
Workshop cluster 1
+ cd T-cell receptor+ T cells from calves

express high levels of interferon-c in response to stimulation with

interleukin-12 and -18

Introduction

cd T-cell receptor+ T cells are thought to constitute a first

line of defence and, as such, are an important element of

the innate immune system. This is inferred from their

localization in skin and in the epithelial layers of the

intestine and respiratory tract. Studies of knockout mice

also suggest that these cells are important early mediators

of immune responses against intracellular bacteria, inclu-

ding Mycobacterium tuberculosis.1–3 However, although

these cells have been associated with immunity to many

infectious and inflammatory diseases, their activation

requirements and their mechanisms for antigen recogni-

tion are not well understood. It is known that they have a

wide antigenic recognition4,5 and suggested ligands for cd
T cells include heat shock proteins, phosphoantigens such

as isopentyl phosphate from mycobacteria, and other

non-peptide antigens. In addition, cd T cells can respond

to stimulation via the T-cell receptor (TCR) and through

CD3 stimulation,6–8 leading to the induction of interferon

(IFN)-c expression in these cells. Some studies suggest

that cd T cells express CD28 and cytotoxic T-lymphocyte

antigen (CTLA)-4 Ig,9 and that CD86 is involved in their

costimulation.10 Dendritic cells (DCs) have been shown
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Summary

cd T-cell receptor+ T lymphocytes are an important element of the

innate immune system. Early production of interferon (IFN)-c by cd T

cells may have a role in linking innate and adaptive immune responses

and contribute to T helper-1 bias. We investigated the role of cytokines

in the activation and induction of IFN-c secretion by bovine workshop

cluster 1+ (WC1+) cd T cells. The effects of culture with interleukin

(IL)-12, IL-18, IL-15 and IL-2 were investigated; these cytokines are

known to influence murine and human cd T cells. We report that

bovine WC1+ cd T cells are synergistically stimulated by IL-12 and

IL-18 to secrete large quantities of IFN-c. Neonatal calves were shown

to have significantly higher numbers of circulating WC1+ cd T cells

than adult animals. In addition, the response of peripheral blood WC1+

cd T cells was significantly higher in neonatal calves compared with

adult animals. However, in adult animals the response of lymph node

WC1+ cd T cells to IL-12/IL-18 was more pronounced than that of per-

ipheral blood WC1+ cd T cells. We hypothesize that the induction of

IFN-c secretion from WC1+ cd T cells by IL-12 and IL-18 is likely to

be an important element of the innate response to pathogens such as

Mycobacterium bovis. The high numbers of WC1+ cd T cells in neonatal

calves, and their inherent ability to respond to inflammatory cytokines,

could be a key factor in the enhanced responses seen in calves to BCG

vaccination.

Keywords: neonatal; bovine; workshop cluster 1+ cd T cells; interferon-c;

interleukin-12

Abbreviations: BU, biological units; CFDA-SE, carboxy-fluorescein diacetatesuccinimidyl ester; PSLN, prescapular lymph node;
rbo, recombinant bovine; WC, workshop cluster.
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to be more efficient stimulators of cd T cells com-

pared with macrophages,10,11 which may suggest that

CD80, CD86 or other molecules expressed at high levels

on DCs are involved in this interaction. As an apparent

paradox, other studies have found that bovine cd cells do

not express CD28,11,12 indicating that some cd T cells

may use alternative pathways for costimulation.

Many studies assessing cd T cell activation and costimu-

latory requirements report that the responses of these cells

are dependent upon the presence of exogenous interleukin

(IL)-2; this is associated with expression of IL-2R by cd
T cells. However, cd T cells are also influenced by other

cytokines, including IL-12, IL-15, IL-18 and tumour nec-

rosis factor (TNF)-a which may act alone, or in synergy to

promote cd T cell activation and IFN-c secretion.13–18

cd T cells exist in relatively small numbers in mice and

humans. However, in cattle large numbers of these cells

are evident, particularly in young calves where cd T cells

may comprise up to 50% of circulating peripheral blood

mononuclear cells (PBMCs).19,20 In cattle cd T cells exist

as subpopulations which are defined by surface phenotype

and which have different tissue distributions and func-

tions. One differentiation antigen that is expressed on

ruminant cd T cells is the workshop cluster 1 (WC1)

molecule, which is present on the majority of peripheral

cd T cells in cattle.21–23 This molecule is likely to be

involved in control of proliferation of cd T cells and may

also be involved in homing and cytokine production by

cd T cells.24,25 WC1+ cd T cells have been shown to

express IL-2, IL-4, IL-10 and TNF-a, and to respond to

DCs present in afferent lymph preparations.11,12,26

Subsets exist of WC1+ cd T cells that may have differ-

ent functions. We demonstrated previously that WC1+ cd
T cells present in lymph nodes, but not in blood, pro-

duced IFN-c in response to mitogen activation. This may

indicate the presence of activated or alternative subsets of

WC1+ cd T cells present within lymph nodes.27 The WC1

family of molecules are encoded by a multigene family

and at least three isoforms of WC1 have been described.

Differential expression of WC1 isoforms on subpopula-

tions of cells has been associated with distinct functions

of these cells.28 Expression of the WC1�1 isoform indi-

cates the capacity to proliferate and secrete IFN-c upon

antigenic stimulation, and to secrete IFN-c without pro-

liferation in the presence of IL-12. Expression of WC1�1
and WC1�2 is largely mutually exclusive; cells bearing

WC1�1 decline with age, whereas those expressing WC1�2
are maintained.

In addition to the secretion of IFN-c, WC1+ cells have

been shown capable of IL-12 and TNF-a secretion,12,26

which would contribute to early defence and T helper 1

(Th1) bias against intracellular pathogens. Early produc-

tion of IFN-c by WC1+ cd T cells postinfection may have

a role in linking the innate and adaptive immune

responses.

We investigated the role of cytokines in the activation

and induction of IFN-c secretion by bovine WC1+ cd T

cells. The effects of culture with IL-12, IL-18, IL-15 and

IL-2 were investigated. We report that bovine WC1+ cd T

cells can be synergistically stimulated by IL-12 and IL-18

to secrete large quantities of IFN-c. In addition, we com-

pare the functions of adult and neonatal WC1+ cd T cells

and show that the capacity of WC1+ cells to secrete IFN-c
is affected by both age and tissue location. These differ-

ences may contribute to the different responses to BCG

vaccination observed in adult animals and neonatal calves.

Materials and methods

Experimental animals

Conventionally reared British Holstein-Friesians (Bos tau-

rus) bred at the Institute for Animal Health were used for

these investigations. Animals under 6 weeks of age are

considered as neonates and those over 2 years as adults.

The experiments were performed in accordance with UK

Home Office guidelines and were approved by the local

ethics committee.

Cytokines

Recombinant human (rhu) IL-18 was purchased from

R & D Systems Ltd. (Oxford, UK) and rhu IL-15 from

Peprotech EC Ltd. (London, UK). Recombinant bovine

(rbo) IL-12 and IL-2 were expressed in COS cells as

previously described.29 Dilutions of these cytokines were

initially selected based on previous experience within this

laboratory.29 The concentrations selected for initial experi-

ments were IL-12 10 U/ml, IL-18 10 ng/ml, IL-2 10 U/ml,

and IL-15 0�2 ng/ml.

Isolation of mononuclear cells and purification
of lymphocytes

PBMCs were isolated from heparinized blood as previously

described.30 WC1+ cells were isolated from PBMCs follow-

ing staining with mononuclear antibodies (mAbs) CC3922

or CC1531 (both anti-WC1, IgG1 or IgG2a, respectively)

and anti-mouse IgG super-paramagnetic particles (Milt-

enyi-Biotech, Bergish-Gladbach, Germany). The purity of

the cells, as evaluated by flow cytometry, was > 98%.

Prescapular lymph nodes (PSLNs) were taken from

cattle post-mortem and forced through a fine steel mesh.

Cell clumps were removed by passage through a 40-lM

filter and the mononuclear cells were collected after den-

sity gradient centrifugation.27

Cells were cultured at a density of 2 · 105 per well in a

total volume of 200 ll of tissue culture medium (TCM;

RPMI containing 10% fetal calf serum, FCS, 5 · 10)5
M

2-Me, 50 lg/ml gentamicin) in 96-well tissue culture
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plates. Cytokines were added to give the indicated final

concentrations. TCM was used as a negative control.

Detection of intracytoplasmic IFN-c expression
and flow cytometric analyses

PBMCs or purified WC1+ cells were cultured in the pres-

ence or absence of cytokines for approximately 46 hr.

Brefeldin-A (10 lg/ml final) was added for the last 16 hr

of culture. The cells were washed extensively, then fixed

with 1% paraformaldehyde and permeabilized (FACS

permeabilization solution; Becton Dickinson, Oxford, UK).

Expression of WC1 was detected following staining with

mAbs CC39 or CC15 and IFN-c expression was detected

with mAbs 6H532 or CC302 (Serotec) (both antibovine

IFN-c; IgG2a and IgG1, respectively). Bound antibody

was detected with fluorescein isothiocyanate (FITC) or

phycoerythrin (PE) labelled anti-mouse isotype specific

reagents (Southern Biotechnology Associates, Birming-

ham, AL). Immunofluorescent staining was analysed using

FCS EXPRESS (De Novo Software, Thornhill, Canada) and

the double positive cells expressed as a percentage of the

total WC1+ population:

100� ½% WClþIFN-cþ � ð% WClþ þ% WClþ IFN-cþÞ�:

A minimum of 10 000 events were collected.

Assessing proliferation of WC1+ cells

PBMC were labelled with carboxy-fluorescein diacetate,

succinimidyl ester (CFDA-SE) (Vybrant CFDA-SE Cell

Tracer Kit; Molecular Probes, Eugene, OR) according to

the kit instructions. Briefly, 5 ll of a 10 mM stock of

CFDA-SE was diluted in 10 ml warm phosphate-buffered

saline (PBS) to give a 5 lM stock. Cells were diluted to

1 · 107 ml)1 in warm PBS, and an equal volume of 5 lM

CFDA-SE added to give 2�5 lM CFDA-SE. The cells were

incubated for 15 min at 37 �, washed once in warm PBS

and then the probe was modified by incubation of the

cells in warm TCM containing FCS for 30 min, at

5 · 106 cells ml)1. The cells were then cultured and sti-

mulated in the same way as previously described, with

different combinations of IL-2, IL-15, IL-18 and IL-12

added. WC1 expression was detected using CC39 conju-

gated to Alexa Fluor 647 (Alexa Fluor 647 Protein Label-

ling Kit; Invitrogen, Paisley, UK) and IFN-c was detected

using CC302 conjugated to PE (mouse-anti-bovine IFN-c-

phycoerythrin (PE), Serotec, UK). Immunofluorescent stain-

ing was analysed using FCS EXPRESS.

Measurement of IFN-c by enzyme-linked
immunosorbent assay

Purified WC1+ cells were cultured in the presence of

cytokines or TCM alone for approximately 46 hr. Super-

natants were removed and assessed for IFN-c by enzyme-

linked immunosorbent assay (ELISA) as previously des-

cribed.33 Results are expressed as pg per ml.

Statistical analysis

Analysis was performed using MINITAB software. Differ-

ences between WC1+ responses between animals of differ-

ent ages or between WC1+ cells isolated from different

tissues were assessed by Students’ t-test. P-values < 0�05

were considered significant.

Results

Determination of the optimal conditions of IL-12 and
IL-18 stimulation required for IFN-c induction

The effective dose of IL-12 and IL-18 was determined by

stimulating PBMCs with a range of concentrations (Fig. 1)

of these cytokines and assessment of IFN-c expression by

WC1+ cells. The optimal concentration of IL-12 was deter-

mined as 10 biological units (BU) per ml and IL-18 as

10 ng per ml. Optimal concentrations of IL-2 and IL-15

had been previously determined in this laboratory.29 It was

determined in preliminary experiments that a culture per-

iod of 46 hr was optimal for the induction of IFN-c, with

the addition of Brefeldin A at 30 hr (data not shown).
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Figure 1. Determination of optimum concentrations of interleukin

(IL)-12 and IL-18 for stimulation of workshop cluster 1+ (WC1+) cd
T cells. Various concentrations of IL-12 (biological units [BU]/ml;

x axis) and IL-18 (ng/ml) were titrated to determine the optimum

dilutions for induction of interferon (IFN)-c production by WC1+

cd T cells. Cells were cultured for 46 hr; Brefeldin A was added for

the final 16 hr of culture. Cells were fixed in paraformaldehyde, per-

meabilized and analysed by flow cytometry for the expression of

intracellular IFN-c (monoclonal antibody, mAb, 6H5)) and the WC1

antigen (mAb CC39). Results shown are from one animal; repeats in

two other animals yielded similar results.

� 2006 The Authors Journal compilation � 2006 Blackwell Publishing Ltd, Immunology, 120, 57–65 59

cd T cells secrete IFN-c in response to IL-12/18



Effects of cytokines on the capacity of WC1+ cells
to produce IFN-c

Bovine PBMC were stimulated with a combination of

IL-18, IL-15, IL-12 and IL-2 (Fig. 2a), IL-12 and IL-18

(Fig. 2b) or TCM alone for 46 hr (Fig. 2c). Brefeldin A

was added for the final 16 hr and IFN-c expression by

WC1+ cells was assessed by flow cytometry. A percentage

of WC1+ cells expressed high levels of intracellular IFN-c
in response to cytokine stimulation (Fig. 2a, b) but not

in response to TCM alone (Fig. 2c). WC1) cells also

expressed IFN-c when PBMCs were stimulated by cyto-

kine combinations. Additional analysis showed that IFN-c
was expressed by NK, CD4+ and CD8+ T lymphocytes

(data not shown).

Determination of cytokines required for IFN-c
expression and proliferation by WC1+ cells

To define the required cytokines for IFN-c secretion by

WC1+ cells more precisely, PBMCs were exposed to var-

ious combinations of IL-12, IL-15, IL-2 and IL-18 and

each of the cytokines alone (Table 1). Significant IFN-c
expression within the WC1+ population was induced by

combinations containing IL-12 and IL-18, although IFN-c
was produced in response to other cytokines. Thus,

IL-12 and IL-18 were considered to be the most critical

cytokines for induction of IFN-c (Fig. 2b). Assessment of

IFN-c production by dividing cells was carried out fol-

lowing CFDA-SE labelling of PBMCs (Fig. 3). IL-12 and

IL-18 together (Fig. 3d) induced division of WC1+ cells,

which could be enhanced by adding IL-15 (Fig. 3c), IL-2

(not shown) or IL-2 + IL-15 (Fig. 3b). The increased

secretion of IFN-c in cultures containing IL-2/IL-15

(Table 1) is due to the ability of IL-2 and IL-15 to induce

IFN-c production in higher numbers of WC1+ cells over-

all (Fig. 3b, c). Interestingly in each case, although the

majority of WC1+ cells were undivided (Table 2 and

Fig. 3), the highest proportion of WC1+ cells expressing

IFN-c was in the first division (Table 2 and Fig. 3c).

IFN-c production by WC1+ cells from cattle
of differing ages

To assess whether the capacity of WC1+ cells to secrete

IFN-c is related to age or maturation of the immune sys-

tem, PBMCs from six calves and six adult animals were

stimulated by IL-12 and IL-18 as above and IFN-c
expression by WC1+ cells was assessed (Table 3). Young
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Figure 2. Stimulation of workshop cluster 1+ (WC1+) cd T cells by cytokines. Peripheral blood mononuclear cells (PBMCs) were stimulated for

46 hr with cytokines (a) interleukin (IL)-15, IL-12, IL-18 and IL-2; (b) IL-12 and IL-18, or (c) medium alone. Brefeldin A was added for the final

16 hr of culture. Cells were fixed in paraformaldehyde, permeabilized and analysed by flow cytometry for the expression of intracellular interferon

(IFN)-c (monoclonal antibody, mAb, 6H5) and the WC1 antigen (mAb CC39).

Table 1. Cytokine requirements for interferon (IFN)-c production

by workshop cluster 1+ (WC1+) cd T cells. Peripheral blood mono-

nuclear cells (PBMCs) were cultured for 46 hr in the presence of dif-

ferent combinations of cytokines with Brefeldin A added for the final

16 hr. Cells were fixed in paraformaldehyde, permeabilized and

stained for intracellular IFN-c (monoclonal antibody, mAb, 6H5)

and the WC1 antigen (mAb CC39). Results are means of three

animals and are expressed as the percentage of the total WC1+

population

Cytokine combination

Percentage of WC1+

cells that are IFN-c+

IL-12 + IL-18 + IL-15 + IL-2 7�9 ± 3�91

IL-12 + IL-18 + IL-15 6�2 ± 2�61

IL-12 + IL-18 3�9 ± 2�21

IL-12 + IL-15 2�7 ± 1�01

IL-12 + IL-2 1�2 ± 0�41

IL-2 + IL-15 0�9 ± 0�21

IL-18 + IL-15 0�4 ± 0�3
IL-18 + IL-2 0�3 ± 0�1
IL-12 1�3 ± 0�31

IL-18 0�2 ± 0�1
IL-2 0�8 ± 0�3
IL-15 0�2 ± 0�2
No cytokine added 0�3 ± 0�3

1Differs significantly (P � 0�05) from medium control.
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calves had up to 33-fold more WC1+ IFN-c+ cells,

expressed as a percentage of the total WC1+ cells, in

response to IL-12 and IL-18 compared with the adults

(Table 3; P ¼ 0�00015). There were also significantly

(P ¼ 0�00046) more circulating WC1+ cells present in the

calves than in the adult animals (means 57�1% and

20�3%, respectively; data not shown).

WC1+ cells from lymph nodes express IFN-c
in response to IL-12 and IL-18 stimulation

We have previously shown that WC1+ cells from different

anatomical compartments (blood and lymph nodes)

respond differently to stimulation by mitogen.27 We

therefore compared WC1+ cells from blood with those

present in PSLN from animals aged 6)12 months

(Table 4). WC1+ cells from the PSLN responded to

IL-12 and IL-18 by producing IFN-c to a greater extent

than blood-derived WC1+ cells, although the difference

between the two anatomical populations was not signifi-

cant (P ¼ 0�06) due to large animal-to-animal variation.

However, in individual animals, the lymph node-derived

cells were consistently more responsive than the blood-

derived cells. These differences may reflect the presence of

distinct functional subsets of WC1+ cd T cells in different

anatomical areas.
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Figure 3. Proliferation of workshop cluster 1+ (WC1+) cd T cells in

response to cytokine stimulation. Peripheral blood mononuclear cells

(PBMCs) were isolated and labelled with carboxy-fluorescein diace-

tatesuccinimidyl ester (CFDA-SE) according to the kit instructions.

The cells were cultured in the same way as for Figure 1 with differ-

ent combinations of interleukin (IL)-2, IL-15, IL-18 and IL-12

added, and were then fixed in 1% paraformaldehyde, permeabilized

and stained for intracellular interferon (IFN)-c (CC302-PE conju-

gate) and the WC1 antigen (CC39-Alexa Fluor 647 conjugate). Cyto-

kine combinations used were (a) medium; (b) IL-2, IL-12, IL-15,

IL-18; (c) IL-12, IL-15, IL-18, and (d) IL-12, IL-18. The PBMCs were

gated on WC1+ cells. The quadrants were set according to the med-

ium control staining. (e) Three populations of CFDA-SE-labelled

WC1+ cells were identified by applying markers to a histogram of

the WC1+ cells shown in (b).

Table 2. Expression of interferon (IFN)-c by dividing workshop

cluster 1+ (WC1+) cells, showing the percentage of the total WC1+

population in each division based on the markers (M) set in

Fig. 3(e), and the percentage of WC1+ cells secreting IFN-c within

each population

Cytokine Division

% WC1+

cells

%

IFN-c+

IL-2, 12, 15, 18 Undivided 86�8 7�7
1 8�1 44�4
2 5�1 21�9

IL-12, 15, 18 Undivided 89�7 5�8
1 6�9 43�9
2 3�5 21�4

IL-12, 18 Undivided 86�7 3�8
1 8�8 21�5
2 4�4 9�4

Medium Undivided 95�8 0

1 4�0 0

2 0�1 0

Table 3. Interferon (IFN)-c production by workshop cluster 1+

(WC1+) cd T cells in young and adult animals. Peripheral blood

mononuclear cells (PBMCs) from calves and adult animals were cul-

tured for 46 hr in the presence of interleukin (IL)-12 and IL-18 at

optimized dilutions, with Brefeldin A added for the final 16 hr. Cells

were fixed in paraformaldehyde, permeabilized and stained for intra-

cellular IFN-c (monoclonal antibody, mAb, 6H5) and WC1 antigen

(mAb CC39)

Calf no. % WC1+/IFN-c+ Adult no. % WC1+/IFN-c+

103 24�3 320 0�7
106 16�0 349 0�5
108 11�4 172 3�3
128 16�8 775 3�8
135 27�3 009 1�3
134 11�5 010 0�6
Mean/SD 17�9 ± 6�61 1�7 ± 1�4

1P ¼ 0�00015.
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IFN-c production by purified populations
of WC1+ cells

Each of the experiments described above utilized mixed

populations of PBMCs in which bystander effects could

influence the WC1+ cell response. To define the effect of

cytokines more precisely, the WC1+ cells were highly

purified (> 98%) and stimulated by IL-12 and IL-18.

Purified WC1+ cells were assessed for both intracellular

IFN-c by flow cytometry (Fig. 4a), and secretion of

IFN-c by ELISA (Fig. 4b). In populations of purified

WC1+ cells, intracellular IFN-c expression was detected

(Fig. 4a) and the cells appeared to respond equally as

well as observed in whole PBMC cultures. High con-

centrations of secreted IFN-c were detected by ELISA

following culture of WC1+ cells with IL-12 and IL-18

(Fig. 4b).

Discussion

Early production of IFN-c by cd T cells may have a role

in linking innate and adaptive immune responses. These

cells are influenced by a number of costimulatory mole-

cules including cytokines such as IL-12 and IL-18, which

are also implicated as important mediators of innate

immune mechanisms. We report here that bovine WC1+

cd T cells produce high levels of IFN-c in response to

IL-12 and IL-18. These cytokines acted synergistically to

induce IFN-c expression in a proportion of WC1+ cells.

Roles for IL-2 and IL-15 in this response were also impli-

cated, although these cytokines induced only low levels

of IFN-c expression by the WC1+ cells in the absence

of IL-12/IL-18. Stimulation through IL-2R by IL-2 or

IL-15 may be more important for inducing proliferative

responses of WC1+ cells than for the induction of IFN-c
by these cells. By labelling cells with CFDA-SE and

assessing cell division following stimulation with cytokine

combinations it was evident that IL-2 and IL-15 induced

IFN-c production in higher numbers of WC1+ cells over-

all. It is likely that IL-2 and IL-15 become more important

during the transition from an early innate response to an

adaptive response, involving CD4 and CD8 T cells, as they

clearly boost the production of IFN-c by T cells. However,

IL-12 and IL-18 may be important in the production of

IFN-c in the early stages of an immune response, prior to

the significant expansion of the WC1+ population.

The response to IL-12 and IL-18 was observed in

WC1+ cells isolated from animals of different ages. How-

ever, in young calves a significantly higher percentage of

the WC1+ cells expressed IFN-c. Previously, Baldwin

et al.7 showed that cd T cells isolated from calves imme-

diately after birth were unresponsive to IL-12. This

implies that IL-18 is a critical factor in the response of

these cells. It appeared from this study that by limiting

concentrations of IL-18, the ability of IL-12 to induce

high levels of IFN-c was reduced (data not shown).

The enhanced responsiveness of WC1+ cells to IL-12

and IL-18 in young calves, along with their increased

number compared with adults, suggests that this is an

important element of innate immunity that may be par-

ticularly relevant in immunologically naive, neonatal ani-

mals. Herein we assessed WC1+ responses in animals that

were very different in terms of age. As studies have dem-

onstrated that neonatal calves respond more effectively to

BCG vaccination,34,35 it is potentially important to deter-

mine at what age the immune responses demonstrated in

this study wane, as this enhanced response could contrib-

ute significantly to the efficacy of vaccination strategies in

neonatal animals. Whether or not this response is affected

by changes in immune status following environmental

Table 4. Interferon (IFN)-c production by blood and lymph node-

derived workshop cluster 1+ (WC1+) cd T cells. WC1+ cd T cells

from peripheral blood mononuclear cells (PBMCs) and prescapular

lymph nodes (PSLNs) in 1-month-old animals were cultured for

46 hr in the presence of interleukin (IL)-12 and IL-18 at optimized

dilutions, with Brefeldin A added for the final 16 hr. Cells were fixed

in paraformaldehyde, permeabilized and stained for intracellular

IFN-c (monoclonal antibody, mAb, 6H5) and WC1 antigen (mAb

CC39)

Animal

% WC1+/IFN-c+

(PSLN)

% WC1+/IFN-c+

(PBMC)

476 4�1 0�5
918 1�6 0�4
919 2�5 1�6
921 2�1 0�3
915 13�6 2�2
917 5�7 1�3
Mean/SD 4�9 ± 4�5 1�0 ± 0�7

P ¼ 0�06.

F
S

C

IFN-γ

IF
N

-γ
 (p

g/
m

l)

95·6% 4·4%

Animal

(a) (b)

0

5000

10 000

15 000

20 000

25 000

Figure 4. Production of interferon (IFN)-c by purified workshop

cluster 1+ (WC1+) cd T cells. (a) Intracellular IFN-c expression

was measured using purified WC1+ cells. WC1+ cells were cultured

and stained as in Figure 1. One representative dot plot is shown.

(b) WC1+ cd T cells were stimulated with interleukin (IL)-12 and

IL-18 or medium and cultured for 46 hr. IFN-c production was

measured by enzyme-linked immunosorbent assay. Stimulations were

set up as four biological repeats per animal per condition and each

was assayed in triplicate. Mean values ± standard error are indicated.

62 � 2006 The Authors Journal compilation � 2006 Blackwell Publishing Ltd, Immunology, 120, 57–65

S. J. Price et al.



exposure, infection or vaccination is also of interest.

Preliminary data from this laboratory indicated that the

response of young calves had decreased significantly by

6–8 weeks of age and that, whereas BCG vaccination

induced a transient boost in WC1+ responsiveness to

IL-12 and IL-18, this was not maintained for more than

2 weeks. However, these responses need to be confirmed

in larger groups of animals and additional functions of

WC1+ cells also need to be assessed in parallel.

Previous data from this laboratory showed that WC1+

cells from different anatomical compartments showed

differential IFN-c responses following stimulation with

phorbol 12-myristate 13-acetate (PMA) and ionomycin.27

Thus, WC1+ cells from lymph nodes but not blood

expressed IFN-c in response to mitogen stimulation. This

observation suggested that different, possibly activated,

subsets of WC1+ cells are resident in lymph nodes and

that the circulating WC1+ cells are resting or naive cells.

In accord with this, IFN-c transcripts were not detected

in resting WC1+ cells isolated from bovine PBMCs.12 In

adult animals assessed in the studies described herein,

lymph node WC1+ cells were more responsive to IL-12

and IL-18 stimulation than were peripheral blood WC1+

cells from the same animal. However, we have shown

here that WC1+ cells present in peripheral blood can be

stimulated to produce high levels of IFN-c by culture

with IL-12 and IL-18, but that this response is associated

with age. This suggests that production of IFN-c by per-

ipheral WC1+ cells is not only dependent upon appropri-

ate stimulation. It seems likely that with increasing age

and exposure to increasing numbers of antigens present

in the environment, there are changes in immune status

that could stimulate changes in responsiveness and chan-

ges in distribution of WC1+ cells, with recruitment of

subsets of WC1+ cells from blood to lymphoid organs.

It is clear that not all the WC1+ cells expressed IFN-c.

In most of the young calves, approximately 5% (up to

10% in some animals) of these cells expressed high levels

of IFN-c as determined by flow cytometry and showed

high secretion levels assessed by ELISA. This may reflect

the existence of distinct subsets of WC1+ cells within the

peripheral pool or the presence of subsets of WC1+ cells

that have divergent roles in the immune response. It has

been reported that at least two isoforms of WC1 exist,

which identify largely non-overlapping subpopulations of

cd T cells, with differing functional properties. The

WC1�1+ population, the major contributor to IFN-c pro-

duction in response to antigenic stimulation, is seen to

decline from the periphery with increasing age. A com-

parison of 4-week-old calves with 4-month-old calves

showed that there were significantly (P ¼ 0�003) more

WC1�2+ cd T cells in the peripheral blood of calves of

both age groups compared with WC1�1+ cells. Signifi-

cantly more WC1�1 expressing cells were induced to pro-

duce IFN-c by IL-12 and IL-18 than WC1�2 positive cells

(P ¼ 0�04) within an individual (data not shown). Whe-

ther the WC1+ cells responding to IL-12 and IL-18 are

a subpopulation of WC1�1+ cells with the capacity to

become memory or effector cells that can be further

defined on the basis of phenotype or function remains to

be determined. We have shown here that the WC1+ pop-

ulations in the lymph node and peripheral blood differ in

their ability to respond to cytokine stimulation, which

may reflect functionally distinct populations.

We have recently shown that bovine DCs infected with

Mycobacterium bovis and M. bovis BCG can express IL-12

and IL-18 that could influence cd T cells.36,37 Substantial

increases in IL-12 and IL-18 secretion would allow the

rapid stimulation of cd T cells early in the response that

might act to enhance Th1 bias and aid early resolution of

infection. In cattle, cd T cells are among the first cells to

accumulate at sites of infection38–40 and they may play an

important role in the early response to M. bovis through

secretion of IFN-c.41 The capacity for M. bovis-infected

DCs to activate cd T cells and the role of IL-12 and IL-18

is under current investigation.

In summary, we have demonstrated that bovine cd T

cells respond to stimulation with IL-12 and IL-18 by

secretion of large quantities of IFN-c, particularly in neo-

natal animals. This is likely to be an important element

of the initiation of immune responses to pathogens,

including M. bovis.
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