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A large percentage of lymphocytes in the blood of cattle express the �� T-cell receptor, but specific functions
for these cells have not yet been clearly defined. There is evidence, however, that human, murine, and bovine
�� T cells have a role in the immune response to mycobacteria. This study investigated the ability of bovine ��
T cells to expand and produce gamma interferon (IFN-�) in response to stimulation with mycobacterial
products. Bovine �� T cells, isolated from the peripheral blood of healthy cattle, expanded following in vitro
stimulation with live mycobacteria, mycobacterial crude cell wall extract, and Mycobacterium bovis culture
filtrate proteins. In addition, purified �� T cells, cocultured with purified monocytes and interleukin-2,
consistently produced significant amounts of IFN-� in response to mycobacterial cell wall. The IFN-�-inducing
component of the cell wall was further identified as a proteolytically resistant, non-sodium dodecyl sulfate-
soluble component of the mycolylarabinogalactan peptidoglycan.

The genes for the � chain of the T-cell receptor (TCR) were
discovered in 1984 in studies defining the TCR genes of the �
and � chains (35). Two years later, the �� T cell was identified
(6). In the 15 years since their discovery, much research has
been conducted to characterize the antigens that they recog-
nize and to elucidate their functions. Populations of human
and murine �� T cells that have specific tissue tropisms and
very limited diversity in TCRs, indicating restricted antigen
recognition, have been defined (1, 20). Interestingly, �� T-cell
populations with extremely diverse junctional regions have also
been identified, indicating an ability to recognize a wide range
of antigens (3). The requirement of antigen presentation to ��
T cells remains unclear (23, 32, 34, 37, 38, 44). Moreover, �� T
cells have been demonstrated to recognize both protein anti-
gens (4, 5, 15, 18, 36) and protease-resistant antigens (9, 14, 27,
31, 40, 41).

Few experiments have been conducted to phenotypically
and functionally characterize bovine �� T cells. Despite this,
the experiments that have been performed have revealed in-
teresting and significant information. Compared to humans
and mice, cattle and other ruminants have a high percentage of
circulating �� T cells, representing as many as 75% of the total
peripheral blood mononuclear cell (PBMC) population (19).
Bovine �� T cells demonstrate cytolytic activity and express
interleukin-2 (IL-2), IL-4, IL-10, gamma interferon (IFN-�),
and tumor necrosis factor alpha (TNF-�) (7, 8). Additionally,

a subset of bovine �� T cells have been shown to efficiently
migrate to sites of inflammation (46).

Several experiments have demonstrated the relevance of ��
T cells to mycobacterial diseases. Human, murine, and bovine
�� T cells have been shown to accumulate in either mycobac-
terial lesions or lymph nodes (11, 17, 25). Human �� T cells
recognize both peptide and nonpeptide mycobacterial antigens
(16, 18, 30). �� T cells from Mycobacterium bovis-infected
cattle have also been shown to recognize M. bovis antigens
(45). Additionally, altered granuloma formation was evident
following mycobacterial challenge in �� knockout mice and in
��-depleted SCID-bo mice (12, 39).

IFN-� production is essential for an effective response to
mycobacterial challenges (10, 13), and �� T cells have been
shown to be a source of early IFN-�. In vivo depletion of
bovine �� T cells results in a decreased production of early
IFN-� and a subsequent skewing of the Th1 immune response
following experimental infection with virulent M. bovis (21).
Given the large circulating population of bovine �� T cells and
the propensity of human, murine, and bovine �� cells to rec-
ognize mycobacterial antigens, this study attempted to identify
mycobacterial products that were recognized by �� T cells from
healthy cattle. This study demonstrates that while bovine �� T
cells expand following in vitro stimulation with various myco-
bacterial products, only a component of the mycobacterial cell
wall subcellular fraction consistently elicited the production of
IFN-� from bovine �� T cells.

MATERIALS AND METHODS

Animals. All animals used in this study were between 6 months and 2 years old.
All animals were cared for under the guidelines of the Colorado State University
Animal Care and Use Committee. The animals were housed in outdoor pens and
fed hay and grain once daily. Five of the animals used in this study (three
Holstein steers, one Black Angus steer, and one Black Angus heifer) were
purchased from a Johne’s disease-free herd. The remaining 13 animals were
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nonpregnant Holstein heifers from XY Inc. (Fort Collins, Colo.). Colorado has
accredited bovine tuberculosis-free status.

PBMC isolation. Depending on the experiment, between 120 and 250 ml of
whole blood was collected into 8-ml CPT Vacutainer tubes containing sodium
heparin (Becton Dickinson, Franklin Lakes, N.J.). The tubes were centrifuged at
1,800 relative centrifugal force for 30 min at 20°C. PBMCs were removed and
washed once in phosphate-buffered saline (PBS). Residual red blood cells were
removed by resuspending the cell pellet in ACK lysis solution and incubating on
ice for 5 min. PBMCs were then washed twice in PBS, counted, and resuspended
in complete RPMI 1640 (RPMI 1640 supplemented with 10% heat inactivated
fetal calf serum, 0.12% �-mercaptoethanol, 5% HEPES, 5% L-glutamine [200
mM], and 50 mg of ampicillin).

Antigen preparation and stimulation. Mycobacterium tuberculosis H37Rv
mannose-capped lipoarabinomannan (ManLAM) (John Belisle, Colorado State
University, Fort Collins) (National Institutes of Health [NIH] contract AI-75320)
and Mycobacterium sp. noncapped lipoarabinomannan (NIH contract) were used
at a concentration of 1 �g/ml. Mycobacterium avium subsp. paratuberculosis
�10-kDa culture filtrate proteins (CFP), Mycobacterium bovis 862422 �10-kDa
CFP, M. tuberculosis H37Rv subcellular cell wall (NIH contract), isopentenyl
pyrophosphate (IPP) (Sigma), M. bovis 862422 subcellular cell wall, M. tubercu-
losis H37Rv total lipid extract (NIH contract), M. tuberculosis H37Rv mycoly-
larabinogalactan peptidoglycan (mAGP) (NIH contract), soluble cell wall frac-
tion of M. bovis 862422, and proteinase K-treated M. bovis 862422 subcellular cell
wall were all used at a concentration of 10 �g/ml. Live M. bovis 862422 and live
M. avium subsp. paratuberculosis were used at a multiplicity of infection of 0.1.

CFP from M. bovis 862422 and M. avium subsp. paratuberculosis were isolated
from the culture supernatants of log-phase bulk cultures by passage through a
0.2-�m-pore-size filter. A membrane with a 10,000-Da cutoff was then used to
concentrate the culture filtrate by Amicon ultrafiltration. The concentrated cul-
ture filtrate was dialyzed against 10 mM ammonium bicarbonate, lyophilized,
and stored at �80°C.

M. bovis 862422 subcellular cell wall was prepared from a gamma-irradiated
whole-cell pellet of M. bovis 862422. The cells were resuspended at 2 g/ml in PBS
containing DNase, RNase, phenylmethylsulfonyl fluoride, pepstatin A, and leu-
peptin. The cells were then broken by passing the suspension through a French
pressure cell 10 times. The unbroken cells were removed by centrifugation at
3,000 	 g for 5 min at 4°C. The supernatant was centrifuged at 27,000 	 g for 1 h
at 4°C. The cell wall pellet was then washed in PBS twice. The protein concen-
tration in the crude cell wall was determined by the bicinchoninic acid assay
(Pierce, Rockford, Ill.). The crude cell wall was resuspended in PBS at 0.5 mg/ml
and stored at �80°C.

The sodium dodecyl sulfate (SDS)-soluble cell wall fraction of M. bovis was
prepared from the subcellular cell wall extract. The subcellular cell wall pellet
was resuspended in PBS with 2% SDS (1 mg/ml) and stirred at 37°C for 12 h. The
soluble cell wall was collected from the supernatant after centrifugation at 27,000
	 g for 1 h. Another 2% SDS extraction was performed on the pellet for an
additional 4 h at 37°C. The soluble cell wall was collected from the supernatant
after centrifugation at 27,000 	 g for 1 h. A final 2% SDS extraction was
performed on the pellet for an additional 12 h at 37°C. The soluble cell walls
from the three individual 2% SDS extractions were pooled. SDS was removed
from the soluble cell wall fraction by using Extracti gel columns (Pierce) and the
SDS-Out (Pierce) SDS precipitation kit. The protein concentration was deter-
mined by the bicinchoninic acid assay (Pierce) and adjusted to 0.5 mg/ml with
PBS. The soluble cell wall (10 �g/ml) was incubated with bovine PBMCs for 60 h
to ensure that any residual SDS would not be toxic to the cells.

The proteinase K-treated M. bovis cell wall was prepared from the M. bovis
862422 subcellular cell wall extract. The crude cell wall was digested with 50, 100,
200, and 1,000 �g of proteinase K at 65°C for 1 h, and the proteinase K was heat
inactivated at 90°C for 5 min. Protein digestion was assessed by one-dimensional
gel electrophoresis. All four concentrations of proteinase K resulted in complete
digestion of proteins. For in vitro stimulation, the crude cell wall sample that was
digested with 1,000 �g of proteinase K was used.

In vitro expansion of bovine �� T cells. PBMCs were obtained from five
healthy cattle, as described above. The PBMCs were resuspended in complete
RPMI 1640 and seeded at 106 cells/ml into six-well plates at 8 ml per well. Cells
were cultured with the following stimuli and controls: PBS, live M. bovis, live M.
avium subsp. paratuberculosis, M. tuberculosis subcellular cell wall extract, M.
bovis CFP, M. tuberculosis ManLAM, and IPP. At 0, 2, 4, and 6 days following
stimulation, cells were harvested with a cell scraper and washed with PBS plus
0.1% sodium azide. Cells were stained with anti-bovine CD2–phycoerythrin
(BAQ95A) (VMRD, Pullman, Wash., and Chromaprobe, Mountain View,
Calif.), anti-bovine � TCR–fluorescein isothiocyanate (FITC) (GB21A)
(VMRD-Chromaprobe), and appropriate isotype controls for 30 min at 4°C in

the dark. The cells were washed twice in PBS plus 0.1% sodium azide, resus-
pended in 200 �l of PBS plus 0.1% sodium azide, and analyzed with a FACS-
Calibur flow cytometer. Lymphocytes were gated by forward and side scatter
profiles. Percentages of total �� T cells were determined by CELLQuest after
setting quadrants based on staining of isotype controls.

Magnetic bead isolation of �� T cells and monocytes. PBMCs were resus-
pended in PBS at 2 	 106 cells/ml. Cells were stained with either murine
anti-bovine � TCR–FITC (VMRD-Chromaprobe), anti-bovine � TCR–biotin
(VMRD-Chromaprobe), murine anti-bovine monocyte (BAQ151A; VMRD), or
murine anti-bovine monocyte–FITC (VMRD-Chromaprobe) for 30 min at 4°C
in the dark. The cells were then washed twice in PBS plus 2 mM EDTA and
incubated with anti-FITC, streptavidin, or anti-immunoglobulin G1 MicroBeads
(Miltenyi Biotec, Bergisch Gladbach, Germany) for 15 min at 4°C in the dark.
Anti-immunoglobulin G1 peridinin chlorophyll-a protein (Becton Dickinson,
San Diego, Calif.) was added to the cells that were stained with antimonocyte
antibody and streptavidin RED670 (Gibco BRL) was added to the cells that were
stained with anti-� TCR–biotin antibody, and incubation was continued for an
additional 10 min. The cells were washed twice with PBS plus 2 mM EDTA and
resuspended to 500 �l/108 cells in PBS plus 2mM EDTA. The cell suspensions
were then run over magnetic columns, and cells that were bound to the column
were collected. Both purified monocytes and purified �� T cells were analyzed
for purity by flow cytometry.

Antigenic stimulation of purified �� T cells. PBMCs, purified monocytes, and
purified �� T cells were resuspended in complete RPMI 1640 and seeded into
96-well flat-bottom plates at a concentration of 106 cells/ml with 200 �l/well. For
wells with both purified �� T cells and purified monocytes 100 �l of each cell type
was added at 2 	 106 cells/ml. Initially these cells were cultured with the
following stimuli and controls: PBS, M. tuberculosis subcellular cell wall extract,
M. bovis CFP, M. avium subsp. paratuberculosis CFP, M. tuberculosis ManLAM,
IPP, live M. bovis, and live M. avium subsp. paratuberculosis. All cultures were
incubated at 37°C with 5% CO2 for 48 h. Recombinant bovine IL-2 (a generous
gift from Neil Wedlock) was added to the culture media (at 60 U/ml) in subse-
quent experiments. The stimuli listed above, in addition to noncapped lipoarabi-
nomannan, M. bovis subcellular cell wall extract, proteolytically digested M. bovis
crude cell wall extract, SDS-soluble M. bovis cell wall fraction, total lipid extract
from M. tuberculosis, and mAGP from M. tuberculosis, were used along with IL-2
for stimulation in subsequent experiments.

IFN-� ELISA. All samples for IFN-� enzyme-linked immunosorbent assays
(ELISAs) were frozen at �80°C until they could be analyzed. A bovine IFN-�
EASIA kit (Biosource, Camarillo, Calif.) was used to qualitatively measure the
IFN-� in the supernatants. The kit protocol was followed. Briefly, 100 �l of tissue
culture supernatant was added to anti-IFN-�-coated wells. Positive and negative
controls were supplied with the kit and added to anti-IFN-�-coated wells. Fifty
microliters of incubation buffer was added to each well, and the plates were
incubated at room temperature on a horizontal shaker (700 rpm) for 1 h. The
plates were then washed three times with 1	 PBS-Tween. One hundred micro-
liters of the working conjugate was added to each well and incubated at room
temperature on a horizontal shaker (700 rpm) for 1 h. The plates were washed
three times with 1	 PBS-Tween. One hundred microliters of the chromogen
(3,3
,5,5
-tetramethylbenzidine) was added to each well, and the plates were
incubated at room temperature on a horizontal shaker (700 rpm) for 15 min. Two
hundred microliters of stop solution was added to each well, and the plate was
read at 450 nm against a 650-nm reference filter. Positive samples had optical
densities (ODs) that were greater than the average OD of the negative control
plus 0.15. All results are reported as the mean OD � standard error of the mean.
Interassay variability is a result of the inability to normalize the data due to the
lack of a recombinant bovine IFN-� standard.

Statistical analyses. Statistical significance for the expansion study of bovine
�� T cells was determined by performing one-way analysis of variance (ANOVA)
with least significant difference posttest. Statistical significance was determined
by Student’s t test for experiments comparing IFN-� production induced by two
stimuli and by one-way ANOVA with Tukey’s posttest when comparing more
than two stimuli.

RESULTS

Bovine �� T-cell expansion. In order to determine if bovine
�� T cells recognized mycobacterial components, PBMCs from
healthy cattle were cultured with live M. bovis, live M. avium
subsp. paratuberculosis, M. tuberculosis cell wall, M. bovis CFP,
M. tuberculosis ManLAM, IPP, and PBS. The percentage of ��
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T cells of the total cultured cells were measured after 0, 2, 4,
and 6 days in culture by flow cytometry. Bovine �� T cells
expanded significantly in response to stimulation with both live
M. bovis and live M. avium subsp. paratuberculosis at all three
time points (Fig. 1A). In addition, bovine �� T cells expanded
in response to stimulation with M. tuberculosis cell wall at days
2 and 4 and in response to M. bovis CFP at all three time points
(Fig. 1B). There were, however, no significant responses to
either IPP or M. tuberculosis ManLAM (Fig. 1C).

Requirements for IFN-� production by bovine �� T cells.
IFN-� is a key cytokine in the protective immune response to
mycobacteria (10, 13). The ability of bovine �� T cells to
produce this key cytokine in response to mycobacterial com-
ponents was assessed. Given the conflicting evidence for the
requirement of antigen presentation for antigen recognition by
�� T cells (37, 38, 44), the ability of bovine �� T cells to
produce IFN-� following stimulation with mycobacterial com-
ponents was determined both with and without the presence of

antigen-presenting cells. Bovine �� T cells and monocytes were
purified from peripheral blood of five healthy cattle by using
magnetic beads and stimulated with several mycobacterial
products and controls (M. bovis CFP, M. tuberculosis cell wall,
M. tuberculosis ManLAM, IPP, live M. avium subsp. paratuber-
culosis, and live M. bovis). The purity of bovine �� T-cell and
monocyte populations was assessed by flow cytometry and
found to be consistently greater than 90% for bovine �� T cells
and greater than 85% for bovine monocytes (data not shown).
IFN-� ELISAs were performed to detect production of IFN-�
by purified �� T cells and by �� T cells cultured with matched
monocytes in response to stimulation with mycobacterial prod-
ucts. No detectable IFN-� was produced by purified �� T cells
alone or in the presence of monocytes in response to stimula-
tion with any of the mycobacterial products tested (data not
shown).

This result was not totally unexpected, as T cells need
growth factors such as IL-2 for proliferation and cytokine se-

FIG. 1. Expansion of bovine �� T cells. In vitro expansion of bovine �� T cells was measured following stimulation with live M. bovis and live
M. avium subsp. paratuberculosis (A), mycobacterial cell wall (CW) and CFP (B), and ManLAM and IPP (C). Data are presented as the mean
percent �� T cells from four normal animals � standard error of the mean. Statistical significance was determined by using ANOVA and least
significant difference. *, P � 0.05.
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cretion. The addition of IL-2 to cultures containing purified ��
T cells and purified monocytes resulted in the production of
IFN-� in response to mycobacterial cell wall (Fig. 2). In con-
trast, �� T cells cultured with IL-2 and mycobacterial cell wall
but no source of antigen-presenting cells did not produce
IFN-� (data not shown). This experiment has been repeated
with cells from 10 additional normal blood donors, and we
consistently observed that stimulation of purified �� T cells
cultured with purified monocytes, bovine IL-2, and M. tuber-
culosis cell wall resulted in significant IFN-� secretion (data
not shown).

IFN-� production by bovine �� T cells in response to pro-
teolytically digested M. bovis cell wall. Since the production of
IFN-� by bovine �� T cells in response to stimulation with M.
tuberculosis cell wall was demonstrated, the subcellular cell
wall fraction of a mycobacterial species that is relevant to cattle
was harvested and tested for its ability to stimulate IFN-�
production by �� T cells. �� T cells and monocytes were pu-
rified from 10 healthy cattle and stimulated with the subcellu-
lar cell wall fraction from a virulent strain of M. bovis (PBS and
M. tuberculosis cell wall were included as controls). Significant
IFN-� was detected in the culture supernatants of cells stim-
ulated with M. bovis cell wall (Fig. 3). Culture supernatants
from wells containing only monocytes were also tested to en-
sure that there were no contaminating T cells and that signif-
icant amounts of IFN-� were not produced (data not shown).

To determine if the IFN-�-stimulatory component of the M.
bovis subcellular cell wall fraction was a protein, both the
SDS-soluble cell wall fraction and a proteolytically digested
cell wall fraction were tested in the IFN-� culture assay. Again,

purified �� T cells from 10 healthy cattle were cultured with
matched monocytes, IL-2, and SDS-soluble subcellular cell
wall fraction, proteolytically digested subcellular cell wall frac-
tion, or PBS for 48 h. The proteolytically digested subcellular
cell wall stimulated culture supernatants from all 10 animals,
each of which had significant amounts of IFN-�, while none of
the soluble subcellular cell wall-stimulated culture superna-
tants from these animals contained any detectable amounts of
IFN-� (Fig. 4). Purified monocytes alone were also tested to
ensure that there were no contaminating T cells and that sig-
nificant amounts of IFN-� were not produced (data not
shown). These results indicated that the IFN-�-stimulatory
component of the M. bovis subcellular cell wall was unlikely to
be a protein.

Bovine �� T cells produce IFN-� following stimulation with
mAGP but not total lipid extract from M. tuberculosis. Given
that bovine �� T cells produced significant IFN-� following
stimulation with proteolytically digested subcellular cell wall,
the ability of total lipid extract and mAGP (both purified from
M. tuberculosis) to stimulate the production of IFN-� by �� T
cells was determined. �� T cells and monocytes were purified
from the peripheral blood of five healthy cattle and stimulated
with IL-2 and M. tuberculosis total lipid extract or IL-2 and
mAGP. �� T cells and monocytes cultured with mAGP and
IL-2 produced significant amounts of IFN-�, whereas M. tu-
berculosis total lipid extract did not stimulate significant pro-
duction of IFN-� (Fig. 5). Purified monocytes alone were also
tested to ensure that there were no contaminating T cells.
Although in some of the mAGP-stimulated culture superna-
tants there were low levels of IFN-�, the levels were not sta-
tistically significant (data not shown). These results further

FIG. 2. Bovine �� T cells produce significant amounts of IFN-� in
response to M. tuberculosis cell wall (M.tbCW) when cocultured with
purified monocytes and IL-2. Monocytes and �� T cells were isolated
from the peripheral blood of four animals by using magnetic beads.
Monocytes and �� T cells from each individual animal were incubated
with antigens or PBS for 48 h. The supernatants were then tested for
the presence of IFN-�. The data are presented as mean OD at 450 to
650 nm � standard error for four animals. Significant IFN-� produc-
tion was determined by one-way ANOVA with the Tukey posttest. ***,
P � 0.001.

FIG. 3. IFN-� production by �� T cells in response to M. bovis cell
wall (CW). Magnetic beads were used to isolate monocytes and �� T
cells from the peripheral blood of 10 animals. Monocytes and �� T
cells from each individual animal were incubated with M. bovis or M.
tuberculosis cell wall or PBS for 48 h. The supernatants were tested for
the presence of IFN-�. Data are presented as mean OD at 450 to 650
nm � standard error from two successive experiments with five ani-
mals per experiment. Significant IFN-� production was determined by
one-way ANOVA with the Tukey posttest. **, P � 0.01; ***, P �
0.001.
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demonstrate the ability of bovine �� T cells to produce signif-
icant amounts of IFN-� when cultured with nonprotein com-
ponents of the mycobacterial cell wall.

DISCUSSION

This study provided new information regarding the antigen
recognition and function of bovine �� T cells. Live mycobac-
teria, mycobacterial cell wall, and M. bovis CFP significantly
stimulated the in vitro expansion of bovine �� T cells. In
addition, the mAGP fraction of the mycobacterial cell wall was
identified as a potent stimulus for the production of IFN-� by
�� T cells.

The in vitro expansion of T-cell populations in response to
antigen is a useful way to identify potential antigens that are
recognized by T cells. This study demonstrated that both live
mycobacteria and subcellular fractions of mycobacteria,
namely, cell wall and CFP, were capable of inducing the in
vitro expansion of bovine �� T cells. This indicates that myco-
bacteria and mycobacterial components are potential antigens
for bovine �� T cells. Given that the readout for this experi-
ment was percent �� T cells, it is possible that the in vitro
expansion of �� T cells seen could also be attributed to the in
vitro death of another cell population. Interestingly, there was
no significant expansion following stimulation with either Man-
LAM or IPP. Although IPP has been identified as a human ��
T-cell antigen (27, 40), there did not appear to be recognition
by bovine �� T cells, which is consistent with a recent study of
M. bovis-infected cattle (33).

The ability to produce IFN-� during a mycobacterial infec-

tion is essential for an effective host response (10, 13). This
study demonstrated that �� T cells, isolated from the periph-
eral blood of healthy cattle, were able to produce significant
amounts of IFN-� following stimulation with mycobacterial
cell wall (from both M. tuberculosis and M. bovis). Interestingly,
proteolytic digestion of the mycobacterial cell wall did not
affect the production of IFN-� by bovine �� T cells. To confirm
that the immunostimulatory component of the cell wall was not
a protein, bovine �� T cells were stimulated with an SDS-
soluble cell wall extract, and no IFN-� was produced. This
suggests that a nonprotein component of the cell wall induced
the IFN-� production. We cannot, however, rule out a protein
that is tightly associated and protected by the cell wall as the
immunostimulatory component. Such a protein would likely be
resistant to proteolytic digestion and may not be released from
the cell wall following SDS extraction. In addition to SDS-
soluble cell wall proteins, this fraction would also contain other
mycobacterial cell wall components such as lipoarabinoman-
nan, lipomannan, and phosphatidylinositol mannosides. The
absence of a significant IFN-� response to this fraction also
eliminates these components as the stimulatory material.

Since a protein component of the cell wall could not easily
be identified as the immunostimulatory component, the total
lipid extract and mAGP from M. tuberculosis were also tested
for the ability to induce IFN-� production by bovine �� T cells.
No significant amount of IFN-� was produced following stim-
ulation with the total lipid extract, but the mAGP fraction did
induce IFN-� production. Although the individual components
of mAGP (mycolic acids, arabinogalactan, and peptidoglycan)
(2) were not tested, peptidoglycan is the likely component that

FIG. 4. Bovine �� T cells produce IFN-� following culture with
proteolytically digested mycobacterial cell wall (Prot.dig.CW). Mono-
cytes and �� T cells were isolated from the peripheral blood of 10
animals by using magnetic beads. Monocytes and �� T cells from each
individual animal were incubated with proteinase K-treated M. bovis
cell wall, the SDS-soluble fraction of M. bovis cell wall, or PBS for 48 h.
Supernatants were then tested for the presence of IFN-�. Data are
presented as mean OD at 450 to 650 nm � standard error from two
successive experiments with five animals per experiment. Significant
IFN-� production was determined by one-way ANOVA with the
Tukey posttest. ***, P � 0.001.

FIG. 5. IFN-� production by �� T cells following stimulation with
mycobacterial mAGP but not with mycobacterial lipids. Monocytes
and �� T cells were isolated from the peripheral blood of five animals
by using magnetic beads. Monocytes and �� T cells were incubated
with M. tuberculosis cell wall (M.tbCW), lipid extract from M. tuber-
culosis, M. tuberculosis mAGP, or PBS for 48 h. Supernatants were
frozen and then tested for the presence of IFN-�. Data are presented
as mean OD at 450 to 650 nm � standard error for five animals.
Significant IFN-� production was determined by one-way ANOVA
with the Tukey posttest. *, P � 0.05.
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induced IFN-� production by bovine �� T cells. Mycolic acids
would have been present in the total lipid extract of M. tuber-
culosis, and since this fraction did not induce IFN-� produc-
tion, they are not likely the IFN-� inducing component.
Arabinogalactan has been demonstrated to be immunosup-
pressive and is thus not likely to induce IFN-� production by
bovine �� T cells (22, 26, 29). Peptidoglycan and/or mAGP has
been shown to induce the production of inflammatory cyto-
kines (24, 28, 42, 47). Moreover, mAGP isolated from M.
tuberculosis was shown to induce the production of TNF-�, and
this was dependent upon Toll-like receptor-2 expression (43).
It is therefore likely that the peptidoglycan component of
mAGP induces the production and secretion of TNF-�, IL-1,
and IL-12 by bovine monocytes, which then act on the bovine
�� T cells to induce the production of early IFN-�. Further
studies testing each individual component of mAGP would be
necessary to confirm this hypothesis.

Given the importance of IFN-� production to controlling
mycobacterial infections and the high percentage of circulating
�� T cells in cattle, identifying mycobacterial components that
induce IFN-� production by �� T cells may provide new infor-
mation towards developing efficacious bovine tuberculosis vac-
cines. This study demonstrates that bovine �� T cells are ca-
pable of producing large quantities of innate IFN-� when
stimulated by the mAGP fraction of the mycobacterial cell
wall.
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