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Infectious disease is one of the few genuine adventures left in the
world. The dragons are all dead and the lance grows rusty in the
chimmey cormner....... About the only sporting proposition that remains
wnimpaired by the relentless damestication of a once free-living human

species is the war against those ferocious little fellow creatures,
which lurk in the dark corners and stalk us in the bodies of rats,
mice, and all kinds of daomestic animals; which fly and crawl with the
insects, and waylay us in our food and drink and even our love.

Hans Zinsser, 1935



ABSTRACT

Tick-borne encephalitis virus (TBEV) encodes a highly immunogenic nen-
structural glycoprotein, NS1. The proposed NS1 gene from the TEEV
strains Neudorfl and K23 was identified, cloned and sequenced. The .
NS1 gene from the Neudorfl strain of TBEV was then cloned under the
powerful constitutive cytomegalovirus (CMV) major immediate-early
promoter (IE) and the CMV IEP/NS1 fragment used as the basis of an
adenovirus Ela deletion mutant. The novel combination of the
cytomegalovirus immediate~ early promoter and the adenovirus vector
produced extremely high levels of NS1 expression in cells which do net
support the replication of the adenovirus deletion mutant. The
recambinant protein was shown to be indistinguishable from authentic
TBEV NS1 in its (i) apparent molecular weight by polyacrylamide gel
electrophoresis, (ii) glycosylation pattern, (iii) ability to form
high molecular weight camplexes, and (iv) ability to be secreted from
cells. Furthermore, appropriate processing of NS1 expressed by the
adenovirus recombinant occurred indeperdently of any additional TBEV-
encoded gene function.

When inoculated directly into mice, the recombinant adenovirus
RAdS1 was shown to elicit an antibody response to the TBEV NS?
antigen. Immunization of mice with RA4S1 conferred both protecticn
from disease and death when challenged with a lethal dose of TREV.
The capability of RA4S51 to elicit an immune response following
inoculation into mice was shown to result from de novo synthesised NS1
and not co-inoculated NS1. It has been proposed that protectien
elicited against TBEV challenge by NS1 is due to camplement mediated
cytolysis of infected cells. The ability of NS1 to protect mice
deficient in the terminal lytic pathway of the complement cascade,

implied that complement mediated cytolysis is not the major mechanism
by which protection is elicited.
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1.1 TICK-BORNE ENCEPHALITIS VIRUS

1.1.1. Historical Perspective:

Tick-borme encephalitis virus (TBEV) is classified as a member of
the flavivirus genus within the virus family Flaviviridae (Westaway et
al., 1985). Flavivirus research truly began with Major Walter Reed’s

experiments which described for the first time a filterable agent,
yellow fever virus (YFV), capable of inducing disease in man, and
demonstrated that transmission of YFV was via an arthropod vector
(Reed et al., 1901; Reed and Carroll, 1902). Since the identification
of YFV, a large number of arboviruses including Russian Spring Summer
Encephalitis virus (RSSEV), louping Ill virus (LIV), dengue virus,
Japanese encephalitis virus (JEV), West Nile virus (WNV), St. Louis
encephalitis virus (SLEV), Murray Valley encephalitis virus (MVEV) and
Kunjin virus have been isolated and classified within the
Flaviviridae.

Some of the earliest records of a tick-borne flavivirus infectibn
were made in 19th century Scotland. These reports described the
characteristic louping or leaping associated with LIV-infected sheép
and hill cattle (Williams, 1897). LIV remained a veterinary problem,
until an effective vaccine was developed in the 1930's (reviewed
Edward, 1947). While LIV has never been considered clinically
important (reviewed Davidson et al., 1991), the TBEV infections of the
far eastern (FE) and central European (CE) virus subtypes are
recognised as major public health problems within endemic regions.

TBEV has been recognised as a clinically important pathogen since
the 1930’s. TBEV was first isolated- during the early 1930’s following
an epidemic of neurological disorders amongst forest workers from the

eastern region of the Commonwealth of Independent States (CIS)



(Reviewed Silber and Soloviev, 1946; Smorodintseff, 1939). 1In
searching for its causative agent, a team lead by Silber isolated a
previously unknown tick-borme virus which, because of it’s seasonal
incidence, was designated RSSEV. Responding to this outbreak of
RSSEV, the Russians developed the first TBEV vaccine (reviewed
Smorodintsev et al., 1940).

Outside the CIS, the first epidemic for which TBEV was recognised as
the causative agent was recorded during 1949 in Czechoslovakia
(reviewed Blaskovic, 1958; Hloucal, 1960). As the virus responsible
for this outbreak was very similar to that of FE TBEV and like LIV, it
was designated Russian louping Ill Virus, later re- classified as CE
TBEV.

Until the 1950’s only the four distinct virus types within the TBEV
had been identified; LIV, Omsk haemorrhagic fever virus (CHFV), the FE
TBEVs, and CE TBEVs. OHFV stands out from the other three TBEV
isolated because rather than inducing a encephalitic type pathology,
CHFV infections are of a haemorrhagic nature. It is interesting that
two antigenicaly related viruses, - FE TBEV and OHFV isolated in areas
of near geographical proximity and transmitted by similar mechanisms
should cause such different diseases. Since 1950, the number of
viruses identified as being antigenically related to the original TBEV
isolates has risen to include viruses such as Kyasanur Forest disease
virus (KFDV, Work, 1958), lLangat virus (Gordon-Smith, 1956), Powassan
virus (McLean and Donchue, 1959), Negishi virus (Ando et al., 1952),

Karski virus (Lvov et al, 1976) and Royal Farm virus (wWilliams et al.,
1972),



Table 1.1. Flaviviridae Complexes and Examples of Viruses Contained
Within Them (including the major human pathogens):

COMPLEX/
Vector

TBEV/
Tick

Modoc/
Unknown

JE/
Mosquito

Ntaya/
Mosquito

Uganda S/
Mosquito

Dengue/
Unknown

Rio Bravo/

Mosquito Others
Tyuleniy/ Tyuleniy
Tick Others
Antigenically

isolated Yellow Fever
includes

VIRUS

Louping Ill
CE

OHF

KFD

FE

Langat
Powassan
Negishi

Modoc
Others

JE

SLE
MVE
WN

Others

Ntava
Others

Uganda S
Others

Dengue 1
Dengue

Dengue

> W N

Dengue

Rio Bravo

DISEASK

Encephalitis
Haemorrhage/fever
Haemorrhage/Fever
Encephalitis

Encephalitis

Encephalitis
Encephalitis

Encephalitis
Encephalits/fever

Fever/Haemorrhage
Fever/Haemorrhage
Fever/Haemorrhage

Fever/Haemorrhage

Fever

DISTRIBUTION

UK
Europe
USSR
India

USSR
Malaya

Canada, USA
Japan

Japan,SE Asia
W Pacific

UuSa

Australia
Africa, Asia,
Europe

Asia, Caribbean,
S.America
Asia, Caribbean
S.America
Asia, Caribbean,
S.America
Asia, Caribbean,
S.America

Africa, Tropical
America

Based on Calisher et al., 1989.



1.1.2. Classification of TBEV:

The Flaviviridae contains over 60 characterised viruses (Table 1.1)
all classified within the genus Flavivirus. The presence of
neutralizing, ccmplement—f ixing and haemagglutinating antigens on the
surface of flavivirus particles has allowed their antigenic
relationships to be examined. Classification of the flaviviruses
began in 1944, when the complement fixation and neutralisation assays
were used to established the antigenic relationship between two tick-
borme flaviviruses, (LIV and RSSEV) and between both LIV and RSSEV ard
the three mosquito-borne flaviviruses (WNV, JEV and SLEV) (Casals,
1944; Casals and Webster, 1944).

The Flaviviruses as a group were first demonstrated in 1954 when a
systematic study of arboviruses using the haemaglutination assay
identified two distinct virus groups (Casals and Brown, 1954).
Originally designated the Group A and Group B viruses, the two groups
were later renamed the Alphaviruses and Flaviviruses. In 1974, on the
basis of their non-helical nuclear capsids, viral envelope and RNA
genome, the Alpha—- and Flaviviruses were classified together in the
new virus family, the Togaviridae (Fenner et al., 1974). Later two
more genera, the Pestiviruses and Rubiviruses were added to the
Togaviridae (Porterfield et al., 1978).

A closer inspection of the Alpha- and Flaviviruses however, revealed
that although morphologically similar, significant differences in
their genetic organisation and replication strategy existed. In fact,
the Flavivirus genomic organisation was shown to be more like that of
the picornaviruses than the alphaviruses with the mode and site of
Flavivirus assembly having more in common with bunyaviruses than
alphaviruses (Boulton and Westaway, 1972; Brawner et al., 1977).

These differences persuaded the 1984 International Committee for the



Nomenclature of Viruses to vote the Flaviviruses into a separate
family (reviewed Westaway et al., 1985). The application of new
molecular biological technology has recently confirmed the 1984
classification and highlighted sufficient similarities between the
Flaviviruses and the Pestiviruses for inclusion of the Pestiviruses
into the Flaviviridae as a second genus (Collett et al., 1988;
Horzinek, 1991).

Serological analysis of the Flavivirus genus by cross-
neutralization, showed that the tick-borne flaviviruses formed
antigenically distinct complexes distinct from those of the other
flavivimses (Madrid and Porterfield, 1974). Interestingly, each
flavivirus antigenic complex identified by the 1974 study, reflected
an ecological feature, such as their vector, cammon to the viruses
within it. The tick-borne viruses comprising the newly identified
complex, TBEV, had been shown in earlier studies using
haemagglutination-inhibition and immuno-diffusion techniques, to form
seven closely related subgroups; the LIV, OHFV, KFDV, Langat virus,
Powassan virus, Negishi virus and the TBEV CE and FE subtypes (Clark,
1964). 1Initially, it was not clear whether the FE and CE subtypes

were distinguishable but tryptic peptide mapping of the virus encoded
proteins and, more recently, nucleotide sequencing has succeeded in

differentiating the two subtypes at a molecular level (Heinz and Kungz,
1981 & 1982; Mandl et al., 1988 & 1989a; Pletnev et al., 1990). In
the most recent classification of the flaviviruses, the tick-borne
strains of Karshi virus and Royal Farm virus along with the*PhrmPhen
bat virus and Carey Island virus were classified as additional members

Of the previously defined TBEV camplex (Table 1.1) (Calisher et al.,
1989).



1.1.3. Transmission of TBEV:

As arboviruses, (with the exception of milk-borne and transovarial
transmission) the tick-borne flaviviruses require continuous cycling
between their tick vectors and primary vertebrate hosts. The success
of this transmission is directly dependent on a number of specific
conditions being met which, by their very nature, define the
geographical distribution of viruses. In order, theréfore, to
understax;d the epidemiology of TBEV, one must appreciate its natural
history.

Two types of vertebrate host have been identified for the tick-borme
flaviviruses, the primary hosts and the dead-end hosts. Primary hosts
of TBEV include a number of small mammals and birds which, when
infected, are capable of supporting a viremia sufficient to infect
feeding ticks (Cerny, 1975; review Chamberlain et al., 1954). Dead-
end hosts, although susceptible to infection, are unable to support a
level of viremia sufficient to ensure continued transmission of the
virus. Dead-end hosts of viruses in the TBEV complex (except LIV)
inciude the larger vertebrates such as goats, cows, sheep and man.

In order to maintain the virus transmission cycle uninfected ticks
and primary hosts must become infected. Irregular transmission of
virus between ticks occurs transtadially and transovarially, with
venereal transmission between the sexes having also been identified
(Burgdorfer and Verma, 1967; Rao, 1963 Rehacek, 1962; Singh et al.,
1968). These modes of transmission have traditionally been considered
of little significance to the maintenance of the viral reservoir. 1In
general, transmission of TBEV to uninfected ticks is believed to occur
while they feed on an infected primary host.. For transmission to

occur, the level of viremia in the host must be sufficient to infect
the midgut cells of the feeding tick and ‘the cells of the tick’s



midgut must be susceptible to infection by the virus being transmitted
(reviewed Casels and Reeves, 1959). Once an infection of the ticks
midgqut cells has been established, the virus spreads via the hemocoele
to the ticks salivary glands. The virus can then be transmitted from
ticks into the blood stream of a host during tick engorgement via its
"saliva'. Ticks are thought to remain infected for life with
apparently little ill effect.

Although members of the TBEV complex may be carried by a wide

variety of tick vectors, they appear to be preferentially transmitted
by specific tick species. While CE and LI viruses are usually

transmitted by Ixodes ricinus, and FE TBEV by Ixodes persulcatus,

isolation of these viruses from ticks of the genus Dermacentor and

Haemophysalis collected in habitats unfavorable to the Ixodes has been

recorded (reviewed Blaskovic, 1958). Powassan virus, OHFV and KFDV

are most frequently isolated from Ixodes cookeil, Dermacentor pictus

and Haemophysalis spinigera respectively. On rare occasions, TBEV has
been isolated from the Aedes mosquito although the infrequency of

these isolations implies that this form of transmission is of little
epldemiological importance  (Przesmycki et al., 1960). Because of its
ability to withstand low pH, TBEV can also transmitted via milk.

Transmission to human populations via this route has posed a

significant public health problem and been responsible for a number of
TBEV outbreaks (Gresikova, 1958).

1.1.4. Epidemiology of TBEV:
Since arboviruses occur only where climate and conditions support
sufficient numbers of closely associated primary hosts and suitable

vectors, the epidemioclogy of TBEV infections is defined by the ecology
of the virus-host relationship. While these factors restrict KFDV in



India to Kamataka provence and parts of the adjacent states, CHFV to
Omsk and Novosibirsk and LIV mainly to upland sheep grazing areas of
the UK (LIV having also been isolated in Norway and Spain), these
factors have allowed the viruses of the CE and FE TBEV subtypes to
spread across large areas of the temperate northern hemisphere. 1In
reflecting the distribution of'their main tick-vector, the FE TBEVs
have been identified throughout the CIS, while those of the CE subtype

have been located in most countries of Europe and Scandinavia
(Balaskovic, 1958). LIV is the only member of the TBEV camplex to be
found in the UK; the geographical isolation of the UK has probably
prevented infection of the native tick population by other viruses of
the TBEV complex.

As the natural habitat of the tick grows and recedes in response to
changing climate and land use, the geographical limits of human
infection alter. TBEV was initially limited to forest workers and
hunters. Today, however, more extensive and frequent incursions by
the public into forested and grassland areas and the expansion of
damestic animal production has meant that the incidence of both FE and
CE TBE is on the increase. The influence of man over the spread of
the TBEV foci has been apparent since the beginning of the 20th
century when the development of sheep hﬁsbandry in the heather

moorlands of Scotland resulted in an invasion of LIV infected Ixodes

ricinus into the region. Reported cases of FE TBEV across the USSR
have doubled between the years 1985 and 1990 (Dr. A.Karavanov," IPEV
CIS. personal cammunication). In 1977, the Times newspaper reported
that serological data collected in Austria, Czechoslovakia, Hungary
and south-west Germany suggested that between 1000 and 1300 cases of
TBEV were occuring annually, five years later this figure had doubled



(Times, November 14, 1977). In recognising this increasing danger,
the World Health Organisation (WHO) recently made TBEV a special,
notifiable disease in 15 European states.

The clinical reports of TBEV infection tend to be seasonal and
climate dependent, with the designation of ‘Russian Spring-Summer
encephalitis virus for viruses of the FE subtype reflects this. 1In
Europe, tick activity occurs later and lasts longer than in the CIS,

with outbreaks not being reported until the summer months and
continuing into early autumn (reviewed Smorodintseff, 1939). The
increased activity of questing ticks, stimulated by the warm months of
summer, accounts for the increase in incidence of TBEV, while the
reduction of incidences during winter months corresponds with the
tick’s diapause.

Members of the TBEV are expressed in man as either encephalitis or
haemorrhagic fever and they are responsible for a range of illnesses.
The diversity of the clinical symptams associated with TBEV infections

may be accounted for by the ability of the various TBEVs to operate
through different vectors. Human TBEV infections are generally bi-

phasic in nature and can be either so mild as to escape detection;
moderately severe, with or without permanent residua; or fatal. The
first phase of a TBEV infection, which frequently escapes diagnosis,
is systemic and characterised by fever, headache and general malaise,
often with gastrointestinal involvement. The second phase of the
encephalitic disease is marked by the return of fever and involves the
central nervous system (CNS). Haemorrhagic forms of TBEV lack a CNS
involvement and are characterised by vomiting, diarrhoea and internal
haemorrhage. The FE TBEV's although antigenically and clinically very
similar to those of the CE subtype, are associated with a more severe
disease and a fatality rate as high as 20% campared to that of between
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1 and 5% for the CE TBEV’s. Furthermore, survivors of FE TBEV
infection, unlike those of the CE subtype, often experience a
protracted convalescence which is frequently accompanied by residual
paralysis of the upper limbs.

1.1.5. Control of TBEV:

Eradication of any arbovirus disease depends on the interruption of
the virus transmission cycle. The cycle can be broken by removing
either the tick or primary host. Although both these objectives are
difficult to achieve, the control of vectors and host population
numbers has been reasonably successful in limiting the incidence of
disease.

Methods available to reduce tick population in a circumscribed area
are neither economical nor suitable for continual application.
Temporary control of tick vectors following the predictions of
epidemics by surveillance programmes which include vector trapping,

antibody screening of primary hosts and monitoring of climatic

conditions does, however, appear to be a more practicable solution.
Prediction of epidemics allows for the limited use of effective but
expensive and often envirommentally damaging control measures such as
the pasteurization of milk and spraying of uninhabited forest areas
with DDT within endemic regions to be used (reviewed Blaskovic, 1959).
These control measures, when combined with public education and legal
requirements, have proved to be of use in controlling TBEV outbreaks.
Personal pmteqtion from tick bites by wearing suitable clothing and

the use of insect repellants is only really practicable for the

transient visitor.
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While the temporary removal of ticks from the transmission cycle is
feasible, unless specific conditions apply the successful removal of
the primary host is not. Vaccination of a primary host population
which consists of small, wild mammals is clearly not feasible. The
~vaccination of a ‘captive’ primary host population, such as the
introduction of the human yellow fever vaccine 17D and the
immunization of sheep against LIV has, however, been successful. The
LIV vaccines have reduced the incidence of disease amongst grazing
animal of the UK. The first LIV vaccine was a formalin-inactivated
virus prepared from;infected‘éheep brain, spinal cord and spleen
(reviewed Gorden et al., 1962).  Although successful, this vaccine
was withdrawn because of the risk it posed to those involved in its
manufacture and the possibility of its contamination witﬁ Scrapie. A
second LIV vaccine, also a formalihrinactivated, was prepared in
secondary sheep kidney cells (Brotherston and Boyce, 1970). A
modified form of this cell grown vaccine is still available.

Vaccination of domestic animals including cows, sheep and goats
against both FE and CE TBEV has been attempted (Blaskovic et al.,
1960). Although these animals play little role in the transmission
cycle of FE ard CE TBEV, their vaccination is an important step in the
prevention of human infection resulting from virus transmission via
infected milk. The implication of primary host vaccination on the
natural virus reservoir has yet to be examined. Since grouse and deer
are being killed by LIV at this mament the overall effect of primary
host vaccination on the natural reservoir may prove to be negligible

and therefore be of little use in controlling the emergence of

arboviruses.
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1.1.6. Human TBEV Vaccines:

TBEV vaccines, although able to reduce the incidence of infection,
do not address the problem of virus transmission nor, presumably,
affect the virus reservoir. Since both the economical impact and
price in terms of human life and misery of TBEV, especially in endemic
regions, 1is so very high, the develcpment of TBEV vaccines has been a
priority. |

In addition to the LIV vaccines, a large number of candidate TBEV
vaccines has been prepared, the success of which has been variable
(reviewed Stephenson, 1988). The first flavivirus vaccine available
for human use was a 1% fonnalin-inactivated suspension of infected
mouse brain developed in Russia against the original RSSE TBEV isolate
(Smorodintsev et al., 1940; Smorodintsev and Ilyenko, 1962).
Unfortunately this vaccine contained myelin which produced an
unacceptably high level of allergic reaction in vaccinees. Attempts
to remove the contaminant resulted in a reduction in the antigenicity
of the vaccine and consequently it was withdrawn.

Development of cell culture systems for vaccine productim initiated
an extensive FE TBEV vaccine research programme in the CIS (Ilyenko
1959; Smorodinstev and Ilyenkov, 1960). An RSSEV based vaccine

prepared in primary avian fibroblasts successfully protected in

laboratory experiments, but when used to vaccinate populations in
endemic regions failed to reduce the incidence of human disease and
was withdrawn. More recently the programme has included the
development of an FE TBEV candidate vaccine based on virus passaged in
green monkey kidney cells (Chumakov et al., 1990; Grachev et al.,
1985) or the naturally ocourring attenuated TBEV strain Yelantsev. In

addition to the development of vaccines against the FE strains of

TBEV, the CIS programme has made improvements in vaccine production
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methods (Elbert et al., 1980, 1981 & 1985). At the present time, the

two FE TBEV vaccines available in the CIS are both based on

inactivated virus prepared in chick cells (reviewed Chumakov et al

1990). An assessment of their efficacy however is difficult to cbtain

in the West.

The first CE TBEV vaccine was based on infected, trypsinised chick
embryo cultures inactivated with formaldehyde (Danes and Benda, 1960 &
1960a). This inactivated vaccine was used in an immunization
programme by the Czechoslovakians. Further epidemics of TBEV in
eastern Europe during the 1960’s, however, led to the production of a
more efficient CE TBEV vaccine which is still in use today. A
collaboration between the Centre for Applied Microbiology and Research
(CAMR) and the Institute of Virology, Vienna produced this formalin-
Inactivated vaccine based on the CE Neudorfl strain of TBEV. Over
several million doses of a highly effective, purified form of the
Neudorfl vaccine have been administered, with only rare and temporary
side effects being reported (Heinz et al., 1980; Kunz et al., 1980).
Because of the growing concern surrounding CE TBEV and the commercial
benefits to be gained from it, a new CE TBEV vaccine based on the CE

TBEV strain K23 is now under going trials (Bock et al., 1990;

Klockmann et al., 1991).

1.1.7. TBEV Vaccine Development:

The current approach to the development of flavivirus vaccines has
been reviewed extensively (Brandt, 1988; Gibson et al., 1988;
Stephenson, 1985 & 1988). A future generation TBEV vaccine should

ideally be capable of protecting against viruses from several of the
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TBEV complexes, and if possible, it should protect against viruses

from other flavivirus antigenic complexes without presenting a risk to
vaccinees.

Immunization or prior infection with a flavivirus can afford a
degree of protection against closely related viruses (Price, 1968;
Price et al., 1963 ‘& 1969; Sather and Hammon, 1970; Smithburn, 1942).

The precise immuriological relationships between the flaviviruses
appear to be important since monkeys were protected against 28
different flaviviruses when immunized first against YFV, then Langat
virus, dengue virus, and finally JEV but not when the vaccines were
administered in a different order (Price et al., 1969). This cross-
protection does, however, suggest that sequential immunization with
several flavivirus vaccines may afford protection against a broad
range of flaviviruses.

An inherent risk in immunization against flaviviruses is the
stimulation of antibody dependent enhancement (ADE) of subsequent
infections (reviewed Halstead., 1982; Porterfield, 1986). The
phencmenon of ADE in man is well documented for dengue virus. Four
subtypes of dengue virus exist and exposure to each offers a
reasonable level of protection against re-infection by the hamologous
serotype but only limited protection against the other three.
Subsequent infection by a heterologous serotype can cause dengue
haemorrhagic fever/shock syndrome (DHF/DSS) (reviewed Halstead, 1980;
Halstead et al., 1973). Serological and epidemioclogical data suggest
these more severe forms of dengue fever result from subneutralizing

levels of circulating anti-dengue antibodies mediating the enhancement

of subsequent dengue virus infections.
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The mechanism of ADE may involve the infection of cell by virus
complexed with an IgG or IgM antibody which binds to either the Fc
receptor or complement receptor C3 of a cell (Cardosa et al., 1983;
Daughaday et al., 1981; Halstead and 0! Rourke, 1977; Schlesinger and
Brandriss, 1981). The cell is able to internalise the camplexed virus
more efficiently than non-complexed virus thus enhancing infection
(Gollins and Porterfield, 1984). ADE has, however, only been
demonstrated with other flaviviruses in experimental models and thus
its importance to flavivirus vaccines in general is unclear (Barrett
and Gould, 1986; Gould et al., 1987; Gould and Buckley, 1989., Hawkes,
1964; Hawkes and Lafferty, 1967; Kayser et al., 1985; Phillpotts et
al., 1985).

The potentially dangerous implications of ADE have prompted
investigations into the development of future flavivirus vaccines
based on non-virion antigens.  The use of non-virion antigens as
flavivirus vaccines would remove the possibility of raisiing antibodies
able to bind the virion and to mediate ADE. Identifica\tion of an
extra-cellular, non-virion protein (NS1) encoded by flaviviruses,
which has the potential to protect mice against hc:hologous challenge
has raised the prospect of its use in new vaccines (Cane and Gould,
1988; Gould et al., 1986; Henchal et al., 1988; Schlesinger et al.,
1985, 1986 & 1987). Although B-cell epitopes between NS1 of the
flaviviruses appear to be poorly oonserved, a high degree of hamology
at the genetic and phenotypic level suggests that a broadly reactive
vaccine based on the T-cell response against NS1 antigen rﬂay be
possible (Mandl et al., 1989a; Pletnev et al., 1990; Iacono-Conners
and Schmaljohn, 1992; Stephenson et al., 1984). Furthermore, the

significance of a B-cell response to the NS1 antigen in vxaccine

mediated protection has yet to be invesﬁigated.l
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1.2. THE TBEV VIRION:

1.2.1 The TBEV Genome:

TBEV contains a single-stranded, positive-sense, RNA genome of
approximately 10.5Kb. This RNA molecule is infectious when inoculated
intracerebrally into mice (Sokol et al., 1959) and since subgenomic
flavivirus RNA has not been identified,ﬁ is presumed to act, in é
manner similar to that of the picornaviruses, that is as the sole
viral mRNA.

The RNA molecule of TBEV encodes a single translated open reading
frame (ORF), flanked by non-coding regions which are presumed to carry
signals for RNA synthesis and translation (Fig. 1.1) (Mandl et al.,
1988 & 198%a). The 5’ non-coding region of the TBEV genome is
approximately 100 nucleotides, and computer analysis predicts the
presence of a RNA stem-loop structure (Pletnev et al., 1990). Similar
structures have been described for a number of other positive strand
RNA viruses such as the mosquito-borne flaviviruses, picornaviruses
and alphaviruses (Brinton and Dispoto, 1988). Evidence from these RNA
viruses and in particular YFV supports the involvement of the
secondary structures in viral replication and translation of the
flavivirus genome (Ruiz-Linares et al., 1989). The similarities
between the tick-borne and mosquito-borme flaviviruses 5’ non-~coding
regions imply a replication strategy common to the flaviviruses.

Downstream of the 5’ non-coding region is the major ORF which
accounts for approximately 90% of the coding cap;acity of the gename.
In camon with the mosquito-borme flaviviruses and picornaviruses, the
TBEV gename encodes the TBEV structural proteins before the TBEV non-
structural proteins. The TBEV gene order from the translation

initiation codon is; the (anchored) core protein (C), the pre-membrane
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Fig. 4.1 The TBEV genome
The 3" and 5 non-coding regions are indicated by a red line at the
ends of the open reading frame.
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protein (PrM), the envelope protein (E), and the non-structural
proteins (NS) NS1, NS2a, NS2b, NS3, NS4a, NS4b and NS5 respectively
(Fig. 1.1). A second ORF, absent from the genome of the mosquito-
borne viruses, is a feature of the TBEV 5’ non-coding region. The

significance of this small and apparently untranslated ORF is not
known (Mandl et al., 1988; Pletnev et al., 1990).

Following the long ORF of the TBEV gename is a 3’ non-coding region.
This region has been found in at least two forms (Mandl et al.,1991).
The first form, typical of the TBEV strain Neudorfl, contains
approximately 100 nucleotides, and carries a 3’ terminal
polyadenylation signal preceded by the di-nucleotide AC. The 3’
termminus of the TBEV strain Hypr, however, like those of the mosquito-
borne flaviviruses, consists of over 450 nucleotides and terminates
with the di-nucleotide CU. The absence of a polyadenylation signal
makes the gename of the mosquito-borne flaviviruses and TBEV strain
Hypr unusual amongst the positive-strand RNA animal viruses. Unlike
the shorter form of the TBEV 3’ non-coding regions the longer
flavivirus 3’ non-coding region has the potential to form a stem-loop
structure which appears to protect the 3’ terminus from endonuclease
digestion by hydrogen bonding the terminal nucleotide (Brinton et al.,
1986; Grange et al., 1985; Hahn et al., 1987; Wengler and Castle,
1986). The stem loop structure(s) of the 3’ non-coding regions of
sane plant viruses have been shown to be involved in the regulation -of
RNA synthesis. This suggests a similar role for the equivalent region
in TBEV (Strauss and Strauss, 1983).

A degree of hamlogy between the two forms of TBEV non—coding region
has been demonstrated (Mandl et al., 1991). From the limited sequence

data available for TBEV (both FE and CE subtypes), a high level of
hamology exists between nucleotides of the short form of 3' non-coding
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region and the nucleotides immediately downstream of the large ORF in
the longer forms. As with the alphaviruses, repeating sequence
elements with serogroup specific pattermms have been identified in the
3’ non-coding region of the mosquito-borne flaviviruses (reviewed
Chambers et al., 1990a). In both forms of TBEV 3’ non-coding region,
however, these repeating sequence elements are absent. Altermatively,
a sequence of approximately 20 nucleotides near the 3’ end of the TBEV
NS5 gene is repeated immediately upstream of the polyadenylation
signal in the shorter 3’ non-coding region and a similar distance
upstream of the translational stop codon in the larger 3’ terminal
region (Mandl et al., 1991). The importance of these elements has yet
to be determined, although it has been suggested that they may be

recognition sequences for RNA replicases.

1.2.2. TBEV Virion Proteins:

The three structural TBEV proteins form a spherical virion with a
diameter of approximately 50nM 1(Fig. 1.2) (Slavik et al., 1970).
Although morphologically indistinguishable, two virion forms have been
characterised, the intra-cellular form which contains PrM and the
extra—cellular form which contains the mature membrane protein Mb
(Guirakhoo et al., 1991). The TBEV genome 1s packaged within a
nucleocapsid, composed of C, which exhibits cubic symmetry and which
is surrounded by a bi-lipid envelope (Abdelwahab et al., 1964; Heinz
and Kunz, 1979). The components of the TBEV and SLEV bi-lipid
envelope are consistent with nascent virions budding through internal
host cell membranes (Heinz and Kunz, 1979; Trent and Neaves, 1980).
Anchored through the bi-lipid envelope by its hydrophobic C-terminus

is E in association with PrM/M, both of which form spiked projections
cn the virion’s surface (Heinz and Kunz, 197%a & 1980; Slavik et al.,
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Intra-cellular virion Extra-cellular virion

Fig. 1.2 Schematic Representation of the TBEV Virion,

Two forms of the virion are depicted: on the right is the
extra-cellular virion; and on the left is the intra-cellular

virion.

NC Nucleocapsid

G Genome i Eth-_'luptr protein
LE Bi-lipid envelope

i Pre membrane protein

t Membrane protein

21



1970). The E-PrM association probably arises from interactions
between their hydrophcbic tails. The mechanism by which E is anchored
may involve either a dual transmembrane hook structure as depicted in
Fig. 1.2, or a single transmembrane element. Evidence has been
presented which suggests that there is no or little interaction
between the capsid and the proteins of the lipid envelope (Heinz and
Kunz, 1979a & 1980).

The structural camponents of the TBEV nucleocapsid are small (15KDa)
basic (lysine rich) proteins (Heinz and Kunz, 1979 & 1979a,
Krasilnikov et al., 1984). The positive charge carried by C may
assist associations between C and the genomic RNA (Pletnev et al.,
1986; Rice et al., 1985). C is found in two forms, anchored C and C.
As is characteristic for other flaviviruses, the TBEV encoded anchored

C has a hydrophilic N-terminus and an internal hydrophilic domain
separated by an internal hydrophobic region. However, TBEV C lacks
both a hydrophobic region and second translational start codon located

in the N-terminal hydrophobic region of the mosquito-borne viruses
anchored C (Mandl et al., 1988). The C-terminus of anchored C
consists of a hydrophobic domain, which has been shown to direct
translocation of the downstream protein, prM, in dengue virus and YFV
(Markoff, 1989; Ruiz-Linares et al., 1989a). The C-terminal and
internal hydrophobic damains may assist in the assembly of capsids by
‘anchoring’ anchored C to cellular membranes, and stabilize
interactions between aggregating Cs (Nowak et al., 1989; Rice et al.,
1985). The hydrophobic C-terminal or ‘anchor’ of C encoded by WNV,
Kunjin virus and YFV, is removed during maturation to generate C may
account for the release of nascent nucleocapsids from membranes
(Chambers et al., 1990; Nowak et al., 1989; Speight and Westaway,
1989). Since the TBEV C gene product synthesised in a cell-free
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translation system migrates more slowly on acrylamide gels than virion
associated proteins and since sequence alignment with WNV has
identified a conserved proteolytic cleavage site within TBEV anchored
C, TBEV anchored C is probably also modified in this way (Mandl et
al., 1988; Svitkin et al., 1984). The removal of this putative
membrane anchor in TBEV, however, will remain speculative until the C-
terminal of TBEV C has been determined directly.

PrM (14.5KDa) is the glycosylated precursor of M (7.5KDa) and is
produced ‘when proteolytic cleavage removes the glycosylated
hydrophobic N-terminal domain from PrM (Nowak et al., 1989). This
modification is necessary for the generation of fusion competent,
infectious virions (Guirakhoo et al .,1991; Randolf et al., 1990).
Like C, PrM contains a hydrophobic C-terminus which, in YFV, has been
shown to function as the translocation signal sequence for E and may
anchor M into the bi-1lipid envelope of the virion (Despres et al.,
1990; Ruiz-Linares et al., 1989). It has also been suggested that
PriM/M plays a role in the protective humoral response (Heinz and Kunz,
1977; Heinz et al., 1981; Kaufman et al., 1989).

The TBEV surface protein E (55KDA) contains haemagglutination,
complement fixation and neutralization antigenic determinants and
directs the major humoral protective immunological response in a host
(Heinz et al., 1981). Analysis of disulphide bonding within E of TEEV
has helped elucidate itg secondary structure, while topographical
epitope analysis has allowed the construction of an antigenic map
(reviewed Heinz, 1986; Heinz et al., 1983 & 1983a). Three antigenic
domains A, B and C within TBEV E have been identified which correspond
to the antigenic damains R1, R2 and R3 of WV E and damains I, II and
I1I of dengue virus E (reviewed Heinz, 1986 & 1990; Mandl et al.,

1989; Mason et al., 1990; Megret et al., 1992; Nowak and Wengler,
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1987). In addition to their antigenicity, the three domains of E have
been linked with specific roles (Guirakhoo et al., 1989; reviewed
Heinz, 1990; Heinz et al., 1983; Holzmann et al., 1990). A point
mutation in damain B leads to virus attenuation, while domain A, both
contains a tetra-peptide found in the fusion-active amino terminal of
influenza virus HA2Z and is able to undergo both antibody— and pH-

mediated conformational changes.

Of the three N-linked glycosylation motifs identified within TBEV E,
only the N-terminal site appears to be available for modification
(Winkler et al., 1987). While conserved amongst the characterised
tick-borne flaviviruses, the position of the oligdsaccharide in the
mosquito-borne viruses is not conserved. Although encoding the
glycosylation motifs, E encoded by Kunjin virus, WNV and at least one
strain of YFV, is unglycosylated, the oligosaccharide side chain
having been added appears to be removed during virion maturation
(Deubel et al., 1987; Wengler et al., 1985; Wright, 1982). The

ilmportance of the glycan side chain has yet to be determined.

1.2.3. TBEV Non-Structural Proteins (excluding NS1):

NS5, the largest of the TBEV encoded processed proteins (91Kd), and
NS3 are both positively charged and hydrophilic proteins. NS5
contains the tri-peptide Gly-Asp-Asp of the RNA-dependent-RNA
polymerase motif found in many plant and animal positive-stranded RNA
viruses (Iacono-Connors and Schmaljohn, 1992; Kamer and Argos, 1984;
Mandl et al., 198%9a). This is, however, the only evidence for the
flavivirus polymerase being provided by NS5 (Grun and Brinton, 1987).
Amongst the positive-strand RNA animal viruses, .only picornaviruses

and viruses of the Flaviviridae encode the RNase polymerase gene at

the 3’ end of their genonme.
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The consensus sequence of an RNA helicase motif and of a nucleotide
triphosphate binding site have been identified in the C-terminus of
TBEV NS3 (64KDa), implying a role in the viral replicase complex
(Gorbalenya et al., 1989). The N-terminus region of NS3 exhibits
homology with a functional trypsin-like serine protease (reviewed
Bazan and Fletterick, 1990; Iacono~Conners and Schmaljohn, 1992;
Timofeev et al., 1990). The protease domain is contained within the
181 residues at the N-terminus of NS3 where three spatially conserved
amino acids of the catalytic triad are located. 1In addition to the
triad, a substrate binding pocket which interacts with the cleavage
sites and on which efficient processing is dependent has also been
identified in the N-teminal of NS3. To date, NS3 associated protease
activity has been demonstrated for the mosquito-borne dengue virus,
WNV and YFV (Cahour et al., 1992; Chambers et al., 1991; Falgout et
al., 1991; Preugschat et al., 1990; Wengler et al., 1991).

The small non-structural proteins, NS2a, NS2b, NS4a and NS4b have

only recently been demonstrated for the mosquito-borme flaviviruses
(Speight and Westaway, 1989a), while in TBEV their existence remains
theoretical. These four small non-structural proteins of TBEV have

been predicted fraom nucleotide sequence analysis and are apparently
rich in hydrophobic residues (Mandl et al., 1989). 1If, as with other

positive-strand RNA viruses such as the coronaviruses and
alphaviruses, the flavivirus replication camplex is membrane bound as
suggested by Grun and Brinton (1988) these hydrophobic, small non-
structural proteins may direct the association between the viral
replication complex or hydrophilic NS3 and NS5 and the cellular

membranes (reviewed Chambers et al., 1990a).
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Recent work with dengue virus has suggested a role for NS2a in
mediating cleavage of the NS1:NS2a junction. The protease requirement
is in the N-terminal 2/3 of NS2a which may either act directly or
provide an obligatory sequence for a specific cellular protease
(Falgout and Lai, 1990; Falgout et al., 1989). 1In the dengue and
yellow fever viruses, NS2b has been shown to be a necessary component
in the cleavage mechanism of the NS3 encoded protease (Cahour et al

1992; Chambers et al., 1991; Falgout et al., 1991). Little is known
about NS4a and NS4b.

1.2.4. TBEV RNA Synthesis:

RNA si;nthesis of the tick-borne flaviviruses is believed to be
associated with the endoplasmic reticulum in the perinuclear region of
the infected cell (Lubiniecki and Henry, 1974). Although
identification of the replicative forms of TBEV RNA has yet to be
made, they have been demonstrated in cells infected with mosquito-
borne flaviviruses (Chu and Westaway, 1985; Cleaves et al., 1981;
Stollar et al., 1967). For dengue virus and Kunjin virus, two forms
of the replicative complex have been identified: the replicative form
(RF) and the replicative intermediate (RI). The RF is an RNA duplex
consisting of positive and negative sense viral RNA copies, while the
RIs appear to be semi-denatured RFs with the nascent RNA strands in
the process of being transcribed.. The relationship between the two
types of replicative camplex is unclear. RNVA dependent RNA polymerase
activity has been detected in cells infected with dengue virus, WnNV
and Kunjin virus (Cardiff et al., 1973; Chu and Westaway, 1987; Grun
and Brinton, 1986). This polymerase may be encoded by the NS5 gene.
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On the basis of the data gathered so far, several strategies for
flavivirus RNA synthesis have been proposed (reviewed Brinton, 1986;
Chu and Westaway, 1985; Westaway, 1987). The basic strategy requires
that the genomic RNA provides the template for negative strand
synthesis which in turn becomes the template for progeny RNA. The
resultant progeny RNA molecules then act as mRNA, as further t&plates
for negative strand RNA synthesis, or are encapsulated into virions.
Virus replication is however still poorly understocd parl:iy because of

the lack of data on the mechanism regulating RNA synthesis.

1.2.5. Processing of the TBEV Primary Translation Product:

The TBEV genome is polycistronic, translation initiates at the N-
terminal methionine of C, generation a single polyprotein precursor
from which the viral proteins are co- and post-translationally
processed (Fig. 1.3) (Lyapustin et al., 1986). A scheme involving
multiple initiation of flaviviruses and similar to that of the

alphaviruses, has been proposed (Westaway et al., 1977; reviewed

Westaway, 1980; Westaway et al., 1984). The alternative and more
convincing interpretation of current data which argues for the single

initiation theory is now, however, generally accepted (reviewed

Westaway, 1987; Rice, 1986).

The mosquito-borne flaviviruses gene order has been identified by
direct N- and C- terminal sequencing of the polyprotein cleavage
products and by alignment the predicted cleavage sites on primary
amino acid sequences from the long ORF (Bell et al 1985, Biedrzycka et
al 1987, Chambers et al 1989 & 1990, Coia et al., 1988; Nowak et al.,
1989; Speight et al., 1988; Speight and Westaway., 1989; Wengler et
al., 1990; wright et al., 1989). &2nalysis of these data has revealed

the existence of logical and consistent processing signals and
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Viral protease located in the cytoplasm, which
recognises di-basic amino acids.

Unknown viral protease.

Possible cellular signalase located in the lumen
of the ER.

Cellular methionine amino pepsidase located in the
cytoplasm,

Protease recognising di-basic amino acids located
in the cytoplasm,

1 Cellular signalase located in the lumen of the ER.
v
v

Protease recognising di-basic amino acids in
Post-Golgi vesicles.

Fig, 1.3 Schematic Representation of the Predicted Event whlch
Process the TBEV Translation Product.
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cleavage sites (reviewed Chambers et al., 1990a; Rice and Strauss,
1990). Direct N-terminal sequencing of the TBEV structural proteins
and alignment of the TBEV amino acid sequence with that of the
mosquito-borne viruses has confirmed the presence of the putative
processing elements in the TBEV polyprotein (Boege et al., 1983;
Iacono-Connors and Schmaljohn, 1992; Mandle et al., 1988, 198%a &
1991a; Pletnev et al., 1990).

Processing of individual TBEV proteins from the nascent polyprotein
precursor is presumed to be by cellular signalases and virus-—encoded
proteases. A signalase located within the lumen of the endoplasmic
reticulum (ER) cleaves following a recognition signal defined by the
-3-1 rule (Val-X-Ala where X is uncharged) (von Heijne, 1983). A
potential -3,-1 site is located at the C-terminal of ~each of the TBREV

structural proteins, and cleavage following these motifs liberates

anchored C, PrM anrd E from the polyprotein precursor (Mandl et al .,
1988 & 1991a; Pletnev et al., 1990). 1In addition to liberating the
structural proteins from the polyprotein, this signalase cleavage
also generates the N-temminal of PrM, E and NS1 and the C-terminal of
anchored C, PrM and E. To permit access of the signalase to the
cleavage sites, PrM, E and NS1 are translocated across the ER.

The translocation signal sequences, located immediately upstream of
the -3,-1 signalase recognition motif in anchored C, PrM and E, are
camprised of three characteristic regions: a basic N-terminal domain;
a central hydrophabic domain and a more polar C-terminal domain. The
amino acid preceding each signal domain is charged, and probably acts
as the translocation stop-transfer signal (Mandl et al., 1988 & 1991a;
Pletnev et al., 1990; von Heijne 1983 & 1985). Following cleavage,
PrM, E and NS1 are held in the lumen of the ER for a limited period to

allow for virus assembly. The signalase responsible for generating
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the structural proteins may also cleave the NS4a-NS4b junction, since
‘the cleavage has no viral requirement and the amino acid sequence
preceding the N-terminal of NS4b is consistent with a signalase
cleavage site and translocation signal (Cahour et al., 1992; Mandl et
al., 198%a). Furthermore, generation of the NS4b N-terminal in the
ER is consistent with NS4a and NS4b containing membrane spanning
domains. .

The secard type of cleavage event involves a virus encoded protease

located in the cytoplasm, which cleaves between two basic amino acids
(reviewed Krausslich and Wimmer, 1988; Wellink and von Kammen, 1988).
Di-basic residues form the C-terminus of NS2a, NS2b, NS3 and NS4b, ard
Cleavage between these residues generates the N-temminus of NS2b, NS3,
NS4a, and NS5 (Iacono-Conner and Schmaljohn ,1992; Mandl et al.,1989a;
Pletnev et al, 1990; reviewed Rice and Strauss, 1990). The trypsin-
like serine protease of NS3, in association with NS2b, has been
implicated in this processing (Cahour et al., 1992; Chambers et al

1991; Falgout et al., 1991; Preugschat et al., 1990; Wengler et al.,
1991). A second protease recognising di-basic amino acids may be
responsible for the removal of the C-terminal hydrophobic domain of
anchored C.

Three additional cleavage events, necessary for TBEV maturation, are
the removal of a methionine residue from the N-terminus of the C
protein (Boege et al., 1983), the maturation of PrM to M and cleavage
between NS1 and NS2a. It has been proposed that a cellular protease
with an acidic requirement and which recognises di-basic residues
removes the hydrophobic N-portion domain from PrM since trimming of

PrM occurs in the acidic post-Golgi vesicles (Pletnev et al., 1990;
Randolf et al., 1990). Removal of the N-terminal methionine from C,
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is probably carried out by a cellular methionine amino peptidase while
.the source and specificity of the cleavage between NS1 and NS2a region

has yet to be determined.

1.2.6. TBEV Virion Entry and Uncoating:

Although specific host cell receptors have not yet been identified
for any of the flaviviruses, there is considerable evidence to
indicate that mosquito-borme viruses are taken into cells by receptor
mediated endocytosis wvia coated pits which transport the virus to
internal endosames (Gollins and Porterfield, 1985 & 1986; Ng and ILau,
1988). Flaviviruses are also able to gain entry into a cell, via
antibody bound to Fc or C3 cell receptors, (the mechanism of ADE).

Fusion of TBEV with the endosamal membranes and the release of the
viral gencme into the cytoplasm probébly results from pH dependent
conformational changes. Consistent with this proposed mechanism of
virus entry is the ability of weak bases to inhibit dengue virus, ww,
SLEV and YFV virus infecfions (Brandriss and Schlesinger, 1984;
Randolf and Stollar, 1990) and to inhibit the release of WNV from the
endosomes into the cytosol (Gollins and Porterfield, 1985).
Observations that SILEV ard JEV is ﬁaintained more successfully in an
alkaline environment than an acidic one (Duffy and Stanley., 1945;
Duffy, 1946) and that an acidic environment stimulates the uncoating
of extra-cellular WV are also oconsistent with this mechanism of entry
(Gollins and Porterfield, 1986 & 1986a). pH dependent changes within
antigenic domain A of TBEV E have been identified as possibly
directing virion-cell fusion (Guirakhoo et al., 1989). In the light
of the work by Guirakhoo et al on TBEV, the ability of TBEV to remain
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infectious at pH values below those required to inactivate other
flaviviruses and the transmission of TBEV in the acidic environment of

milk are unexpected (Gresikova, 1958 & 1959; Guirakhoo et al., 1989).

1.2.7. TBEV Virion Maturation:

TBEV assembly occurs in association with cell membranes (Lubiniecki
and Henry, 1974). Once translated, PrM, E and NS1 are translocated

through the ER, cleaved from the polyprotein translation product,
glycosylated and oligamerised, (where appropriate). The glycoproteins
are then transported to the Golgi complex, where further modifications
to their nascent oligosaccharide side chains take place. Virion
assembly is presumed to be rapid, since the identification of
intermediate steps including the mechanisms of nucleocapsid assembly
and the characterisation of budding intermediates, has not been made
(Demsey et al., 1974; Deubel et al., 1981; Filshie and Rehacek, 1968).
It is proposed that the maturation of flavivirus virions consists of
several, probably concurrent, events. Nucleocapsids are believed to

assemble on the cytoplasmic face of cellular membranes, stabilized by
the hydrophobic C-terminal anchor of C. The C anchor is cleaved to

release nascent nucleocapsids, which are encapsulated by E and PrM

budding through the internal cellular membranes into the post-Golgi

vesicles.

1.2.8. TBEV Virion Egress:
The passage of virions ocut of the cell is through acidic post-Golgi
vesicles. A mechanism by which nascent exiting TBEV virions are

prevented fram undergoing pH-mediated fusion with the intracellular

membranes of these vesicle has been identified. The mechanism

suggests that the PIM/E heterodimers identified in fusion incampetent,
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immature virions inhibit the conformational changes in E required feor
fusion (Wengler and Wengler, 1989). Immediately prior to egress,
however, PrM and E are disassociated allowing generation of fusion
competent virions by trimming of PrM to M (Randolf et al., 1990) and
mature virions are released at the cell surface by vacuole discharge.
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1.3. TBEV NON-STRUCTURAL PROTEIN NS1:

Although little is known about the TBEV non-structural glycoprotein
NS1 (47-51KDa), primary sequence camparisons with the mosquito-borme
flaviviruses have identified several conserved features. These
conserved features include the N- and C-terminal proteolytic cleavage
motifs, potential N-linked glycosylation sites and the putative NSt
translocation signal sequence located in the C-terminal of E. A high
degree of structural conformity between the tick-borne and mosquito-
borne flaviviruses is implied by 11 spatially conserved cysteine
residues (Iacono-Connors and Schmaljohn, 1992; Mandl et al., 1989%a;
Pletnev et al., 1990).

The 24 amino acid sequence preceding the N-terminus of NS1 in the
TBEV translation product (between residues 752 and 776 for the
Neudorfl strain of TBEV) are thought to direct translocation of NS
across the ER and are consistent with the amino acid composition of
translocation signal sequences preceding the N-terminus of NS1 in the
mosquito-borne flaviviruses (Putnak et al., 1988; Falgéut et al.,
1989). Translocation of NS1 across the ER positions the E/NS1
junction for cleavage by a cellular signalase located in the ER. At
the N-terminal of the putative NS1 translocation signal in TBEV is an
arginine residue with the potential to act as the stop-transfer signal
for translocation, while an amino acid sequence, (Val-Gly-Ala),
characteristic of the -3-1 signalase recognition motif forms the C-
terminal of the translocation signal sequence (von Heijne, 1983 &
1985; Mandl et al., 1989a & 1992a; Pletnev et al., 1990).

The three amino acids forming the C-terminus of TBEV NS1 (Val-Val-
Ala) are also consistent with a -3-1 signalase motif, qhowevér, the

signalase located in the ER and responsible for generating the C-
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temminus of anchored C, PrM and E is not thought to mediate NS1:NS2a

cleavage unless the translocation signal directing the E:NS1 junction
into the ER, also directs translocation of NS2a. An indication as to
the specificity of this novel enzyme cames fram dengue virus for which
the eight amino acids immediately preceding the C-terminal of NS1 have
been implicated in the NS1:NS2a cleavage (Hori and Lai, 1990). The
TBEV NS1 C-terminus octapeptide is consistent with signal sequence
identified in dengue virus NS1 and may therefore provide a similar
function. In addition to the octapeptide, deletion analysis has shown
that efficient proteolytic cleavage at the NS1:NS2a junction of dengue
virus also requires the presence of at least ;70% of the NS2a protein
(Falgout and Lai, 1990; Falgout et al., 1989).

An alternative C-terminal NS1 cleavage product, a fusion protein of
NS1 and a portion of the adjacent N terminus of NS2a, have been
identified in YFV, JEV and possibly MVEV, but not in TBEV- or dengue
virus-infected cells (Chambers et al., 1990; Hall et al., 1990; Lee et
al., 1989; Mason et al., 1987). The significance of this additional
polyprotein cleavage product is unknown.

The primary sequence of TBEV NS1 has revealed three potential N-

linked glycosylation motifs (Asn-X~Thr/Ser) at amino acids 861-863,
983-985 and 998-1000 of the Neudorfl strain (reviewed Kornfeld and

Kornfeld ,1985; Mandl et al.,1989a). The position of the TBEV N-
linked oligosaccharide side chain at amino acid 983-985 is conserved
with one of the N-linked glycosylation sites found on the mosquito-
borne flavivirus NS1. At least two oligosaccharide side—chains have
been characterised for the NS1 protein of YFV, dengue virus and JEV
while the ‘ability of TBEV NS1 to incorporate radiolabelled sugars is

consistent with it being glycosylated (Mason, 1989; Post et al., 1990;

Stephenson et al., 1987; Winkler et al., 1988).

R —
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A secreted, particulate, form of the TBEV NS1, which 1is
‘approximately 4 kDa larger than the intra-cellular form, has been
identified (Lee et al., 1989). The glycosylation studies of YFV,
dengue virus and JEV suggest that the size increase associated with
the extra—cellular form resulted fram modification of the glycan side-
chains during export of NS1 from the cell (Iee et al., 1989; Mason,
1989; Post et al., 1990; Winkler et al., 1988). Both the intra- and
extra-cellular forms of NS1 encoded by the tick-borne Powassan virus
and several of the mosquito-borne viruses, have the ability to form
heat labile dimers and possibly higher oligomers (Despres et al.,
1991; Parish et al., 1991; Putnak and Schlesinger, 1990; Winkler et
al., 1988; Schlesinger et al., 1990). Bonds which stabilize dengue
virus dimers are sensitive to both heat and acid pH but resistant to
reduction by 2-mercaptoethanol (Winkler et al., 1988), but while the
JEV intra-monomer bonds are also heat and acid labile they appear to
be partially sensitive to reduction (Fan and Mason, 1990). The

importance of NS1 dimers is unknown however, although dengue virus NS?
dimers do appear to be more immunogenic than the monomers (Falconer
and Young, 1990). |

Antibodies raised to extra-cellular TBEV NS1 failed to neutralise
viral plaque formation (Phillpotts et al., 1987). This result is

consistent with biochemical data which indicate that in dengue virus
NS1 does not form part of the virion (Brandt et al., 1970). NS1 of
dengue virus, JEV, Kunjin virus and YFV has been detected on the
surface of cells and shown to have properties consistent with cell

association via hydrophobic domains even though the NS1 primary

sequence contains no obvious hydrophobic regions (Cardiff and ILund,
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1976; Despres et al., 1991; Fan and Mason, 1990; Mason, 1989; Putnak
and Schlesinger, 1990; Schlesinger et al., 1990; Westaway and Goodman,
1987; Winkler et al., 1989).

During the course of natural infections, NS1 evokes a strong immune
response. Experimental data from dengue virus- and YFV-infected mice
and monkeys has shown that protection from lethal challenge may be
afforded by immunization with purified NS1 protein (Cane and Gould,
1988; Schlesinger et al., 1986 &1987). Mice have also been protected
from virus challenge by the passive transfer of anti-NS1 monoclonal
antibodies (Gould et al., 1986; Henchal et al., 1986; Schlesinger et
al., 1985). Although unable to neutralise virus infection, anti-NSt
antibodies can direct complement mediated lysis of virus—-infected
cells which has been proposed as a mechanism by which the protective
immune response may arise (Schlesinger et al., 1985, 1986, 1987 &
1990). 1Initial work with YFV suggested that a correlation existed
between the ability of anti-NS1 monoclonal antibodies to elicit
protection and to direct complement mediated cytolysis (CMC) of
infected cells. More recent studies fnvolving other flaviviruses
including TBEV have not supported this finding (Despres et al., 1991a;
Henchal et al., 1988; Phillpotts et al., 1987; Putnak and Schlesinger,
1990). The role and importance of the humoral protective humoral
respcnse has only been implied in these protection studies, while the

importance of an anti-NS1 MHC class I cytotoxic T lyphocyte (CTL)
response is unknown. As new vaccines based on the TBEV NS1 protein

are being considered the important implications of the immune response
to NS1 merits further investigation.
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1.4.

The main aims of this study are to firstly express recambinant TBEV
NS1 in the absence of other TBEV encoded proteins using an adenovirus
vector, and secondly to examine the potential of the recombinant NST
to protect mice against lethal TBEV challenge. In order to express
TBEV NS1 gene it will be necessary to determine the factors encoded
within the TBEV ORF which are required for synthesis of NS1. This
will be achieved by examining the potential of several TBEV CDNA
fragments when placed under the control of the powerful constitutive
cytomegalovirus (CMV) major immediate-early IE promoter to express
recombinant NS1 in transient expression experiments. Each cDNA
fragment will contain a different form of the NS1 gene encoded by the
Neudorfl and K23 strains of TBEV and will be generated by PCR, using
either reverse transcripts of the TBEV genome or large TBEV cDNA
fragments as a template. A recombinant adenovirus based on a TBEV
CDNA fragment with the potential to express high levels of NS1 will
then be constructed to rallow the possible bio-physical
characterisation of the TBEV gene product can be undertaken. Since

the role of NS1 in virus replication is unknown, expression of TBEV
NS1 as described above should lead to a better understanding of its

significance. Furthermore the expression system will be a suitable
tool with which to investigate the immune response elicited by NST

from both an encephalitic and tick-borne flavivirus in vivo.
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CHAPTER 2. Materials and Methods
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2.1. Cell Culture:

PS cells, a line derived from pig kidneys, were used to propagate
both the Neudorfl and K23 strains of TBEV. 293 cell, an adencvirus-
transformed human embryonic cell line constitutively expresses the
adenovirus E1 gene product, supported efficient replication of 31 a—
recombinant adenovirus mutants (Graham et al., 1977). Efficient
expression from the cytomegalovirus (CMV) immediate early (IE)
promoter expression cassette in the adenovirus vector was obtained
in the absence of adenovirus gene expression when propagated in
human embryo lung fibroblasts, MRCS cells (Wilkinson and ’Akrigg,
1992). Since adenovirus gene expfession was absent in MRC5 cell
infected with the adenovirus vector, adenovirus replication was also
inhibited.

Cell were passaged after being washed with pre—waméd phosphate
buffered saline pH 7.5 (PBS: NaCl 8% (w/v); KCl 0.2% (w/v); 0.12%;
KHoPO4 0.12% (w/v); 0.19% (w/v) NajHPO4 (anhydrous)) and removed
from the solid support with 1% trypsin/ethylenediaminetetraacetic
acid, [di-sodium] salt solution (EDTA) (GibcoBRL, Paisley,
Scotland). Further flasks (Nunc, GibocoBRL) were routinely seeded #at
a ratio of 1:3 and, when required, cells were enumerated using a
haemocytometer (Weber Scientific, Lancing, UK) following dilution in
trypan blue vital stain (Flow, ICN, High Wycombe, Bucks) at a final
concentration of 0.02%.

Each cell line was propagated under specificﬁcondi;tions: PS
monolayers were grown at 37C€C, in Leibovitz 15 media (L15; Imperial
Laboratories, Andover, UK) supplemented with 5% (v/v) foetal calf
serum (FCS, Imperial Laboratories), 0.1% tryptone phosphate broth
(Difco, East Molesly, Surrey, UK) and appropriate antibiotics, while

293 and MRC5 monolayer were grown in Glasgow Minimal Essential
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Media (GMEM) (Imperial Laboratories) supplemented with 5% FCS and
2nM glutamine under 5% (0s/air at 37°C. When infected with virus,

cell monolayers were maintained under the appropriate conditions in
media containing only 2% FCS (maintenance media). For stimulation
of the QW IE pramoter, 0.01 mg/ml forskolin (Sigma, Poole, UK) was
added to infected MRC5 cells. In one experiment the culture medium

was replaced with protein free medium (PAA, Linz, Austria).

2.2. TBEV Strains:

The two Central European TBEV virus strains used in this study
were Neudorfl and K23. The Neudorfl strain of TREV was originally

isolated from an infected Ixodes ricinus tick collected in Austria

(Heinz and Kunz, 1981). Plaque purified Neudorfl strain of TBEV was
obtained fram the progeny of a single viral plaque, following three
sequential passages in chick embryo fibroblasts (CEF) grown in an
agar suspension at the CAMR, Porton Down, UK. A further passage, in
suckling mouse brain (SMB), generated the seed stock from which
working stocks were derived after a second SMB passage. The K23

strain was isolated from an Ixodes ricinus tick collected in the

Karlsruhr region of Germany (Rehse-Kupper et al., 1978). Following
three passages in SMB, the virus was purified in tissue culture by
limited end point dilution. A purified stock of this virus was

kindly supplied by Dr Hilfenhous (Behringwerke AG, Marburg, Germany)
and on its receipt at CAMR, the virus was passaged once in VB pricr

to use.
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2.3. Propagation of TBEV:
High-titred stocks of both Neudorfl and K23 strains of TBEV were
kindly provided by Mr J.lee. For working purposes, 70% confluent PS

cells monolayers (unless specified) were infected with virus at a
multiplicity of infection (moi) of between 0.1 and 1 plaque forming
units per cell (pfu/cell) in a minimal volume of PBS. After 4 h
incubation at 370C, the cells were washed with pre-warmed PBS and

re-incubated in maintenance media until required (2 to 4 days).

2.4. Titration of TBEV:

TBEV strains were titrated in 24 multiwell plates (Nunc). To each
well, 0.5 ml PS cells at 3X10° cells/ml and 0.1 mi of virus diluted
in PBS, from a series of 10-fold dilutions, were added. Following a
4 h incubation at 37°C, the infected cells were gently overlayed
with 0.5 ml L15 carboxy methyl cellulose overlay (Meridick,
Birmingham, UK) suspended in 2X L15 media supplemented with 3% (v/v)
FCS. ' The cells were incubated at 37°C for 4 days before being fixed
in formal saline (10% formalin in PBS) and stained with 0.1% crystal
violet (Meridick) in 20% industrial methylated spirit (Merick).

2.5. TBEV Plaque Reduction Neutralization Assay:

TBEV plaque reduction neutralization assays were performed as
titrations (section 2.4) with 106 pl aliquots of 2-fold dilutions of
antisera in PBS being reacted with an equal volume of PBS containing
20 virus pfu for 4 h at 37°C prior to being mixed with the cells.
The neutralisation titre was calculated as being the reciprocal of
the antisera dilution which produced a 50% reducticn' in the number

of plaques, in comparison with the control sample of virus reacted
with PBS.
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2.6. Production of Recombinant Adenovirus Stocks:

In addition to those Ela- recombinant adenoviruses constructed in
this study, a defective adenovirus expressing f—-gal (RAdA35) kindly
supplied by Dr GWG Wilkinson of CAMR, was used as a control virus.
Recombinant adenovirus stocks were prepared fram 293 cells which had
been infected with an moi of 0.1 pfu/cell when 80% confluent. The
virus, diluted in a minimal volume of media, was left to adsorb to

the cells overnight at 379C. Next day, the cells were washed with
pre-warmed PBS and returned to the incubator in maintenance media
until the cytopathic effect (cpe) was seen in 100% of the monolayer.
Virus was harvested from the infected cells that had beent washed in
PBS and recovered by a 5 min centrifugation in a MSE minstral
(Fisons, Loughborough, Leics) at 2000 rpm. The cells were
resuspended in PBS (2 ml per 2X10© cell) and the virus extracted by
mixing the cells vigorously with an equal volume of Arklcne P (ICI,
Runcorn, Cheshire, UK). The virus containing aqueous phase was

Separated by centrifugation at 2,000 rpm in an MSE minstral,

harvested, aliquoted and stored at -70°cC.

2.7. Titration and Plaque Purification of Recombinant Adenovirus
Stocks:

Recambinant adenoyiruses were titrated in a293 cells grown in flat
bottomed, 96 well, microtitre plates, (Nunc). Monolayers (80%
confluent) were infected with 0.1 ml fram a 10-fold serial dilution
of the virus in culture medium and incubated overnight at 37°cC.
Next day, the inoculum was replaced with 0.1 ml of fresh medium and
the plates were returned to the incubator for 8 bd'ays. Media was
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replaced after 4 days and again if acidic. Cells were examined for
the presence of a cpe and viral titre was calculated by the
Spearman-Karber endpoint determination (Finney, 1971).

Plaque-purified recombinant adenoviruses were obtained from wells
containing virus diluted to the end-point. The media from an

appropriate well was harvested, diluted and re-plated. This

procedure was repeated twice before the virus was deemed to be

plaque purified.

2.8. Purification of Adenovirus by Gradient Centrifugation:

The aqueous phase of the Arklone P extracted virus (section 2.6)
was carefully pipetted on top of a CsCl solution (1.6 ml of density
1.45 g/ml and 3.0 ml of density 1.33 g/ml in 5mM Tris/HCI, T mM
EDTA, pH 7.8) in a 15 ml Beckman (Beckman Instruments, High Wycambe,
Bucks) centrifuge tubes and centrifugedhat 90,0009 ih a Beckman L5-
6513 Ultracentrifuge, for 2 h. The opalescent virus layer, located
at the interface between the higher and lower density solutims,; was
removed by aspiration and diluted 1:2 with the Tris/EDTA buffér
before being layered onto a second CsCl gradient of 3 ml of density
1.33 g/ml and 2.0 ml of density 1.45 g/ml. This gradient was
centrifuged overnight (16 hrs) at 100,000g, and a band of q:alesceqt
virus formed at a density of 1.34-1.35 g/ml. After harvesting, the

virus was dialysed overnight against 10% glycerol in the buffer used
to make up the gradients.
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2.9. Infection of PS Cell Monolayers With Infected Mouse Brain
Homogenate and Sera:

Sera was harvested from Balb/C mice as described in section 2.38,
while brains were removed from the decapitated heads of anesthetised
mice and placed into universal tubes containing 1 ml ice cold
sterile PBS. The brains were chopped up, rinsed in fresh, ice cold
PBS and placed into a second sterile glass universal containing 1
ml/brain of ice cold PBS and 1/2 inch depth of sterile 0.3 cm
sterile glass spheres (Sidm) .  The brains were vortexed for 1 min
and stored at -709C. When required, both the brains and sera
were rapidly thawed at 379C and placed on ice. 50 ul sera and 0.5
ml brain homogenate aliquots were incubated at 379C for 4 h on PBS
washed cells growing on glass coverslips. The inoculum was removed,
the cells rinsed with PBS and reincubated at 37°C in maintenance
media for a further 7 days. The presence of infectious virus was
assessed by an immunofluorescence antibody test (section 2.28).

Work TBEV took place in category 3 facilities under the
appropriate regulations. All recambinant adenoviruses were worked
with in category 2S containment in accordance with the Advisory

Committee on Genetic Manipulations (ACGM) recommendations.

2.10. Plasmids Strains:

Plasmid pMIL23 (Fig. 3.1) was kindly given by S.Chambers of CAMR
(Chambers et al., 1989), while the transfection vector, pw100 (Fig.

3.2), and the recombinant adenovirus transfer vector pMv60 (Fig.
3.20) were kind gifts from Dr. wilkinson of CAMR (Wilkinson and
Akrigg, 1992). Plasmid pM17 (Fig. 3.21), rcontaininc'g the gencme of
adenovirus type 5 d1309 with the prokaryotic vector pBRX inserted
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into the Ela gene and a deletion in the E3 gene, was a gift from
Professor Frank Graham at McMaster University Canada (McGrory et
al., 1988).

2.11. Bacterial Strains:

The two bacterial strains used in this study were obtained from
either GibcoBRL or the Promega Corporation (Southampton,UK.).
The E. coli K12 JM109 endAl, recAl, gyrA96, thi, hasR17, (r-K,
m+K),relAl, supE44, (lac-proAB), [F', traD36, proAB, lacliqz M15]
was preferentially used to propagate plasmids. JM109 contains an F’
episome carrying the lacI9 mutation responsible for the over
production of the lac repressor which allows expression of the lac
operon to be regulated by the lac inducer IPTG.

E. coli MAX efficiency DH5 competent cells F-, &80d lacZz M15,
(lacZYA-argF), U169, recAl, endAl, hsdR17 (r-X,M+X), supE44, -, thi-
1, gyrA, relAl, were used only for high efficiency transformations.
This strain is F-, the F’ episame being replaced with the 80d lac 2
M15 marker which provides & complementation of the B-gal gene
provided by the plasmid. Induction of the B-gal gene permitted

positive identification of recombinant colonies.

2.12. Propagation of Bacterial Strains:
Bacterial strains were grown in sterile L-~broth (10 g bacto-
tryptone, 5 g bacto-yeast extract and 10 g NaCl per litre, pH 7.5),

or on L~agar (15 g sterile bacto-agar/Ltr L-broth). In antibiotic
selection experiments, ampicillin (Sigma) was used at a final

concentration of 50 ug/ml and the chromogenic substrate 5-bromo—4-
chloro-3-indoyl-3-galactosidase (x-gal), which turns blue when
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hydrolysed by B-galactosidase, was used at a final concentration of
0.02% (w/v) together with 50 uM iso-propyl-3-D-thio-
galactopyranoside (IPTG).

Long term storage of transformed bacterial colonies was achieved at
-800C, when bacterial cultures, grown overnight at 379C in L-broth
supplemented with 50pug/ml ampicillin, were mixed with an equal
volume of sterile glycerol and frozen in 1 ml aliquots. To recover
the bacteria from -800C, a loopful of the thawed 'suspension was
streaked out onto I—agar, or inoculated directiy into nutfieni: broth

and incubated overnight at 37°cC.

2.13. RNA Extraction From TBEV-Infected PS Cells:
Total cellular RNA was extracted from two 225 cm4 flasks of TREV-
infected PS cells. At 48 h post infection (hpi), cell monolayers

were washed twice in PBS at room temperature and detached from their
solid support using 0.3 cm diameter sterile glass spheres (Sigma).
The cells were recovered by 10 min centrifugation in an MSE minstral
centrifuge at 3000 rpm, resuspended in 0.9 ml of 0.15 M Nacl; 0.1 M
Tris/HCl pH 7.5; and 1 mM EDTA containing 25 U/ml placental RNase
Inhibitor (Sigma) and allowed to swell. After 10 min, the cells
were lysed by the addition of Nonidet P40 (NP40: 10% (v/v) stock
solution) to a final concentration of 1%, and vigorously vortexed
for 30 sec. The cell nuclel and debris were removed by a 2 min
centrifugation (12,500g) using an MSE micro—centfifuge and the RNA
extracted from the supernatant 3 times with phenol, and twice with .
chloroform. The RNA was recovered by ethanol precipitation, washed,
and dissolved in TE buffer (TE Buffer: 0.01 M Tris/HCl pH 8.0; 1 mM
EDTA) containing 25 U/ml placental RNase inhibitor. The

concentration of RNA was assessed by spectrophotometry (Pye Unican
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SP 6-550 spectrophotometer) at 260 nm where an optical density of
1.0 is equivalent to RMA at 40 pg/ml. During this procedure certain
precautions were taken to minimise the risk of contamination by

ribonucleases, these involved; good aseptic technique; the use of
double distilled or a similar high quality water; heat sterilisation

of glass wear and autoclaving of buffers and reagents where

practicable.

2.14. Denaturing Formaldehyde Gel Electrophoresis of RNA:

Samples were prepared by mixing 4.5 pul of RNA in a MSE micro-
centrifuge tube with 2.0 pl 1X MOPS buffer (10X MOPS buffer: 0.2 M
3-N-Morpholino-propane-sulphonic acid, pH 7.0; 0.05 mM sodium
acetate; 0.01 mM EDTA); 3.5 ul 40% formaldehyde; 10 ul re-
crystalised formamide (Casey and Davidscn, 1977) and denaturing at
55°C for 15 min. After chilling on ice, the samples were mixed at a
ratio of 5:1 with sample buffer (50% (w/v) ficol; 1 mM EDTA; 0.25%

(w/v) bromophenol blue) and applied to a pre-run horizontal

denaturing formaldehyde agarose gel formed in the BRL mini gel
apparatus (Lehrich et al., 1977). The 1% high melting point agarcse
gel was prepared in water by cooling a melted aéarose solution to
60°C before adding 5X MOPS buffer and formaldehyde to give a final
concentration of 1X and 2.2 M, respectively. Electrophoresis was
carried out in 1X MOPS buffer, at 50 V for 4 h , after which the
nucleic acids were stained by immersing the gel for 1 h in 1 pg/ml
ethidiun bromide diluted in the tank buffer, and destained in fresh
- tank buffer for a further hour. The stained bands were visualised
by transillumination with longwave UV light (365 nm) and

photographed (polaroid film 667) using a red filter. E. coli 16S
and 23S r RNA molecular weight markers were included on the gel.
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2.15. Reverse Transcription of Purified RNA:

cDNA copies of total infected cell RNA were prepared in 20 pl
volume reverse transcription reactions. RNA (5 ug) and (0.5ug)
random hexonucleotide primers (Boehringer Mannheim, Lewes, UK) were
incubated in the presence of 0.1% dimethyl sulphoxide (DMSO) at room
temperature for 3 min, before being added to pre-warmed reverse
transcription mix containing 1X PCR buffer (Promega Corporation),
(10X PR buffer: 100 mM Tris/HC1 pH 8.3; 15 mM KC1, 500 mM MgClo; 1%
Triton X100: gelatin 0.1% (w/v)); 20 U placental RNase inhibitor
(Sigma); 500 pM of each of dATP, dTTP, dCTP and dGTP (Perkin-Elmer,
Beaconsfield, Bucks.); and 2.5 mM MgCly. 20U of Moloney murine
luekaemia virus reverse transcriptase (Pharmacia Biosystem Ltd,

Milton Keynes, UK) was added and the reaction was incubated at 37€C
for 40 min.

2.16. Polymerase Chain Reaction:

The polymerase chain reaction was used to amplify specific regions
of cDNA containing the NS1 gene generated by reverse transcription
(section 2.15). The limits of the amplified fragments were defined

by 2 oligonucleotides which hybridised to opposite strands of the
target sequence so that their 3’ ends were towards each other. The
20 y1 PCR mix contained 4 ul of the reverse transcription product;
1X PCR buffer (Pramega Corporation); 1 pM of each of both primer; 1
U Tag DNA polymerase (Promega Corporation) and was overlayed with
white paraffin oil (Sigma). Wwhen the cDNA template was provided

from the reverse transcription reaction, the dNTP mix present in
that volume was sufficient for the PCR, however, when the template
was provided fram an alternative source, a 0.2 mM ANTP mix (Promega
Corporaticn)_ was supplied. During each PCR cycle, the cDNA template
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was denatured at 949C for 45sec, and primers allowed to anneal for 2
min at a temperature calculate by assigning each A and T base of the
primer 20C and each G and C base 4°C and subtracting 100C from the
sun. Once annealed, extension from the primers was performed for 4
min at 72°9C. This three step cycle was repeated 30 times, after
which the oil overlay was removed by chloroform extraction, and the
DNA recovered by ethanol precipitation. PCR primers, sequencing
primers and single stranded adaptors were kindly synthesised by
J.M.Chamberlain using an Automatic DNA Synthesiser BT8500, (Biotech

Instrumentation Ltd, Luton, Beds, UK).

2.17. Restriction Endonuclease Digestion:

Restriction endonucleases and their buffers were supplied by the

Promega Corporation and used according to the manufacturer’s

instructions.

2.18. Agarose Gel Electrophoresis:

High melting point agarose (0.8% (w/v)) was melted in 1X Tris-
borate-EDTA (TBE) buffer (TBE buffer 10X: 90 mM Tris; 90 mM boric
acid; 2.5 mM EDTA pH8.3) and poured in a horizontal mini gel
apparatus (BRL) at a temperature of between 50°C and 60°C. DNA
samples were mixed with 1/10 volume loading buffer . (10% ficol (v/v);
0.05% bromophenol blue (w/v)) prior to electrophoresis. Following
electropharesis at 80 V for 1 h, the nucleic acids were stained with

ethidiun bramide staining and visualised under a UV light source as
described in section 2.14.
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2.19. Elution of DNA fragments from Agarose gels:

cDNA was recovered from agarose gels by electroelution. Following
ethidium bromide staining, the required DNA fragments were excised
precisely from the gel and placed into a dialysis bag with 1/2X TEE
buffer. The bag was immersed in 1/2X TBE buffer so that it was
perpendicular to the electrodes. Electroelution was achieved
following the application of 50 V for 30 min, with the current’s
polarity being reversed for the last 30 sec to detach any cDNA
adhering to the inner wall of the bag. The buffer and eluted cDNA

were removed from the bag and the DNA recovered by ethanol

precipitation.

2.20. Ligation of DNA Molecules:

Following the linearisation of plasmid vectors, they were treated
with bacterial alkaline phosphatase (GibcoBRL) according to the
manufacturer’s instructions to prevent self-ligation. The cDNA
inserts and linearised vectors were then mixed at a concentration of
5:50 pg/ml, respectively, in 25 pl volume of ligase buffer (Promega
Corporation) (10X ligase buffer: 300 mM Tris/HCl pH 7.8; 100 mM
MgClz; 100 mM DIT; 10 mM ATP) and using two units T4 DNA Ligase

(GibcoBRL). The ligation reaction was allowed to proceed at 15©C

temperature overnight.

2.21. Preparation of Adaptors:

Adaptors were supplied as single-stranded DNA molecules. The
palindromic nature of these oligonuceotides allowed molecules to

self-anneal to form dbuble-stranded molecules. 1In a two step

reaction, 1 pg of adaptor in 1X kinase buffer (kinase buffer 10X:
500 mM Tris/HCl pH 9.0; 100 mM MgCls; 50 mM DTT; 1 mM spermidine)
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containing 1 mM ATP and 200 U T4 polynucleotide kinase were first
phosphorylated when the reaction was incubated at 37¢C for 30min.
Followed 5 min in a water bath at 95°C, the water bath was turned

off and the oligonucleotides allowed to anneal overnight.

2.22. Transformation of Competent Cells:

Circular recombinant plasmid DNA was used to transform competent
E. coli, according to instruction supplied by the appropriate
manufacturer (GibcoBRL or Promega Corporation). Briefly, 5 upl of
the ligation reaction, diluted 5-fold in TE buffer, was mixed with
100 pl of competent cells and placed on ice for 30 min. Following
heat shock at 420C for 45 sec, the cells were returned to ice and
after 2 min the cells were gently added to 0.9 mls warmed L broth
which was shaken at 37C for 1 h. The cells were then plated onto L

agar containing 50 pg/ml ampicillin to select for colonies

containing plasmids.

2.23. Small Scale Plasmid Preparation:

Rapid, small scale plasmid preparations were obtained from a
single host bacterial colony based on the method of Birnboim and
Doly (1979). Single colonies were picked and overnight cultures
grown in L broth containing 100 pg/ml ampicillin. Cells from 1.5 ml
of each culture were recovered by centrifugation in a MSE micro-
centrifuge (12,000 rpm), resuspended in 100 pl 25 mM Tris/HCl pH
8.0; 500 mM EDTA; 50mM glucose and placed on ice. After 5 min, 200
ul 1% SDS (w/v) in 0.2 M NaOH was added, followed by 150 ul 3 M
Sodium acetate pH 4.8, 5 min later. After 10 min the supernatant
was clarified by centrifugation (12,000 rpm, 5 min), and harvested.
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The DNA was recovered from the clarified supernatant by ethanol

precipitation and the resulting DNA resuspended in TE buffer for

analysis.

2.24. Large Scale Plasmid Preparation:

Large amounts of purified plasmid DNA were prepared using a
protocol which followed that of Chewell and Helinski (1969).
Individual cloned bacterial colcnies were picked and grown overnight
in 3 ml L. broth (containing 100 ug/ml ampicillin) in a shaking
Incubator at 37CC. Next day, each overnight culture was made up to
500 ml with L. broth (plus ampicillin) and further incubated with
shaking until the ODg5g reached 0.9, when chlorcamphenicol (Sigma)
(75 mg/ml in ethanol) was added to a final concentration of 75
Mg/ml. The cultures were incubated for another 12 h before being
harvested by centrifugation at 8000 rpm, 4°C for 15 min in a Sorval
GSA rotor (DuPont, Stevenage, Herts) and resuspended in 2 ml of 25%
(w/v) sucrose and 50 nmM Tris/HCl (pH 8.0). After 5 min 0.3 ml of 20
mg/ml lysozyme (Sigma) in 0.25 M EDTA was added. The suspension was
Intermittently agitated on ice over a period of 5 min after which 2
ml of 0.25 M EDTA was added. Cells were lysed after 5 min by the
addition of 3 ml lysis solution (1% Brij 58 (w/v); 0.4% Na
deoxycholate (w/v): 10 mM Tris: 1 mM EDTA), followed by vigorous
mixing and incubated on ice for 20 min. Cell debris was removed by
centrifugation at 15,000 rpm at* 49C for 45 min (Sorval SM24 rotor)
and the clarified lysate decanted. Solid CsCly, to a final
concentration of 0.95 g/ml was added together with 100 ul of
ethidium bromide (200 ug/ml) to the lysates. Samples were then
transferred to Ti56 polymer tube (Beckman, High Wycambe, Bucks, UK).
The tubes were heat sealed and centrifuged at 38000 rpm for 60 h.
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Following centrifugation, the tubes were examined under a UV light'

(366 nm wavelength) and the plasmid containing lower, fluorescent
band aspirated.

Plasmid DNA was extracted 3 times with propan-2-ol (Meridick)
saturated with CsCls from this band and dialysed 3X against 200
volunes of TE buffer. To determine DNA oconcentration the absorbance

of the plasmid preparation was measured at 260 nm and 280 nm.

2.25. DNA Sequencing:

TBEV cDNA within plasmids were sequenced by overlapping primer
extension reactions which between them spanned the entire length of
the cDNA insert (Fig. 3.11). Apart from the primers, reagents were
supplied in the United States Biochemical Corporation’s (Cleveland,
Chio, USA) Sequenase version 2.0 kit. For each template reaction,
35 ug of the plasmid DNA was denatured by incubation in 0.2 M NaCH
at 37°C for 30min. The reaction was neutralised by a 0.1 volume of
2 M ammonium acetate pH 4.5 and the denatured DNA recovered by
ethanol precipitation. After washing with ethanol, the DNA was
redissolved in 7 ul water to which 2 pl 5X Sequenase reaction buffer
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