceptibility of-fla
cytotoxic T lymphocytes if the correspon vivirus-infected cells to recognition by cyto
ding mouse class | restriction element andoxic T cells. Using biochemical assays for
the protein antigen as source for specifithe peptide import into the ER lumen we
peptide determinants were present. Thifurther showed that the virus does not
work demonstrated the almost exclusivenduce leakiness of the membrane, and does
contribution of the class | molecules in thenot encode a protein which functions in pep
selection of cytotoxic T cell determinantstide translocation, but modulates the ER
for presentation to T lymphocytes. membrane such that net import of peptides
This set of experiments also led to theénto the lumen by the AP transporter is
revisiting of an immunological curiosijtthe augmented. This increases the availability
MHC class | monomorphism of the Syrianof peptides, and in turn, allows increased
hamster since two of the hamster cell linesassembly and cell surface expression of
that we had tested revealed antigen preseMHC class | restriction elements.
tation deficiencies for particular mouse This chronological description of collab
MHC class | allelic products. These defi orative work in Arnos and my laboratories
ciencies were repaired by transfection of thexemplifies that the solution to a particular
cells with cDNA for the peptide transporterproblem often stems from the free-ranging
from another species. This suggested tha&nquiry in apparently unrelated fields. It
functional polymorphism of the peptide also demonstrates that the interfaces of
transporter may have evolved after all,posvirology, cell biology and immunology are
sibly as a mechanism to expand the T ceh fertile ground for exciting discoveries.
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The Cytokine Theory of Malarial Disease

by lan Clark

Falciparum malaria, still a cause of morbid coma and death, did not stand up to scrutiny
ity and mortality on a grand scale, is a ecom  While working in England in the early
plex multi-ogan disease that is often fatal.and mid-1970s lan Clark became interested
It was never clear how a protozoan parasite the possibility that tumour necrosis factor
restricted to erythrocytes caused this-syn(TNF), now well known in immunology and
drome, since the long-assumed directlisease pathogenesis but then a newly-
effects of a malarial toxin causing illness,described protein that killed tumour cells,
and mechanical blockage of blood vesselmight explain the protection he had been
by sequestered parasitised red cells causiraple to achieve against rodent malaria by
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prior infection with BCG. This &fct was used as an experimental tumour therapy in
not mediated by antibodput clearly a sel patients.
uble factor was involved, since the parasites By the late 1980s TNF had also begun to
were dying inside erythrocytes circulatingbe recognized as a major endogenous medi
in the protected mice. While in the Depart ator of the pathology of gram-negative bac
ment of Microbiology JCSMR, as a terial infections, as Clark had proposed
Research Fellow (1977-1981) he developedarlier By the end of the 1980s TNF and
this idea into the proposal that much of theelated mediators were being found by this
illness and disease that accompanies sygroup, and others, in the plasma of malarial
temic infections such as malaria and sepsigatients in proportion to the severity of their
is a consequence of excessive productionlness. Thus TNF escaped from the €on
by host cells, of soluble mediators such afines of the tumour world and began to be
TNF, now called the pro-inflammatory seen as &one fidemediator of both cell-
cytokines. In malaria a corollary of this mediated immunity against malaria para
principle was that the long-postulatedsites, and the pathophysiology of the disease
malaria toxin did not cause illness directlyitself. These concepts now drive much-cur
as had been assumed since last cenbuty rent work on malarial disease pathogenesis
through inducing the host to release anternationally and have paved the way to
shower of excessively generated cytokinesimilar investigations in many other infec
that, at lower concentrations, are an essetious diseases.
tial part of the host immune response. In the early 1990s Clark and his €ol
Those with a historical eye will recognizeleagues had added cytokine-induced nitric
this as a meing of Claude Bernard’ oxide generated by inducible nitric oxide
endogenous, and Louis Pastsuexoge synthase (iNOS) to their model of disease
nous, concepts of disease pathogenesis. pathogenesis. it knowledge of the roles
Clark then continued this work in the of nitric oxide in basic physiology increas
ANU Faculty of Science as an NHMRCing exponentially over the decade, the
Research Fellowin collaboration with a aspects of malarial pathophysiology that
group he funded for 15 years within thethis molecule could plausibly mediate
JCSMR through the @Wld Health Ogani increased accordinglyBy the turn of the
zation. By the mid 1980s the group hactentury in collaboration with &rrie Taylor
access to recombinant TN&lowing them (Michigan) and Malcolm Molyneux (Liver
to show that injecting this cytokine would pool) on autopsy material collected in
cause changes that completely mimicked, adalawi, they were able to demonstrate, as
predicted, the pathology that malaria causegredicted, that induction of INOS and asso
in mice. This had not previously been doneiated nitric oxide generation was wide
for any infectious disease. For instance, thepread in tissues collected at autopsy from
group was able to show that recombinanthildhood malaria and sepsis cases in
TNF inhibited in vivo growth of P. Malawi. This had many implications for the
chabaudj a mouse malaria parasite, andnetabolic changes seen in systemic infec
could cause foetal loss as well as -erytious diseases, since iINOS had not been
throphagocytosis and dyserythropoiesis, allemonstrated in this context previously
of which are associated with human malaria This result allowed the group to appreci
infection, in the mouse model. Much lessate the implications, for malaria pathogene
TNF was required in mice carrying a non-sis, of new experimental evidence that
symptomatic low load of malaria parasitessalicylate enhances and prolongs the activ
in hindsight because their interfergtevels ity of key elements along the signalling
were increased. Soon afterwards othergathway through which interferamngener
extended this principle to human diseasegtes inducible nitric oxide synthase (iNOS).
with TNF reproducing side fefcts identical Reyes syndrome, a severe sepsis-like- dis
to the signs and symptoms of malaria wheease, had been empirically shown to be
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caused by a hypersensitivity to salicylatesyndrome, commonly exacerbates peten
toxicity in children suflering from a mild tially serious infectious diseases, including

viral infection. It virtually disappeared falciparum malaria, by enhancing iINOS
from much of the world after the use of-sal expression. In contrast, the absence of sali

icylate in febrile children was successfullycylate usage in children in some Pacific
discouraged. It had also been noted thagjands may contribute to the milder eut

paediatric salicylate toxicity has many €lin ¢,me of falciparum malaria than is observed
ical features in common with severe falci in Africa. This suggests that Regesyn

parum malaria, mcludmg acidosis, altere rome, which has virtually disappeared
consciousness, convulsions and hypegly rom areas of the world where salicylates
caemia. Salicylates are widely available irI y

a variety of formulations in many African are no longer used n children, was also
countries, and are commonly used for thanediated through salicylate enhancement of

initial treatment of the signs and symptomdNOS expression, the initial trigger in this
that malaria shares with other diseases. instance being a viral infection. These-pro

Clark therefore proposed that, in areagosals, the subject of current research; sug
where salicylates are still used to treat th@est further potential therapeutic uses for
symptoms of febrile illnesses in children,the specific iINOS inhibitors now being
this mechanism, first recognised in Reye’ developed for other purposes.
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