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It is accepted that cell-mediated immune responses predominate in mycobacterial infections. Many studies
have shown that CD4� T cells produce Th1 cytokines, such as gamma interferon (IFN-�), in response to
mycobacterial antigens and that the cytolytic activity of CD8� cells toward infected macrophages is important.
However, the extent and manner in which �� T cells participate in this response remain unclear. In ruminants,
�� T cells comprise a major proportion of the peripheral blood mononuclear cell population. We have
previously shown that WC1� �� T cells are involved early in Mycobacterium bovis infection of cattle, but their
specific functions are not well understood. Here we describe an in vivo model of bovine tuberculosis in which
the WC1� �� T cells were depleted from the peripheral circulation and respiratory tract, by infusion of
WC1�-specific monoclonal antibody, prior to infection. While no effects on disease pathology were observed in
this experiment, results indicate that WC1� �� T cells, which become significantly activated (CD25�) in the
circulation of control calves from 21 days postinfection, may play a role in modulating the developing immune
response to M. bovis. WC1�-depleted animals exhibited decreased antigen-specific lymphocyte proliferative
response, an increased antigen-specific production of interleukin-4, and a lack of specific immunoglobulin G2
antibody. This suggests that WC1� �� TCR� cells contribute, either directly or indirectly, toward the Th1 bias
of the immune response in bovine tuberculosis—a hypothesis supported by the decreased innate production of
IFN-�, which was observed in WC1�-depleted calves.

Infection with Mycobacterium bovis, the causative organism
of bovine tuberculosis, occurs in many countries in both do-
mestic and wild animals (64). Persistence of this zoonotic dis-
ease coupled with the spread of human immunodeficiency vi-
rus infection, particularly in sub-Saharan Africa, is also giving
cause for concern (15).

Protective immunity against tuberculosis is considered to be
essentially cell mediated and dependent upon the interaction
of T cells with infected macrophages (4). The role of the CD4�

T-cell subpopulation during infection is well defined in humans
and mice (28, 49). These cells respond to infection principally
through the production of cytokines such as gamma interferon
(IFN-�) (3), which are considered to be involved in the acti-
vation of macrophages (14, 46). The CD8� subpopulation has
also been shown to produce IFN-�, although recent work sug-
gests that only a small percentage of CD8� T cells actually
produce this cytokine at any given time during infection (55).
An additional important role for CD8� cells in early infection
may be their ability to act as cytotoxic T lymphocytes (CTLs),
and this has already been described in both humans and mice
(31, 40). The release of live M. bovis from infected bovine
macrophages by antigen-stimulated CD8� cells has recently
been described and indicates that CTL responses also exist in
cattle (33). Such CTLs may not only be involved in the lysis of

specific target cells, but may also release molecules, such as
granulysin, which have been shown to kill mycobacteria di-
rectly (61).

The role of the �� T-cell subpopulation is less well under-
stood. Protection studies in �� T-cell receptor (TCR) knockout
mice have shown that M. bovis bacillus Calmette-Guérin
(BCG) infection can be controlled (29), but that inoculation
with a high intravenous dose of virulent Mycobacterium tuber-
culosis is rapidly lethal (27). However, lower doses (including
aerosol exposure) of M. tuberculosis have been found to grow
identically in �� knockout mice and wild-type control mice
(17). In addition, it has been observed that �� knockout mice
develop larger and less well organized granulomas in response
to intravenous M. tuberculosis than control mice, leading to the
proposal that �� T cells may not have a direct role in protec-
tion but are primarily involved in the regulation of granuloma
formation (17). Recently, however, it has been shown that
human �� T cells can have a direct effect on the viability of M.
tuberculosis (16).

In ruminants, �� T cells can be divided into two main sub-
populations, based on the expression of the workshop cluster 1
(WC1) molecule (11). These two distinct �� T-cell subsets,
WC1� and WC1�, are also differentially distributed through-
out the tissues (37). WC1, encoded by a large family of genes,
exists as a number of isoforms and belongs to the scavenger
receptor cysteine-rich domain family (65). However, although
two human gene sequences exist which are more than 85%
homologous with the bovine WC1 gene sequence, no evidence
of WC1 expression on human �� T cells has been reported
(66). Neither has any evidence of WC1 expression on mouse ��
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T cells been reported to date. In young cattle, however, circu-
lating �� T cells can represent up to 75% of peripheral blood
lymphocytes (21), and the majority of these also express WC1
(68).

Studies on the WC1 molecule are limited. It has been pro-
posed that it may control the tissue-specific homing of �� T
cells (66). Anti-WC1 antibody has also been shown to induce
G0/G1 cell cycle growth arrest in interleukin-2 (IL-2)-depen-
dent �� T-cell lines, suggesting that WC1 may have a signifi-
cant biological role in the control of �� T-cell proliferation
(62).

Previous work carried out in the Veterinary Sciences Divi-
sion, the Department of Agriculture and Rural Development,
Belfast, United Kingdom, has shown a decrease in circulating
numbers of WC1� �� T cells during early M. bovis infection of
cattle and increased numbers of WC1� cells in early lung
lesions (9, 10, 51), suggesting that WC1� �� T cells migrate
from the peripheral circulation to a primary site of infection.
WC1� �� T cells have also been found to respond in vitro to
mycobacterial antigens (51, 57). However, the in vivo function
of these cells remains unclear.

A novel, severe combined immunodeficient mouse, recon-
stituted with a bovine immune system (SCID-bo), has been
used to investigate the role of WC1� �� T cells (56). The
results obtained from M. bovis infection in this model suggest
a role for WC1� �� T cells in cattle similar to that already
postulated for �� T cells in mice (17).

The relative contribution of WC1� �� T cells to the overall
immune response following M. bovis infection has not, to date,
been examined in cattle. The aim of the present study was to
investigate the in vivo role of WC1� �� T cells by depleting
them from the circulation of cattle prior to experimental M.
bovis infection. Any difference in overall immune response
observed between WC1�-depleted and -nondepleted animals
would provide the first characterization of a role for WC1� ��
T cells in bovine tuberculosis beyond that of regulating gran-
uloma formation. Such an approach has the advantage of using
the natural host for infection and may, therefore, prove rele-
vant to the understanding of mycobacterial immunity in gen-
eral.

MATERIALS AND METHODS

Experimental animals. Fourteen calves were used in this study. All were
Friesian-cross males of approximately 6 months of age, which had been obtained
from farms with no history of M. bovis infection for at least 5 years.

Depletion of WC1� �� T cells and experimental infection. Calves were de-
pleted of WC1� �� T cells by intravenous infusion of monoclonal antibodies
(MAb). Animals undergoing depletion received 5 mg of CC15 anti-WC1 immu-
noglobulin G2a (IgG2a) MAb (22) intravenously on each of 7 consecutive days.
Control animals not depleted of WC1� cells received a nonrelated, isotype-
matched MAb, AV37 (a chicken leukocyte-specific MAb) (IAH, Compton,
United Kingdom), following an identical protocol.

Two calves (one depleted and one not depleted of WC1�) were used initially
to confirm the successful depletion of WC1� �� T cells using this protocol. Blood
samples were taken from both animals immediately prior to the first adminis-
tration of MAb, and on 4 separate days during the MAb administration process.
On the 8th day, 24 h after the last administration of MAb and immediately prior
to postmortem examination, a final blood sample was taken. Peripheral blood
mononuclear cells (PBMC) were isolated from each sample on the day of
bleeding, and the proportion of each major lymphocyte cell population (CD4�,
CD8�, TCR1�, WC1�, and B cells) was determined by single-color flow cyto-
metric analysis (FCA), with appropriate controls, as described below. Following
postmortem examination, lung tissue sections from both calves were stained

immunohistochemically using a WC1� �� T-lymphocyte antibody as described
previously (10). In brief, following blocking of endogenous peroxidase activity by
hydrogen peroxide, test sections were microwaved in an aqueous urea solution.
Sections were then treated with normal horse serum before overnight incubation
at room temperature with CC15 MAb, diluted 1:100. Sequential incubation with
biotinylated anti-mouse IgG and with an avidin-biotin-peroxidase complex re-
agent (Vectastain Elite ABC kit; Vector Laboratories, Burlingame, Calif.) fol-
lowed, and peroxidase activity was developed with diaminobenzidine-tetrahydro-
chloride (DAB-peroxidase substrate kit; Vector Laboratories). Sections were
then counterstained lightly with Harris’s hematoxylin. As a negative control, the
staining procedure was carried out, omitting the use of the primary antibody.

Single-color FCA of PBMC indicated an even spread of WC1� �� T-cell
population sizes across the 12 remaining calves. These were allocated randomly
into groups of equal numbers of WC1�-depleted and -nondepleted animals.
Animals were housed in two separate high-security isolation houses (three
WC1�-depleted and three-nondepleted per house), held under negative pres-
sure, with expelled air filtered through absolute filters (43). The depleted animals
received CC15 MAb on days �1 to 5 inclusive, while the non-depleted animals
received AV37 MAb on the same days. On day 0 and day 1, in addition to MAb,
all 12 animals each received a total of 7 � 106 CFU of M. bovis by intranasal
instillation as described previously (43). The strain of M. bovis used (T/91/1378)
was isolated originally in Northern Ireland from a field case of bovine tubercu-
losis. Blood samples were taken from each animal on the following days: �1, 0,
1, 4, 7, 11, 14, 19, 21, 25, 28, 32, 35, and 39. PBMC were isolated and used on each
day both for assessment of cell-mediated immune functions (including IFN-�
production) and for FCA. In addition, PBMC were used each day (except day 39)
to prepare supernatants for measurement of IL-2 production and on days 0, 19,
25, and 32 for measurement of IL-4 production. Serum samples were also
collected weekly for measurement of specific anti-M. bovis IgM, IgG1, and IgG2
activity.

Postmortem examinations. A detailed necropsy was performed on each calf
(one WC1�-depleted and one nondepleted animal on each of days 34 and 36,
respectively, and the remaining eight animals on day 40) as described previously
(9). In brief, these examinations included close visual assessment of approxi-
mately 5-mm-thick, serial, transverse sections of each lung lobe and of upper
respiratory tract surfaces and tonsils following longitudinal midline sectioning of
the head. Lymph nodes were inspected, and the retropharyngeal, parotid, sub-
mandibular, cervical, bronchial, mediastinal, and mesenteric nodes were serially
sliced at 2-mm intervals, to facilitate thorough examination. A wide range of
tissues were taken for histopathological and bacteriological examination, includ-
ing upper respiratory tract surfaces; palatine and pharyngeal tonsils; cranial,
middle, and caudal lung lobes; and lymph nodes (9). Tissue samples were fixed
in 10% neutral buffered formalin and processed by a standard paraffin wax
technique. Sections were cut and stained with hematoxylin and eosin and also by
the Ziehl-Neelsen method. They were examined for the presence of tuberculous
lesions and acid-fast bacteria.

Lymphocyte proliferation assay (LPA) and preparation of antigen-stimulated
culture supernatants. PBMC were separated from heparinized blood by density
centrifugation, resuspended at a concentration of 106/ml in tissue culture me-
dium (TCM), and dispensed in 200-�l volumes into wells of 96-well tissue culture
plates as described previously (50). Purified protein derivatives (PPD) from M.
bovis and Mycobacterium avium (PPD-B and PPD-A) (Veterinary Laboratory
Agency, Weybridge, United Kingdom) and pokweed mitogen (PWM) (Sigma
Chemical Co., Poole, United Kingdom) were diluted in phosphate-buffered
saline (PBS) and added to triplicate wells at a final optimal concentration of 4
�g/ml. For each animal, a further three wells remained unstimulated as controls
(PBS only added). The cultures were incubated in 6% CO2 at 37°C for 5 days.
For the final 16 h, each well was pulsed with 1 �Ci of tritiated thymidine
([methyl-3H]thymidine) (Amersham International, Amersham, United King-
dom). The contents of each well were harvested onto a glass fiber filter mat
(Wallac, Turku, Finland), and incorporated radioactivity was determined as
counts per minute by liquid scintillation counting. Responses where the mean
number of counts per minute was greater than that of the control by a factor of
at least two were considered positive.

To provide supernatants for cytokine analyses, similar cultures were estab-
lished at each time point using PPD-B and PBS only (six wells each). These were
incubated in 6% CO2 at 37°C for 4 days, and cells were pelleted by centrifugation
at 220 � g for 15 min at 10°C. Supernatants were aspirated from individual wells
and stored at �20°C for subsequent analysis of secreted IL-2, IFN-�, IL-4, and
granulocyte-macrophage colony-stimulating factor (GM-CSF).

Flow cytometry. Cell phenotype, together with activation status (CD25� ex-
pression) and expression of major histocompatibility complex class II (MHC-II),
were determined by two-color flow cytometry as described previously (57). The
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primary MAbs and secondary, isotype-specific, conjugates used are shown in
Table 1. 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.). The mononuclear cell population was identified on the
basis of forward and orthogonal light scatter and was gated appropriately. Green
(fluorescein isothiocyanate [FITC]) and orange (phycoerythrin [PE]) log integral
signals were obtained from the gated population. Ten thousand cells were
counted for each sample, and analyses were performed using LYSIS II software
(Becton Dickinson). Isotype-matched control MAbs (AV20) (29, 37) gave neg-
ative staining with both FITC and PE conjugates and were used to set compen-
sation.

IL-2 bioassay. Detection of IL-2 was based on the measurement of concanava-
lin A (ConA) blast proliferation following stimulation by IL-2-containing culture
supernatants (18).

PBMC, isolated from an animal free of M. bovis infection, were diluted in
TCM to a final concentration of 2 � 106/ml. ConA (Sigma) was added at a
concentration of 5 �g per ml of cell suspension, and cells were incubated in 6%
CO2 at 37°C for 4 days to ensure up-regulation of the IL-2 receptor. The ConA
blasts were washed twice in PBS and resuspended in TCM. Into each well of a
96-well tissue culture plate (Nunc, Roskilde, Denmark) was placed 150 �l of cell
suspension (8 � 104 cells), and into appropriate wells were placed (in triplicate)
50-�l aliquots of test supernatants harvested from PBMC cultures as described
earlier. Recombinant bovine IL-2 (IAH, Compton) was used as a positive control
on each plate, and TCM was used as a negative control. Cells were incubated
overnight in 6% CO2 at 37°C, and then each well was pulsed with 1 �Ci of
tritiated thymidine and incubated for a further 16 h prior to harvesting and
counting as before. Results were expressed as net counts per minute (mean
counts per minute for supernatant obtained from three PPD-B wells minus mean
counts per minute for supernatant obtained from three PBS control wells). An
IL-2 response to PPD-B was considered positive where the net number of counts
per minute was greater than that of the mean control (PBS) by a factor of at least
2.

IL-4 bioassay. IL-4 activity was measured using a B-cell bioassay (26) in which
PBMC were isolated from an animal free of M. bovis infection and B cells were
magnetically sorted using bovine immunoglobulin light chain-specific MAb
ILA-58 (67). Following incubation with microbeads coated with rat anti-mouse
IgG2a and -2b (Miltenyi Biotech, Bergisch Gladbach, Germany), B cells were
isolated using the magnetically activated cell sorting column separation system
(Miltenyi) and then resuspended in TCM. Into each well of a 96-well tissue
culture plate (Nunc) was placed 75 �l of cell suspension (7.5 � 104 cells), and
into appropriate wells were placed (in triplicate) 50-�l aliquots of test superna-
tants harvested from PBMC cultures as described earlier. Recombinant bovine
IL-4 (IAH, Compton) was used as a positive control on each plate, and TCM was
used as a negative control. Cells were incubated for 24 h in 6% CO2 at 37°C, and
then each well was pulsed with 1 �Ci of tritiated thymidine and incubated for a
further 24 h prior to harvesting and counting as before. Results were expressed
as net counts per minute (mean counts per minute for supernatant obtained from
three PPD-B wells minus mean counts per minute for supernatant obtained from
three PBS control wells), and an IL-4 response to PPD-B was considered positive
when the net number of counts per minute was greater than that of the control
by a factor of at least 2.

IFN-� capture enzyme linked immunosorbent assay (ELISA). Wells of mi-
crotitre plates (Maxisorp; Nunc) were coated with bovine IFN-�-specific MAb
5D10 (IAH, Compton) overnight at room temperature. Wells were washed with
PBS containing 0.05% (vol/vol) Tween 20 (Sigma) (PBS-T), and the remaining
sites were blocked with 1% bovine serum albumin (wt/vol) (Sigma). After wash-
ing, test supernatants harvested from PBMC cultures were added. Recombinant
bovine IFN-� (IAH, Compton) was used as a positive control on each plate, and
recombinant bovine IL-6 (IAH, Compton) was used as a negative control. The
plates were again washed, and IFN-�-specific biotinylated CC302 MAb (IAH,
Compton) was added to all wells. Plates were again washed, and to each well was
added streptavidin-horseradish peroxidase (HRP) conjugate (Amersham Inter-
national). Following incubation, the plates were washed and bound HRP was
detected by incubation with the substrate 3,3�,5,5�-tetramethylbenzidine (TMB)
(Chemicon, Harrow, United Kingdom). Results were expressed as net optical
density (OD) (OD of supernatant obtained from PPD-B wells minus OD of
supernatant obtained from PBS wells). The IFN-� response to PPD-B was
considered positive when the net OD was greater than the IL-6 negative control’s
OD by a factor of at least 2.

GM-CSF capture ELISA. Wells of microtiter plates (Becton Dickinson) were
coated with bovine GM-CSF-specific MAb CC305 (IAH, Compton) overnight at
room temperature. After washing with PBS-T, test supernatants harvested from
PBMC cultures were added. Recombinant GM-CSF (IAH, Compton) was used
as a positive control on each plate, and recombinant bovine IFN-� was used as
a negative control. The plates were again washed, and then anti-GM-CSF bio-
tinylated 3C2 MAb (IAH, Compton) was added to all wells. Detection of bound
biotinylated MAb was carried out with streptavidin-HRP conjugate and TMB
substrate, as described earlier.

Antibody ELISA. A measurement of serum anti-M. bovis IgM, IgG1, and IgG2
activity was made by ELISA based on M. bovis sonic extract, produced from the
T/91/1378 strain of M. bovis (50). M. bovis sonic extract was used as the solid-
phase antigen, and the ELISA protocol has been described previously (34). Sera
from each animal were diluted 1:100 in PBS-T for testing. A high-titer serum
sample from a previously experimentally infected animal (51) was used as a
positive control on each plate. Preinfection serum from this same animal was
used as a negative control, and PBS-T alone was used as a background control.
In order to detect the presence of anti-M. bovis antibody, subclass-specific mouse
MAbs were each diluted in PBS-T as follows: anti-IgG1 clone K372G6 (Serotec,
Oxford, United Kingdom) was diluted 1:2,500, anti-IgG2 clone K1924F10 (Se-
rotec) was diluted 1:2,500, and IgM clone BM-23 (Sigma) was diluted 1:4,000.
Affinity-purified goat anti-mouse Ig-HRP conjugate (Sigma) was diluted 1:5,000
in PBS-T and used to label bound subclass-specific MAb, and bound HRP was
detected with TMB as described earlier. Although there was no evidence of
non-specific binding of either MAbs or conjugate in these ELISAs, several
animals had very low, but detectable, IgM or IgG1 binding at the outset of the
experiment. For this reason, results for each animal were expressed as net OD
(OD of postinfection sample at each time point minus OD of preinfection
sample). Antibody responses were considered positive when the net OD was
greater than the PBS-T background control’s OD by a factor of at least 2.

Statistical analyses. The effects of WC1� �� T-cell depletion upon T-cell
phenotypes and activation status were determined by analysis of variance for
repeated measurements, which compared the means for the groups depleted and

TABLE 1. Primary antibodies and conjugates used for FCA

MAb or clone Specificity Isotype MAb reference or source Conjugatea

CC8 CD4 IgG2a 22 Anti-mouse IgG2a-FITC
CC63 CD8 IgG2a 35 Anti-mouse IgG2a-FITC
CC15 WC1 IgG2a 22 Anti-mouse IgG2a-FITC
GB21A TCR1 IgG2b VMRD Inc., Pullman, Wash. Anti-mouse IgG2b-FITC
CC51 CD21 IgG2b IAH, Compton Anti-mouse IgG2b-FITC
CACT116A CD25 IgG1 VMRD Inc., Pullman, Wash. Anti-mouse IgG1-PE
CC108 MHC II IgG1 IAH, Compton Anti-mouse IgG1-PE
CC158 MHC II IgG2a IAH, Compton Anti-mouse IgG2a-FITC
CCG33 CD14 IgG1 60 Anti-mouse IgG1-PE

AV20 Chick leukocyte antigen IgG1 IAH, Compton Anti-mouse IgG1-PE
AV37 Chick leukocyte antigen IgG2a IAH, Compton Anti-mouse IgG2a-FITC
Av29 Chick leukocyte antigen IgG2b IAH, Compton Anti-mouse IgG2b-FITC

a Southern Biotech Associates Inc., Birmingham, Al.
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not depleted of WC1� cells over the various time periods and tested for inter-
action between groups and time. For the effect of depletion upon discrete
immunological measurements, where it was inappropriate to assume a normal
distribution for the observations, the nonparametric Mann-Whitney U test based
on comparing the ranks for the two groups at each time point was used instead.

RESULTS

Initial assessment of WC1� �� T-cell depletion. The per-
centage of WC1� �� T cells in the total PBMC population was
monitored initially in one calf by flow cytometry over a 7-day
period of CC15 MAb administration and compared with the
percentage in a second calf, which had received equal doses of
AV37 isotype control MAb. Depletion of WC1� PBMC from
the peripheral circulation was almost complete following the
first CC15 MAb injection (Table 2). The relative percentage of
CD4�, CD8�, and B cells remained largely unchanged, while
the relative percentage of total �� (TCR1�) T cells fell. The
removal of WC1� �� T cells from the peripheral circulation in
this animal accounts for these observed changes. In contrast,
the percentage of CD4�, CD8�, WC1�, �� (TCR1�), and B
cells in total PBMC remained relatively unchanged in the an-
imal receiving AV37 MAb.

On the 8th day (24 h after the last administration of either
CC15 or AV37 MAb), both animals were examined postmor-
tem, including immunohistochemical labeling of WC1� �� T
cells in lung tissue. Histologically, in both calves depleted and
those not depleted of WC1� cells with a round cytoplasmic
outline with large centrally placed, round-to-ovoid nuclei and a

thin peripheral rim of cytoplasm consistent with lymphocyte
morphology exhibited both nuclear and cytoplasmic staining
with the CC15 anti-WC1� MAb (Fig. 1). Although the location
of these cells within pulmonary parenchyma was similar in both
calves, there was a significant difference in cell numbers in each
case. In both animals positive-staining cells were randomly
distributed within interalveolar septae, bronchial and bron-
chiolar epithelia, and submucosae and within bronchus- and
bronchiolus-associated lymphoid tissue. Upon quantitative as-
sessment of cell numbers, an average of 33 cells expressing
WC1 were observed per high-power microscopic field (40�
objective) in the lungs of the calf not depleted of WC1� cells
(Fig. 1a). This contrasted with a cell count averaging one
positively staining cell per three high-power microscopic lung
fields (40� objective) in the animal depleted of WC1� (Fig.
1b).

The results from these first calves indicated that successful
depletion of WC1� �� T cells from the peripheral circulation
and lower respiratory tract could be achieved by intravenous
administration of CC15 MAb. This method was therefore used
to deplete six calves of WC1� �� T cells prior to experimental
M. bovis infection. The immune responses observed in these
WC1�-depleted animals were then compared directly with
those of six control animals that were given AV37 MAb.

WC1� �� T-cell depletion and response to M. bovis infec-
tion. (i) Flow cytometry. Statistical analysis showed a highly
significant effect of MAb depletion upon the percentage of

FIG. 1. Immunohistochemical labeling with avidin-biotin-peroxidase of WC1� �� T cells in lung tissue. (a) Numerous WC1� �� T lymphocytes
(arrowheads) within interlobular septae in the lung of a calf not depleted of WC1� cells. Bar, 25 �m. (b) One WC1� �� T lymphocyte (arrowhead)
beneath bronchiolar epithelium in the lung of calf depleted of WC1� cells. Bar, 25 �m.

TABLE 2. Phenotype analysis of PBMC following administration of CC15 or AV37 MAba

Day

% Gated PBMC in:

Animal receiving AV37 (nondepleted) Animal receiving CC15 (depleted)

WC1 TCR1 CD4 CD8 B cells WC1 TCR1 CD4 CD8 B cells

1 18.5 24.0 33.5 13.5 17.5 8.0 18.0 26.0 14.5 23.5
2 10.5 24.0 31.5 12.0 17.5 0.5 9.5 28.0 15.5 25.0
5 17.0 28.5 20.0 12.0 13.0 0.1 9.0 25.0 13.5 19.0
7 19.0 28.0 23.5 15.0 12.0 0.1 6.0 28.0 16.0 19.5
8 (postmortem) 18.0 26.0 26.0 13.5 13.5 0.4 5.5 30.0 17.5 21.5

a Results expressed as percentage of gated PBMC, as assessed by FCA.
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circulating WC1� �� T cells from day 0 until the close of the
experiment (P � 0.001) (Fig. 2a). In calves not depleted of
WC1� cells an initial decrease in circulating WC1 numbers
within 1 week of infection, which has been reported previously

(9, 10, 51), was again observed. This initial decrease was fol-
lowed closely by a steady rise, to a final level which was higher
than that observed before infection. Over the course of the
experiment, changes in the circulating numbers of �� T cells

FIG. 2. FCA of T cells in the peripheral circulation of WC1� �� T-cell-depleted and -nondepleted calves during experimental M. bovis
infection. (a) Percentage phenotype of WC1�, TCR1�, CD4�, and CD8� T cells in both WC1�-depleted and -nondepleted calves. (b) Percentage
activation of each phenotype (as measured by CD25� expression). Error bars, standard errors of the means.
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(TCR1�) in both groups of animals mirrored those described
for the WC1� �� T-cell population. After day 7 until the close
of the experiment, relatively greater numbers of CD4� cells
were circulating in the animals depleted of WC1� cells (P �
0.01), which may reflect the decrease in the WC1� cell popu-
lation. No evidence of an effect due to depletion of WC1� ��
T cells on the circulating percentage of the CD8� cells was
observed (P 	 0.05). Pre- and postinfection, the proportions of
CD8� cells in the group not depleted of WC1� cells were
consistently lower than those observed for the group depleted
of these cells (P 
 0.04). This was due to the presence of high
numbers of circulating CD8� cells in one animal from the
group depleted of WC1� cells throughout the course of the
experiment. Such variation is an inherent aspect of any study
that uses outbred cattle.

Activation was determined by the expression of the IL-2
receptor (IL-2R [CD25�]) and by upregulation of MHC-II on
each subpopulation of cells. Importantly, in calves not depleted
of WC1� cells a pronounced in vivo activation of WC1� �� T
cells was seen to occur early in infection (P � 0.001) (Fig. 2b).
In these animals, levels of WC1� CD25� cells were signifi-
cantly raised by day 21. From Fig. 2 it appears that, following
M. bovis infection, it is the CD8� T cells which show the first
peak of activation (at day 14), followed several days later by
activation of the �� T cells (WC1� and TCR1�). Such activa-
tion appears to be occurring slightly in advance of CD4� T-cell
activation. Increased levels of the MHC-II molecule were not
detected by flow cytometry on either WC1� or TCR1� �� T
cells from any animal during the course of the experiment
(data not shown).

(ii) Lymphocyte proliferation assay. Figure 3 shows the lym-
phocyte proliferative responses of calves (both depleted and
not depleted of WC1� cells) in response to stimulation with
PPD-B and PWM throughout the course of infection. No an-
imal showed a proliferative response to either PPD-A or
PPD-B prior to infection. Responses to PPD-B remained neg-
ative until approximately 19 to 21 days following infection,
after which there were two phases of increased proliferation
(Fig. 3a). Initially, responses to PPD-B rose rapidly, but they
showed a marked decline at around day 28. Following the
commencement of proliferative responses in both sets of ani-
mals, at all subsequent times the mean level of response to
PPD-B in the group depleted of WC1� cells was lower than
that of the group not depleted of these cells. From day 32, a
second rise in lymphocyte proliferation commenced, and dif-
ferences between the calves in the WC1�-depleted and non-
depleted groups were observed on days 32 and 35 (P 
 0.05).
Four of the five remaining calves not depleted of WC1� cells
showed a rapid rise in response to PPD-B which peaked at day
39 with a similar magnitude of response to that seen in the
initial peak. In contrast, only a small degree of proliferation
was observed at day 35 in only one of the five remaining
animals from the depleted group. Importantly, this failure to
mount a pronounced second peak of proliferation to PPD-B
did not appear to be due to a general nonresponsiveness of
PBMC in the WC1�-depleted calves. At each time point dur-
ing the experiment, PBMC from both WC1�-depleted and
nondepleted calves responded equally well and, indeed, almost
identically to nonspecific stimulation with PWM (P 	 0.1) (Fig.
3b).

Cytokine measurements. In order to investigate the differ-
ences in proliferative responses observed, cytokine production
was examined in antigen-stimulated cultures from both WC1�-
depleted and -nondepleted groups of calves.

(i) IL-2. Levels of IL-2 production, in response to mycobac-
terial antigens, were similar in both groups of calves (P 	 0.1)
(Fig. 4a). In parallel with the development of a lymphocyte
proliferative response, IL-2 production began at around day 19
to 21. Interestingly, in the group depleted of WC1� cells,
despite the lack of a second peak of proliferative response,
IL-2 production continued throughout the course of the ex-
periment.

(ii) IFN-�. Antigen-driven production of IFN-� was similar
in both groups of animals (P 	 0.1), with specific release of this
cytokine commencing between 14 and 19 days postinfection
(Fig. 4b). However, careful examination of the early time
points reveals that an initial fall in IFN-� production occurred
in the WC1�-depleted animals. This was first seen on day 0,
was immediately following the administration of CC15 MAb
on day �1, and was statistically significant only for cultures
stimulated with PPD-B (P 
 0.03) (Table 3). The trend for
similar reduction of IFN-� production in unstimulated cultures
at day 0 may indicate that this response is nonspecific or innate.

(iii) IL-4. Differences were observed between the two groups
of calves with respect to the amount of IL-4 produced (Fig. 4c).
By day 25, the animals depleted of WC1� cells were producing
significantly greater quantities of this cytokine (P 
 0.04). By
day 32, a single animal from the group not depleted of WC1�

cells was also producing IL-4 at a level comparable with that
observed in animals depleted of these cells (P 
 0.2).

(iv) GM-CSF. GM-CSF production was not detectable at
any time in any animal used in this experiment (data not
shown).

Antibody ELISA. In light of the difference found in IL-4
production between groups of animals depleted and not de-
pleted of these cells it was relevant to examine any possible
differences in antibody isotype responses.

Results for detection of anti-M. bovis serum antibody are
shown in Fig. 5. Although there was no significant difference in
the amount of IgM produced in both groups of calves (P 	
0.1), production of this antibody commenced 1 week earlier in
calves depleted of WC1� cells (Fig. 5a). Similar results were
seen in both sets of animals for IgG1 antibody production (P 	
0.1) (Fig. 5b). However, calves depleted of WC1� cells exhib-
ited negligible production of IgG2, which was clearly lower
than that produced by calves not depleted of WC1� cells, on
both day 28 (P 
 0.06) and day 32 (P 
 0.05) (Fig. 5c).

Summary of immunological responses. Table 4 shows a
summary of the immunological responses observed in each calf
during the course of this experiment. All animals exhibited
antigen-specific proliferation responses, and all produced both
IFN-� and IL-2. However, the production of IL-4 between
groups was not the same, which became even more apparent
when the numbers of calves with a positive IL-4 response were
considered.

Four of the six animals from the group depleted of WC1�

cells had levels of IL-4 above the cutoff for positivity, compared
with only one of six from the group not depleted of these cells.
A similar pattern emerged when antibody responses were ex-
amined. All animals (with the exception of one calf not de-
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FIG. 3. Lymphocyte proliferation responses of WC1� �� T-cell-depleted and -nondepleted calves during experimental M. bovis infection. All
results are expressed as mean counts per minute � standard errors of the means (error bars). (a) PBMC cultured with either PBS or PPD-B. (b)
PBMC cultured with PWM.
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pleted of WC1� cells) had detectable M. bovis-specific IgM
responses. Three out of six animals from the WC1�-depleted
group and four out of six from the WC1�-nondepleted group
produced M. bovis-specific IgG1 antibody. The production of
IgG2 was, however, very different between the two groups of
animals. No M. bovis-specific IgG2 was observed in any animal
prior to day 21 of the experiment. After day 21, IgG2 produc-
tion was seen in three of the six animals not depleted of WC1�

cells. In contrast, no M. bovis-specific IgG2 responses, which
were classified as positive, were observed in the group of ani-
mals depleted of WC1� cells.

Postmortem examinations. Tuberculous lesions were ob-
served in the respiratory tract and associated lymph nodes of
all 12 calves. Sites affected included the nasal mucosa; naso-
pharynx; pharyngeal tonsils; trachea; lungs and retropharyn-
geal; and parotid, submandibular, cervical, and bronchomedi-
astinal lymph nodes. There were no obvious differences
detected in the nature, extent or distribution of the lesions
between calves depleted and those not depleted of WC1� cells.
Histologically, lesions consisted of a necrotic core, a surround-
ing mantle of macrophages and multinucleate macrophage gi-
ant cells, and a further circumscribing zone of lymphocytes.

FIG. 4. Cytokine production by antigen-stimulated PBMC from WC1� �� T-cell-depleted and -nondepleted calves during experimental M.
bovis infection. Results for IL-2 and IL-4 are expressed as mean net counts per minute � standard errors of the means (error bars). Results for
IFN-� are expressed as net OD � standard errors of the means (error bars). (a) IL-2; (b) IFN-�; (c) IL-4.
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The microscopic appearance of the lesions did not differ sig-
nificantly between the two groups. A proportion of lesions in
both groups exhibited aggregations of degenerate and intact
neutrophils in necrotic areas, mineralization of necrotic cores,
and vascular congestion and erythrocyte extravasation periph-
eral to the macrophage mantle. While variations in the num-
bers of acid-fast organisms within lesions were noted there was
no clear difference in bacterial numbers in the lesions of ani-
mals depleted and those not depleted of WC1� cells.

DISCUSSION

The involvement of �� T cells in immune responses to my-
cobacterial infections has been suggested from a large number
of studies, but a precise definition of their function remains
elusive (5, 54). Detailed studies of the bovine immune re-
sponse to M. bovis infection are limited by the availability of
secure facilities in which to house large animals. For this rea-
son, most of the data which have accumulated on the role of ��
T cells has been restricted to human infection with M. tuber-
culosis and murine infections with M. tuberculosis or M. bovis.
If investigation of the WC1� subset of �� T cells is required,
the problem is complicated further by the absence of WC1�

expression on human and murine cells (66). The development
of a SCID-bo mouse model (56) has gone some way to ad-
dressing these problems. However, WC1� �� T-cell depletion
studies and infection in this model have, to date, focused on
the detection of Th1 cytokine production and definition of
effects on lesion architecture.

Within the context of bovine tuberculosis, experimental in-
fections have indicated a role for �� T cells, particularly those
expressing the WC1 molecule (9, 10, 51, 57). Since bovine
tuberculosis can be reproduced experimentally in the natural
host, this model provides an important opportunity to derive
new data on the function of �� T cells in antimycobacterial
immunity.

Previous studies in cattle reported that depletion of WC1� T
cells following administration of CC15 MAb resulted in an
enhanced IgM response to a nonreplicating antigen, human
red blood cells, and an enhanced local IgM and IgA antibody
response following an acute respiratory infection with respira-
tory syncytial virus (22, 63). These observations indicated that
in vivo depletion of WC1� T cells is feasible and that biological
effects are evident as a consequence. In the present experi-
ment, the ability of MAb CC15 to deplete WC1� �� T cells
from the peripheral circulation and lower respiratory tract in
calves was confirmed. As expected from previous studies,

WC1� �� T-cell depletion by MAb cannot be permanent.
However, the return of the WC1� cells to the peripheral cir-
culation did not commence for approximately 3 weeks. The
expected return of the WC1� cells influenced the protocol
used. An intranasal inoculum containing greater numbers of
M. bovis than had been used in recent experiments (32, 51) was
chosen to ensure development of immune responses and
pathological changes within a 5-week period. In order to mimic
a more natural, slowly progressing, infection, it would be nec-
essary to decrease the inoculation dose significantly and pos-
sibly to choose another route for M. bovis delivery. However,
under such experimental conditions, a number of animals fail
to become infected and those which are successfully infected
take longer to mount immune responses (8, 44). Therefore,
depletion of the WC1� population cannot be maintained long
enough to make experiments with a low challenge feasible, as
continued exposure to mouse MAb produces a bovine anti-
mouse antibody response, leading to anaphylaxis (22).

The present study confirmed that, following infection with
M. bovis, a response was evident within the �� T-cell popula-
tion in vivo. The numbers of circulating �� T cells decreased
within 5 days of the time of inoculation, as has been reported
previously (9, 10, 51). This may be a result of localization to the
initial site of infection. Additionally, it was observed that cir-
culating �� T cells became activated, as evidenced from a
fivefold upregulation of IL-2R expression in vivo following
infection with M. bovis. Upregulation of IL-2R expression was
most pronounced for the �� T cells, although expression of
IL-2R on CD4� and CD8� T cells was also upregulated
postinfection, indicating in vivo activation of these populations
as well as the �� T cells. Peak activation of the CD8� T cells
and activation of the �� T-cell population occurred in advance
of CD4� T-cell activation. This indicates that the concept that
CD8� T cells are predominantly involved in later-stage anti-
mycobacterial immune responses (1, 48, 51) may require re-
evaluation. The presence of large numbers of activated CD8�

T cells in the lungs of mice during the early stages of M.
tuberculosis infection has been described (55), and these cells
may have an important early role in the developing immune
response. The observation that the WC1� cells become acti-
vated in vivo before the CD4� cells indicates that this is not
simply a consequence of secondary responses to cytokine pro-
duction by the MHC-II-restricted population.

All the animals in the present experiment developed an
antigen-specific proliferative response 19 to 21 days postinfec-
tion. However, a second peak of lymphocyte proliferative ac-
tivity was seen in the calves not depleted of WC1� cells. This

TABLE 3. IFN-� release, in response to PBS or PPD-B, by cells from calves treated with anti-WC1 MAb (depleted)
or control MAb (nondepleted)a

Day
Mean OD � SEM in response to PPD-B

P
Mean OD � SEM in response to PBS

P
Nondepleted Depleted Nondepleted Depleted

�1 0.45 � 0.12 0.47 � 0.09 0.47 0.47 � 0.10 0.41 � 0.08 0.41
0 0.48 � 0.13 0.21 � 0.06 0.03b 0.49 � 0.15 0.23 � 0.08 0.12
1 0.53 � 0.09 0.38 � 0.09 0.24 0.47 � 0.10 0.38 � 0.10 0.15
4 0.46 � 0.15 0.38 � 0.16 0.35 0.45 � 0.15 0.40 � 0.15 0.24

a IFN-� production expressed as mean OD � standard error of the mean.
b No significant differences between animals depleted of WC1� cells and those not depleted of these cells, except on day 0 with PPD-B (P 
 0.03).
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was not so apparent in the WC1�-depleted calves, possibly
indicating a diminished cell-mediated immune response in
these animals.

The results of the present experiment provide evidence for a
reduction in the levels of IFN-� produced in vitro, immediately
following depletion of WC1� �� T cells. The immunological
pathways leading to this observation are currently unknown

but may involve innate or nonspecific mechanisms. Later, the
two groups of calves produced similar levels of the proinflam-
matory cytokines IFN-� and IL-2. Furthermore, IFN-� pro-
duction was evident slightly in advance of the proliferative
response, a finding that is consistent with previous studies
using this model (9). There have, to date, been several reports
investigating the production of IFN-� by WC1� �� T cells.

FIG. 5. M. bovis-specific antibody isotype responses in WC1� �� T-cell-depleted and -nondepleted calves during experimental infection. All
results are expressed as net OD � standard errors of the means (error bars). (a) IgM; (b) IgG1; (c) IgG2.
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There appears to be general agreement that mitogen stimula-
tion of WC1� cells from PBMC induces little, if any, synthesis
of IFN-� (2, 12), However, it has been reported that WC1�

cells can synthesize IFN-� after stimulation by autologous ir-
radiated monocytes (2). The synthesis of IFN-� by WC1� cells
from lymph nodes has also been observed (59), which suggests
that different functional subsets of the WC1� cells population
may exist. If so, the distribution of these cells might change
post infection. Furthermore, synthesis of IFN-� occurs in
WC1� cell lines (13). Thus, it is apparent that, given the ap-
propriate stimulus, WC1� �� T cells are able to synthesize
IFN-�. Synthesis of proinflammatory cytokines by the WC1�

cells early in infection as part of an innate response would have
important functional consequences, by affecting the subse-
quent immune response and promoting a Th1 bias (30).

There has been increasing evidence from mouse models that
�� T cells have a role in host protection from bacterial infec-
tions. For example, mice depleted of �� T cells by MAb infu-
sions have been found to be more susceptible to Listeria
monocytogenes, although the disparate roles of �� T-cell sub-
populations remain to be clarified (42, 47). Consistent with the
findings of the present study, it has been postulated that �� T
cells provide a link between innate and acquired immune re-
sponses to pathogens (38), and there is evidence that murine
responses to Salmonella are modulated through �� T-cell cy-
tokine release (41).

The molecular basis for activation of the WC1� T cells is not
well defined. The WC1 molecule itself may affect signal trans-
duction (25, 62). Although these cells will proliferate in re-
sponse to IL-2 alone, stimulation is enhanced by a second
signal (11, 12). There is evidence that the WC1 molecule is the
product of a large family of genes (36, 65), and the different
gene products may provide an element of differential function-
ality in the response of this population. An obvious need there-
fore exists for the characterization of WC1�-specific target
antigens in bovine tuberculosis.

Of particular note within the present experiment is the ob-

servation that, later in the infection, the number of calves
producing detectable IL-4 and the level of that production
were markedly higher in the group depleted of WC1� cells
than in the group not depleted of these cells. This increased
production of IL-4 in the WC1�-depleted group may account
for the lack of a second-phase lymphocyte proliferative re-
sponse observed in these calves. As infection with M. bovis
progresses there is an association between increased pathology
and an increasing antibody response (45). Such an association
has also been reported for tuberculosis in humans (23). Inter-
estingly, clear differences were noted in the humoral responses
between calves depleted and those not depleted of WC1� cells.
This was particularly evident with respect to IgG2 antibody.
Half of the animals not depleted of WC1� cells produced M.
bovis-specific IgG2 antibody, whereas none of the calves de-
pleted of WC1� cells did so. Production of the IgG2 isotype in
cattle has been associated with Th1 cytokines (19, 20), and the
increased levels of IL-4 evident in WC1�-depleted animals
compared to WC1�-nondepleted calves may have inhibited
class switching and synthesis of IgG2 antibody.

It has been widely accepted that a clear division exists be-
tween murine Th1 and Th2 responses, leading to domination
by either cell-mediated immunity or humoral responses follow-
ing exposure to a given antigen or pathogen (39). The same
Th1/Th2 paradigm was, until recently, also generally accepted
to exist in humans (53). However, such a concept may be an
oversimplification of more complex immunoregulatory net-
works (24). It has been demonstrated recently that, in humans
and cattle, there is a gradual increase in both Th1 (IFN-� and
IL-2) and Th2 (IL-4 and IL-5) cytokine expression with the
progression of tuberculosis (52, 58). Others have also reported
this lack of a clear-cut Th1 versus Th2 dichotomy in M. tuber-
culosis infection of humans (5). Recent evidence has indicated
that, in cattle, the T-cell response to a given antigen or patho-
gen is heterogeneous although a predominant Th1 or Th2
response can, and does, occur (7). For example, it has been
shown that stimulation of (PPD-B specific) bovine Th clones
from cattle with no known exposure to M. bovis or M. tuber-
culosis can induce a Th1 cytokine profile in 75% of all clones
(6).

In conclusion, although gross postmortem and histopatho-
logical examinations indicated no major differences between
calves depleted of WC1� cells and calves not depleted of these
cells, depletion of WC1� �� T cells resulted in differences
evident in the immune response during the course of the in-
fection. The study provides evidence that WC1� �� T cells play
a role in directing the initial cellular response to M. bovis
following infection of the natural host. The essential observa-
tions were that the WC1� cells are activated after infection in
advance of the CD4� T cells, and depletion immediately re-
sults in less IFN-� production, a diminished proliferative re-
sponse later, increased IL-4, and reduced levels of IgG2 anti-
body. Taken together, these suggest that production of IFN-�
early by WC1� cells, possibly as part of the innate immune
response, promotes lymphocyte activation and influences the
cytokine bias by contributing to proinflammatory cytokine pro-
duction. This could comprise part of a process that results in
the Th1 bias associated with an IgG2 antibody response. An-
other possibility is that WC1� �� T cells may influence the
innate production of IFN-� by a second population, such as

TABLE 4. Summary of positive immunological responses which
developed following M. bovis challenge in calves depleted and not

depleted of WC1� �� T cells

Animal
Maximum response index (fold increase)c

LPA IL-2 IFN-� IL-4 IgM IgG1 IgG2

Da 11 8 11 6 9
D 8 5 9 4 16 10
D 28 9 10 2
D 69 5 12 7 18 6
D 15 3 10 4 15
D 100 2 11 7 4

NDb 6 2 3 11
ND 13 6 8 18
ND 29 2 6 8 9 10
ND 67 2 11 25 10
ND 27 6 10 3 9 10 25
ND 28 13 11 3 13

a Depleted animal.
b Nondepleted animal.
c For each animal, when positive immune responses were detected postinfec-

tion, the maximum response index (fold increase) is given. Cutoffs and calcula-
tion of indices are defined in Materials and Methods.
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NK cells. By implication, these results therefore also suggest
that the role of �� T cells in mycobacterial infections is not
limited to the containment of disease through granuloma for-
mation but may have a more general effect on immune re-
sponses, particularly through their contribution to the proin-
flammatory cytokine pool.
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