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WC1� �� T cells of Mycobacterium bovis-infected cattle are highly responsive to M. bovis sonic extract
(MBSE). In mycobacterial infections of other species, �� T cells have been shown to respond to protein and
nonprotein antigens, but the bovine WC1� �� T-cell antigenic targets within MBSE require further definition
in terms of the dominance of protein versus nonprotein components. The present study sought to characterize
the WC1� �� T-cell antigenic targets, together with the role of interleukin-2 (IL-2), in the context of M. bovis
infection. This was achieved by testing crude and defined antigens to assess protein versus nonprotein
recognition by WC1� �� T cells in comparison with CD4� �� T cells. Both cell types proliferated strongly in
response to MBSE, with CD4� T cells being the major producers of gamma interferon (IFN-�). However,
enzymatic digestion of the protein in MBSE removed its ability to stimulate CD4� T-cell responses, whereas
some WC1� �� T-cell proliferation remained. The most antigenic protein inducing proliferation and IFN-�
secretion in WC1� �� T-cell cultures was found to be ESAT-6, which is a potential novel diagnostic reagent and
vaccine candidate. In addition, WC1� �� T-cell proliferation was observed in response to stimulation with
prenyl pyrophosphate antigens (isopentenyl pyrophosphate and monomethyl phosphate). High levels of cel-
lular activation (CD25 expression) resulted from MBSE stimulation of WC1� �� T cells from infected animals.
A similar degree of activation was induced by IL-2 alone, but for WC1� �� T-cell division IL-2 was found to
act only as a costimulatory signal, enhancing antigen-driven responses. Overall, the data indicate that protein
antigens are important stimulators of WC1� �� T-cell proliferation and IFN-� secretion in M. bovis infection,
with nonprotein antigens inducing significant proliferation. These findings have important implications for
diagnostic and vaccine development.

Despite increasing knowledge of antigenic targets within
mycobacterial diseases, further information is needed on the
antigenic recognition of individual T-cell subsets to facilitate
development of diagnostic tests and vaccines. To date, much
attention has focused on the role of �� T cells, but there is
increasing evidence for the involvement of �� T cells in myco-
bacterial disease (5). Human and murine tuberculosis studies
have revealed that �� T cells display potent activation (CD25
expression), proliferation, and gamma interferon (IFN-�) se-
cretion after mycobacterial antigen stimulation (2, 15, 50).
Anti-inflammatory, regulatory, and protective roles have also
been ascribed to this T-cell population in tuberculosis infec-
tions (4, 14, 21, 24). However, despite these observations, the
exact role of �� T cells in tuberculosis is poorly understood.

Studies on bovine immune responses have also demon-
strated a significant involvement of �� T cells in Mycobacterium
bovis infections. After experimental infection, kinetic changes
in the WC1� �� T-cell population were observed early post-
challenge (42). Such dynamic changes may correlate with the
appearance of these cells in association with developing early
stage M. bovis lesions (8). From the lesions they may also be
involved in the recruitment of other cells to sites of M. bovis

infection (46). More recently, we have shown that WC1� �� T
cells from M. bovis-infected animals become highly activated,
proliferate strongly, and release low levels of IFN-� after in
vitro stimulation with mycobacterial antigens (47). Subse-
quently, it was found that in vivo the WC1� �� T cells also
became highly activated (CD25�) in the peripheral circulation
at 3 to 4 weeks after M. bovis challenge (22). In vivo depletion
of WC1� �� T cells in M. bovis challenged cattle suggested a
role for WC1� �� T cells in the Th1 bias of developing anti-
mycobacterial immunity, possibly via innate production of
IFN-� (22).

Although some functional responses and postulated roles
for WC1� �� T cells in M bovis infection have been described,
the antigenic targets of these cells are not defined. In other
species, �� T cells have been described as having a wide anti-
genic recognition (18, 20). In their contribution to human
tuberculosis immunity, �� T cells respond to protein and non-
protein antigens, including low-molecular-weight phosphate
compounds (4, 12, 18, 32, 36, 49). Different forms of antigens
may lead to different patterns of cell-mediated immune (CMI)
responses. For example, live bacilli, killed bacilli, and soluble
mycobacterial antigens stimulate different proliferative and
IFN-� responses by �� T cells from M. tuberculosis-infected
patients (15).

Antigen-dependent alterations in �� T-cell responses could
have major effects on CMI responses in tuberculosis infection,
particularly as they may influence the responses of other lym-
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phoid cells (4, 22, 44, 45). It is likely that �� T cells play a
significant role in bovine CMI responses (41), particularly as
ruminant �� T cells constitute a large proportion of lympho-
cytes in the peripheral circulation (19, 28). The majority of the
�� T cells also express the WC1 molecule (10). The highly
activated status of WC1� �� T cells in M. bovis infection and
their involvement in the Th1 bias of immune responses (22)
suggest that they have an influential role on developing anti-
mycobacterial immune responses.

CMI responses of WC1� �� T cells toward crude and de-
fined protein and nonprotein mycobacterial antigens have not
previously been investigated. The present study sought to de-
termine the nature of antigens recognized by circulating WC1�

�� T cells from M. bovis-infected animals and to determine
their responses in terms of activation (CD25 expression), pro-
liferation, and IFN-� production. The role of interleukin-2
(IL-2) as an important cytokine in the function of WC1� �� T
cells was also investigated in relation to antigenic responses
during M. bovis infection.

MATERIALS AND METHODS

Experimental infections. Friesian-cross, castrated male calves (6 months of
age) from herds with no history of M. bovis infection for at least 5 years were
screened in proliferation and IFN-� assays against M. bovis and M. avium puri-
fied protein derivative antigens (Central Veterinary Laboratories, Weybridge,
United Kingdom) to confirm disease-free status. Four animals were inoculated
(106 CFU) intranasally with a field isolate of M. bovis (T/91/1378) (31). Age-
matched uninfected animals were kept as controls (n � 2). Samples were taken
at 4 to 12 weeks postinfection, and animals were confirmed as infected postmor-
tem (i.e., at 16 months postinfection) and by M. bovis culture (9).

Antigens. M. bovis sonic extract (MBSE) was prepared as previously described
(39). Briefly, M. bovis (T/91/1378) was grown in Middlebrook 7H9 medium,
harvested, washed then ultrasonicated. MBSE was then clarified by centrifuga-
tion and filtered (0.22 �m [pore size]). Proteinase K (PK; Sigma, Poole, United
Kingdom)-digested MBSE (PKMBSE) was prepared by triple digestion (36).
Aliquots of MBSE (1 ml at 1 mg/ml; pH 7.7) were subjected to three cycles of
digestion (with PK; 25 �g of MBSE/ml) for 15 min at 37°C, followed by heating
to 60°C for 5 min. Recombinant ESAT-6 was prepared in Escherichia coli K-12
as previously described (33). Isopentenyl pyrophosphate (IPP), monomethyl
phosphate (MMP), heat shock protein 70, and concanavalin A were obtained
from Sigma. Recombinant M. bovis protein antigens MPB59, MPB64, MPB70,
and MPB83 were produced in E. coli as described previously (26, 30).

IL-2. Recombinant human IL-2 (Invitrogen, Groningen, The Netherlands) was
mainly used at 5 U/ml. One experiment also used IL-2 at 5, 100, and 500 U/ml.

Antibodies. Hybridomas producing mouse monoclonal antibodies (MAbs)
against the bovine leukocyte markers CD4 (CC8, immunoglobulin G2a [IgG2a],
and CC30, IgG1) and WC1 (CC15, IgG2a) were obtained from the European
Collection of Animal Cell Cultures (Porton Down, Wiltshire, United Kingdom).
Hybridoma culture supernatants were used at a 1/10 dilution for flow cytometric
analysis and magnetic (MACS) labeling. Anti-bovine CD25/IL-2R (IgG1) MAb
CACT116A (27) (VMRD, Inc., Pullman, Wash.) was used at a 1/100 dilution for
flow cytometry labeling. Primary MAbs were detected by using secondary goat
anti-mouse isotype-specific conjugates (IgG2a-fluorescein isothiocyanate [FITC]
and IgG1-phycoerythrin [PE]; Southern Biotechnology Associates, Inc., Birming-
ham, Ala.).

Preparation of PBMC, T-cell subsets, and APC. Peripheral blood mononu-
clear cells (PBMC) were separated from heparinized blood samples over Ficoll-
Paque as described previously (39). CD4� and WC1� T-cell subsets were la-
belled with anti-bovine MAbs CD4 (CC8) or WC1 (CC15) (1/10 dilution) and
positively selected with goat anti-mouse-microbeads by using the Miltenyi Biotec
(Bergisch Gladbach, Germany) MACS system as described previously (25). Pu-
rified T cells were prepared at 106 cells/ml in T-cell culture medium (RPMI 1640
supplemented with 10 mM HEPES buffer, 2 mM L-glutamine, and 5% fetal calf
serum [Gibco, Paisley, United Kingdom] and 25 �g of gentamicin sulfate/ml
[sigma]). Purified T-cell subsets were routinely found to be �96% pure as
determined by flow cytometry and �98% viable as determined by trypan blue
exclusion. Purified WC1� cell preparations were also checked and found to be
negative for contamination with CD4� cells by using MAb CC30. Antigen-

presenting cells (APC) were prepared by incubating PBMC (107 cells/ml) with
mitomycin C (50 �g/ml; Sigma) at 37°C for 30 min. The APC were washed three
times with phosphate-buffered saline (PBS) by centrifugation and resuspended in
medium at 106 cells/ml.

Lymphocyte proliferation assay. PBMC were prepared at 106 cells/ml (200
�l/well). CD4� or WC1� T cells (1.5 	 105 cells/ml) were cultured in triplicate
with APC (added at 105 cells/ml; 200 �l/well) in 96-well microtiter plates (Nunc,
Roskilde, Denmark). Antigens were added (25 �l/well) to a final concentration
of 4 �g/ml, except for ESAT-6, IPP, and MMP, which were used at 2 �g/ml. PBS
(25 �l/well) was added to control wells. In some experiments, IL-2 was added to
appropriate cultures at 5 U/ml or up to 500 U/ml, as indicated. Proliferation
cultures were incubated for 5 days and pulsed with 0.25 �Ci of [3H]thymidine
(Amersham International, Amersham, United Kingdom). Incorporated radiola-
bel was measured by liquid scintillation as described previously (39). The results
were recorded and are reported as counts per minute (cpm). A test antigen cpm
of �2 	 the control PBS cpm was considered a positive proliferation.

IFN-� enzyme-linked immunosorbent assay. Cultures were set up as for pro-
liferation assays above with M. bovis antigens or PBS controls. After 96 h of
incubation, 100 �l of supernatant was aspirated from duplicate wells and assayed
for IFN-� by using the Bovigam enzyme immunoassay (CSL Ltd., Victoria,
Australia). Results were expressed as the optical density at 450 nm (OD450). An
OD of greater than twice the background level (i.e., in PBS wells) was considered
a positive response.

Flow cytometric analysis. Flow cytometry of PBMC in short-term cultures has
been described previously (47). Briefly, 7 ml of PBMC (106 cells/ml in medium)
were maintained in 25-cm2 flasks with antigen or PBS 
 IL-2 (5 U/ml) for 24 h
in 6% CO2 at 37°C. Primary labelling was performed with WC1 and CD25 MAbs,
followed by detection with goat anti-mouse IgG2a-FITC and IgG1-PE conju-
gates. After labelling cells were fixed in 1% paraformaldehyde (Sigma) in PBS.
Flow cytometry was performed with a FACS Vantage (Becton Dickinson, Ox-
ford, United Kingdom). Lymphocytes were identified (25), and green (FITC)
and orange (PE) log integral signals were obtained from the gated population.
Cells were counted (total of 10,000), and analyses were performed by using
CellQuest software (Becton Dickinson).

Statistical analysis. Statistical analyses were performed by using analysis of
variance on GENSTAT statistical software (Clarendon Press, Oxford, United
Kingdom). Proliferation cpm data was log transformed prior to statistical anal-
ysis. Flow cytometric data was also analyzed by Kolmogorov-Smirnov (KS) sta-
tistics within the CellQuest program.

RESULTS

Proliferation and IFN-� responses toward MBSE and
PKMBSE. After inoculation with M. bovis, all four animals
developed strong CMI responses toward MBSE antigen by 28
days postinfection (group mean � a preinfection cpm value
of 634 
 150 and a postinfection cpm value 28,501 
 4,461 for
MBSE). Preliminary experiments showed that PK treatment of
MBSE did not result in a material that inhibited PBMC con-
canavalin A mitogen-stimulated proliferation responses (data
not shown). In control animals, MBSE induced low levels of
proliferation in CD4� and WC1� T-cell cultures (P �0.001)
(Fig. 1a) that were altered by PK treatment of the MBSE.
These responses in control animals highlight the lack of spec-
ificity observed with crude mycobacterial antigens. In in-
fected animals, the strong proliferation responses to MBSE
seen in both T-cell populations were significantly reduced in
PKMBSE-stimulated cultures (Fig. 1b) (P �0.001). The PK
digestion of protein in MBSE removed its ability to stimulate
CD4� T-cell proliferation, whereas significant WC1� T-cell
proliferation was still observed toward the nonprotein compo-
nents of MBSE in all infected animals (Fig. 1b and Fig. 2). The
WC1� �� T cells released much lower levels of IFN-� in
response to MBSE antigen than the CD4� T cells (P �0.001)
(Fig. 1c). PK treatment of MBSE also impaired its ability to
induce IFN-� release from either CD4� or WC1� T cells (Fig.
1c).
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Proliferation and IFN-� responses to defined antigens. PK
treatment of MBSE indicated the importance of protein anti-
gen in WC1� T-cell proliferation and IFN-� secretion and a
significant role for nonprotein mycobacterial antigens in MBSE.
Antigen recognition was further investigated by screening a
selection of purified recombinant mycobacterial proteins, to-
gether with two nonprotein pyrophosphate antigens. Figure 2
shows the test-positive WC1� T-cell proliferation responses of
individual M. bovis-infected animals for the defined antigens,
along with PKMBSE as a comparison for the nonprotein re-
sponses. ESAT-6 was found to be the most dominant protein
antigen inducing high levels of proliferation in the WC1� ��
T-cell cultures compared to those of PBS and APC-only con-
trol cultures (P �0.001) (Fig. 2). In some experiments it was
observed that ESAT-6 alone could induce stronger prolifera-
tion responses of WC1� �� T cells than did MBSE antigen
(compare Fig. 1b and 2; see also Fig. 3b). No responses (test
negative) were observed by the WC1� �� T cells toward the
other recombinant protein antigens tested. On average the
group response toward nonprotein antigens was weak com-
pared to ESAT-6 (Fig. 2). However, all M. bovis-infected ani-
mals had significant WC1� �� T cells proliferation responses
to PKMBSE (P �0.05 to P �0.01). One animal (animal 02)
displayed particularly strong proliferative responses to IPP and
MMP compared to the PBS and APC controls (P �0.001) (Fig.
2b). Overall, three of four animals had significant prolifera-
tive responses to a least one of the pyrophosphate antigens
(P �0.01 to P �0.001). (Fig. 2a, b, and d). The mitomycin
C-treated APC did not proliferate in response to any of the
antigens tested (Fig. 2).

As observed for the proliferation of WC1� �� T cells,
ESAT-6 induced significant release of IFN-� in these cul-
tures (P �0.01) compared to the PBS or APC controls (group
mean � an ESAT-6 OD of 0.382 
 0.027 and a PBS OD of
0.100 
 0.0045). The other defined mycobacterial antigens
tested failed to stimulate WC1� �� T-cell production of IFN-�.
The APC controls did not show any IFN-� release in response
to antigens tested in comparison with the PBS control. No
specific proliferation or IFN-� secretion was observed in
WC1� �� T-cell cultures in response to ESAT-6, IPP, or MMP
in uninfected control animals (data not shown).

Role of IL-2 in antigen-stimulated WC1� �� T-cell activa-
tion and proliferation. In view of the dominance of protein
antigens in inducing strong WC1� �� T-cell proliferation (Fig.
1b and 2), it was of interest to determine the role of IL-2 in the
activation (CD25 expression) and proliferation of WC1� �� T
cells. Figure 3a shows flow cytometry results of PBMC 24-h
short-term cultures labeled for WC1� and CD25 expression.
MBSE and ESAT-6 (single defined antigen) induced strong
CD25 expression in the majority (80 to 90%) of WC1� �� T
cells from M. bovis-infected animals. Incubation with IL-2
alone also induced the majority of WC1� �� T cells to express
CD25, which was similar to antigen activation with MBSE or
ESAT-6 (Fig. 3a). In comparison to the PBS control short-
term culture, MBSE, ESAT-6, or IL-2 alone caused highly
significant activation of the WC1� �� T cells (P �0.001). CD25
expression on WC1� �� T cells was further enhanced when
short-term cultures were incubated with both antigen (MBSE)
and IL-2 compared to either MBSE or IL-2 alone (P �0.01).
Analysis of CD25 expression on overlaid histograms for WC1�

FIG. 1. Lymphocyte proliferation responses of T-cell subsets from
control uninfected animals (a) and proliferation (b) and IFN-� release
(c) by T-cell subsets from M. bovis-infected animals in response to
mycobacterial antigen preparations of MBSE and PKMBSE. WC1� ��
and CD4� T cells were magnetically (MACS) purified and cultured
with antigen in the presence of autologous mitomycin C-treated
PBMC as a source of APC. APC alone were included as controls.
Lymphocyte proliferation data are presented as cpm. A proliferation
response was considered positive if the test antigen cpm value was �2
	 the PBS control cpm value. IFN-� ELISA results are expressed as
the OD450; an OD value of 2 	 the background (PBS) value was
considered a positive response. The results presented show the mean
group cpm or the mean group OD450 plus the standard error of the
mean for six repeated experiments. Statistically significant differences
between control PBS-treated and antigen-stimulated cells are indi-
cated as follows: ❋❋❋ , P �0.001; ❋❋ , P � 0.01.
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T cells in short-term culture by using KS statistics revealed that
IL-2 alone could induce a higher density of cell membrane
CD25 expression on WC1� �� T cells compared to stimulation
with MBSE (D value of up to 12%; P �0.001). The combina-
tion of MBSE and IL-2 resulted in the greatest percentage of
CD25� WC1� T cells and also the highest density of cell
surface CD25 expression compared to MBSE alone (D value
of up to 35%; P �0.001) (data not shown).

The potent WC1� �� T-cell activation induced by MBSE
and ESAT-6 antigens was paralleled by their ability to drive
strong and significant proliferation of WC1� �� T cells com-
pared to PBS controls (P �0.001) (Fig. 3b). Although IL-2
induced high levels of CD25 expression, alone it was not suf-
ficient to initiate WC1� �� T-cell proliferation. The costimu-
latory role of IL-2 after antigen stimulation is seen in Fig. 3b,
where IL-2 significantly (P �0.01) augmented antigen
(MBSE)-driven proliferation. In a separate experiment WC1�

�� T cells were incubated with 5, 100, and 500 U/ml of IL-2.
The data confirmed that IL-2 alone could not deliver the nec-
essary signals for WC1� �� T-cell proliferation (data not
shown). No proliferation with antigen or IL-2 was observed in
APC-only cultures.

DISCUSSION

Understanding the relative contribution of T-cell subsets
and their antigenic targets in M. bovis infection will signifi-
cantly improve disease control strategies. We previously re-

ported that WC1� �� T cells from M. bovis-infected animals
are highly responsive to crude M. bovis antigen preparations,
such as MBSE (47). �� T cells recognize a range of protein and
nonprotein antigens, but the relative importance of such anti-
gens within MBSE that stimulate WC1� �� T-cell responses
has not been determined. Enzymatic digestion of the protein
component of MBSE removed its antigenicity for CD4� T-cell
proliferation and IFN-� production. The importance of pro-
teins as antigens for WC1� �� T cells was also demonstrated by
PK treatment of MBSE, which resulted in an 84% reduction in
proliferation. However, significant WC1� �� T-cell prolifera-
tion did occur in response to PKMBSE, indicating their rec-
ognition of nonprotein mycobacterial antigens. It was also ap-
parent that the protein component of MBSE was responsible
for WC1� �� T-cell IFN-� production. These results would
suggest that differential responses of WC1� �� T cells to pro-
tein or nonprotein antigens do occur, and such antigen-
dependent responses could markedly influence M. bovis
CMI responses. Proteins, in particular, may have a significant
involvement in antigen-dependent IFN-� secretion by WC1�

�� T cells, possibly enhancing their role in the development of
Th1 biased antimycobacterial immunity through innate or
adaptive production of IFN-� (22). Involvement of bovine
WC1� �� T cells in innate production of IFN-� and IL-12
would be important functional roles, linking the innate and
adaptive immune systems, as has been described for human ��
T cells (7, 17, 29).

FIG. 2. WC1� �� T-cell proliferation responses of four M. bovis-infected animals to PKMBSE and defined protein and nonprotein mycobac-
terial antigens in animals 01 (a), 02 (b), 03 (c), and 04 (b). MACS-purified WC1� �� T cells were cultured in the presence of autologous mitomycin
C-treated PBMC as a source of APC. The results for individual animals are expressed as the cpm or the OD450 (plus the standard error of the
mean), as described in Fig. 1. Significant differences between control PBS-treated and antigen-stimulated cells are indicated as follows: ❋❋❋ ,
P �0.001; ❋❋ , P �0.01; ❋ , P �0.05.
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More defined protein and nonprotein antigens were
screened in WC1� �� T-cell assays. ESAT-6 was found to be
the most antigenic protein tested, inducing significant prolif-
eration and IFN-� secretion in WC1� �� T-cell cultures. The
immunodominance of ESAT-6 is particularly impressive, since
the responses are comparable to MBSE, which contains mul-
tiple protein and nonprotein antigens. It is significant that
WC1� �� T cells recognize ESAT-6, which is unique to patho-
genic mycobacterial species and is recognized as an important
diagnostic and vaccine candidate (1, 34). The diagnostic po-
tential of ESAT-6 for bovine tuberculosis has been reported,
with ESAT-6 inducing strong and specific IFN-� release from
PBMC, in both experimentally and naturally infected field
cases of M. bovis (6, 38, 40). The MPB83, MPB70, MPB64,

MPB59, and heat shock protein 70 antigens failed to stimulate
notable responses, and this may reflect a low antigenicity of
these proteins for WC1� �� T cells or a low dominance during
the sampling period. Some of these antigens have also been
observed to give weak responses in TcR1� �� T-cell cultures
(44). Interestingly, comparison of the total �� T-cell popula-
tion (including WC1�/CD8� cells) (44) proliferation and the
WC1� �� T-cell responses in the present study highlights dif-
ferences in the antigenic recognition by WC1� and WC1� ��
T-cell populations. Differential IFN-� responses have also
been reported for WC1� (IFN-� �) and WC1� (IFN-��) ��
T-cell populations (3).

Some of the most potent nonprotein antigens, recognized by
human �� T cells, identified in mycobacterial lysates include
TUBag and pyrophosphate compounds (12, 43, 49). Two py-
rophosphate antigens IPP and MMP were tested in the present
study, and three of four of the infected animals responded to at
least one of these compounds, with animal 02 displaying par-
ticularly strong WC1� �� T-cell proliferation in response to
both IPP and MMP. No IFN-� secretion was detected in re-
sponse to these antigens, although human �� T cells have been
reported to produce IFN-� in response to IPP (35). WC1� ��
T-cell responses to IPP and MMP antigens may be important
in some animals or at certain stages of infection. Human tu-
berculosis studies have reported that increased �� T-cell activ-
ity to phosphoantigens is dependent on constant antigenic ex-
posure and correlates with an increased bacterial load (13, 37).

Various cytokines are involved in the function of �� T cells,
but IL-2 in particular has a significant role in WC1� �� T-cell
responses. The constitutive low-level expression of CD25 on
bovine WC1� �� T cells may allow a lower threshold for
responding to IL-2 (11, 23). It is possible that the potent
activation of WC1� �� T cells from infected animals after in
vitro stimulation with mycobacterial antigens may have re-
sulted either indirectly via nonspecific stimulation with IL-2
secreted by CD4� T cells or directly via antigen stimulation
(47). Investigation of the role of IL-2 in WC1� �� T-cell
activation revealed that IL-2 alone induced the majority of
WC1� �� T cells to express high levels of CD25 to a degree
similar to that seen with MBSE or ESAT-6 antigen stimula-
tion. Therefore, IL-2 alone can cause nonspecific activation of
WC1� �� T cells but fails to initiate their proliferation. In
agreement with previous reports for bovine �� T cells (11, 17),
IL-2 appeared to act as a costimulatory factor in antigen-
dependent cell division. One of the immune mechanisms that
has been suggested for the control of �� T-cell responses is the
availability of IL-2 from CD4� T cells (51). Kinetic analysis of
the in vitro activation of bovine �� and �� T cells from M.
bovis-infected animals identified CD4� T-cell activation in ad-
vance of the WC1� �� T cells, thereby supporting the require-
ment of CD4� help in the functions of WC1� �� T cells (47).
However, after experimental M. bovis infection, the in vivo
data indicate that WC1� �� T-cell activation (CD25 expres-
sion) in the peripheral circulation occurs in advance of CD4�

T-cell activation (22). In vivo, there is the possibility that early
in bacterial infections �� T cells may preferentially use other
cytokines as growth factors in advance of IL-2 availability (48).

In terms of the diagnosis of M. bovis infection in cattle by
CMI-based diagnostic tests, it appears that mycobacterial pro-
tein antigens (including ESAT-6) are important in stimulating

FIG. 3. (a) Flow cytometric analysis of WC1� �� T-cell activation
(CD25 expression) in short-term cultures of PBMC from M. bovis-
infected animals after incubation with PBS, mycobacterial antigens,
and/or IL-2. Flow cytometry data are presented as the group mean
percentage (plus the standard error of the mean) of WC1� �� T cells
within PBMC cultures expressing CD25 (i.e., percent WC1� CD25�

cells/percent WC1� cells) for four repeated experiments. (b) Prolifer-
ation responses of WC1� �� T cells from M. bovis-infected animals
after culture with PBS, mycobacterial antigens, and/or IL-2. MACS-
purified WC1� �� T cells were cultured in the presence of autologous
mitomycin C-treated PBMC as a source of APC. The results are
expressed as the group mean cpm (plus the standard error of the
mean) for six repeated experiments. Statistically significant differences
between control PBS-treated and antigen-stimulated cells are indi-
cated as follows: ❋❋❋ , P �0.001.
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strong and specific Th1 biased CMI responses by WC1� �� T
cells. Relative to the dominance of protein antigens, the sig-
nificance of nonprotein tuberculosis antigens should be given
further consideration in the search for novel diagnostic re-
agents. Although preliminary experiments suggest that phos-
phoantigens may not be diagnostically useful, they may well
prove beneficial for the identification of heavily diseased ani-
mals. One hypothesis is that strong WC1� �� T-cell recogni-
tion of phosphoantigens in M. bovis infection may correlate
with an inability to contain the infection, leading to an in-
creased risk of disease transmission.

The induction of Th1 CMI responses in WC1� �� T cells by
protein antigens of M. bovis should be considered in vaccine
development. The low levels of IFN-� secreted by WC1� �� T
cells may be sufficient to induce activation of macrophages and
influence the Th1 bias of antimycobacterial immunity (22). A
recent study of human tuberculosis suggested that �� T-cell
stimulation might be an important feature of vaccination by
enhancing the induction of type 1 memory immunity (52).
Since nonprotein mycobacterial antigens also induced WC1�

�� T-cell responses, they could have a role in the control of
tuberculosis. The potential of phosphate antigens as candi-
dates for M. bovis vaccines is not known, but in humans the
inclusion of such compounds may be important components of
vaccines that stimulate the �� T-cell pathway (16).

In conclusion, the data of the present study provides further
evidence for the role of WC1� �� T-cell involvement in CMI
responses to M. bovis infection. Importantly, we have shown
the dominance of protein antigens at inducing a Th1 type of
CMI response by WC1� �� T cells from infected animals.
Furthermore, we identified significant responses of WC1� ��
T cells from M. bovis-infected animals to nonprotein antigens.
The antigens involved in the activation, proliferation, and re-
lease of IFN-� by WC1� �� T cells may well play a role in
protective immunity and, additionally, be of diagnostic benefit.
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