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It is generally accepted that protective immunity against tuberculosis is generated through the cell-mediated
immune (CMI) system, and a greater understanding of such responses is required if better vaccines and
diagnostic tests are to be developed. v T cells form a major proportion of the peripheral blood mononuclear
cells (PBMC) in the ruminant system and, considering data from other species, may have a significant role in
CMI responses in bovine tuberculosis. This study compared the in vitro responses of a3 and yd T cells from
Mycobacterium bovis-infected and uninfected cattle. The results showed that, following 24 h of culture of PBMC
with M. bovis-derived antigens, the majority of y& T cells from infected animals became highly activated
(upregulation of interleukin-2R), while a lower proportion of the a3 T-cell population showed activation.
Similar responses were evident to a lesser degree in uninfected animals. Study of the kinetics of this response
showed that y3 T cells remained significantly activated for at least 7 days in culture, while activation of a3 T
cells declined during that period. Subsequent analysis revealed that the majority of activated yd T cells
expressed WC1, a 215-kDa surface molecule which is not expressed on human or murine y6 T cells. Further-
more, in comparison with what was found for CD4* T cells, M. bovis antigen was found to induce strong cellular
proliferation but relatively little gamma interferon release by purified WC1* v T cells. Overall, while the role
of these cells in protective immunity remains unclear, their highly activated status in response to M. bovis
suggests an important role in antimycobacterial immunity, and the ability of yd T cells to influence other

immune cell functions remains to be elucidated, particularly in relation to CMI-based diagnostic tests.

Bovine tuberculosis, a zoonotic disease caused by infection
with Mycobacterium bovis (45), is a major economic problem in
a number of countries (12) and a serious public health risk in
others (18). While a spectrum of immune responses to bovine
tuberculosis has been characterized (45, 54), it is generally ac-
cepted that protective immunity is mediated through the cellu-
lar immune system. A detailed understanding of these responses
is essential for the development of better control methods.

It has been suggested that all major T-cell subsets are in-
volved in immune responses to mycobacteria (6, 31, 43). Stud-
ies involving experimental Mycobacterium tuberculosis infec-
tion, including gene deletion mutations and adoptive transfer
experiments in the murine model, have shown that both of
and yd T cells have roles in such immune responses (35, 49,
51). To date, much attention has focused on aff T-cell func-
tions, but there has been increasing evidence that human and
murine yd T cells become potently stimulated by various my-
cobacterial antigens, including heat shock (24, 48) and other
protein antigens (5, 9), along with nonpeptide phosphate-rich
low-molecular-weight compounds (17, 20, 57).

In the ruminant system, y3 T cells constitute up to 75% of
peripheral blood mononuclear cells (PBMC) in young animals
(40) and up to 40% of the circulating population in adults (15,
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41, 60). In contrast, only 7% of human PBMC and 2 to 3% of
murine PBMC typically express the yd T-cell receptor (TCR1)
(10, 30). Furthermore, a unique feature of ruminant yd T cells
is the expression of a 215-kDa surface molecule identified as
WC1 on the majority of TCR1" PBMC (15, 42, 61). The
extracellular portion of this molecule has 11 repeats of a cys-
teine-rich domain and belongs to the scavenger receptor cys-
teine-rich family of proteins, which also includes CDS5 and CD6
(61). It has been suggested that WCl is a possible ligand for
E-selectin (59) and that it may control the tissue-specific hom-
ing of y3 T cells (62). More recently, it has been proposed that
WCI regulates interleukin-2 (IL-2)-dependent yd T cells and
their proliferation through induction of reversible growth ar-
rest (34, 56). However, the precise functions of this molecule
and indeed of yd T cells are still not clearly defined.

Given the apparent role of yd T cells in human and murine
tuberculosis, the greater numbers of these cells found in rumi-
nants suggest that they could have an important role in bovine
tuberculosis, which requires further investigation. A range of
functions, including proliferation and natural killer and cyto-
toxic activity, have been documented for bovine yd T cells in
response to mitogens and parasite, bacterial, and viral antigens
(1, 14, 15, 16, 19), and it is likely that such functions could be
involved in the defense against M. bovis. Furthermore, it has
previously been demonstrated that the WC1* cells are among
the first T cells to show changes in circulating numbers and
antigen responsiveness following experimental M. bovis infec-
tion of cattle (53).
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The aim of the present study was to investigate the in vitro
responsiveness of yd T-cell subsets to mycobacterial antigens
using a model of bovine tuberculosis established in the natural
host.

MATERIALS AND METHODS

Experimental animals. Two groups of Friesian cross, male calves (approxi-
mately 6 months of age) obtained from herds with no history of M. bovis infection
for at least 5 years were used in this study. All animals were screened for
lymphocyte proliferation and for gamma interferon (IFN-y) production against
a range of M. bovis and control antigens to confirm disease-free status. Animals
were selected on the basis of a negative response to M. bovis antigens and low
reaction with Mycobacterium avium. Group 1 contained three experimentally
infected (I1, 12, and I3) calves and three uninfected age-matched controls (U1,
U2, and U3). Group 2 contained four experimentally infected animals (I4, IS, I6,
and 17) and two uninfected animals (U4 and U5). Animals for experimental
infection were inoculated with 10° CFU of a field strain of M. bovis (T/91/1378)
by intranasal instillation and housed in strict isolation (44). Animals were sam-
pled at weeks 3 to 10 for lymphocyte functional studies and were confirmed as
diseased by gross postmortem examination (weeks 40 to 41 postinfection [p.i.])
and M. bovis culture.

Mycobacterial antigens. M. bovis sonic extract (MBSE) was prepared as pre-
viously described (52). Briefly, M. bovis (T/91/1378) was grown to mid-log phase
in Middlebrook 7H9 medium. Bacteria were harvested by centrifugation, washed
in phosphate-buffered saline (PBS) and subjected to ultrasonication. MBSE was
clarified by centrifugation, filter sterilized (0.22-pm-pore-size filter), and stored
at —70°C. M. bovis culture filtrate (CF) was prepared by culturing M. bovis
(T/91/1378) in Sauton’s specific protein-free medium for 21 days at 37°C in air.
Bacteria were removed by centrifugation, and the supernatant was filter steril-
ized and concentrated 100-fold by gas pressure in an ultrafiltration cell contain-
ing a 10-kDa-cutoff membrane (Amicon Ltd., Stonehouse, Gloucestershire,
United Kingdom).

Antibodies. Monoclonal antibodies (MAbs) CC8 (anti-CD4), CC63 (anti-
CD8), CC15 (anti-WCl; isotype, immunoglobulin G2A [IgG2a]), and CC30
(anti-CD4; isotype, IgG1) (26, 28, 42), obtained from the European Collection
of Animal Cell Cultures (Porton Down, Wiltshire, United Kingdom), were
prepared as hybridoma culture supernatants and used at 1/10 dilution for
flow-cytometric analysis (FCA) and magnetic (magnetically activated cell
sorting [MACS]) labeling. GB21A (anti-yd TCR/TCRI1; isotype, IgG2b) and
CACT116A (anti-CD25/IL-2R; isotype, IgG1) (38, 39) purified antibodies were
obtained from Veterinary Medical Research and Development Inc. (Pullman,
Wash.) and used at 1/100 dilution for FCA labeling. For flow cytometry, primary
MADs were detected using secondary goat anti-mouse (GAM) isotype-specific
conjugates (IgG2a-fluorescein isothiocyanate [FITC], IgG2b-FITC, IgG2b-bi-
otin, and IgG1-phycoerythrin [PE]). The GAM-IgG2b-biotin was detected using
streptavidin-SpectralRed (Southern Biotechnology Associates, Inc., Birming-
ham, Ala.).

Magnetic purification of CD4" and WC1* T cells. PBMC were separated
from heparinized blood samples over Ficoll-Paque as described previously (52).
CD4" and WC1™* cells were labeled with antibovine MAb CD4 (CC8) or WC1
(CC15) (1/10 dilution) and positively selected with GAM microbeads using the
Miltenyi Biotec (Bergisch Gladbach, Germany) MACS system as described pre-
viously (36).

Positively selected cells were washed (once in PBS) and resuspended at 10°
cells/ml in T-cell culture media (TCM) (RPMI 1640 supplemented with 10 mM
HEPES buffer, 2 mM L-glutamine, 5% fetal calf serum (Gibco, Paisley, United
Kingdom), and 25 pg of gentamicin sulfate (Sigma, Poole, United Kingdom).
Purified T-cell subsets were routinely found to be >96% pure, as determined by
flow cytometry, and >98% viable. Purified WC1™ cell preparations were also
checked and found to be negative for contamination with CD4™" cells using MAb
CC30.

Preparation of APC. Isolated PBMC from each animal were resuspended at
107 cells/ml and incubated with mitomycin C (50 pg/ml) (Sigma) at 37°C for 30
min. The antigen-presenting cells (APC) were washed three times with PBS by
centrifugation and resuspended in TCM at 10° cells/ml.

Lymphocyte proliferation assay (LPA). Proliferation assays were performed
using PBMC or purified T-cell subsets with autologous APC. PBMC were pre-
pared at 10° cells/ml, while purified CD4* and WC1™ T cells were resuspended
at a concentration of 1.5 X 10° cells/ml with APC added at 10° cells/ml. Cell
suspensions (200 pl/well) were dispensed into 96-well, flat-bottom microtiter
plates (Nunc, Roskilde, Denmark). Antigens were added to triplicate wells at a
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previously determined optimal concentration (4 pg/ml), and an equal volume of
PBS was added to control wells. The cultures were incubated for 5 days, pulsed
with 0.25 wCi of [*H]thymidine (Amersham International, Amersham, United
Kingdom), and harvested, and the incorporated radiolabel was measured by
liquid scintillation as previously described (52) and recorded as counts per
minute. Results are expressed as either mean total counts per minute or mean
net counts per minute (net counts per minute = antigen counts per minute —
control PBS counts per minute).

Detection of in vitro activation of T cells by FCA. Cultures were established for
each animal to determine the phenotype of T cells becoming activated in the
presence of an antigen. PBMC were resuspended at 10° cells/ml in TCM, and
7-ml cultures were maintained in 25-cm? tissue culture flasks (Costar Corp.,
Cambridge, Mass.). Cultures were stimulated with MBSE (4 pg/ml) or an equiv-
alent volume of PBS (control) and incubated in 6% CO, at 37°C. After specified
periods, cells from PBMC cultures were harvested and labeled for two-color
(CC8, CC63, or CC15 and CACT116A) and three-color (CC15, GB21A, and
CACT116A) FCA. Cells (10° per test) were pelleted in U-well microtiter plates,
resuspended in 25 pl of MAbs diluted in PBS containing 10% (vol/vol) heat-
inactivated normal rabbit serum (PBS-NRS), and incubated for 30 min at 4°C.
The cells were washed twice in PBS containing 0.1% (wt/vol) sodium azide
(Sigma). Cells were then resuspended in 25 pl of the appropriate GAM isotype-
specific conjugates (IgG2a-FITC, IgG1-PE, IgG2b-biotin; used at 1/500 in PBS-
NRS), incubated, and washed as described above. For tertiary labeling of IgG2b-
biotin, cells were incubated with 25 pl of streptavidin-SpectralRed (1/500 in
PBS-NRS). Following final washes, cells were fixed in 400 pl of 1% (wt/vol)
paraformaldehyde (Sigma) in PBS.

FCA was performed using a FACS Vantage (Becton Dickinson, Oxford,
United Kingdom) equipped with an Innova Enterprise ion laser (Coherent Laser
Group, San Jose, Calif.). Lymphocytes were identified on the basis of forward
and side scatter and gated appropriately (36). Green (FITC), orange (PE), and
red (SpectralRed) log integral signals were obtained from the gated population.
Ten thousand cells were counted for each sample, and analyses were performed
using LYSYS II software (Becton Dickinson).

IFN-y enzyme-linked immunosorbent assay. Cultures of PBMC or T-cell
subsets (CD4* or WC1™) with autologous APC were set up as for LPA above
with the PBS control or M. bovis antigens. Following 96 h of incubation, 100 .l
of supernatant was aspirated from duplicate wells and assayed for IFN-y using an
enzyme immunoassay (Commonwealth Serum Laboratories Ltd., Parkville, Vic-
toria, Australia), performed as specified by the manufacturer. Results were
expressed as optical densities at 450 nm (OD,s,) or OD indices (ODI) (37)
(ODI = OD for the antigen/OD for the PBS control). An ODI of >2 and also
greater than the ODI for APC controls was considered positive.

Statistical analysis. The interaction between infection status (where applica-
ble) and the effects of PBS or MBSE on the activation status within each T-cell
subset as measured by two-color FCA, proliferation, and IFN-y release following
culture was investigated by analysis of variance using GENSTAT statistical
software (Clarendon Press, Oxford, United Kingdom).

RESULTS

Antigen-specific CMI responses in M. bovis-infected cattle.
From 21 days after experimental infection, group 1 animals (I1,
12, and I3) had consistent cell-mediated immune (CMI) re-
sponses to MBSE and CF as measured by LPA and IFN-y
release, while the three noninfected control cattle (U1, U2,
and U3) did not show significant responsiveness (Table 1).
During the initial stages of this response, FCA was used to
analyze the in vitro antigenic activation status of T-cell subsets
by measuring the expression of IL-2R (CD25).

In vitro activation of T-cell subsets. Initially, cultures of
PBMC from the animals of group 1 were stimulated with PBS
(control) or MBSE for 24 h prior to FCA. As Fig. 1 demon-
strates, distinct levels of T-cell subset activation were observed
in response to MBSE, with a high degree of activation within
the CD4" and WC1™" populations of the infected animals. A
relatively low degree of CD25 expression on CD8™" T cells was
observed.

When the analyses were repeated on several occasions for all
group 1 animals, it was found that MBSE also caused an
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TABLE 1. Antigen responsiveness of PBMC from uninfected and M. bovis-infected animals stimulated with control or M. bovis antigens
as measured by lymphocyte proliferation and IFN-y production from 21 to 63 days p.i.”

Lymphocyte proliferation (cpm) in response to:

IFN-vy production (OD,s) in response to:

Animal
PBS MBSE PBS MBSE CF

Infected

I1 435 =112 69,588 * 8,805 78,440 + 9,402 0.09 = 0.02 1.87 = 0.14 2.06 £ 0.24

12 398 = 120 64,854 = 9,997 46,414 + 9,854 0.10 = 0.01 2.36 = 0.20 249 +0.19

13 516 = 186 45,452 + 3,531 29,599 *+ 9,579 0.10 £ 0.01 3.01 £0.21 3.16 £ 0.26
Control

U1-U3 395 =92 646 * 445 703 = 369 0.10 = 0.01 0.13 £ 0.05 0.116 = 0.02

¢ Experimental animals before M. bovis infection and control animals before the experiment displayed mean responses of <700 cpm and <0.10 OD,s, units in
response to PBS, MBSE, CF, and avian and bovine PPD for lymphocyte proliferation and IFN-y production, respectively. Results for infected cattle are means =
standard errors of the mean (SEM) of four repeated experiments for each animal. Results for control (uninfected) cattle are means = SEM of the responses for three

animals from four repeated experiments.

increase in the proportion of cells expressing CD25 for the
uninfected animals (Fig. 2a). For those control animals, 10 and
18% of the CD4™" subset were CD25" within the PBS and
MBSE cultures, respectively, while 26 and 39% of WC1™ cells
in PBS- and MBSE-stimulated cultures, respectively, were
CD25". Approximately 10% of CD8" cells from uninfected
animals, stimulated with either PBS or MBSE, were observed
to express CD25. However, much larger proportions of T cells
in the PBMC from infected animals were activated. In partic-
ular, there were notable levels of activation within the CD4™
and WC1™ subsets (Fig. 2b). The levels of CD25 expression in
the CD4™" subset from infected animals were 13% for PBS
cultures and 45% for MBSE cultures, while within the WC1"
population 28 (PBS) and 90% (MBSE) of T cells were CD25™.
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FIG. 1. Representative two-color flow-cytometric dot plots of phe-
notype (CD4" or WC1*; FL1) and CD25 (IL-2R) expression (FL2) of
PBMC from an individual M. bovis-infected animal following 24 h of
culture with PBS (control; a and b) or MBSE (c and d). Percentages of
cells with the subset phenotype activated (upper right) were calculated
by dividing the percentage of CD4" (or WC1%) CD25™ cells by the
percentage of CD4" (or WC1™) cells and multiplying by 100.

A higher level of CD8 T-cell subset activation in response to
MBSE (17% CD25") was observed for infected animals than
for control animals.

Statistical analysis revealed that the levels of activation seen
in the CD4*, CD8", and WC1™" populations from infected
animals in response to MBSE were significantly higher than
those seen in the PBS control cultures (P < 0.001). While
MBSE also induced a significant degree of activation in the
CD4" and WC1™" populations from control animals, compared
to the PBS control, this was at a lower level of significance (P <
0.01). No significant activation of CD8" cells in response to
MBSE was observed, compared to that in response to PBS, for
uninfected animals (P > 0.05).

Most importantly, when the infected and uninfected animals
were compared, the activation studies revealed large differ-
ences in the MBSE responses of CD4" and WC1™ T-cell
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FIG. 2. Proportions of activated (CD25") and nonactivated (CD257)
CD4", CD8", and WC1" T-cell subsets within the total lymphocyte
gated population as determined by FCA of uninfected (a) and M.
bovis-infected (b) animals following 24 h of culture with PBS (Cont) or
MBSE. Results are means = standard errors of the means for three
uninfected and three infected cattle (group 1). Experiments were re-
peated on five occasions. Statistical comparisons between PBS control
and MBSE cultures for the proportion of activated cells within each
T-cell subset are shown (#*, P < 0.01; ##%, P < 0.001.
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FIG. 3. Kinetics of a8 and yd T-cell activation. Shown are percent-
ages of T-cell subsets coexpressing CD25 as determined by FCA at
various times after 0 to 168 h of culture with PBS (Cont) or MBSE.
Results are means = standard errors of the means for four M. bovis-
infected cattle (group 2). Statistical comparisons between control and
MBSE cultures at each time point revealed the first significant differ-
ences in activation at 18 (af T cells; P < 0.05; a and d) and 24 h (yd
T cells; P < 0.01; b and c). Beyond 24 h, significant activation of CD4*
(a) cells was apparent up to 144 h (P < 0.01 or P < 0.001), significant
activation of CD8™ cells was apparent at 48 h only (P < 0.05) (d), and
significant activation of y3 T cells (TCR1" and WC1") was apparent
at all time points (P < 0.01 or P < 0.001) (b and c).

subsets. The results indicated that, compared with control an-
imals, animals which were infected with M. bovis had highly
significantly greater levels of CD25 expression in WC1™ (P <
0.001) and CD4" (P < 0.01) populations but did not have
significantly greater activation of CD8" cells (P > 0.05).
Kinetics of in vitro activation of T cells. The analysis of
T-cell subset activation at 24 h of culture for group 1 infected
animals showed the predominant involvement of CD4" and
WC1™ cells. This was also found to be the case with animals of
group 2 from as early as 28 days p.i. (data not shown). Subse-
quently, time course analysis was performed with the group 2
infected animals to define the kinetics of T-cell subset activa-
tion in vitro from 0 to 168 h following stimulation with MBSE.
This experiment confirmed strong activation of CD4" and
WC1* cells (Fig. 3a and b), along with a high degree of acti-
vation in the total TCR1" population (Fig. 3c). These data
suggest that, in terms of initial in vitro T-cell kinetics, CD4* T
cells may become activated slightly in advance of ¥y T cells.
Significant differences in activation status between PBS control
and MBSE cultures were detected at 18 h for CD4™" cells (P <
0.05) (Fig. 3a). The activation profiles of the total TCR1"
population and the WC1™" subset mirrored each other, showing
significant levels of activation by 24 h (P < 0.01) (Fig. 3b and
¢). Beyond 24 h, the TCR1" and WC1" subsets maintained a
high-level activation status until 168 h (P < 0.001), while CD4"
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T-cell activation declined after 24 h, although remaining sig-
nificantly elevated until 96 h (P < 0.01) of culture (Fig. 3a to
c). CD8" cells constituted a relatively small percentage of the
total population of CD25™ cells but had statistically significant
activation at 18 and 48 h only (P < 0.01 and P < 0.05, respec-
tively) (Fig. 3d).

Differential antigen responsiveness of WC1* and WC1~ v3
T cells. The kinetics study revealed that the activation profile
of the TCR1™ (total yd T-cell) population was mirrored by the
activation profile of the WC1™" subset (Fig. 3b and c) suggest-
ing a possible relationship between WC1™" expression and ac-
tivation. Three-color FCA of y3 T-cell subset phenotype and
activation status following 24 h of culture was performed to
investigate coexpression of CD25 and WC1" on TCR1™ cells.
Data which are representative of the overall mean results from
repeated experiments using group 2 infected animals are
shown in Fig. 4. The results demonstrate how the main popu-
lations of activated y3 (TCR1") T cells in both control and
MBSE-stimulated cultures were WC1™" (approximately 84%),
whereas a much smaller number of nonactivated yd T cells
expressed WC1™" (Fig. 4c and f), particularly in MBSE-stimu-
lated cultures. Analysis of the overall data clearly shows that
the majority of the predominant y3 population of WC1* cells
within M. bovis antigen-stimulated cultures exist in a highly
activated state (Table 2), making up a large proportion of the
highly activated cells within the total PBMC culture (Fig. 4).
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FIG. 4. Expression of WC1 on activated and nonactivated TCR1*
T cells. Shown are representative flow-cytometric dot plots of TCR1
(FL1) and CD25 (IL-2R) expression (FL2) of PBMC from an M.
bovis-infected animal following 24 h of culture with PBS (control) or
MBSE and corresponding histograms of WCI expression (FL3). (a)
Control (PBS) CD25 versus TCR1 expression dot plot. (b and c)
Histograms showing WC1 expression of R2 and R3 gated cells within
the dot plot (a), respectively. (d) Dot plot of CD25 and TCR1 coex-
pression in response to the MBSE antigen. (e and f) Histograms of
WCT1 expression by cells of gate R2 (e) and gate R3 (f) within the dot
plot (d).
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TABLE 2. In vitro activation (IL-2R expression) of v8 T-cell
subsets from M. bovis-infected animals (group 2) following
stimulation with MBSE in short-term culture

% of total PBMC activated® in
cultures stimulated with:

Phenotype
PBS (control) MBSE
TCR1" WC1* CD25* 44+02 144 =12
TCR1* WC1~ CD25* 1.2+0.2 33+03

“ Results are means = standard errors of the means for three repeated exper-
iments.

Functional studies of WC1* and CD4™ T cells. The flow-
cytometric studies clearly demonstrated that CD4™ and vd T
cells from infected animals were highly activated by MBSE.
Furthermore, the data suggested that the WC1™" subset of yd T
cells was more antigen responsive than the WCI1~ subset.
Thus, CD4" and WC1™ T cells were purified by indirect la-
beling using paramagnetic beads and then cultured with mito-
mycin C-treated autologous PBMC as APC in order to mea-
sure proliferative responses and IFN-vy secretion in response to
M. bovis antigens.

MBSE and CF induced strong proliferation of both CD4*
and WC1™ T cells (Fig. 5a). With equivalent numbers of sorted
cells, it was found that incorporation of [*H]thymidine (in
terms of counts per minute) into proliferating WC1* T cells
was only slightly lower than that for the CD4" population.
APC responses to both antigens were equivalent to back-
ground counts per minute (Fig. 5a). No specific proliferation
was observed using sorted cells from uninfected animals stim-
ulated with MBSE and CF (net counts per minute <100).
Comparison of the responses of T cells from control and in-
fected animals showed significant proliferation of purified
WC1* and CD4 " cells in response to MBSE and CF antigens
(P < 0.001).

Measurement of IFN-vy release revealed that MBSE and CF
induced purified CD4 " T cells from infected animals to secrete
high levels of IFN-y (ODI > 14), while much lower levels were
detected in WC1™" cultures (ODI < 5) (Fig. 5b). No specific
release of IFN-y was observed using sorted CD4" or WC1* T
cells from uninfected animals stimulated with the M. bovis
antigens (ODI < 2). Comparison of the responses of T cells
from control and infected animals revealed that CD4 " T cells
from infected animals released significant levels of IFN-y in
response to both antigens (P < 0.001), while purified WC1* T
cells only released significant levels of IFN-y in response to CF
(P < 0.05) (data not shown).

DISCUSSION

There has been growing interest in the role of v T cells
during immune responses, especially in relation to tuberculo-
sis. An increasing body of evidence has shown human and
murine yd T cells responding to mycobacterial antigens (3, 20,
23, 50, 58), possibly displaying many of the effector functions
described for a3 T cells (32). The present investigation used a
natural host disease model to study the responses of bovine yd
T cells, in comparison with those of a8 T cells, to mycobacte-
rial antigens. The results have indicated a high activation status
of bovine y3 in response to M. bovis antigens within this ex-
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perimental model. The significance of these responses in terms
of protective immunity and CMI-based diagnostic tests re-
quires further investigation.

Initial two-color FCA of PBMC T-cell subset activation fol-
lowing 24 h of culture with MBSE revealed powerful activation
of CD4* and, in particular, WC1" T cells. While such activa-
tion was greatest in infected cattle, it also occurred to a lesser
degree in uninfected animals. This was possibly as a conse-
quence of using MBSE, which, like purified protein derivative
(PPD), is a very complex mixture of antigens, containing many
undefined components. The use of such complex antigens
could potentially have resulted in some nonspecific lymphocyte
activation in the short-term cultures. Alternatively, the high
proportion of WC1™ CD25™ cells observed in uninfected con-
trol animals in response to MBSE (Fig. 2) may suggest a high
frequency of precursors within the WC1™* population which
are capable of responding to M. bovis antigens. There may also
be a degree of cross-reactivity with antigens shared with envi-
ronmental mycobacterial species, resulting in some yd T-cell
activation.

Doherty et al. (21) studied the tuberculin skin reaction in
cattle and demonstrated WC1" 8 T cells to be the dominant
lymphocyte population in the earliest perivascular infiltrate (6
to 24 h) after intradermal injection of PPD, followed by in-
creasing a3 T-cell infiltration. Early infiltration of 8- and
IL-2R (CD25")-bearing T cells (21) into the skin test site,
together with the present findings of rapid activation and pro-
liferation in response to M. bovis antigens, suggests that yd
cells could possibly have a direct or indirect effect on CMI-
based diagnostic tests. It may be, for example, that bovine v& T
cells contribute significantly to the development of the skin test
response, especially as they may exist in a preactivated state
(16) and may become rapidly activated in response to MBSE.
Additionally, it has been shown that WC1™ cells are involved
in recruiting other cells to sites in response to M. bovis antigens
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FIG. 5. Proliferation and IFN-y release by purified CD4" or
WC1* T cells and APC only from M. bovis-infected animals in re-
sponse to MBSE and CF antigens. CD4" and WC1™ cells were cul-
tured in the presence of autologous mitomycin C-treated PBMC as
APC. APC alone were included as controls. (a) Lymphocyte prolifer-
ation expressed as mean net counts per minute in excess of control
counts per minute (net counts per minute = antigen counts per
minute — control PBS counts per minute). (b) IFN-y release expressed
as ODI (ODI of >2 was considered positive). Results are means =
standard errors of the means for four M. bovis-infected cattle (group
2). Experiments were repeated four times. Results of statistical com-
parisons between PBS control and MBSE- or CF-stimulated cultures
for T-cell proliferation and IFN-y production are shown (*, P < 0.05;
wxx, P < 0.001).
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(55). However, the exact mechanism by which bovine v cells
become activated is the subject of ongoing studies.

Following 24 h of culture in the absence of antigens, there
was a relatively high level of CD25 expressed by vyd T cells (up
to 40%), and it has been reported previously that WC1™" cells
express CD25 constitutively (16). A ready availability of IL-2R
may imply a particular sensitivity to IL-2, and it has been
suggested that these cells have a lower threshold for induction
of proliferation (34). Thus, there exists the possibility that the
level of activation seen within the WC1™ population may be
partly due to nonspecific stimulation by IL-2 secreted by CD4™
cells responding to an antigen(s). Indeed, the present study of
the kinetics of in vitro activation indicated that CD4" cells
became activated in advance of y3 T cells. Significant CD4*
T-cell activation occurred after 12 to 18 h of culture and was
followed after 24 h of culture by rises in the level of activation
within the total y3 T-cell population (TCR1"), mirroring the
response profile of the WC1™" subpopulation. Previous inves-
tigations with sheep have shown that concanavalin A induced
maximal activation of CD4" T cells at 24 to 48 h of culture,
while WC1* T cells become activated after only 12 h of culture
(11). The present observation of a slightly faster rate of acti-
vation of CD4™ T cells may simply be a feature of the bovine
system but may also reflect differences in antigen versus mito-
gen stimulation.

Elloso et al. (22) demonstrated the human yd T-cell prolif-
erative response in response to malarial antigens to be depen-
dent on CD4™ T-cell secretion of cytokines that signal through
IL-2R. In the bovine system it has been reported that purified
WC1™" T cells require the addition of exogenous IL-2 for pro-
liferation in response to Thileria annulata-infected autologous
cells but that IL-2 alone induces a limited WC1™" proliferative
response (16). Other studies have also reported that IL-2 alone
induces minimal proliferation of bovine WC1™ cells, implying
that IL-2 is required as a secondary signal for activation of yd
cells (15, 29), driving them to proliferation (16). In the present
study, the high degree of proliferation of purified WC1* T
cells in response to MBSE and CF was observed only in in-
fected animals, indicating the specificity of the response to
M. bovis antigens, with a possible requirement for IL-2 and/or
other cytokines supplied by other cells. While the mitomycin
C-treated PBMC acted as APC and a possible source of cyto-
kines (including IL-2) within the sorted LPA cultures, it should
be noted that little IFN-y production was detected in APC or
WCI1/APC cultures from infected animals following stimula-
tion with M. bovis antigen. Although IL-2 levels were not
measured within this set of experiments, any activation and
proliferation of bovine y3 T cells which were detected follow-
ing stimulation with M. bovis antigens and influenced by IL-2
are likely to reflect in vivo responses to mycobacterial antigens,
where several populations of T cells will be involved. There-
fore, results in this paper highlight the activation status of yd T
cells in terms of bovine tuberculosis. Clearly the mechanisms
involved in their activation and proliferation and the effect of
cytokines influencing their responses (such as IL-2) should be
a major area for further investigation, allowing the biological
significance of this population of T cells to be fully appreciated.

Interestingly, in the present study both MBSE and CF in-
duced strong proliferation of WC1™ T cells. Culture filtrates
are known to be rich in immunodominant secretory antigens,
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which are considered important in early responses (2). Such
antigens have been shown to be strong inducers of IFN-y
production in skin tuberculin test reactor cattle (37). The
IFN-y pathway is known to be crucial to the development of
protective immunity against mycobacteria in mice (33), and, in
humans, mutations in the gene for the IFN-y receptor result in
a much greater susceptibility to mycobacterial infection (46).
Here it was observed that CD4™ T cells from infected cattle
were major producers of IFN-y in response to both CF and
MBSE, and we have previously shown bovine CD8™ cells to be
an important source of IFN-vy in M. bovis infection (36). Hu-
man M. tuberculosis-reactive yd T-cell lines have been observed
to produce greater amounts of IFN-y than o3 T-cell lines (4).
In this study the purified WC1* T-cell cultures from infected
animals were found to release small quantities of IFN-y in
response to the M. bovis antigens. Collins et al. (16) found that
WC1™ cells did not produce IFN-y mRNA, although the mes-
sage has been observed in bovine yd T-cell lines (47).

The potent activation and proliferation of WC1* T cells
induced by M. bovis antigens demonstrate clearly their involve-
ment in the CMI response to M. bovis, but their role in anti-
mycobacterial immunity remains undefined. It has been dem-
onstrated previously that bovine yd T cells influence the
proliferative responsiveness of CD4™" cells in Mycobacterium
paratuberculosis infection (14). Other studies have indicated a
role for WC1™" cells in the modulation of antibody responses
(27), and the expression of CD40L on bovine vy cells may be
involved in macrophage activation and may facilitate helper
activity in response to B cells (25).

It has recently been suggested that bovine WC1~ and WC1*
cells represent functionally distinct subsets of v T cells which
preferentially home to different tissue locations (39). In addi-
tion, it has been shown using a SCID-bo mouse model that
WC1™* T cells play a pivotal, early role in the recruitment of
various cell types to sites of M. bovis infection (55). The data
presented here indicate that the WC1™ population of PBMC
form the main population of mycobacterially activated bovine
v3 T cells, implying that WC1™ expression has an important
role in the antigen responsiveness and function of these cells.

Recent reports have suggested that the function of WCl is to
regulate yd T-cell proliferation through growth arrest (56).
This growth arrest was found to correlate with tyrosine phos-
phatase activation and could be reversed through signalling via
the TCR-CD3 complex (34). It was postulated that such a
mechanism may control IL-2 responsiveness, while retaining
the antigen sensitivity of WC1* T cells (56). WC1 gene fami-
lies in other species have been described (61), and WCI ex-
pression on porcine y8 T cells has been demonstrated (13). In
humans and mice there appear to be WC1 genes, with human
genomic WCl1 sequences showing 85% homology to those of
bovine WC1 (62). However, while yd T-cell subsets defined by
the expression of distinctly rearranged yd TCRs exist in other
species (7, 8), these have not been associated with the expres-
sion of any other specific surface molecules. Therefore, as
there is no evidence of a human or rodent WC1 homologue, it
is possible that bovine vy T cells (in particular the WC1™ cells)
have additional, potentially important roles.

In conclusion the results of this study clearly demonstrate
that v& T cells, and in particular the WC1™ cells, from M.
bovis-infected cattle become highly activated and proliferate
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strongly in vitro in response to M. bovis antigenic stimulation.
Along with previous reports of early infiltration of WC1™" cells
in response to PPD (21), recruitment of cells to sites of infec-
tion by WC1™ cells (55), and the influence of WC1™ cells on
other lymphocyte functions (14, 27), the present findings imply
that yd cells play a central role in immune responses to bovine
tuberculosis. While their role in protective immunity requires
further investigation, some consideration should also be given
to the responses of bovine y8 T cells in response to M. bovis
antigens in terms of their influence on the performance of
diagnostic tests that are dependent on CMI responses, in par-
ticular the skin test. Although purified WC1* 8 cells do not
appear to be major producers of IFN-vy, their influence on the
ability of other T cells to produce cytokines and respond to
mycobacterial antigens has not yet been fully investigated.
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