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SUMMARY

Theileria annulata is a tick-borne protozoan parasite which causes the disease bovine tropical
theileriosis. In immunized or drug-treated animals, the pathogenic macroschizont stage of the parasite
is destroyed by MHC class I-restricted cytotoxic T lymphocytes (CTL). Here we show that although
CD8þ T cells increase greatly in number and display activation markers during an acute infection, they
exhibit no killing of infected cells. During the ineffectual response, efferent lymph cells’ ability to
proliferate to IL-2 drops, coinciding with loss of MoAb binding to CD2 by CD8þ cells. When animals
were treated with the anti-parasite drug ‘Butalex’, IL-2 responses, anti-CD2 antibody binding by CD8þ

cells and strong CTL activity were restored within 24 h. The initial activation of CD4þ T cells by
parasite-infected cells altering the IL-2 production in the draining lymph node is the likely cause of the
failure of CTL responses.
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INTRODUCTION

Theileria annulatais a tick-transmitted protozoan parasite, affecting
cattle in Southern Europe, North Africa, India, the Middle East,
Southern former USSR and China, and is the causative agent of
tropical theileriosis. This disease is of particular importance, as
high-yielding ‘exotic’ European cattle imported into endemic areas
are extremely susceptible to disease. Animals can develop immunity
to the disease through parasite challenge and treatment with the drug
‘Butalex’ (buparvaqoune injection, Mallinckrodt Veterinary, UK;
from here on referred to as Butalex) or use of an attenuated live
vaccine. However, infection of naive susceptible cattle leads to rapid
disease progression, with death commonly within 2–3 weeks of
experimental infection depending on the dose of parasite given [1,2].

The principal cells infected and transformed by sporozoites
(infective stage) are of macrophage/monocyte lineage [3–5], and

infected cells develop in the lymph node draining the site of
infection. The majority of disease pathology is associated with
the macroschizont stage—full disease symptoms can be produced
by this stage [6,7].

Parasite clearance in vaccinated or recovered drug-treated
animals is thought to be principally effected by MHC class
I-restricted cytotoxic T lymphocytes (CTL) [8,9], which have
been shown to lyse macroschizont-infected cells. It has not been
possible to isolate such CTL from naive animals undergoing primary
infection [9]. Recently, we have shown that infection with
T. annulatainterferes with T cell development in the local draining
lymph node by disrupting normal T cell development pathways—T
cells are activated ‘non-specifically’ by parasitized cells, rather than
interacting with normal antigen-presenting cells (APC) [10]
(Macroschizont-infected cells possess an activity akin to a super-
antigen, although not yet fully characterized [10,11]). Non-
protective T cell responses result in an initial ‘burst’ of CD25þ T
cells in the node, but this is not sustained, and the numbers of T cells
expressing CD25 drop to background levels within a week of
infection [11]. The effects that the failure to develop normal
helper T cell responses have on CTL function are unknown.

The aim of this study was to investigate the mechanisms
underlying the failure of naive animals to produce functional
CTL during T. annulata infection. Using efferent lymphatic
cannulation, we have examined in detail the comparative
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development of CTL in lymph efferent from nodes draining the site
of infection of naive and immune cattle. During infection of naive
cattle the ineffective T cell responses were examined until the
severity of disease symptoms necessitated drug treatment. The
animals were subsequently assessed during the recovery period
when immune mechanisms were fully functional.

MATERIALS AND METHODS

Animals and cannulations
Three Friesian×Brown Swiss or Charolais calves aged 3–8 months
were used in this study. Two were previously unexposed to
T. annulata(animals 1 and 2), and one was immune to the parasite,
having undergone cell line immunization and sporozoite challenge
(animal 3). The efferent lymphatic duct of the animals’ prescapular
lymph node was cannulated as previously described [12].

Infection withT. annulataand drug treatment
The two naive animals were inoculated with 0·1 tick equivalents
(TE) of T. annulatasporozoites (Gharb strain [13]), in the shoulder
above the cannulated lymph node 24 h post-cannulation. Both
animals developed severe clinical tropical theileriosis, and were
treated with Butalex (5 mg/kg) [14] (Malinkrodt Veterinary) as
soon as food intake decreased (day 10 post-infection animal 1, day
11 animal 2). Both animals made a full recovery. The immune
animal was cannulated on the right shoulder, and baseline
measurements taken. Unfortunately this cannula became blocked.
The animal was therefore re-challenged with sporozoites on the left
shoulder and cannulated 5 days post-infection. Baseline day ‘0’
levels shown for this animal therefore refer to the first cannulation,
and the re-challenge values to the second cannulation.

Lymph collection
Lymph was collected into sterile plastic bottles containing 5–10 U/
ml heparin (Leo Laboratories, UK) and antibiotics to give a final
concentration of penicillin 20 U/ml and streptomycin 20mg/ml
when the bottle was full. The bottle was changed two to four
times per day depending on flow rate. Fresh lymph was collected
for 1 h each morning for use in functional studies. Remaining
lymph was pooled aseptically and re-infused via a jugular cannula
to maintain fluid, electrolyte and protein balance, and to avoid any
interference with the development of systemic immunity.

Cell preparation
Efferent lymph leucocytes (ELL) were prepared by centrifuging
lymph at 800g for 10 min, re-suspending cells in RPMI 1640
medium, and then separation over Ficoll–Hypaque (‘Lymphoprep’;
Nycomed, Oslo, Norway) as previously described (for peripheral
blood mononuclear cells (PBMC) [15]). The viability of efferent
lymph cells was always$ 98% as assessed by trypan blue
exclusion.

FACS analysis
Cells were stained for dual-colour FACS analysis as previously
described [10]. Analysis concentrated on the expression of
activation markers on different T cell subsets. Efferent lymph
cells were stained using anti-CD2, CD4, CD8 and WC1 (gd T cells)
(MoAbs IL-A26 [16]; CC8 [17]; SBU-T8 [18]; CC15 [19],
respectively). Activation marker expression by T cells was
detected using MoAb to CD25 (IL-A111 [20]) and MHC class II

(DR) (J11 [21]). Cells were analysed using a Becton Dickinson
(Oxford, UK) FACScan and PC Lysys software.

Cytotoxicity assays
Anti-T. annulatacytotoxic activity was assayed using chromium
release as previously described [8]. Briefly, ELL were incubated for
4 h with target cells labelled with 0·5 mCi/ml51Cr (as sodium
chromate) (Amersham, Aylesbury, UK). The ratio of effector:targets
was varied from 80:1 to 5:1. Targets were previously generated
autologousT. annulatamacroschizont-infected cell lines or unin-
fected autologous concanavalin A (Con A) blasts as previously
described [8]. Chromium release was assessed by scintillation
counting using a Wallac 1450-Microbeta scintillation counter.

Proliferation assays
The ability of ELL to respond to IL-2 and autologousT. annulata
macroschizont-infected cells was assessed by thymidine uptake
assays essentially as previously described [10]. ELL were grown in
96-well flat-bottomed plates (Nunc, Roskilde, Denmark) and
stimulated with medium alone, or 40 U/ml hIL-2 (Boehringer,
Mannheim, Germany) for 72 h. ELL also were cultured with
autologous irradiatedT. annulatamacroschizont-infected cells as
previously described [6]. Cells were pulsed with3H-dThd
(Amersham) in the last 6 h of culture, and uptake was measured
by liquid scintillation counting in a Wallac 1450 Microbeta.

RESULTS

Proliferative capacity of ELL
In the naive animals 1þ 2, ELL proliferated to IL-2, with both
showing highest responses at day 8. This declined rapidly by day
10, but was strongly regained following drug treatment (Fig. 1a). In
the immune animal, IL-2 responses were maximal at day 5, with a
steady decline to baseline levels by day 17 (Fig. 1b)

ELL from naive animals displayed normal ‘non-specific’ pro-
liferative responses of T cells to autologous macroschizont-
infected cells [10] at day 0, and in the first few days of infection.
As infection progressed, no proliferation was induced in ELL by
autologous infected cells until after Butalex treatment, which
restored levels of proliferation to approximately those seen
before infection (Fig. 1c). The immune animal showed high pro-
liferative responses against autologous infected cells at day 0,
which remained essentially constant throughout infection (Fig. 1d).

Kinetics of CD4þ cells
Previous studies of acute tropical theileriosis have indicated a
transient appearance of activated T cells in the draining lymph
node. Activated CD4þ cells are seen in the lymph node medulla
followed by an apparent migration from the node of these cells—
CD25þCD4þ cells are not seen in infected nodes by day 8 [10,22].
This pattern was seen in the efferent lymph of naive animals 1 and
2, with a transient increase in the relative percentage of efferent
lymph CD4þ cells peaking at days 7 and 8, respectively (Fig. 2a).
The peak of CD4þ cells coincided with their highest expression of
CD25 and MHC class II ($ 37% CD4þCD25þ; $ 40%
CD4þ MHC class IIþ). The peak of CD25þ cells coincided with
the day 8 peak of IL-2 responsiveness. The levels of CD4þ cells,
and their expression of activation markers (results not shown),
rapidly dropped to below baseline levels thereafter (Fig. 2a).

In the immune animal number 3, the relative percentage of
CD4þ cells fluctuated by6 20% from baseline post-challenge,
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with a steady decrease by day 12 (Fig. 2a). This was accompanied
by an increase in the expression of MHC class II and CD25 by
small numbers (approx. 10%) of these cells (data not shown),
dropping to normal again from day 12.

Kinetics of CD8þ cells
The relative percentage of CD8þ cells in ELL of animals 1 and 2
increased steadily post-infection, with a transient drop on day 11,
corresponding to severest disease. This drop was partially reversed
post-drug treatment (Fig. 2b). CD8þ cells showed a steady increase
in expression of the activation marker MHC class II, with>80% of
these cells expressing MHC class II by day 11 of infection in both
animals (results not shown).

As for CD4, the immune animal number 3 showed a small
stable increase in MHC class II expression by CD8þ cells
maintained until day 12, when numbers steadily decreased to

baseline levels (data not shown). No significant increase in CD25
expression by CD8þ cells was seen from any of the animals during
infection, irrespective of the levels of CTL activity detected in
lymph (data not shown).

There was no increase seen in the numbers of, or activation
marker expression by,gd T cells at any point of infection in any of
the animals (data not shown).

CTL activity is absent from the blood and lymph of infected naive
animals
No cytotoxic activity was observed in the blood or efferent lymph
of the naive animals during the course ofT. annulatainfection in
direct cytotoxicity assays against autologousT. annulata-infected
cells (Fig. 3). In contrast, anti-parasite cytotoxic responses were
detected in the immune animal by 5 days post-infection, reaching a
peak in efferent lymph at day 10 (Fig. 3). Peak cytotoxicity levels
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in blood were found 24–48 h after the peak in lymph (Fig. 3). No
cytotoxicity was detected against autologous uninfected Con A
blasts at any point from any animal (results not shown).

Butalex treatment restores cytotoxic function in acutely infected
animals
Treatment of acutely infected animals with Butalex, which rapidly
kills the intracellular macroschizont [14], led to a virtually instant
appearance of cytotoxic activity in lymph from animals 1 and 2,
peaking 48 h post-drug treatment (Fig. 3). Due to the high output
rate from the infected lymph nodes (up to 300 ml/h from infected
nodes [23]) it was decided on animal welfare grounds to terminate
the cannulation of the naive animals by 14 days post-infection.
CTL activity was subsequently measured from PBMC (isolated
from venous blood using 20% acid citrate dextrose (ACD) as anti-
coagulant) for the remainder of the experiments. Following drug
treatment, CTL activity in PBMC was comparable to ELL with a 24–
48 h delay. Cytotoxic activity of PBMC steadily decreased from day
14, but was still detectable 7 days post-drug treatment. (Fig. 3).

Loss and restoration of CTL activity is associated with expression
of CD2
In the immune animal number 3, which produced high levels of
CTL activity, CD8þ T cells remained> 98% CD2þ throughout the
course of parasite challenge (results not shown). In the naive
animals,> 96% of CD8þ cells expressed CD2 on day 0. However,
there was a marked loss of CD2 surface expression by CD8þ cells
following infection, peaking 9–11 days post infection—(60% of
all ELL CD8þ cells from both animals did not stain with anti-CD2
on the day of drug treatment (Fig. 4). At the peak of CD2¹CD8þ

cells in the lymph, no CTL activity was detected.

CD2 expression by CD8þ cells was restored 24–48 h after
Butalex treatment (Fig. 4), and coincided with the appearance of
CTL activity in blood and lymph.

DISCUSSION

T cell responses are severely disrupted during acuteT. annulata
infection [10]. ‘Non-specific’ activation, primarily of CD4þ T
cells, by parasite-infected APC in the draining lymph node results
in the production of interferon-gamma (IFN-g), but this response
does not provide protection [10,11]. Although it was apparent that
the alteration of T cell responses may have been responsible for the
lack of anti-parasite CTL in naive animals, the mechanisms
underlying this failure were not clear. In this study, we show that
IL-2 responses are not sustained in the infected lymph nodes, and
this is accompanied by a loss of CD2 expression by T cells and the
failure to generate CTL responses.

Characteristics of a successful immune response
The successful response to challenge by the immune animal was
characterized by both proliferative and cytotoxic responses against
macroschizont-infected cells. A small increase in both numbers of,
and activation marker expression by, CD4þ and CD8þ T cells
corresponded to high IL-2 responsiveness by day 5. Strong CTL
responses developed from this point on. These results again
emphasize the previously reported importance of T cells in parasite
clearance [8,9].
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It seems likely that ‘simple’ activation of T cells and the
production of IL-2 are the principal requirements for anti-parasite
immunity. It has already been demonstrated that IFN-g (and
presumably activation of innate defence mechanisms) does not
confer protection in primary acute infections, and indeed may
exacerbate infection [11]. Although anti-parasite antibodies are
produced following recovery from infection or immunization with
recombinant antigen, satisfactory protection cannot be engendered
by antibody alone [24]. Skewing of immune responses to a Th1 or
Th2 cytokine profile therefore does not appear to be successful in
anti-parasite responses. It seems likely that the protective response
is similar to the Th0 responses in Fasciola infection of cattle [25].

The immune animal’s ELL showed consistently higher prolif-
erative responses to autologousT. annulata-infected cells than the
‘non-specific’ T cell activation induced in naive ELL. The elevated
proliferation may signify anti-parasite memory contained in ELL
from immune animals, although attempts to isolate these ‘recall’ T
cells have proved unsuccessful to date (J.D.M. Campbell and E.J.
Glass, unpublished observations).

IL-2 responses are not sustained in the lymph node
Previous studies indicated that although draining lymph node CD4þ

cells expressed CD25 soon after infection, these cells were then lost
from the node by approx. 8 days post-acute infection [10,22]. The
experiments described here show that the activated T cells leave the
node via the efferent lymphatic, with the ability of ELL to respond to
IL-2 virtually ablated by 10 days of infection. The short window of
CD4þ T cell activation and IL-2 responsiveness is due to the non-
specific activation of T cells by parasitized APC [10]. Even when
IL-2-responsive, ELL showed profoundly suppressed proliferative
responses toT. annulata-infected cells, confirming previous obser-
vations that the activated T cells seen early in infection are
extremely unlikely to mediate anti-parasite immunity [10,11].

Modulation of CTL function
The failure to detect CTL responses from acutely infected animals
does not appear to be simply due to this immune mechanism not
being stimulated. The numbers of CD8þ T cells in efferent lymph
of acutely infected animals increase vastly, and virtually all
express the activation marker MHC class II (BoLA DR) by days
9–10 post-infection. This is the phenotype of CTL mediating anti-
parasite immunity in animals vaccinated againstT. annulata[23].
This response is greatly exaggerated, compared with the low levels

of activated CD8þ cells seen in ELL from an immune animal. The
differences may be due to the rapid expansion required in the
generation of a primary response compared with the recall of
memory cells from a precursor pool of greatly increased frequency
in the secondary response. There are two linked factors apparent
from this study which could account for the failure of this greatly
expanded pool of CD8þ cells to mediate CTL activity: the loss of
IL-2 responsiveness and the modulation of CD2.

The peak of cytotoxic activity in the immune animal corre-
sponded to the peak of IL-2 responsiveness in the node. While IL-2
responses were initially high in the naive animals, they dropped
dramatically with the exit of CD4þCD25þ cells in the efferent
lymph. Either these cells were responsible for the IL-2 responses
observed (and the CD8 cells were not responding) or the CD4 cells
were facilitating proliferation by the CD8 cells. Either way, this
response was removed by day 8 of infection, which will have
contributed to the CTL inactivity.

There is a clear association between the ability of ELL to
mediate CTL activity, and the ability of anti-CD2 MoAb to bind to
CD8þ cells. CD2 binding to LFA-3 on target cells is an essential
step in the killing of targets by CTL [26]. In the immune animal,
with efficient CTL responses, no variation in binding of anti-CD2
MoAb was observed. In the naive animals, despite the extremely
large numbers of activated CD8þ cells in ELL, no CTL activity
was detected pretreatment, coinciding with the loss of CD2 MoAb
binding to CD8þ cells. Following anti-parasite drug treatment, IL-
2 responses, CTL activity and CD2 MoAb binding were restored.
The ability to detect peak CTL activity directly after drug treat-
ment strongly suggests that CTL responses to the parasite are
‘turned off’ rather than absent. CTL activity follows a normal (bell-
shaped) distribution in the immune animal, whereas the instant
high level of activity following drug treatment suggests that the
response is blocked until the parasite is removed.

Although it is possible that parasitized cells are directly
inhibiting CD2 transcription or surface expression of the whole
molecule, it seems more likely that the epitope to which the anti-
CD2 antibody binds is altered. Changes in CD2 epitope expression
have been previously linked to the failure of T cell responses [27].
Specifically, activated T cells can become anergized without
proper costimulation. This is characterized by the loss of epitopes
on CD2 resulting in a failure to bind LFA-3. Restoration of CD2
epitopes through exposure to IL-2 induces binding to LFA-3,
restoring T cell function [27].
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The series of events leading to the failure of CTL responses in
cattle acutely infected withT. annulata, and their subsequent restora-
tion, closely follows those described above, i.e. coincident with the
loss of IL-2 responses, by day 10,>60% of CD8þ cells have lost the
epitope recognized by anti-CD2 MoAb and are not functional. When
the parasite is eliminated, ELL instantly re-acquire the ability to
respond to exogenous IL-2, accompanied by a restoration of CD2,
and immediate CTL activity, presumably as CD8þ cells can bind to
targets. The restoration of CD2 in thisin vivo system (24–48 h) is
quicker than in thein vitro model (up to 7 days), but thein vitro
anergized cells may represent an artificially extreme case.

In conclusion, this study has shown that successful immune
responses toT. annulataare characterized by extremely efficient
responses to IL-2, accompanied by a strong CTL killing of
macroschizont-infected cells. In contrast, despite activation of
large numbers of CD8þ T cells, CTL responses are not effective
during acute T. annulata infection. This is associated with
alteration of CD2 expression by the CD8þ T cells. This anergy
of CTL correlates with cessation of IL-2 production when
parasite-activated CD4þ T cells leave the lymph node. Thus, the
initial activation of CD4þ T cells by parasite-infected cells altering
the IL-2 production in the draining lymph node is the likely cause
of the failure of CTL responses.
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