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Introduction

During the past years it has become increasingly clear that distinct and stable types of pe-
ripheral T cells can be defined by virtue of their cell surface phenotype and the way how they
recognize antigen: CD4 T cells (L3T4+ in mice, T4+ in man) see antigen in the context of
class Il molecules and CD8 T cells (Lyt2+ in mice, T8+ in man) recognize antigen in associa-
tion with class I molecules (1).

Initially, it was thought that this phenotypic and genetic dichotomy also reflected a strict
functional dissociation, with CD4 T cells being responsible for the delivery of helper/inducer
signals and CD8 T cells for target cell lysis. Although we now know that this funcitional dis-
sociation is less stringent it still appears that the two T-cell sets have a predilection for either
function.

Why is this important for a better understanding of leprosy and tuberculosis? It has been
proposed that the T-cell dichotomy had evolved as a strategy for optimal host defence against
intracellular infections (2, 3). Viruses can infect a variety of host cells and their replication
strictly depends on the viability of the latter. Hence, target cell lysis should be an efficient
eradication mechanism for viral infections. Furthermore, virtually all nucleated cells express
class I molecules ensuring detection of any virus-infected cell by class I-restricted T lympho-
cytes. In contrast, intracellular bacteria are primarily localized in mononuclear phagocytes,
but can also multiply in the extracellular space. Macrophages possess a variety of inducible
antimicrobial capacities. Hence, macrophage activation should be highly effective in con-
trolling intracellular bacterial infections. Furthermore and unlike most other cells, mono-
nuclear phagocytes express class 11 molecules affording selective recognition by helper/indu-
cer T lymphocytes.

At first sight, one might consider the second mechanism as being fully sufficient for host
defence against tuberculosis and leprosy. At second sight, however, conditions can be en-
visaged where macrophage activation may not be sufficient. In principle there are two major
obstacles against effective elimination of mycobacteria by helper/inducer T-cell mediated
mechanisms alone.

(1) Mycobacterium tuberculosis and M. leprae, the etiologic agents of tuberculosis and
leprosy, respectively, have developed highly effective evasion mechanisms for survival in
macrophages. These include: resistance to reactive oxygen metabolites and lysosomal enzy-
mes, inhibition of phagosome-lysosome fusion, and/or evasion into the cytoplasm (4).

(2) Mononuclear phagocytes are highly heterogeneous in their antimicrobial potential
and in tissue macrophages much weaker antibibacterial capacities can be activated than in
blood monocytes (5). Furthermore, mycobacteria can enter certain nonprofessional phagocy-



102 S H E Kaufmann et al.

tes; e.g., in tuberculoid leprosy, M. leprae preferentially inhabits Schwann cells (6). Thus,
mycobacteria which are capable of entering host cells expressing antimicrobial functions
against which they are resistant will find niches which allow or even afford their survival. In
addition, inside such cells, mycobacteria can drastically reduce their metabolic activity and
become transiently resistant to antibiotics.

It is easily conceivable that in such instances, lysis of infected host cells can represent a
beneficial adjunct to helper/inducer T-cell mediated mechanisms. In the following, experi-
ments will be summarized which show that helper and cytolytic T lymphocytes become de-
monstrable after immunization with M. tuberculosis and M. leprae and the possible con-
tribution of both T-cell activities to host defence will be dicussed.

Results

We have generated T-cell clones from mice immunized with M. leprae or M. tuberculosis
and used these clones as tools for analysis of the relative contribution of helper and cytolytic
T cells to the immune response in leprosy and tuberculosis (7-11).

MYCOBACTERIA REACTIVE CD8 T-CELL CLONES

Mice were immunized intradermally with 107irradiated M. leprae organisms (kindly provid-
ed by Dr. R.J.W. Rees) and after 5 weeks, draining lymph-node cells were harvested (10).
Lymph node cells (2x105/ml) were cultured in the presence of 1 ug/ml soluble M. leprae pro-
teins (kindly provided by Dr. R.J.W. Rees), and 2x105/ml irradiated (3300R) spleen cells as
accessory cells (AC). After 1 week of culture, cells were restimulated with AC, antigen and
10 % interleukin 2 (IL-2) containing supernatant from Concanavalin A activated rat spleen
cells (ConA-SN). These cells were expanded and propagated in vitro by alternate cycles of
restimulation with ConA-SN alone or with antigen, AC, and ConA-SN. A cell line was clon-
ed under limiting dilution conditions in the presence of AC, antigen, and ConA-SN and clon-
ed T cells were grown up as described above.

Alternatively, mice were immunized subcutaneously with 2 mg killed, lyophilized M.
leprae (kindly provided by Dr. P.J. Brennan) in incomplete Freund’s adjuvant and after 8
days, draining lymph node cells were collected. Cells were restimulated in vitro with 10 w g/
ml M. leprae, 2x105/ml AC and 10 1 ConA-SN and grown up as described above.

M. tuberculosis reactive T-cell clones were estabished from lymph node cells of mice im-
munized subcutaneously with killed lyophilized M. tuberculosis H37Ra (purchased from
Difco) in incomplete Freund’s adjuvant (1 1). Eight days after immunization, cells were harv-
ested and restimulated with 2x105/ml AC, 25 ug/ml M. tuberculosis, and 10 % ConA-SN.
After 8 days, cells were cloned under limiting dilution conditions in the presence of AC, an-
tigen, and ConA-SN and expanded as described. T-cell clones from M. leprae or M. tuber-
culosis immune mice established in this way had the phenotype Thyl+, L3T4+, Lyt2+ and
hence belonged to the CD8 T-cell set.

For determination of the cytolytic activities of these T-cell clones towards host cells ex-
pressing mycobacterial antigens, bone marrow macrophages (BMM@) were used as target
cells. Bone marrow cells were cultured in hydrophobic teflon bags in medium supplemented
with conditioned medium from 1.929 cells for 9 to 14 days as described (12, 13). Graded
numbers of purified T cells were added to 105 BMM® in the presence or absence of appropri-
ate antigen in flat bottom microculture plates. After overnight incubation, target cell lysis
was determined according to (14) as described previously (12). In short, reduced incorpora-
tion of neutral red by surviving BMM@ was taken as parameter for cytolysis. M. tuberculo-
sis and M. leprae reactive CD8 T-cell clones lysed BMM@ expressing the appropriate anti-
gen. In contrast, L. monocytogenes primed or unprimed BMM@ were not lysed by these
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Figure I: Cytolytic activity of cloned CD8 T cells from M. leprae and M. tuberculosis im-
mune mice. Graded numbers of clones A4 or D12 (M. leprae reactive), clone H-4 (M. tuber-
culosis reactive) or clone D7 (L. monocytogenes reactive) were cultured with BMM@ in the
presence (O) or absence (®) of soluble M. leprae proteins (clones A4 and D12), killed M. tu-
berculosis (clone H4), or killed L.. monocytogenes (clone D7) as a source of antigen over-
night. Afterwards, specific cytolysis was determined (10, 11).

T cells whereas L. monocytogenes primed BMM@ were lysed by L. monocytogenes specific
T cells. The cytolytic activities of representative T-cell clones are documented in Figure 1.

For some T-cell clones from M. tuberculosis immune mice we have mapped their res-
triction to the H-2D locus (11). These data suggest that mycobacteria reactive CD8 T cells
are capable of specifically lysing host cells expressing mycobacterial antigen in association
with class I molecules.

We assessed whether cytolytic CD8 T-cell clones from M. tuberculosis and M. leprae
immune mice can secret IFN-y. Graded numbers of cloned T cells were stimulated with anti-
gen, AC, and r-IL-2 and after 24 h supernatants were collected. IFN-activities were deter-
mined by their capacity to inhibit the cytopathic effect of vesicular stomatitis virus on L929
cells as described (13). We found that only few CD8 T-cell clones produced IFN after stimu-
lation with antigen plus AC alone, After costimulation with antigen, AC, and r-IL-2, how-
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ever, the vast majority of CD8 T-cell clones produced IFN. IFN-secretion by three represent-
ative T-cell clones is documented in Figure 2. It can also be concluded from Figure 2 that we
are dealing with IFN-y.

In conclusion, these findings demonstrate that immunization with M. tuberculosis and
M. leprae results in the development of T lymphocytes of CD8 phenotype specific for myco-
bacterial antigens in the context of class I molecules. After restimulation in vitro these T cells
are able to (i) lyse macrophages expressing mycobacterial antigens and (ii) to secret IFN-y.

MYCOBACTERIA REACTIVE CD4 T-CELL CLONES

Mice were immunized subcutaneously with 107 irradiated M. leprae organisms in incomplete
Freund’s adjuvant and boosted with the same preparation two weeks later (7, 8). After an-
other 8 days draining lymph-node cells were collected and 1x106/ml cells restimulated in vit-
ro with 106/ml M. leprae organisms and 10 % semipurified ConA-SN. Cells were cloned and
recloned under limiting dilution conditions in the presence of AC, antigen, and semipurified
ConA-SN and cloned cells expanded as described above.

In another approach (9), mice were immunized subcutaneously with 1 mg killed M. ru-
berculosis H37Ra in incomplete Freund’s adjuvant and after 8 days lymph node cells were
collected. T cells were enriched by passage over nylon wool columns and afterwards, 5x105
AC and 5 pg killed M. tuberculosis, cultured for 4 days. Cultures were expanded with AC,
antigen, and 10 % ConA-SN. Different cell lines were cloned under limiting dilution condi-
tions and expanded as described above. T-cell clones from M. lepraeand M. tuberculosis
immune mice established in this way had the phenotype Thyl+, L3T4+, Lyt2- and hence be-
longed to the CD4 T-cell set.

Graded numbers of cloned T cells were stimulated with AC, antigen and proliferative
responses determined by 3H-thymidine incorporation. Proliferative responses of cloned T
cells from M. leprae and M. tuberculosis immune mice are shown in Figure 3. Proliferative
responses were only demonstrable when T cells and AC shared the H-21-A locus of the
MHC indicating that these T cells were class II restricted.
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Figure 2: IFN-secretion by cloned CD8 T cells from M. leprae and M. tuberculosis immune
mice. Clones A4 or D12 (M. leprae reactive) or clone H4 (M. tuberculosis reactive) were
cultured with AC and soluble M. leprae antigen (clones A4 and D12) or killed M. tuberculo-
sis (clone H4) in the presence or absence of r-IL-2. After 24 h, supernatants were collected
and IFN activities determined (10, 11). In addition, the IFN-test was performed in the pres-
ence of anti-IFN-y.



T cells in mycobacterial infections 105

ot H-2 Complex Proliferation (cpmx1073)
o0 KTATED 2 4 8 8 2 4 & 8 1
-
C57B/6 b b b b |
BIOAWR) k k b b :]
BOA(R) b b k d ] ]
BIOMBR b k k q | | l
| 251(M.leprae) T-Mt-4 (M tuberculosis)

Figure 3: H-2 restricted proliferation by cloned CD4 T cells from M. leprae and M. tuber-
culosis immune mice. Clone 25.1 (M. leprae reactive) or clone T-Mt-4 (M. tuberculosis
reactive) were cultured with AC of different H-2 haplotype in the presence of killed M. leprae
or killed M. tuberculosis, respectively, as a source of antigen and proliferation was deter-
mined (7).

Cloned T cells were stimulated with AC plus antigen and after 24 h supernatants collect-
ed. Supernatants from cultures of T cells, antigen and AC contained significant IL-2 and IFN
activities whereas in the absence of either antigen, AC, or T cells no such activities were de-
monstrable (Figure 4). In the case of T cell clones from M. tuberculosis immune mice we
showed that the IFN belonged to the IFN-y class (10). Thus, CD4 T cells could secret the
lymphokines IL-2 and IFN-vy, and IFN-vy secretion was independent of exogenous IL-2.

We have asked the question whether mycobacteria reactive T-cell clones of CD4 pheno-
type can kill macrophages expressing mycobacterial antigens. Indeed, BMM@ pulsed with
mycobacterial antigens were lysed by cloned CD4 T cells from M. tuberculosis immune
mice. Lysis, however, was only observed when BMM@ had been preactivated with IFN-y.
Phenotype analysis of these BMM@ with the fluorescence activated cell sorter revealed that
unstimulated BMM®@ were totally devoid of la antigens, and that IFN-y markedly stimulated
Ia expression on these BMM@. In Figure 5, cytolysis of IFN-y stimulated, antigen pulsed
BMM@ by the CD4 T-cell clone T-Mt-4 is shown. We conclude that mycobacteria specific T
cells can lyse antigen presenting host cells provided that these cell express class II molecules.

INDUCTION OF MYCOBACTERIAL GROWTH INHIBITION

BY LYMPHOKINES OR BY CD8 T CELLS

Although it is generally assumed that lymphokine activated macrophages acquire their ca-
pacity to degrade intracellular pathogens, attempts to demonstrate mycobacterial killing by
activated macrophages have been disappointing (15). Because we found that BMM@ are in a
resting state and that they are responsive to IFN-y (see above) we have used these cells to
approach the question of activation of anti-mycobacterial capacities in macrophages by
lymphokines. For these studies, BMM@ were generated in the absence of serum and anti-
biotics. BMM®@ were activated by lymphokines from mycobacteria-reactive T-cell clones or
by r-IFN-yfor 24 h. Afterwards, BMM®@ were infected with live M. bovis organisms. After 4
or 5 days, survival of M. bovis organisms was determined. Lymphokines from antigen-sti-
mulated T cells as well as r-IFN-y rendered BMM@ capable of inhibiting growth of M. bo-
vis. Figure 6 summarizes data obtained in a typical experiment. These as well as further ex-
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Figure 4:IL-2 and [FN-secretion by cloned CD4 T cells from M. leprae and M. tuberculosis
immune mice. Graded numbers of clone 25.1 (M. leprae reactive) or clone T-Mt-4 (M. tu-
berculosis reactive) were cultured with AC and killed M. leprae or killed M. tuberculosis,
respectively (O). After 24h, supernatants were collected and IL-2 and IFN activities deter-
mined (7, 8). (®) Supernatants from unslimulated T-cell cultures.

periments (I. Flesch and S.H.E. Kaufmann, submitted for publication) suggest that T-cell
derived IFN-v is capable of inducing tuberculocidal or, at least, tuberculostatic capacities in
macrophages.

We wanted to analyze possible direct effects of cytolytic T cells on mycobacterial sur-
vival in infected macrophages. BMM®@ were cultured in the absence of serum and antibiotics
and then they were infected with live M. bovis organisms. After another 4 days, graded num-
ber of M. tuberculosis reactive cytolytic CD8 T cells were added. On the next day, survival
of M. bovis organisms was determined. As illustrated in Figure 7, in the presence of cytoly-
tic T cells, mycobacterial growth was markedly inhibited. This finding suggests that lysis by
T lymphocytes of infected host cells markedly affects growth of intracellular mycobacteria.

Discussion
The data summarized in this article demonstrate that T cells of both CD4 and CD 8 phenoty-

pe are generated after immunization with M. leprae and M. tuberculosis. It is shown that M.
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tuberculosis- and M. leprae-reactive CD4 T cell clones recognize mycobacterial antigens in
the context of self class-1I molecules and that this recognition triggers the secretion of lymp-
hokines, including IFN-y. Our experiments with r-IFN-y and T-cell derived lymphokines
reveal that these molecules can indeed render macrophages capable of limiting growth of M.
bovis and M. tuberculosis H37Rv. M. tuberculosis Middelburg, however, proved resistant
against IFN-y activated macrophage functions (I. Flesch and S.H.E. Kaufmann, manuscript
submitted). In addition, our study demonstrates that CD8 T cells are capable of lysing mac-
rophages expressig mycobacterial antigens. Cytolytic activity was, however, not unique to
CD8 T lymphocytes since CD4 T cells were also able to lyse macrophages primed with my-
cobacterial antigens provided the latter expressed sufficient amounts of Ia antigens. Further-
more, not only CD4 but also CD8 T cell clones produced IFN-y after appropriate stimula-
tion. From these studies we conclude that mycobacteria reactive T-cell clones of CD4 and
CDS8 phenotype are functionally similar and that they primarily differ in their antigen reac-
tivity pattern. This difference may have consequences for the capacity of these lymphocytes
to detect mycobacteria-infected host cells: unike CD4 T cells which are restricted to Ia bear-
ing cells CD8 T cells should be able to detect infections in virtually all nucleated host cells.

Our findings obtained with cloned T cells may shed some light on the relative role of
CD4 and CDS8 T cells as well as of helper/inducer and cytolytic functions in the immune res-
ponse against M. tuberculosis and M. leprae. Based on these findings we shall make four sta-
tements which we will discuss separately:

Statement 1: Helper/inducer T-cell functions are protective. Often, M. tuberculosis and
M. leprae are engulfed by mononuclear phagocytes possessing a high antibacterial potential.
These cells can present mycobacterial antigen in association with MHC encoded molecules
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Figure 6: Inhibition of mycobacterial growth by BMM@ activated with r-IFN-y or native
lymphokines. BMM@® were activated with 100 U r-INF-y, with supernatants from antigen-
stimulated T-Mt-4 cells or remained untreated. On the next day, viable M. bovis organisms
were added to the cultures. On day 4, the number of surviving mycobacteria was determined
by 3H-uracil incorporation (16) or by plating bacterial suspensions on Middelbrook 7HI0

agar plates.
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of both types. Antigen-specific class II restricted macrophage-T cell interactions trigger the
release of multiple lymphokines including I1L-2 and IFN-y by CD4 T cells. Antigen-specific
class I restricted macrophage-T-cell interactions result in IFN-y secretion by CD8 T-cells
provided IL-2 is supplied as a second signal by CD4 T cells. Macrophage activation by
lymphokines leads to growth inhibition of intracellular mycobacteria. Although IFN-y seems
to play an important role, effects of other, less well defined lymphokines, cannot be exclud-
ed. While we assume that this type of reaction is important for host defence against tuber-
culosis and leprosy it may not be sufficient for complete clearance of highly virulent myco-
bacteria, particularly if these reside in host cells with low antibacterial potential.
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Statement 2: Cytolytic T-cell functions are protective. Resident tissue macrophages often
express only weak anti-microbial functions. Furthermore, mycobacteria sometimes are
found in nonmyeloid cells, e.g., M. leprae in Schwann cells. Lysis of infected host cells
with weak antibacterial capacities in some cases may be of direct protective value, when the
pathogen is unable to multiply in the extracellular space. M. leprae cannot be grown in vitro
and it appears that also in the host it is an obligate intracellular pathogen. Therefore, lysis of
M. leprae infected Schwann cells may be of direct beneficial value for the host. The data
summarized in Figure 7 furthermore indicate that cytolysis may directly affect survival of
intracellular M. tuberculosis organisms. Because cytolytic CD8 T cells are generated during
mycobacterial infections host cells of any type and independent from la-expression can be
detected and attacked by these cells. Ia-expressing cells may be lysed by both CD4 and CD8
T lymphocytes. At the moment, we do not have sufficient information to definitely decide
whether direct killing of mycobacteria through target cell lysis indeed plays a role under in
vivo conditions.

Statement 3: T-cell functions are harmful to the host. Although there is no doubt about
the importance of T cells for acquired resistance against tuberculosis and leprosy, several si-
tuations can be envisaged where T cells may exert harmful effects. [A] Uncontrolled lysis by
cytolytic T cells of infected macrophages with high antibacterial potential could result in bac-
terial dissemination from more confined loci like granulomas over the whole body and hence
facilitate infection of various organs. [B] Tissue destruction and necrosis can limit important
host functions to a significant degree. Both cytolytic T lymphocytes and lymphokine-activat-
ed macrophages could participate in destructive processes. Destructive processes will be
particularly harmful, whenever highly specialized cells are affected. Thus, lysis of M. leprae
infected Schwann cells could be responsible for the nerve lesions observed in tuberculoid
leprosy. [C] Lysis of antigen presenting cells could impair stimulation of CD4 and CD8 T
cells. Thus, cytolytic T cells may be responsible for certain types of suppression and in this
way induce downregulation of the immune response to M. tuberculosis or M. leprae. Sup-
pressor T cells have been implicated in the development of lepromatous leprosy (6, 17).

Statement 4: Protection depends on both helper/inducer and cytolytic T-cell functions.
Lysis of infected tissue macrophages leads to release of bacteria which can subsequently be
taken up by immigrant blood monocytes. Provided that the former cells have a low anti-
bacterial potential and the latter ones have a high antibacterial potential, this mechanism
would allow bacterial transmission from a rather protective to a more hostile environment.
Activation of blood monocytes by lymphokines can then trigger intracellular bacterial degra-
dation. This rather complex sequel of events which depends on different T cells and macro-
phages appears to play a major role in acquired resistance against tuberculosis and leprosy.

We believe that all four statements are relevant to tuberculosis and leprosy. Under in-vi-
vo conditions the principle reactions described will not occur independently from each other
and must be highly regulated. The final outcome of disease will greatly depend on an intri-
cate balance between the cell types involved in these reactions. We hope that the availability
of T-cell clones of CD4 and CD8 type from mice (7-11) and/or man (18, 19) will facilitate a
deeper understanding of the underlying mechanisms and help us to develop means for the
eradication of these diseases.
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