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Summary. The transfer of thoracic duct lymphocytes
from sheep inoculated 14 days, but not 7 days
previously with bluetongue virus into their monozygo-
tic twin resulted in some protection from challenge
with bluetongue virus. T cell enrichment of the 14 day
thoracic duct lymphocyte population resulted in a
similar effect, indicating the T cell basis of the
observed protection.
Animals recovered from infection with bluetongue

virus type 3 and which received thoracic duct lympho-
cytes from an identical twin recently infected with the
same bluetongue virus type were protected from
challenge with bluetongue type 4.

These observations suggest that T lymphocytes play
an important role in protection against bluetongue
virus.

INTRODUCTION

Bluetongue virus (BTV), a double-stranded RNA
virus belonging to the family Reoviridae and group
orbivirus causes disease in sheep, cattle and goats
characterized by facial oedema and coronitis.
A single inoculation of mice with one BTV serotype

induces formation of cytotoxic T cells capable of
lysing syngeneic targets infected with other BTV types
(Jeggo & Wardley, 1982). Such plurality of the
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humoral response is only seen, however, after two or
more sequential inoculations ofBTV (Jeggo, Gumm&
Taylor, 1983). These observations suggest that some
present vaccines, based on the serotypic definition of
BTV types (Howell, 1960) and involving the inocula-
tion of up to 15 BTV types, may be unnecessarily
complicated. Nevertheless, before simplifying vac-
cines, it is first necessary to assess the relative impor-
tance of the humoral and cellular responses in initial
protection and later recovery from disease.
Antibody transfer has given a clearer understanding

of the role of humoral immunity in the prevention of
re-infection by BTV (Jeggo, Wardley & Taylor, 1983).
However similar approaches applied to cellular com-
ponents have been limited by the requirement for
syngeneic lymphocytes. To examine in more detail the
role of cell-mediated immunity in BTV infections we
have used monozygotic animals in experiments involv-
ing the transfer of thoracic duct lymphocytes.

MATERIALS AND METHODS

Animals
Monozygotic sheep, approximately 1 year old, were
kindly given by the Institute of Animal Physiology,
Babraham.

All animals were held during the experiments in
insect proof and BTV secure accommodation at the
Animal Virus Research Institute, Pirbright.
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Viruses
BTV3 was obtained from the Veterinary Research
Institute, Onderstepoort and had been passaged twice
in embryonated eggs and three times in baby hamster
kidney (BHK) cells. BTV4 was isolated from an
outbreak of bluetongue in Cyprus in 1969 and had
been passaged once in eggs and four times in BHK
cells. Both BTV types were plaque purified three times
in BHK cells and their type specificity was verified in a
micro-neutralization test (Jeggo et al., 1983).

Virus inoculation and isolation
Animals were inoculated with 106 TCID50 of BTV
intradermally. Virus isolation was carried out using
heparinized blood and BHK monolayers as indicator
cells (Jeggo et al., 1983). Viraemia levels were
expressed as logOTCID5o/ml of original packed cells
which constituted approximately half the total volume
of blood sample. In each experiment virus isolates
were retyped using the virus neutralization test.

Neutralizing antibody detection
Tests for neutralizing antibodies to BTV types were
carried out using the micro-neutralization system as
described previously (Jeggo et al., 1983). Virus and
positive and negative serum controls were included
with each batch of sera tested.

Cellular adoptive transfer techniques
Thoracic duct cannulation. Donor monozygotic ani-

mals were inoculated with 106 TCID50/ml of BTV and
thoracic duct cannulation was carried out 7 or 14 days
later.

Pooled collections of TDLs from each animal were
washed three times in RPMI- 1640 medium containing
10% foetal calf serum, 2 mm HEPES buffer and
antibiotics (penicillin 110 IU/ml; streptomycin 0 2
mg/ml) (RPMI-HEPES). Cell viability was checked
using trypan blue exclusion and found to be approxi-
mately 98%. TDLs and fluid were also examined for
the presence of BTV and BTV antibodies.

Cell characterization
TDLs were characterized using fluorescein conjugates
of rabbit anti-sheep IgG (Miles-Yeda Ltd.) for identi-
fication of B cells and peanut agglutinin (Arachis
hypogaea, Sigma Chemicals Ltd.) for ovine T cell
identification (Higgins, 1981). In each case 5 x 105
cells/ml in 1 ml was mixed with an equal amount of a
1/10 dilution of the conjugate in phosphate-buffered
saline (PBS). The mixture was incubated for 1 hr at 4°

and then washed three times in PBS before micro-
scopic examination. The percentage of cells showing
surface fluorescence in the cell suspension was
obtained by the examination of at least 300 cells.

T cell enrichment procedures
Anti-sheep immunoglobulin. Normal sheep serum
was precipitated using sodium sulphate (18% final
concentration) (Hudson & Hay, 1976) and the result-
ing precipitate redissolved in a small amount of PBS
and dialysed against PBS overnight at 4°. This solu-
tion was adjusted to contain 2 mg/ml of immunoglo-
bulin and emulsified with an equal volume of Freund's
incomplete adjuvant. Rabbits were inoculated once
weekly for 4 weeks at multiple sites with 1 ml amounts
of the emulsified antigen. The rabbits were bled out 1
week later, the serum pooled, precipitated with
sodium sulphate, and finally adjusted to contain 1
mg/ml of immunoglobulin. Fourteen millilitres of this
rabbit anti-sheep IgG was added to each 140 mm
plastic petri-dish (No. 305v, Sterilin Ltd., U.K.) and
incubated for 18 hr at 4°. Immediately prior to use of
the plates the anti-IgG was drawn off and the plates
washed three times in 15 ml of PBS.
TDLs were adjusted to contain 1 5 x 107 cells/ml in

bicarbonate free culture medium containing 5% foetal
calf serum. Twenty-one millilitres of TDL suspension
was added to each treated petri dish and incubated for
30 min at room temperature on a level table. After this
time the plates were gently agitated and incubated for
an additional 30 min. The non-adherent cells were
then removed by careful pipetting and these cells
added to a fresh labelled petri-dish and the procedure
repeated. At each stage samples of adherent cells were
removed and checked for cell composition using the
specific B and T cell fluorescein conjugates.

Cell transfer
In each case the recipient monozygotic animal
received approximately 6 x I09 of either the total or T
cell-enriched population of washed TDLs in a 20 ml
amount. Cells were given intravenously and animals
were challenged with BTV 12 hr later.

RESULTS

Adoptive transfer of TDLs, 14 days after inoculation of
the donor with BTV; homologous virus challenge
The inoculation of BTV3 into the three donor sheep
induced a pyrexia and viraemia typical of a BTV
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Figure 1. Elevation of temperature following the inoculation of BTV into monozygotic animals. Thoracic duct lymphocyte
transfer at 14 days p.i. (* *) Donor(s); (0 --- 0) recipient(s). Rectal temperature in 'C. (i) Mean of individual animals
results; (ii), (iii) and (iv) individual animal results.

infection (Jeggo et al., 1983) (Figs 1, 2). Peak tempera-
ture and viraemia levels were obtained on day 7
post-inoculation (p.i.) and virus persisted in the blood
for at least 20 days (Fig. 2).
The amount and composition of the thoracic duct

fluid collected at day 14 p.i. can be seen in Table 1.
Although it did not contain BTV, the thoracic duct
lymph contained low levels (1/20) of neutralizing
antibody to BTV3.
The transfer of cells and challenge of the recipient

animals resulted in the temperature and viraemia
response shown in Figs 1 and 2. The peak temperature
response was obtained 1 day earlier and was below
that of the donor animals. Peak viraemia in the
recipients was detected between 3 and 4 days p.i.,
compared to 7 days in the donors, and then fell
rapidly, so that by 7 days p.i. levels were 2-5 logs below
that of the donor group. In one recipient BTV could
not be recovered from the blood beyond day 8, whilst
in the other two, although virus was recovered for at
least 14 days p.i., the viraemia was at considerably
lower levels than that in the donor animals (Fig. 2).

In the control animal receiving TDLs from an
uninoculated donor the response was typical of that

shown in fully susceptible animals with the height and
duration of the viraemia and pyrexia being indist-
inguishable from that following the inoculation of
BTV3 into the other donor animals (data not shown).
Examination of the sera of both donor and recipient
animals for neutralizing antibodies to BTV3 gave the
results shown in Fig. 3. In the donor animals, neutra-
lizing antibody was first detected around day 10 and
rose rapidly to reach plateau levels of around 1/1000
by 13 days p.i. In the recipients, antibodies to BTV3
were first detected around day 5, reached levels around
1/1000 by day 8 and then fell to around 1/40 by day 16.
This pattern was consistent in all three recipients
receiving TDLs from BTV inoculated donors. The
recipient receiving TDLs from an uninfected animal
developed antibodies in a similar manner to that of the
donor animals (data not shown). Neutralizing anti-
bodies to the other 21 BTV types were not detected in
the sera of any of these animals.

These results indicate that 14 day TDLs from a
BTV-immune animal can reduce both the pyrexia and
viraemia normally associated with BTV infections in
sheep. The earlier appearance ofneutralizing antibody
in the recipient animals indicates that either this
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Figure 2. Viraemia in monozygotic animals following the inoculation of BTV. Thoracic duct lymphocyte transfer at 14 days p.i.
(* *) Donor(s); (0 - - - 0) recipient(s). Viraemia TCID5o/ml. (i) Mean of individual animal results; (ii), (iii) and (iv)
individual animal results.

Table 1. Nature of thoracic duct fluid collected following cannula-
tion 14 days after the inoculation of BTV into sheep

Amount Time Cell Amount
Animal collected taken count transferred % of % of
No. (cm3) (hr) (x 109) (cm3)* B cellst T cellst

1 500 4 0-85 20 36 26
2 1300 16 6 20 42 37
3 1300 8 4 20 46 17
4 1000 16 4-6 20 31 22

* Inoculated intravenously into recipient monozygotic twin.
t Identified using fluoroscein-conjugated rabbit anti-sheep IgG.
t Identified using fluoroscein-conjugated peanut agglutinin.

antibody was formed by B cells transferred in the TDL
population (approximately 40% of the TDLs were B
cells) (Table 1) or that immunologically specific T
helper cells more rapidly primed the B cell response of
the recipient and hence antibody was formed more

quickly.

Adoptive transfer ofTDLs, 7 days after the inoculation
of the donor with BTV; homologous virus challenge
The temperature, viraemias and neutralizing antibody

response in both donor and recipient following the
inoculation of BTV3 can be seen in Fig. 4. The donor
animal showed a pyrexia and viraemia typical of that
found following the inoculation of BTV into fully
susceptible animals. Unlike the 14 day thoracic lymph
this fluid contained 102.4 TCID5o/ml of BTV and 10' 4

TCID50/ml of BTV was still present in the washed
cells. Hence approximately 102.4 TCID50 of virus was
transferred along with the thoracic duct lymphocytes.
No neutralizing antibody however was demonstrated
in this fluid.

E
"I

0

0

us

0)
E
a

5

14

406



Bluetongue virus infection in sheep

1000

(i )

i /''le,~~~~~~HI I
, I I

" /

(iv) *

/ I .
, '

0 2 4 6 8 10 12 14 16 18 20 22 24 26 2830 0 2 4 6 8 10
Days post-innoculation

12 14 16 18 2022 2426 28

Figure 3. Neutralizing antibody to BTV3 in monozygotic animals following the inoculation of this BTV type. Thoracic duct
lymphocyte transfer at day 14 p.i. (* *) Donor(s); (0 - - - 0) recipient(s). (i) Mean of individual animal results; (ii), (iii) and
(iv) individual animal results.

The pyrexia obtained following the inoculation of
BTV3 into the recipient was similar in pattern to that
observed in the recipients in the previous experiment.
However the viraemia was unlike that of either the
donor animal, or the recipients receiving TDL's from
animals inoculated 14 days previously with virus, and
reflects the intravenous inoculation of virus associated
with the TDLs compared to the intradermal challenge
of all other animals. Examination of sera from both
donor and recipient for the presence of neutralizing
antibodies to BTV3 revealed similar titres to those
following the inoculation ofBTV into fully susceptible
animals.

These results indicate that TDLs collected 7 days
after the inoculation of BTV are not effective in
curtailing the course of a BTV infection.

Adoptive transfer of T cell-enriched population of
TDLs, 14 days after the inoculation of the donor with
BTV; homologous virus challenge
The inoculation of BTV into the donor produced the
typical pyrexia and viraemia seen in other donor
animals (Fig. 5). The use of anti-sheep IgG-coated

plates removed 93% of the B cells; their percentage fell
from 34% to 2-3%. It is highly likely that the remaining
48-7% of unlabelled cells are not all 'null' cells as the T
cell marker used (peanut agglutinin) is thought not to
label all T cell subsets (Dumont & Nardelli, 1979).
The inoculation of these enriched T cells into the

recipient animal and challenge 12 hr later with BTV3
resulted in the viraemic and pyrexic response shown in
Fig. 5. Although the pyrexia is similar to that of the
donor, a 90% reduction in the viraemia was obtained
and virus could be detected in the blood of the
recipient for 13 days p.i. only, whereas in the donor
virus was isolated for 28 days.

In contrast to the result obtained with the transfer of
the total TDL population, the reduction in B cells led
to the development of neutralizing antibody occurring
at a similar time in both donor and recipient (data not
shown), indicating that the mechanism responsible for
this protection was not antibody-mediated.

Adoptive transfer ofTDLs, 14 days after the inoculation
of BTV into the donor; heterologous virus challenge
The inoculation of BTV3 into the donor animal and
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Figure 4. Temperature, viraemia and neutralizing antibody
response in two monozygotic animals following the inocula-
tion of BTV. Thoracic duct lymphocyte transfer at 7 days p.i.
(* *) Donor; ( ---- 0) recipient. Rectal temperature
'C. Viraemia TCID5o/ml.

BTV4 into the control animal (which had previously
been inoculated with BTV3) resulted in the typical
pyrexia and viraemia (Fig. 6) seen in other animals.

In the recipient, however, which had been inocu-
lated with BTV3 previously and received TDLs from
the donor inoculated with BTV3, the inoculation of
BTV4 induced neither pyrexia nor viraemia (Fig. 6).
Both the recipient and control animal had anti-

bodies to BTV3 prior to the inoculation of BTV4 and
following BTV4 inoculation both formed neutralizing
antibodies to this type. However, the antibody re-

sponse in the donor animal following an homologous
challenge remained monotypic (data not shown).
Thus the transfer of immune TDLs from an animal

inoculated with BTV3 completely protected a pre-

3

2

I1'
.t'

I *

0 2 4 6 8 10 12 14 16 18
Days post-inoculation

Figure 5. Development oftemperature and viraemia response

following the inoculation of BTV in monozygotic twins;
TDLs 'panned' prior to transfer at 14 days p.i. (* *)

Donor; ( --- - 0) recipient. Rectal temperature 'C. Virae-
mia TCID5o/ml.

viously BTV3-primed recipient from challenge with
BTV4. Antibodies to BTV4 were induced in the
recipient indicating a serological response although no
evidence of a viraemia was obtained.

Both recipient and control animals had antibodies
to BTV3 prior to challenge with BTV4 but the clinical
signs in the control animal show that antibodies alone
do not decrease susceptibility to a second BTV type
challenge. Hence the complete protection observed in
the recipient as compared to the diminished response
seen in donors challenged with homologous virus,
required the presence of the 14 day TDL population
and the presence of non-neutralizing heterotypic anti-
body.

DISCUSSION

These results indicate that the inoculation ofBTV into
sheep activates a population of TDLs which when
transferred to another animal at 14 days is capable of
reducing the pyrexia and viraemia normally associated

E

0

Lo
ur

2

0

a-2
E
a)
5

>a

-D
0
a,

a

z

408



Bluetongue virus infection in sheep

4101

406

40*2
0

aV 39.8

H394 -

> :1 _ E~

39-0 2-4 'O

4 6

38-6

5

4

3-3
0

0 2 4 6 8 10 12 14 16 20

Days post-inoculation

Figure 6. Development oftemperature and viraemia response
in monozygotic animals following the inoculation of BTV;
heterologous virus challenge. (0 --- 0) Recipient;
(0J 0) control. Rectal temperature 'C. Viraemia
TCID5o/ml. Both recipient and control animal inoculated
with BTV3 6 weeks previously. Recipient received TDLs
from BTV3-immune donor prior to challenge of both
recipient and control with BTV4. Time expressed as days p.i.
with BTV4.

with a BTV infection. The transfer of the total cell
population results in an early antibody response,

presumably because of the BTV-immune B cells it
contains. It could be argued that the observed protec-
tion was therefore antibody-mediated. However, the
removal of B cells delayed the antibody response

without affecting the degree of protection observed.
This would indicate that this protection is mediated by
T cells through a mechanism which does not rely on

antibody production.
Moreover, in the presence of heterotypic antibody,

these TDLs are capable ofcompletely abrogating both
the pyrexia and viraemia associated with a second
heterotypic challenge of BTV. Hence, although an

animal inoculated with one BTV type is not usually
protected from challenge with a second BTV type, the
transfer prior to challenge ofTDLs induced to another
type prevents the expected viraemia and pyrexia.

In this context, our previous work with mice has
identified a cross-reactive cytolytic T cell (Jeggo &
Wardley, 1982) and in sheep has shown maximal CTL
development 14 days after BTV infection (Jeggo et al.,
1983). This indicates that it is this subset which is
important in the protection observed in a TDL
recipient. The resistance of BTV to the effects of
antiviral substances like interferon (Jeggo, 1983) and
the fact that replicating virus can be found in macro-
phages throughout the course of BTV infections
(Lawman, 1979) adds further weight to the argument
that, in fully susceptible homologously challenged
sheep, these immune T cells are acting through their
cytolytic effect. However, in the sheep which had
recovered from BTV and which had received TDLs,
the possibility also exists that cross-reactive helper T
cell subsets were seeded into a bed of cross-reactive
anti-BTV CTL memory cells which, by inducing a
more rapid and higher level ofcytotoxicity, resulted in
the complete protection to heterologous challenge.
These observations have parallels in studies carried
out with influenza virus in mice (Wells & Ennis, 1981)
and man (Zweerink et al., 1977). Several reports
involving the transfer ofCTLs (Yap & Ada, 1978) or a
cloned line of anti-influenza CTLs (Lu & Askonas,
1980) have shown that they are able to protect mice
against the effects of influenza infection.
More recent work, however, indicates that the CTL

alone may not be responsible for the heterotypic
immunity and observed protection in vivo. With
influenza, cross-reactive T-helper cells which induce
antibodies may also play a role (McMichael et al.,
1982), whereas, in herpes simplex virus type I infec-
tions in mice, elevated serum interferon levels
observed in the recipients of virus-specific and H-2-
compatible CTLs may also contribute to the protec-
tive mechanism. This could be either by increasing the
susceptibility of infected cells to the action of CTLs,
augmenting NK cell activity, or by interfering with the
assembly of infectious virus (Sethi, Omata &
Schneweis, 1983). The fact that complete virus clear-
ance may depend upon a number of different re-
sponses is also illustrated by the heterologous BTV
challenge. The antibody alone would not have affected
virus titres, although in conjunction with presumptive
CTLs and helper cells it appears to prevent virus
replication completely. The mechanism of this syner-
gism is not clear, although with herpes simplex virus,
CTLs and a non-neutralizing monoclonal antibody
can similarly protect mice (Nash, personal communi-
cations). The possibility exists that this antibody reacts
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with the T cells in a way which has yet to be
characterized, or that perhaps it improves antigen
recognition and processing so that the recipients
response is more vigorous and then the combination of
antibody and transferred cells is sufficient to prevent
virus replication.
The cross-reactive nature of the short-term CTL

response, in contrast to the long lived monotypic
antibody protection seen after primary infection
(Jeggo et al., 1983), would suggest that in the field,
where sheep undergo seasonal BTV challenge, the
short-term cross-reactive CTL may be the major
mechanism which gives protection from heterologous
challenge within a season, whereas the long-lived
antibody response would provide protection against
homotypic challenge between seasons. This hypoth-
esis would explain the observation that during BTV
outbreaks in a flock it is uncommon to isolate more
than one BTV type from an individual sheep despite
evidence that more than one BTV type is circulating in
that area. In such a situation, the short-term cross-
reactive CTLs produced following infection with one
type would be expected to limit viral replication ofany
other type. As animals become infected with different
BTV types this would be expected to augment both the
cross-reactive CTL and antibody response.

Such factors are obviously of prime importance
when considering vaccination policies. It would
appear that as with influenza vaccine policy, ifa broad
immunity is required against challenge from a number
of virus types, then a vaccine schedule should be used
that will induce cross-reactive humoral and cellular
immune response which would preclude the use of
inactivated preparations (Jeggo & Wardley, 1982).
However, if homotypic protection is desired, then
vaccines capable of inducing high levels of protective
antibody should be used.
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