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Protective immunity against tuberculosis is considered to be essentially cell mediated, and an important role
for CD8* T lymphocytes has been suggested by several studies of murine and human infections. The present
work, using an experimental model of infection with Mycobacterium bovis in cattle, showed that live M. bovis
elicits the activation of CD8™ T cells in vitro. However, a sonic extract prepared from M. bovis (MBSE) and
protein purified derivative (PPDb) also induced a considerable degree of activation of the CD8™" T cells. Anal-
ysis of proliferative responses of peripheral blood mononuclear cells, purified CD8* T cells, and CD8* T-cell
clones to M. bovis and to soluble antigenic preparations (MBSE, PPDb) showed that the responses of all three
types of cells were always superior for live mycobacteria but that strong responses were also obtained with com-
plex soluble preparations. Furthermore, while cytotoxic capabilities were not investigated, the CD8™ T cells
were found to produce and release gamma interferon in response to antigen (live and soluble), which indicated
one possible protective mechanism for these cells in bovine tuberculosis. Finally, it was demonstrated by met-
abolic inhibition with brefeldin A and cytochalasin D at the clonal level that an endogenous pathway of antigen
processing is required for presentation to bovine CD8* cells and that presentation is also dependent on pha-

gocytosis of the antigen.

Infection with Mycobacterium bovis, the causative organism
of bovine tuberculosis, is an important health problem in cattle
and other animal species. The disease presents a major barrier
to animal-related trade and production, causing significant
losses to farming economies worldwide. Furthermore, bovine
tuberculosis has serious zoonotic implications, especially in
developing regions.

Many countries operate bovine tuberculosis surveillance
programs targeted at either maintaining disease-free status or
achieving national eradication. Attempts to control infection
have often depended on slaughter of skin test-positive cattle,
but complications due to wildlife reservoirs of M. bovis have
become apparent in recent years. Vaccination of cattle is being
considered in some regions as an additional means of control-
ling and eradicating the disease, and bacillus Calmette-Guérin
(BCG) has been used in several trials (2, 32, 47). However, the
efficacy of this vaccine in cattle has been variable, as has been
the case for human tuberculosis (40). Also, vaccination with
BCG may compromise the skin test status, thus interfering
with the course of current eradication programs.

The development of novel, improved vaccines is urgently
needed (35), and, an increased understanding of the immunol-
ogy of both human and animal tuberculosis with a more com-
plete definition of T-cell responses, is crucial to logical pro-
gression. Particularly for bovine tuberculosis, detailed aspects
of cellular immunity in relation to M. bovis infection remain
largely undefined.

Protective immunity against mycobacterial infections is con-
sidered to be essentially cell mediated, dependent on the in-
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teraction of macrophages with T lymphocytes (18). However,
the relative contribution of CD8"- and CD4"-T-cell subpopu-
lations has not yet been clearly determined.

An important role for CD8™ T cells in mycobacterial infec-
tions has been suggested by a series of experiments in the mu-
rine and human models: adoptive transfer of cytotoxic CD8™-
T-cell precursors induces protective immunity against infection
(34); selective depletion of CD8" T cells renders mice more
susceptible to infection with M. tuberculosis (30); B,-micro-
globulin knockout mice have enhanced susceptibility to M. fu-
berculosis infection (12); CD8*-T-cell clones from M. tuber-
culosis-immunized mice show mycobacterial antigen-specific
cytolytic activity (9); immunization of mice with plasmids ex-
pressing mycobacterial hsp65, antigen 85A, or the 38-kDa an-
tigen results in the generation of antigen-specific CD8" cyto-
toxicity associated with protection from subsequent challenge
with M. tuberculosis (17, 45, 50); human CD8" T cells restrict-
ed by CD1b molecule are able to inhibit the growth of M. fu-
berculosis in vitro (43); and, finally, a recent study demonstrat-
ed the presence of classical major histocompatibility complex
(MHC) class I-restricted CD8™ cytolysis specific for ESAT-6 in
infected humans (22).

Both cytotoxicity and gamma interferon (IFN-vy) production
are likely functions for CD8" T cells in antimycobacterial im-
munity (4), suggesting the existence of several subsets of such
cells. It has been recently recognized that CD8™" T cells can be
subdivided based on specific patterns of cytokine secretion,
with type I cells secreting primarily interleukin-2 (IL-2) and
IFN-y and type II cells secreting primarily IL-4, IL-5, and IL-
10 (14). A variety of signals from both antigen-presenting cells
and CD4™" T cells produced during an immune response may
result in generation of either cytotoxic or immunoregulatory
CD8" T cells (33).

It has been classically proposed that CD8"-T-cell responses
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are restricted by MHC class I molecules and that such mole-
cules present endogenous antigens that are synthesized within
the presenting cell and processed within the cytosol; on the
other hand, the so-called “exogenous” antigens that are inter-
nalized from the extracellular space by endocytosis or phago-
cytosis are processed within vacuolar compartments for pre-
sentation by class I MHC molecules. Despite this general rule,
a number of recent studies have demonstrated that this segre-
gation of cytoplasmic and soluble antigens into class I and class
II presentation pathways is not as absolute as was initially
thought (10, 36).

Because the increasing evidence that CD8" T cells play a
crucial role in the protective response against M. tuberculosis in
the murine model and in humans, this study has investigated
the role of CD8™ T cells in bovine tuberculosis and is, to our
knowledge, the first such investigation. The objectives of this
work were, first, to determine whether CD8" T cells respond
in bovine tuberculosis by using a model of infection in the
natural host; second, to compare the responses of CD8" T
cells to live M. bovis and soluble mycobacterial antigens; and
finally, to investigate, at the clonal level, the responses of bo-
vine CD8" T cells to mycobacterial antigens and the antigen-
processing pathways which are involved. These in vitro results
indicate clearly that CD8* T cells play an important role in
antimycobacterial immune responses and that these responses
may be stimulated by soluble antigen.

MATERIALS AND METHODS

Mycobacterial antigens and cultures. A Northern Irish field isolate of M. bovis
was cultured in air at 37°C in Middlebrook 7H9 supplemented with oleic acid
albumin dextrose complex (Difco, Paisley, United Kingdom). Mid-log-phase
cultures were washed in 0.01 M phosphate-buffered saline (PBS; pH 7.2), har-
vested, and sonicated for 20 s to break up the bacterial clumps. Aliquots of the
cultures were frozen at —80°C until use. Bacterial counts and viability were
checked by thawing several aliquots, plating 10-fold dilutions in Middlebrook
7H10 (Difco), and counting the CFU after 5 weeks.

For production of M. bovis sonic extract (MBSE), mid-log-phase cultures
grown under the same conditions were harvested, washed three times in PBS,
and subjected to ultrasonication for five periods of 5 min each on ice (Soniprep
150; MSE Sanyo Gallenkamp, Leicester, United Kingdom). MBSE was clarified
by centrifugation at 9,000 X g for 1 h and filter sterilized through 0.22-pm-pore-
size filters. The protein concentration was estimated by the bicinchoninic acid
protein assay (Pierce, Rockford, Ill.) as specified by the manufacturer.

Purified protein derivative prepared from M. bovis (PPDb) was obtained from
Central Veterinary Laboratory (Weybridge, United Kingdom).

Experimental animals. Castrated Friesian-cross males approximately 6
months of age were obtained from herds with no history of tuberculosis for at
least 5 years. During the study, all the animals were fed normal diets. Four
animals selected for infection were housed in a high-security isolation house
under negative pressure with expelled air filtered through absolute filters. Ani-
mals 01, 02, 84, and 97 were infected by intranasal instillation of 10° CFU of
M. bovis as previously described (31). Noninfected animals 6063 and 2701 were
housed in normal farm boxes and were used as controls for the experiments.
Blood samples used for proliferation and IFN-y production experiments were
obtained at 50 to 73 weeks postinfection.

Lymphocyte proliferation assay for PBMC. Peripheral blood mononuclear
cells (PBMC) were separated from heparinized venous blood over Ficoll-His-
topaque gradients (Sigma) and resuspended in culture medium (RPMI 1640
[BioWhittaker UK Ltd.] containing 10 mM HEPES buffer [Gibco], 2 mM glu-
tamine [Gibco], and 10% [vol/vol] fetal calf serum [Difco]) as described previ-
ously (38). Antigens were added at optimal concentrations (M. bovis, 10° CFU/
ml; MBSE and PPDb, 4 pg/ml) to triplicate wells containing 2 X 10° PBMC each
in 200 pl of medium. Concanavalin A (4 pg/ml) (Sigma Chemical Co., Poole,
United Kingdom) was added to triplicate wells as a positive control for cell
viability; for each experiment, three wells remained unstimulated as negative
controls. The cultures were incubated at 37°C in 6% CO, for different periods
(1.5,3.5, 4.5, 6.5, and 7.5 days), and for the final 16 h each well was pulsed with
0.25 pCi of [methyl-*H]thymidine (Amersham International, Little Chalfont,
United Kingdom). Incorporated radioactivity was determined as counts per min-
ute (cpm) by liquid scintillation counting with a Wallac 1205 Betaplate counter.
The results are expressed as cpm or as stimulation indices, where the stimulation
index is defined as (mean cpm of stimulated wells)/(mean cpm of control wells).

Analysis of CD8*-T-cell activation in short-term cultures by flow cytometry.
Aliquots of 2 X 10° PBMC in 1 ml of medium were incubated with or without
antigen in 24-well tissue culture plates at 37°C in the presence of 6% CO,.
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Antigens were added to multiple wells as follows: M. bovis was added at 10°
CFU/ml, and MBSE, PPDb, and concanavalin A were added at 4 pg/ml. Control
cultures (no antigen) were also established for each time point. On days 1.5, 3.5,
4.5,6.5,and 7.5, PBMC cultures were harvested and washed once with PBS. The
cells were incubated for 30 min at 4°C with optimal concentrations (in RPMI
1640 plus 10% normal rabbit serum) of both monoclonal antibodies CC63
(mouse immunoglobulin G2a [IgG2al]) specific for BoCDS8 (16) and CACT 116A
(mouse IgG1) specific for cells expressing the low-affinity receptor for IL-2
(IL-2R; BoCD25) (27). After the cells were washed twice with PBS-0.1% NaNs,
positive cells were identified by using a mixture of fluorescein isothiocyanate-
conjugated goat anti-mouse IgG2a, and phycoerythrin-conjugated goat anti-
mouse IgG1 (Southern Biotechnology Associates Inc., Birmingham, Ala.). After
a further 30-min incubation at 4°C, the cells were washed and fixed in 1%
paraformaldehyde in PBS before analysis.

Flow cytometry analysis was performed with a Vantage fluorescence-activated
cell sorter (FACS) (Becton Dickinson, La Jolla, Calif.) equipped with an Innova
Enterprise ion laser (Coherent Laser Group, San Jose, Calif.). The lymphocyte
population was identified on the basis of forward and orthogonal light scatter and
gated appropriately. The log integral fluorescence was measured for the gated
population, and 5,000 cells were counted for each sample. The percentage of
positively stained cells was determined with reference to control aliquots of cells
for which the primary antibodies had been omitted.

Magnetic cell sorting of T-cell subpopulations. CD8" and CD4™" T cells were
positively selected from freshly isolated PBMC by using the magnetically acti-
vated cell sorting system (MACS; Miltenyi Biotec, Bergisch Gladbach, Germa-
ny). Pelleted aliquots of 2 X 107 PBMC were resuspended in 200 pl of the
primary monoclonal antibody (CC63 or CC8 [specific for BoCD4] [16]) at opti-
mal dilutions (in PBS-10% normal rabbit serum) for 25 min at 4°C. The cells
were then washed with PBS, resuspended in 80 pl of MACS flow (2 parts of PBS,
1 part of FACS flow (Becton Dickinson), 1% bovine serum albumin [Sigma]) and
incubated with 4 pl of goat anti-mouse IgG magnetic microbeads (Miltenyi
Biotec) for 15 min at 4°C. Positive cells bound by MACS microbeads were
separated on LS™ separation columns attached to Midi Magnets as specified by
the manufacturer. Two aliquots of 2 X 107 cells were loaded in each column, and
MACS flow was used as washing and elution buffer. The final cell population was
resuspended in complete medium, and cell viability was checked by trypan blue
exclusion. Cell purity was assessed by flow cytometry after staining with the
appropriate monoclonal antibodies and was always found to be greater than
95%.

Production and phenotyping of CD8"-T-cell clones. Antigen (MBSE)-specific
T-cell lines were established from animal 02 at 30 weeks postinfection by meth-
ods described previously (25). Briefly, 20-ml cultures of PBMC (10° cells/ml)
were stimulated with MBSE (4 j.g/ml) and incubated for 14 days in 75-cm? tissue
culture flasks. Subsequently, viable cells were resuspended at 2 X 10° cells/ml
with MBSE and 10 IU of recombinant human IL-2 (rhIL-2; Sigma) per ml.
Autologous antigen-presenting cells (APC) were prepared from freshly isolated
PBMC by treatment of 107 cell aliquots with mitomycin C (Sigma) for 35 min at
37°C at a final concentration of 25 pg/ml. After this treatment, the cells were
washed three times in 20 ml of PBS, resuspended in complete medium (as
described above for proliferation assay), counted by trypan blue exclusion, and
used on the same day. APC were added to the T-cell lines at 5 X 10°/ml. These
T-cell lines were maintained by the addition of fresh APC, MBSE, and rhIL-2 at
7-day intervals.

T-cell clones were produced by limiting dilution after the lines became estab-
lished. T cells were seeded into 96-well microtiter plates to allow, on average, one
cell in alternate wells, along with MBSE, rhIL-2, and 10> APC/well. Proliferating
clones were expanded into 24-well plates (Costar) for functional assays and
phenotyping.

The phenotype of each T-cell clone was determined by flow cytometry, using
indirect staining with monoclonal antibodies CC8, CC63, or CC15 (specific for
WC1/y8 T cells) (16) in conjunction with monoclonal antibody CACT 116A. The
combined detection of the phenotype and activation markers enabled the detec-
tion of active growing clonal cells, thus minimizing the interference of the APC
present in the culture. Prior to any proliferation or IFN-vy release experiments,
the clones were harvested, washed in PBS, and held for 24 h in the absence of
antigen or APC.

Proliferation assays for sorted T cells and T-cell clones. Microtiter cultures
were established with 2.5 X 10° CD8* or CD4" T cells and 2 X 10° autologous
mitomycin C-prepared APC in 200 pl of medium. Triplicate wells were set up for
the antigens as well as for negative controls. Cultures were incubated for 5 days
under the same conditions described above for the PBMC. Controls of prolif-
eration for APC were included in each experiment, and the readings were always
equivalent to the negative controls for the assay.

Determination of IFN-y release. Magnetically sorted cells or T-cell clones and
APC were used at the same concentrations described for the proliferation assays.
Antigens were added to duplicate microtiter wells at the concentrations given
above. Negative (no-antigen) duplicate controls were also established for each
experiment. The cultures were incubated for 4 days in 6% CO, at 37°C, and
supernatants were harvested and assayed in duplicate for IFN-y by enzyme-
linked immunosorbent assay (ELISA; CSL). Color development was measured
with an ELISA reader (Spectra, STL-Lab Instruments), and the results are
expressed as optical densities at 450 nm (OD,5,). Under the conditions described
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FIG. 1. PBMC populations from two experimentally infected animals (01 and 97) and two noninfected controls (6063 and 2701) were stimulated in vitro with
M. bovis (10° CFU/ml), MBSE (4 pg/ml), or PPDb (4 pg/ml). Control (no antigen) and concanavalin A (ConA)-stimulated cultures were also included. Results
represent lymphocyte proliferation assessed by [methyl-*H]thymidine incorporation at various time points and are expressed as mean counts per minute (cpm) of
triplicate values * standard errors.
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FIG. 2. Flow cytometric analysis of CD8*-T-cell activation. PBMC from animal 01 were cultured with PBS (top) or M. bovis (bottom) and stained with monoclonal
antibodies to the surface molecules CD8 (FL1 signal) and IL-2R (FL2 signal) on day 4.5, and viable cells were selected on forward scatter (FSC) versus side scatter
(SSC) dot plots (left). Dual-fluorescence contour diagrams for the gated population (R1) (right) were used to assess the percentage of cells positive for both markers.
The percentage in the upper right quadrant represents activated (IL-2R*) CD8 T cells.

here and until the saturation level for the ELISA (OD,s, = 3.5), the relationship
between the IFN-y concentration and OD,s, was linear (data not shown). To
exclude a potential interference of IFN-y produced by APC in response to
antigen, these APC (2 X 10° cells/well) were incubated with M. bovis, MBSE, or
PPDD and the supernatants of the cultures were tested for IFN-y release; the
levels of IFN-y detected (OD,5,) were always <0.8 for cells from animal 01, <0.3
for cells from animal 02, and <0.06 for cells from animals 6063 and 2701.
Inhibition of antigen presentation by chemical treatment. Brefeldin A (BFA-
A) and cytochalasin D (CYT-D) were purchased from Sigma. Freshly mitomycin
C-treated APC (2 X 10° cells) were plated into microculture plates and incu-
bated with final concentrations of 1 wg/ml (BFA-A) or 10 pM (CYT-D) for 1 h
at 37°C. Antigens were then added at the above concentrations, and the plates

were further incubated for 1 h at 37°C. Finally, T-cell clones (2.5 X 10° cells)
were added to the corresponding culture wells. The chemicals were present in
the media during the total incubation time (5 days) for the proliferation exper-
iments. Results are presented as percent control response as follows: percent
control response = (response in the presence of inhibitor [cpm]/response in the
absence of inhibitor [cpm]) X 100.

RESULTS

Proliferative responses of PBMC. Figure 1 represents the
proliferation of PBMC from infected (01 and 97) and non-
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infected (6063 and 2701) animals after in vitro stimulation with
different preparations of mycobacterial antigens (live M. bovis,
MBSE, PPDb). At each time point analyzed, proliferation was
evaluated by [*H]thymidine incorporation. In general, for an-
imals 01 and 97, the proliferative response to live M. bovis was
notably higher than that observed for the soluble antigens at all
time points tested and reached its maximum at day 4.5. The
responses to MBSE and PPDb were comparable and followed
kinetics similar to the response to viable microorganisms. For
all the antigens tested, the response diminished after day 6.5.
In every case, both infected animals showed a strong response
and the stimulation indices were above 2 (the minimum con-
sidered to indicate a positive response). No responses to any of
the antigens were observed in the noninfected animals at any
of the time points.

Analysis of CD8*-T-cell activation in short-term cultures.
To determine whether live M. bovis was more efficient in gen-
erating a response in CD8"-T-cell populations, short-term cul-
tures of PBMC were established, stimulated with M. bovis,
MBSE, or PPDb and subsequently analyzed for the degree of
CD8™ activation by flow cytometry. Figure 2 shows an example
of the gating and FACS analysis of PBMC cultured for 4.5 days
in the presence or absence of M. bovis. Figure 3 demonstrates
that over a 7.5-day time course, the degree of activation with
live M. bovis was only slightly greater than that encountered
with the use of soluble antigens. The peak level of activation
was found on day 4.5 with all the antigens tested. At this time
point, approximately 50% of the CD8" cells expressed the
IL-2R; nonstimulated PBMC had a small population of CD8"
cells (<12%) expressing the IL-2 receptor at all time points.
To verify that the IL-2R expression was due to antigen-specific
stimulation, the responses of fresh CD8* T cells sorted from
PBMC and of CD8" T-cell clones were investigated.

Antigen-induced proliferation and IFN-y production from
circulating CD8" and CD4™ T cells. Purified T-cell (CD8* or
CD4™") populations were selected from PBMC from animals
01, 02, 6063, and 2701 by MACS. Assessment of cell purity by
flow cytometry after staining with the appropriate monoclonal
antibody always indicated that the purity was above 95%.

In proliferation and IFN-y release experiments with CD8*
T cells from animals 01 and 02, stimulation with live M. bovis
elicited the highest response in both types of assays (Fig. 4).
Both MBSE and PPDb also induced considerable levels of
proliferation, with stimulation indices greater than 6. IFN-y
production was also elicited by stimulation with both prepara-
tions of soluble antigens to levels well above the values for the
controls. These results showed that CD8" T cells respond
powerfully to both live M. bovis and complex soluble antigens
in the model used for these experiments. Responses to recom-
binant protein MPB70 (26) were investigated for comparison
and were always lower than those achieved with the previous
antigenic preparations. No proliferative or IFN-y responses
were detected with sorted cells from control animals 6063 and
2701.

To assess the importance of the IFN-y production in CD8™
T cells, an experiment was established with freshly sorted
CD8" and CD4™" cells from animal 02. Figure 5 illustrates the
responses of both T-cell subsets to the different antigenic prep-
arations. The results show that under these experimental con-
ditions, the CD4™ T cells proliferated at a higher rate than did
CDS8™" T cells and that this result was consistent for all the
antigens tested. The IFN-vy levels detected in the supernatants
of CD4™ cultures were also superior to those detected for the
CD8" populations. However, the CD8" subset also produced
a notable amount of the cytokine. Considering the level of
IFN-y detected for both types of cells, this result indicates that
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FIG. 3. Kinetics of activation of CD8" T cells. PBMC from M. bovis-infected
animals (01, 84, and 97) were stimulated in vitro with live M. bovis (10° CFU/ml),
MBSE (4 pg/ml), or PPDb (4 pg/ml) for different periods (1.5, 3.5, 4.5, 6.5, and
7.5 days). Control (no-antigen) and concanavalin A (Con A)-stimulated cultures
were also included. Activation of CD8™ T cells within the short-term cultures was
determined by staining for CD8 and IL-2R at each of the time points and
analyzed by flow cytometry. Results are representative of two experiments and
are expressed as the mean value from the three animals * standard error.

CD8™ T cells have an important capacity to produce IFN-vy in
response to mycobacterial antigens.

T-cell cloning and responses to antigen by CD8* clones.
Table 1 summarizes the panel of clones established at 30 weeks
postinfection for animal 02 with MBSE as the antigen. Main-
tenance of the clones was always dependent on the presence of
MBSE and APC. A total of 18 clones were obtained and
phenotyped by FACS analysis. The CD8" phenotype was the
most prevalent; a total of 14 CD8"-T-cell clones and 4 CD4*-
T-cell clones were isolated from this cloning experiment. The
clones were not 100% pure due to interference by a small
number of nonviable APC within the analysis gates.

To investigate the nature of the responses within CD8"
clones, the proliferative responses and the IFN-y secretion
of two clones (2H7 and 2F11) in response to stimulation
with different antigenic preparations (M. bovis, MBSE, PPDb,
and rMPB70) were assessed. The results from a series of ex-
periments are shown in Fig. 6. These data demonstrate that
CD8"-T-cell clones were able to proliferate after stimulation
with either complex soluble antigens or M. bovis; the stimula-
tion indices were generally greater than 2. Comparable effects
were seen for secretion of IFN-v, indicating the ability of
restimulated CD8"-T-cell clones to produce this cytokine in
response to antigen. For the rMPB70, a very low response was
observed in terms of both proliferation and IFN-y secretion.

Metabolic inhibition of antigen presentation. To define the
mode of antigen processing required to present the different
antigens, two metabolic inhibitors were used in blocking
experiments with two CD8" and two CD4™" T-cell clones:
BFA-A, which blocks the egress of newly synthesized proteins
from pre-Golgi compartments, causing them to recycle back
to the endoplasmic reticulum, and CYT-D, which is a potent
inhibitor of microtubule assembly and therefore of some types
of phagocytosis. As shown in Fig. 7, CYT-D completely pre-
vented the presentation of all antigens tested to CD8*-T-cell
clones (percentage with respect to the control response, <1%).
These data indicated that the processing and presentation of
both types of preparations (soluble and live) required phago-
cytosis. In contrast, the same concentration of CYT-D did not
inhibit the proliferation of CD4"-T-cell clones. Moreover, an
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FIG. 4. Proliferation (top) and IFN-y production (bottom) of MACS-separated CD8" T cells in response to M. bovis (10° CFU/ml), MBSE, PPDb, and rMPB70
(4 pg/ml). The top panel shows the responses as cpm following [methyl->H]thymidine incorporation. The bottom panel indicates the IFN-y production assessed by
ELISA and presented as OD,s,. Results are shown for experimentally infected animals 01 (two experiments) and 02 (three experiments) and for two noninfected
control animals (animals 6063 and 2701) and are expressed as mean and standard error. The proliferation (cpm) obtained for APC alone in all the animals were similar
to the control values. The OD,s, obtained for APC alone were <0.8 for animal 01, <0.3 for animal 02, and <0.06 for animals 6063 and 2701.

enormous increase of the proliferative response to the antigens
was found to occur within these clones as a result of treatment
with this chemical.

The data presented in Fig. 7 suggest that although BFA-A
acted as a potent inhibitor of the proliferative response in the
CD8"-T-cell clones, the same treatment did not significantly
inhibit the presentation by the same APC of the same antigens
to CD4™"-T-cell clones, showing that the MHC class II pathway
was not significantly affected. Altogether, the results of block-
ing with BFA-A indicated that an endogenous pathway of
antigen processing is required for the presentation to the
CD8" clones. Although further experiments are needed, in-
cluding specific blocking with appropriate antibodies, it seems
most probable that soluble antigens were presented by using a
classical MHC class I pathway (the newly synthesized MHC
class I molecules are required in the presentation to these
CD8™"-T-cell clones of these exogenously added antigens).

DISCUSSION

In the present study, we assessed the proliferation of PBMC
induced by different kinds of mycobacterial antigen prepara-
tions in naive and M. bovis-infected animals. In the infected
animals, the higher proliferative response to live bacteria than
to soluble antigens may have been because viable microorgan-
isms represent a continuous and good source of early secreted
antigens produced by the bacilli multiplying inside mononu-
clear phagocytes. Also, this production and release of different
antigens by M. bovis may involve a wider range of T-cell subsets
and T-cell clones in the response. For example, it has been
generally accepted that live infections are more likely to in-
volve MHC class I responses, leading to the activation of
CD8™" T cells. The response achieved with MBSE or PPDb was
also important, suggesting that somatic and cytoplasmic anti-
gens in MBSE, as well as proteinaceous antigens in PPDb, are
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relevant in the response to mycobacteria. The difference in the
level of response in the two infected animals discussed is due to
individual variation in the immune response, but in both cases
the stimulation indices were sufficient to consider them re-
sponders. Also, both infected animals showed the same pattern
of response in the time course.

To ascertain the requirement for live mycobacteria to elicit
CD8"-T-cell responses, we proceeded to study the activation
of CD8 subsets in a bulk culture of PBMC by the use of
different antigenic preparations (M. bovis, MBSE, and PPDb).
In general, it is believed that proteinateous antigens added
exogenously elicit primarily CD4"-T-cell responses, which are
MHC class II restricted. However, recent reports have dem-
onstrated that APC can acquire exogenous antigens by phago-
cytosis and present them to CD8' T cells in the context of
MHC class I molecules (13, 41, 42). Some of these reports have
proposed the existence of a subset of APC located throughout
the lymphoid tissues with this specialized function. Our study
shows that the level of activation (IL-2R expression) in CD8"
cells is very similar with the three antigenic preparations
tested, suggesting that although M. bovis activated a slightly
greater percentage of cells, both MBSE and PPDb also led to
a considerable degree of activation of CD8" T cells. These
results indicate that soluble mycobacterial antigens can be pre-
sented to CD8" T cells, possibly in association with class I

MHC molecules. To prove the antigen specificity of the acti-
vation of this subpopulation, we demonstrated that magneti-
cally sorted CD8" cells from animals 01 and 02 proliferate
after stimulation with M. bovis, MBSE, or PPDb. As with
PBMC, the proliferation was superior with live M. bovis but a
considerable response was achieved with the use of soluble
preparations. Around 20% of the total PBMC population ex-
pressed IL-2R in the control (no-antigen) cultures; the reason
for this result was probably that a considerable percentage of
the bovine gamma-delta WC1™ T cells constitutively express
this marker even in naive animals (6).

Some studies have reported that cell debris or associated
soluble protein elicits cytolytic activity, indicating that the cell
membrane rather than the intact cells may be important in the
priming of the MHC class I responses (3, 8). Furthermore,
inclusion of lipid components into the immunogen formula-
tions could be critical in the cytosolic delivery of antigen. It has
been demonstrated that proteins conjugated to lipid molecules
can enter the cytosolic compartment of cells (19). Other stud-
ies have shown that association of antigen with liposomes tar-
gets the antigen to the appropriate APC and/or cellular com-
partments to induce a MHC class I response (49). Both MBSE
and PPD are complex antigen preparations (11) that include
not only a large number of different proteins but also nonpro-
tein constituents such as lipoarabinomannan, other phospho-
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production. Other authors have found similar results in differ-
ent models. Su et al. (44) performed intracellular cytokine
expression analysis and showed that CD8" T cells are impor-
tant IFN-y producers in the response to viral infections. Breen
et al. (5) also proved that in human immunodeficiency virus
infection there is an important expression or secretion of
IFN-v in stimulated or cloned peripheral CD8" cells. The
recent literature has reported evidence that in response to
tuberculosis infection, CD8" T cells may play a protective role
via several mechanisms, (i) by producing cytokines (IFN-y and
tumor necrosis factor alpha) which are potent macrophage
activators, and (ii) by means of the release of granular constit-
uents that promote the destruction of infected cells (4). We did
not perform cytotoxicity experiments and cannot conclude if
IFN-vy release is the predominant effector mechanism for these
cells or if the classical role of cytolysis is the main instrument
by which CD8" cells exert their activity in cattle. However, it
seems accepted that CD8" T cells may contribute their anti-
mycobacterial activity through noncytotoxic pathways. Tascon
et al. (46) have recently shown the role of CD8™ cells in IFN-y
production and suggested that such cells may act through clas-
sical cytokine-mediated macrophage activation rather than
through a cytotoxic mechanism. Also, recent data obtained
with perforin and granzyme gene knockout mice has suggested
that the role of CD8" T cells in controlling M. tuberculosis
infection may rely on mechanisms such as cytokine secretion,
not only on their lytic activity (7, 23).

In an attempt to determine the importance of the CD8" T
cells in the infection, we established a panel of T-cell clones
from PBMC collected 30 weeks postinfection. MBSE was cho-
sen as the antigen since CD8"-T-cell clones had resulted from
this strategy in previous experiments (39). The present panel
included a majority of CD8"-T-cell clones, which was con-
sistent with the previous study, in which the progression of
experimental bovine tuberculosis was associated with an in-
creased importance of the CD8" response (39). Although
variation in the level of responses was found between the
CD8™" T-cell clones, experiments demonstrated their ability to
proliferate and release IFN-vy in response to restimulation with
M. bovis, MBSE, or PPDb.

To clarify the pathway used for the antigen presentation to
CD8" clones, we performed several chemical inhibition exper-
iments. Since CYT-D (an inhibitor of microtubule assembly)
completely prevented presentation of all three types of antigen
to CD8"-T-cell clones, it was concluded that mere attachment
of antigen to the APC surface was not sufficient for presenta-
tion of antigen via the MHC class I processing pathway and
that phagocytosis is necessary for eliciting a CD8™" response.
Interestingly, treatment of the APC with the same concentra-
tion of CYT-D caused an elevated proliferative response
within the CD4™ clones. It has been described previously that
when added to T cells, low concentrations of cytochalasins
enhance the proliferative response to both antigen or mitogen
(28). Cytochalasins act by augmenting early events in T-cell
activation, including increasing cellular cyclic AMP levels, in-
tracellular Ca®* influx, and turnover of phosphatidylinositol
after ligand-receptor interactions. The results of this study
indicate that CYT-D alone was not capable of activating the
signal transduction pathways in the absence of antigen but that
when receptor-ligand interactions did occur, CYT-D may have
acted in synergism, boosting the proliferative response. Impor-
tantly, the increase in CD4™" proliferation was considerably
higher with soluble antigens than with live M. bovis. This could
be explained by activation of the CD4 " clones by direct bind-
ing of peptide antigens (largely present in MBSE and PPDb) to
the MHC class II molecules. This finding could also be related
to enhanced exocytosis and therefore to further availability of
antigen. In a recent study (20), it was reported that pretreat-
ment of monocytes with CYT-D inhibited the proliferation of
CD4" T cells against M. tuberculosis but not against soluble
antigens. However, those authors did not report a synergism
between the chemical and the antigen, possibly because CYT-
D was removed by washing after treatment of the APC in their
model. In the method described in our study (continuous pres-
ence of the drug), only CD8"-T-cell clones were inhibited by
CYT-D treatment of APC.

When BFA-A was used in inhibition experiments, the results
suggested that for the CD8™-T-cell clones tested, an endoge-
nous pathway of antigen processing was required for the pre-
sentation of both live and exogenously added soluble antigens.



VoL. 67, 1999

Although we do not have definitive evidence, the results sug-
gest that presentation is achieved via a classical MHC class I
pathway. In agreement with our results, Kovacsovics-Bankow-
ski et al. (21) reported that presentation of exogenous partic-
ulate antigen through class I processing pathways requires
Golgi-to-endoplasmic reticulum (ER) transport. Also, Yee et
al. (48) demonstrated that presentation of an exogenous
polypeptide antigen from the murine AIDS virus to CD8*
clones was possible and that the proliferative response was
inhibited by BFA-A and therefore was MHC class I restricted.
However, in contrast to our results, Pfeifer et al. (37) found
that BFA-A had little effect on the processing of bacterial
peptide antigens for MHC class I and that presentation of such
antigens to CD8™ cells occurred through a nonclassical path-
way. Also, following experiments with BFA-A and M. tubercu-
losis-reactive CD8"-T-cell clones, Lewinsohn et al. (24) con-
cluded that proteasomally derived peptides did not require
Golgi-to-ER transport and therefore were not conventional
MHC class I-restricted antigens. In their study, the antigen
presentation to the CD8" lines was possibly achieved by bind-
ing of processed peptides to nonpolymorphic MHC class Ib
molecules on the cell surface.

Adorini et al. (1) found that BFA-A greatly inhibits the
presentation of exogenous protein antigen by MHC class 11
molecules to T cells. In our experiments, we did not make the
same observation. When the CD4™" clones were used as con-
trols for toxicity of the chemical, their responses were not
significantly depressed. It could well be that for CD4™" clones,
direct binding of antigen to surface class II molecules without
further processing represents a possible mechanism for antigen
presentation. Another likely mechanism to be involved in this
presentation is recycling of class II molecules from the cell
surface, with peptide exchange occurring in an endosomal
compartment and therefore with no need for Golgi-ER trans-
port.

This study is the first to highlight the importance of the
CD8" responses in bovine tuberculosis. Our data suggest that
CD8™ T cells respond strongly to M. bovis but also to complex
soluble mycobacterial antigens which are processed within the
APC and presented via an endogenous pathway. Furthermore,
since the CD8" T-cells may play an important role in the
protective response against M. bovis, the design of improved
vaccines requires a better understanding of these processes
and the antigens which drive them.
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