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SUMMARY

Theileria annulatas a protozoan parasite which infects and transforms bovine macrophages. Infected
macrophages possess augmented antigen presentation capabilities, as they are able to activate the
majority of T cells from unexposed animals.vivo, T cells in the draining lymph node (principal site of
parasite development) are activated ‘non-specifically’ by the parasite. This event is followed by failure
of the immune response to control the infection. Protective immune responses against intra-macrophage
protozoa are usually mediated by T helper 1 (Thl) T cell responses. Here we examine the cytokine
responses made By annulataactivated T cells. We show that the outcomerotitro activation of T

cells by parasitized macrophages is a skewing of their cytokine responses towards preferential
expression of interferon-gamma (IFN-mRNA. Thein vitro response is mirrored durinim vivo
infection, as greatly elevated amounts of Iflyprotein are found in lymph efferent from infected lymph
nodes, while expression of IL-4 mRNA within the node stops. H-production does not correlate with
protection against the parasite, as infected cells flourish during pealy [ffdeluction, and only very

small amounts of IFNy are produced during the effective immune response of an immunized animal.
Overproduction of IFNy and loss of IL-4 expression are also likely to account for the failure of B cells

to reach the light zone of germinal centres, a developmental step which is tightly regulated by cytokines.
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INTRODUCTION develop effective immunity, and death from experimental infection

The protozoan parasite of cattlEheileria annulataresides in often occurs within 2-3 weeks, depending on the dose of parasite

macroph duri i i _{57,8]_
phages during the pathogenic macroschizont stage of i Int lul N it hich reside i loid line-
life cycle [1-3]. This tick-borne parasite is of particular interest, as niracetiular protozoan parasites which reside ih myetoid ine
European cattle are extremely susceptible to disease caused by ] e cells are now recognized to pe controlled Igrgely_ by T.helpe_r-l
parasite—Tropical Theileriosis—and this proves a serious barrie 1) cytokine responses. In particular, resolution of infection with

to improvement of cattle in endemic areas such as North Africa an ogtthhl_ee;s,cr:@ srgﬁgp"TOhgc%ng:fnggiﬁgozoénraeg{ﬂfe.ngs~ e
India. The macroschizont stage ©f annulatadoes not reside in . Ny, whi Y €l ve di I-parasi

the endocytic system of the macrophage [4], and differs fromeffects or induce activation of the parasitized macrophage to reject

other well characterized intra-macrophage protozoans such e}(%?l_ﬁ‘)""r[ﬁ'tfs[?;:s]l'F?\IOTT?;;;?QSl::}?iﬁffg%;:i”;gg?&eg)
Leishmaniaand Toxoplasmaby ‘transforming’ the parasitized roducti n by macr 1 16 rlljb demonstrated from ani
macrophage into continuous cell cycle. The parasite induces aRroduction by macrophages [16] can be demonstrated from ani-

aggressive infection in susceptible cattle, characterized by exparmaIS either rendered immune by treatment with the napthoquinone

sion of parasite-infected cells in the lymph node draining the fickdrug Butalex, or_immunized with auenuated macroschizont

bite site, accompanied by fever, anaemia, cachexia and anofongtee?ibfee”Zni(ri;l; r:rsepo:r?zj;eortl:)y). rgguwc:eevai,im?g Tuflffaective
[5,6]. The host immune response is apparently unable to contaify P P

the rapidly growing parasite, naive susceptible animals do no{esponses_du_rlng primary infections. . .
The principal candidate mechanism for immune response

Correspondence: Dr J. D. M. Campbell, Centre for Tropical Veterinaryfailure is the augmented T cell-activating capability displayed by
Medicine, Royal (Dick) School of Veterinary Studies, University of T. annulata. Macroschizont-infected macrophages are able to

Edinburgh, Easter Bush, Roslin, Midlothian EH25 9RG, UK. activate most peripheral T cells from unexposed animals in a
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contact-dependent mechanism, with IL-1 production by theTheileria annulatanfected lymph node material
infected cells implicated in driving T cell activation [17-19]. Archival frozen or paraffin-embedded lymph nodes fronannu-
Although the antigenic element responsible for T cell activationlata-infected animals were used to examine cytokine profiles and
has yet to be identified, the stimulatory element is unlikely to be afor more detailed examination of the previously reported germinal
mitogen, as the kinetics of T cell responses to infected cells ixentre breakdown [18]. Animals had been infected Wittannu-
similar to antigen-stimulated cells [18]. lata sporozoites in the shoulder, and nodes excised during the
We have recently shown that this altered T cell-activating course of infection [18]. Normal prescapular lymph nodes were
ability associated with infected cells disrupts normal T cell examined alongside draining (i.e. site of parasite development) and
activation duringin vivo infection—the vast majority of draining non-draining lymph nodes removed from calves 2, 4, 8 and 10 days
lymph node T cells are activated ‘non-specifically’ by infected post-sporozoite infection. Thin 2-3um) sections were cut from
macrophages. This is followed by failure of T cells to enter normalparaffin blocks and used for immunohistology. Lymph nodes
immune response pathways [18]. The clearest evidence to date thstiored at—70°C in sterile OCT medium (BDH-Merck, Lutter-
this disrupts normal immune mechanisms is the loss of germinalorth, UK) were used for RT-PCR analysis (see below). In addi-
centre morphology in the infected lymph nodes [18]. tion, cells isolated using a tissue homogenizer (Jencons Scientific,
An understanding of the effects of this early T cell activation by Leighton Buzzard, UK) from lymph nodes at the time of excision
the parasitized macrophages is an essential step towards an underere assessed for cytokine mRNA.
standing of disease pathology, and ultimately the design of new
therapies. Here we show that infection of susceptible animals withmmunohistochemistry
T. annulatasporozoites induces a rapid production of IFNand Immunohistochemistry using the ABC system was carried out on
this response is not tightly controlled and damped down as found itymph node sections using MoAb VPM30 (germinal centre B cells
immune animals. We further show that parasite-activated T cell§18]), MIB 1 (Ki-67 proliferation antigen [24]) and anti-human
preferentially produce IFN- mRNA. As well as having no CD3 (Dako A452; Dako, Glostrup, Denmark), as previously
inhibitory effect on the growth of infected macrophages, thedescribed [25], with the following modifications: sections to be
unregulated IFNy response is associated with local failure of B stained with MoAb MIB 1 were microwave-treated as previously
cell responses, with B cells failing to reach the light zone of described [24]; sections for use with anti-human CD3 were treated
germinal centres in infected lymph nodes. with pronase as previously described [25]. Double staining was
carried out by first staining sections with VPM30 or CD3 followed
by microwave treatment and staining with MIB 1 (microwave
MATERIALS AND METHODS treatment effectively ‘kills’ residual avidin-biotin or antibody
Animals activity from the first round of staining). Staining was visualized

Peripheral blood foin vitro studies was obtained from normal, using diaminobenzidine (DAB) as a substrate for horseradish

healthy Friesian or Friesian cross female or castrated male cattigeroxidase (HRP) and vector red (Vector Labs, Peterborough,

aged 6 months or older. Calves used for lymph node studies WerléK) as a substrate for alkaline phosphatase.

aged 2 months or older (see individual sections below).
Efferent lymph samples

. . . Cryopreserved cell-free bovine efferent lymph samples [27] gen-
Theileria annulatanfected cell lines _ erated during a previous study (A. K. Nichatial, manuscript in
Theileria annulata macroschizont-infected cell lines (TaCL) preparation) were examined for IFN-Briefly, two of the animals
(Hissar or Ankara strain [20,21]) from the animals tested wer ere untreated and efferent lymph was collected for 5-6 days to
prepared as previously described [17]. Cell lines were used at lo, o itor haseline IFNy levels. Two animals were infected withl0
passage number (2-20). TE (tick equivalent) of Gharb strain [28]. annulatasporozoites

and developed severe clinical theileriosis. The animals were
Cell preparation treated with Butalex (B mg/kg body weight; Pitman-Moore,
Peripheral blood mononuclear cells (PBMC) were separated usingixbridge, UK) as soon as feed intake declined, making a full
Ficoll-Hypaque (Lymphoprep; Nycomed, Oslo, Norway) as pre-recovery. Efferent lymph was collected for 10 or 11 days post-
viously described [22]. Complete tissue culture medium was useghfection before drug treatment was necessary. One animal which

throughout the experiments [23]. had been rendered immune by infection with sporozoites and
treatment with Butalex was re-infected with 2 TE Gharb strain
Culture of PBMC sporozoites and monitored over the same period.

PBMC were cultured with TaCL essentially as described pre-

viously [18,19]. Briefly, PBMC were cultured with autologous IFN-y assay

irradiated (75Gy) TaCL in & 10ml well plates (Life Tech- IFN-y was assayed in efferent lymph using a commercially
nologies, Paisley, UK). PBMC (810°ml):TaCL ratios were available ELISA assay (bovinginterferon kit; CSL Diagnostics,
either 10:1 or 20:1 (optimum stimulation ratios were determinedVictoria, Australia) according to the manufacturer’s instructions.
previously (results not shown)). A total of seven different TaCL Highly positive lymph samples were diluted up to eight times in
from four unrelated cattle were examined. PBMG5(2 10°/ml) PBS in order to obtain results within the range of the detection
were stimulated with hg/ml concanavalin A (Con A; Sigma, system. Quantification of IFN-was performed by titrating known
Poole, UK) to provide a ‘control’ population of activated T cells. quantities of recombinant bovine IF-diluted in PBS in the
Stimulated cells were harvested at various times (1-7 dayskELISA plate alongside lymph samples. (Recombinant H;N-
for reverse transcriptase-polymerase chain reaction (RT-PCRactivity 4x 10°U/mg, kind gift of Dr R. A. Collins, IAH,
analysis. Compton, UK.)
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assayed using RT-PCR analysls. vitro stimulated PBMC or
lymph node tissue were examined for the levels of expression of
mRNA for IL-2, CD25, IL-4 and IFNy using a previously
described semiquantitative RT-PCR technique [19,26]. Total
RNA was isolated using the RNeasy system (Quiagen, Dorking,
UK) according to the manufacturer’s instructioms.vitro stimu-
lated cells £107 cells) were washed twice in PBS before RNA
isolation, frozen cells were allowed to thaw at’G7and washed
twice in PBS. Frozen lymph nodes were cut from the OCT medium
using sterile scalpels and approximately 100 mg of tissue used for
RNA isolation.

Total RNA (5ug) was reverse transcribed using the Superscript
system (Life Technologies). cDNA (&) was subjected to differ-
ent numbers of amplification cycles (20—30) and the products were
examined on 2% agarose gels. Comparison of the cycle at which
the PCR products became visible was used to assess the relative
expression of the cytokine mRNA species [19]. Although this
method does not allow direct comparison of mMRNA abundance
across cytokine primer pairs, it does afford a good estimate of the
same MRNA expression after different treatment of cells. The
expression of-actin or glyceraldehyde-3-phosphodehydrogenase
G3PD IL-4 IFN-y 'G3PD IL-4 IFN-y (G3PD) was used as an internal control for these reactions. Primer

Day 2 Day 5 sequences fgB-actin have been previously described [26], primer

Fig. 1. Reciprocal of mean numbers of polymerase chain reaction (PCRI;?]L;;;]%S for G3PD were the kind gift of Dr B. Mertens (ILRI,

cycles required to detect glyceraldehyde-3-phosphodehydrogena
(G3PD), IL-4, and IFNy cDNA from Theileria annulatamacroschizont-
infected cell line (TaCL)-stimulated peripheral blood mononuclear cells
(PBMC) after 2 daysr(= 6) and 5 daysn(= 7). Error bars=s.e.m. Where RESULTS

no error bars are present no variance was found between samples5,*  |ncubation withT. annulatanacroschizont-infected cells induces a

1/20

1/22

1/24

1/26

1/number of cycles to detect product

1/28

1/30

one cell line did not induce any detectable IL-4 product in PBMC. dominant IFN«y response in peripheral blood T cells
When T cells are activated by autologous TaCL, peak levels of
RT-PCR analysis surface activation marker expression (CD25 and MHC class Il) are

Although a bovine IFNy ELISA was used in this study, this kit is achieved within 48 h, with maximum proliferation at day 5 [18].
designed for use with serum products, and results with tissudhe cytokine profiles of cells responding to TaCL were examined
culture samples were found to be unreliable. Also, a bioassawpt these timepoints in this study (Figs 1 and 2). All seven TaCL
was unavailable for IL-4. As a result, cytokine production wascell lines consistently induced higher levels of IFNMRNA

H3 G3PD IL-4 IFN-y
22 24 26 28 22 24 26 28 22 24 26 28

Fig. 2. Limited cycle analysis (cycles 22—-28) from a representative animal after 5 days stimulation of peripheral blood mononuclear cells
(PBMC) with an autologoudheileria annulatamacroschizont-infected cell line (TaCL). While glyceraldehyde-3-phosphodehydrogenase
(G3PD) and IFNy are easily detected after 22 cycles, IL-4 is only faintly detected at cycle 28 (arrowedjladB| markers.
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Table 1. very similar levels of IL-4 mRNA and IFN+ mRNA, whereas
incubation with parasite-infected cells always induced far higher
levels of IFN-y mRNA production than IL-4 (Table 1). Simple

Cycles to Cycles to iy g pa? . e
Animal Treatment detect IL-4 detect IFj- actlvat_lon of PBMC therefore does not lead t_o'notlceable o!lffer
ences in levels of IL-4 and IFN-mRNA amplified, suggesting
12929 TacL NP 20 that incgbation with TaCL is specifically inducing higher IFN-
Con A 22 20 production.
13050 TaCL 28 20
Con A 22 20 In vivo infection induces an extremely strong Thl response
10814 TaCL 28 20 To determine whether high IFNevels were also found duririg
Con A 20 20 vivo infection, lymph efferent from infected nodes was examined

by ELISA. Lymph from uninfected resting lymph nodes showed no

NP, No product detected; TaCOheileria annulatamacroschizont-
infected cell line; Con A, concanavalin A.

Normal lymph node
H3 G3PD IL-2 CD25 IL-4 IFN-y

production than IL-4 in responding PBMC, with the former
product easily detectable after 20 cycles in all but one case (22
cycles, 48 h incubation). IL-4 products were never detected until at
least 26 cycles of amplification. One cell line did not induce any
detectable IL-4 message at day 5.

Working at maximum efficiency, PCR amplification is loga-
rithmic, indicating that each molecule of IFN-cDNA, when
detected at 20 cycles, required®2262 144) amplifications to
detect a product. When IL-4 was detected at all, 26—30 cycles
were required—2 (4194304) to 2 (268435456) amplifica-
tions. IFN-y cDNA is therefore present in far greater amounts
than IL-4 cDNA in TaCL-activated PBMC.

The consistent low abundance of IL-4 mMRNA was not due to
primer inefficiency, but specifically associated with the activation
of PBMC by TaCL. When levels of IL-4ersusiIFN-y mRNA
production byT. annulataactivated PBMC from three animals
were compared with Con A-stimulated PBMC at their time of peak
proliferation (5 and 3 days, respectively), Con A activation induced Day 4 sporozoite-infected lymph node

A IL-2 CD25 IL-4 IFN-y H3

140

120

Y
o
o

ug IFN-y per day

1M

-1 0 1 2 3 4 5 6 7 8 9 10 M
Days post-infection Fig. 4. Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis
of bovine lymph nodes. In a normal node, IL-2, CD25, IL-4 and W-N-
Fig. 3. Levels of IFN+ protein detected in the efferent lymph of two naive mRNA are present. Four days after infection witheileria annulatalL-4
Theileria annulatainfected animals and one previously immunized animal. gnd cD25 products can no longer be detected in the draining lymph node.
W, Naive 1; ¢, naive 2;A, immune. G3PD, glyceraldehyde-3-phosphodehydrogenaseHdalll markers.

Fig. 5. Germinal centre within a non-draining lymph node 8 days post-sporozoite infection. Both Mtk zone cells (D, stained brown)
and VPM30 light zone B cells (L, stained red) are presem#t@0, DAB and vector red.)

Fig. 6. Residual germinal centre within a day 8 sporozoite-infected draining lymph node (same animal as Fig. 5). Despite the continued
presence of both a CO3T cell zone (T, stained red) and MIB Tark zone (D, stained brown), no VPM30 staining was found in the germinal
centre. Mantle zone marked with dotted ling650, DAB and vector red.)
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elevation of IFN« levels (results not shown). Lymph efferent from accompanied by a loss of IL-4 mRNA production in haive animals.
nodes draining the site of sporozoite infection in two naive Unlike other intra-macrophage parasites suctl.eishmaniaspp.
susceptible animals showed very large increases imifekbduc-  andTo. gondij the skewing of the host response towards Th1 cyto-
tion (Fig. 3). Over a 6-day period (days 4—9 of infection) a total of kine production does not confer immunityTh annulatainfection.
=2 x 10° U of IFN-y was detected in the efferent lymph of both Indeed, the peak time of IFN-production (4—9 days) coincides
naive infected animals. In contrast, lymph efferent from infectedwith the time when parasite-associated leuco-proliferation is great-
draining lymph nodes of an immune animal showed only transienest in infected lymph nodes, accompanied by the appearance of
increases in IFNy levels (Fig. 3), containing -1 x 10° U of the large numbers of macroschizont-infected cells [1Bheileria
cytokine over the same 6-day period. IRNproduction in the  annulatanot only survives in the face of greatly increased HN-
immune animal appeared to ‘shut down’ quickly, as the small pealproduction, but appears to actively encourage the induction of a
of cytokine production present 7 days post re-infection quicklyThl response. IFN-is unlikely to be produced directly by.
dropped. annulatainfected cells, as mRNA for this cytokine is not usually
Draining lymph node cytokine mRNA production was assessedound in parasitized macrophages [18]vitro activation of T cells
by RT-PCR during the peak period of IFNproduction. Easily by all T. annulatainfected cell lines induced the production of far
detectable in normal lymph nodes, IL-4 mRNA or CD25 mRNA higher levels of IFNy mRNA (at leasx64 more) than IL-4 mRNA.
was not detectable in draining lymph node cells within 4 days of = Most infected draining lymph node T cell activation is ‘non-
sporozoite infection (Fig. 4). This loss of IL-4 mMRNA production specific’ in response to the parasite [18]. As production of {-iN-
was found both in fresh preparations from isolated lymph nodehe efferent lymph peaks after large numbersTofannulata
cells and archival frozen lymph node tissue blocks. activated T cells are established in the node [18], it seems likely
that the parasite is inducing IFi{-production via non-specific
Germinal centre pathology is consistent with a dominant Thlactivation of T cells. Although remaining greatly elevated above
cytokine response levels seen from an immune animal, efferent lymph H-Ievels
In vitro, IFN-y has been demonstrated to interfere with B cell do drop partially after 8 or 9 days post-infection. This corresponds
development by inhibiting expression of surface immunoglobulinto the times when parasite-activated T cells are seen to leave the
after the initiation of proliferation [29—31]. We have previously lymph node in the efferent lymph (A. K. Nichaet al., manuscript
shown thafT. annulatainfected lymph nodes lose germinal centre in preparation) and further strengthens the link between T
(GC) light zone morphology from 8 days post-infection [18]. Here cells ‘non-specifically’ activated by parasitized cells and H-N-
we examined GC morphology in more detail. T cells, proliferating production.
dark zone cells, and VPM30light zone B cells were found to be The specific induction of an IFN-dominated response froin
present within GC in normal and non-draining lymph nodes fromannulataactivated T cells goes some way towards clarifying the
infected animals (Fig. 5). However, although T cells and prolifer-impact of the wide range of cytokine mRNAs produced by
ating dark zones were found in infected lymph node GC (Fig. 6),parasite-infected macrophages upon immune responses to the
VPM30 light zone B cell staining was completely lost from all parasite. Parasitized cells express mRNA for H,-1.-18, IL-6,
infected GC by day 8 of infection. The previously reported loss ofIL-10, tumour necrosis factor-alpha (TNE-[19] and the p35 and
germinal centre morphology was therefore due to a failure of Bp40 subunits of IL-12 (J. D. M. Campbell and D. J. Brown,
cells to pass into the light zone rather than physical destruction bynpublished observations). Although a role for Ik-And IL-6
the growing parasite. has been proposed in the induction of T cell proliferation by the
infected cells [19], the biological outcomes of the simultaneous
production of antagonistic cytokines such as IL-10 and IL-12
DISCUSSION [32—35] from the same cell were unknown. The results of this
Theileria annulatainfected macrophages possess augmented antistudy clearly show that the net influence Tof annulatainfected
gen presentation capabilities, as they are capable of activating up tells on their environment is induction of a Thl response, both
70% of peripheral T cells from unexposed animals [18].TIn  vitro andin vivo.
annulata infection of susceptible animals, there is evidence of  The induction of a Thl response Byannulatainfected cells
large alterations in immune responses. Infected lymph nodes anda T cells is not likely to be purely driven by the antigen
characterized by rapidly proliferating infected cells, T cells areresponsible for the T cell activation. When T cells were simply
primarily activated ‘non-specifically’ by the parasite, and there is a‘turned on’ using Con A, the numbers of PCR cycles required to
virtually complete loss of B cell GC. The parasite has thereforedetect IL-4 or IFNy were similar, agreeing with other studies
developed a survival strategy which not only allows infected cellswhich showed that mitogen activation of T cells without the
to flourish, but which also disrupts normal immune responsesaddition of cytokines to skew responses has the potential to
Highly successful survival strategies have been developed by intranduce either Thl or Th2 responses [36]. This also holds true for
macrophage protozoans suchLaishmaniaandTo. gondiibased  ‘genuine’ antigens—identicdleishmaniainfections in the same
on inducing Th2 cytokine responses in their hosts, which counterinbred strain of mice can lead to either a Thl or Th2 response,
act the Thl responses which can effectively clear infections [9-depending on the cytokines used to influence the response [37].
13]. In this study we have examined cytokine responses induced b#lso, staphylococcal superantigens induce a non-skewed cytokine
T. annulatamediated activation of T cells both vitro andin vivo, response in reacting T cells in the absence of other stimuli [38]. It
and their implications for the induction of effective immune seems most likely that the induction of a dominant Th1 response in
responses. During infection of naive animals leading to severd cells responding to activation by. annulatais due to the
clinical theileriosis, IFNy levels in efferent lymph rose sharply, influence of infected cell-derived cytokines after the initial ‘hit’
with approximately 20 times more cytokine produced by naiveof activation by the parasite. In an immune animal, flgroduc-
animals than by an immune animal. The high IFNevels were  tion appeared to be tightly controlled, as only two small bursts of
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