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As we seek to develop and evaluate new vaccines against tuberculosis, it is desirable that we understand the
mechanisms of protective immunity in our models. Adoptive transfer of protection with hsp65-specific T-cell
clones from infected or vaccinated mice into naive mice had indicated that cytotoxic T cells can make a major
contribution to protection. We characterized 28 CD4™ CD8™ and 28 CD4~ CD8™" hsp65-specific T-cell clones
derived from infected or vaccinated mice. Half of the CD4" CD8~ and 64% of the CD4~ CD8™ clones were
cytotoxic. Cytotoxicity was associated with high expression of CD44 and gamma interferon production. Most
(86%) of the cytotoxic CD4* CD8~ clones lysed target cells via the Fas-FasL pathway, and most (83%) of the
cytotoxic CD4~ CD8™" clones lysed target cells via cytotoxic granules. Only the clones using the granule-
mediated pathway caused substantial loss of viability of virulent Mycobacterium tuberculosis during lysis of
infected macrophages, and the degree of Kkilling closely correlated with the availability of granule marker
enzyme activity. Granule-mediated cytotoxicity thus may have a key role in protection against tuberculosis by

delivering mycobactericidal granule contents.

New vaccines are needed in the fight against tuberculosis
(1), but the designing and testing of new vaccines is hampered
by our poor understanding of the mechanisms of acquired
protective immunity. It is not simply that the key protective
antigens have yet to be identified (15); we do not know with
certainty what kinds of responses are needed. This knowledge
would help both to design vaccines for the best balance of
responses and to design clinical tests to monitor or predict
vaccine efficacy in the field.

Traditionally, protection against tuberculosis has been re-
garded as due to phagocytosis and killing of Mycobacterium
tuberculosis by immunologically activated macrophages and
monocytes (12). This is a result of a type 1 cellular response in
which gamma interferon (IFN-vy) is produced by antigen-spe-
cific T lymphocytes, as distinct from a type 2 response, in which
the cells produce interleukin (IL-4) (19). IFN-y is the main
macrophage-activating factor, and it has been shown to be
essential for protection (5, 8). However, substantial killing by
the activated macrophages or monocytes has been difficult to
demonstrate in vitro (4, 16, 18, 24), and there is increasing
evidence for a protective role for antigen-specific cytotoxic T
lymphocytes, in both murine and human tuberculoses (2, 17,
22). It is not clear how these cells are protective. One possi-
bility is that the cytotoxic T cells are needed to release bacteria
from safe havens inside ineffective macrophages so that they
can be phagocytosed by fresh, fully activated monocytes or
macrophages (7). Alternatively, studies with human peripheral
blood cells in vitro have indicated that lysis of infected mac-
rophages by antigen-specific T cells can directly result in death
of the bacteria (17, 22). Mycobacterial death can be due to
toxic enzymes discharged from lymphocyte granules during
perforin-mediated lysis of infected macrophages (22). Degran-
ulation of the lymphocytes by Sr** treatment in advance pre-
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vents killing (22). However, there might be alternative bacte-
ricidal mechanisms when the lymphocytes do not contain these
granules and lyse targets using the Fas-FasL-dependent path-
way of apoptosis (17). It is not known whether either of these
lytic mechanisms can kill M. tuberculosis in murine macro-
phages.

We previously studied adoptive transfer of protective immu-
nity with T-cell clones specific for 65-kDa heat shock protein
antigen (hsp65) in a murine model of tuberculosis (2, 21). The
most protective T cells were CD4~ CD8" and were cytotoxic
for infected macrophages in addition to producing IFN-y and
expressing high levels of the activation marker CD44 (CD44™)
(2). Some evidence of antimycobacterial activity during lysis of
infected macrophages in vitro was also obtained (21). Here, we
further characterize 28 CD4" CD8™ and 28 CD4~ CD8"
hsp65-specific clones in vitro and test whether lysis of M. fu-
berculosis-infected target macrophages by these clones can
cause death of the bacteria by either the perforin- or Fas-FasL-
dependent pathway.

MATERIALS AND METHODS

T-cell clones. hsp65-specific T-cell clones were obtained from BALB/c mice 30
days after infection with M. tuberculosis H37Rv or 2 weeks after completion of
immunization by four intramuscular injections of naked plasmid DNA pHMG-65
or four intraperitoneal injections of transfected monocytelike cell line J774
expressing hsp65 (J774-hsp65), as previously described (2, 21). In brief, cells with
CD4" CD8™ and CD4~ CDS8™ phenotypes were separated from whole spleno-
cyte populations by negative selection with antibody and complement and cul-
tured for 2 weeks on irradiated J774-hsp65 feeder cells with IL-2 before being
cloned. Twenty-eight strongly growing CD4* CD8~ clones (12 from J774-hsp65-
immunized mice, 8 from DNA-immunized mice, and 8 from infected mice) and
28 CD4~ CD8" clones (12 from J774-hsp65-immunized mice, 8 from DNA-
immunized mice, and 8 from infected mice) were selected for characterization.
All were CD3™" and T-cell receptor af* by FACScan analysis (21). Antigen-
specific cell proliferation on J774 antigen-presenting cells showed highly consis-
tent dependency on the antigen-processing and presentation pathways expected
of the CD4" and CD8" phenotypes: chloroquine and anti-L3T4 and anti-I-A¢
monoclonal antibodies (MAbs) inhibited all CD4" clones and not the CD8"
clones; brefeldin A, anti-Lyt-2, and anti-H-2K¢ inhibited all CD8* clones and
not CD4™ clones (2, 21).

CD44 expression and cytokine secretion. Cells were stained with fluorescein
isothiocyanate-labeled anti-CD44 and Lyt-2 or L3T4 MAb and analyzed by
FACScan, and the results were expressed as the median intensity of fluorescence
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FIG. 1. Summary of characteristics of 28 MHC class II-restricted CD4* CD8 and 28 MHC class I-restricted CD4~ CD8™" T-cell clones. The clones were assayed
by quantitative methods and scored as positive () or negative (O) according to threshold criteria. Thus, positive scores were as follows: CD44, median intensity of
fluorescence, >115; IFN-y secretion, >100 ng/ml; IL-4 secretion, >100 pg/ml; cytotoxicity, specific 3!Cr release, >2 SD above that which was induced by a CD4 clone
with irrelevant antigenic specificity; antimycobacterial activity against infected macrophages, <50% of the CFU found after incubation with a CD4" clone with

irrelevant antigenic specificity. —, not tested.

(2). Secretion of cytokines IFN-y and IL-4 was stimulated with phorbol myristate
acetate and anti-CD3 MAb YCD3-1 to achieve maximal stimulation and mea-
sured by enzyme-linked immunosorbent assay (21).

Cytotoxicity. The antigen-specific cytotoxicities of the T-cell clones were de-
termined as previously described (21). J774-hsp65 cells, J774-vector cells that
had been preloaded with recombinant hsp65 protein antigen using positively
charged liposomes, or J774-vector cells that had been pulsed with antigen (25
pg/ml) for 40 to 48 h were used as targets. The target cells were labeled with >'Cr
(100 wCi/ml) and washed, and then 5 X 10° target cells were incubated with
2.5 X 10° freshly cultured effector clones (effector/target [E/T] ratio, 50:1) in 200
wl of test medium in 96-well round-bottom plates. The target cells were also
incubated with medium alone and with 0.5% Triton X-100 to determine the
spontaneous and maximal S1Cr release, respectively. After 4 h at 37°C, the cell
supernatants were collected and assayed for radioactivity. The effects of putative
inhibitors of cytotoxicity were tested using J774-hsp65 targets. Blocking antibod-
ies against CD95 or CD95L (anti-Fas or anti-FasL; Pharmingen) were added
before the effector and target cells were mixed. Degranulation of the cytotoxic
granules was induced by initial treatment of T-cell clones with 25 mM Sr?*
(Aldrich, Milwaukee, Wis.) for 18 h. SICr release was determined after a 4-h
incubation.

To measure cytotoxicity towards infected macrophages, monolayers of bone
marrow macrophages from BALB/c mice were used (21). They were infected on
day 5 of culture with live M. tuberculosis H37Rv for 4 h at a bacterium-to-cell
ratio of 5:1. Comparison of microscope counts of mycobacteria and their growth

on Middlebrook 7H11 agar plates revealed a viability of bacteria in the inoculum
of >90% and an absence of clumps. Infected monolayers were rinsed five times
with medium to remove nonassociated bacteria. The cells were then detached
with 1 mM EDTA and resuspended in fresh medium. The efficiency of infection
was determined microscopically after staining the cells with auramine-rhoda-
mine. Typically, there were 3.9 * 0.3 (standard deviation [SD]; n = 3) bacteria
per cell, and 87 * 6% of the cells were infected. Infected cell suspensions were
immediately labeled with >'Cr for 1 h as described above and incubated in
96-well V-bottom plates with 5 X 10° targets per well and serial dilutions of
freshly cultured effector clones in a total volume of 200 pl of test medium. The
target cells were also incubated with medium alone and with 0.5% Triton X-100
to determine the spontaneous and maximal 'Cr release, respectively, as previ-
ously described (21).

Antimycobacterial effect of cytotoxicity against infected macrophages. Bone
marrow macrophages were infected with M. tuberculosis H37Rv, rinsed, and
suspended as described above, and then 5 X 10? infected cells were coincubated
with cytotoxic-T-cell clones at an E/T ratio of 50:1 in 200 pl for 24 h. No
antibiotics were present in the medium. The cells were then lysed with 0.1%
saponin to release intracellular bacteria, serial fivefold dilutions were plated in
triplicate on 7H11 agar plates, and the CFU were counted after 3 weeks at 37°C.
Prolonged incubation of agar plates did not increase the CFU. The involvement
of Fas and IFN-vy in antimycobacterial activity was tested by adding MAb against
Fas, FasL, or IFN-y (1.0 png/ml) before cell mixing. Fluorescence-activated cell
sorter analysis of macrophages 24, 48, and 96 h after infection with M. tubercu-
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FIG. 2. Clone phenotype associations. Production of IFN-y and IL-4 by CD4* CD8~ (A) and CD4 /CD8" (B) clones under optimal stimulation was measured
by enzyme-linked immunosorbent assay. Expression of CD44 was measured by FACScan after the clones were labeled with fluorescent antibody and was plotted against
IL-4 (C) and IFN-y (D) production. Data from individual clones of CD4* CD8" (@) and CD4~ CD8" (O) phenotypes are shown. The dashed lines indicate arbitrary

limits selected to distinguish positive cytokine responses and high CD44 expression.

losis showed that expression of Fas on the target cells was not affected by
infection. Involvement of cytotoxic granules was tested by degranulating the
T-cell clones by an initial incubation with 25 mM Sr?* (Aldrich) for 24 h, and
degranulation was monitored by measuring the release of granule enzyme No-
benzyloxycarbonyl-L-lysine thiobenzyl (BLT) esterase (23). Supernatants were
collected after 10 h, and 20-pl aliquots were incubated with 35 wl of 1 mM BLT
(Sigma), 35 pl of 1 mM 5,5’-dithio-bis-(2-nitrobenzoic acid) (Sigma), and 10 pul
of 0.1% Triton X-100. After 30 min at 37°C, the absorbance at 405 nm was
determined. Degranulation did not significantly impair subsequent capacity to
release IFN-y.

Statistical analysis. The data are presented as mean and geometric mean
values from replicate assays and samples. Student’s ¢ test was used to determine
statistical significance between groups of data. Linear regression curves were
fitted by the least-squares method.

RESULTS

The results of quantitative analyses of properties of the 56
hsp65-specific T-cell clones studied are summarized in Fig. 1.

Association of CD44hi with IFN-y. As expected (19), most
of the clones produced either IFN-y or IL-4, although a few
produced both cytokines and three produced neither (Fig. 1).
IFN-y production was associated with high levels of expression
of CD44, and IL-4 production was associated with low levels of
CD44 expression (Fig. 2).

Cytotoxicity against exogenous and endogenous antigen.
Fourteen of the 28 CD4" CD8™ clones and 18 of 27 tested
CD4~ CDS8™ clones were cytotoxic for macrophages that were
infected with M. tuberculosis but not for uninfected macro-
phages. They also lysed the transfected monocytelike cell line
J774-hsp65, which presents endogenous hsp65 on both major
histocompatibility complex (MHC) classes I and II (20). All of
the cytotoxic CD4" CDS8" clones lysed J774 cells that were
supplied with exogenous recombinant hsp65 protein but not
when they were given the same protein via a liposome delivery

vehicle, consistent with lysis by these clones only when the
antigen is presented on MHC class II. Conversely, all of the
cytotoxic CD4~ CDS8™" clones lysed J774 cells that were sup-
plied with hsp65 that was delivered into the cells by liposomes
and not when the protein was given without the liposomes,
consistent with lysis only of targets presenting antigen on MHC
class T (21). Representative results with two cytotoxic CD4™
CDS8™ and two cytotoxic CD4~ CD8* clones are shown in Fig. 3.

Dependence of cytotoxicity on either Fas or granule inter-
actions. The cytotoxicity of all except two of the 14 cytotoxic
CD4" CDS8~ clones was inhibited by antibody against either
Fas or FasL and not by the degranulating agent Sr**. The
remaining two clones were inhibited by Sr** and not by the
antibodies (Fig. 3). In contrast, most of the CD4~ CD8"
clones were inhibited by Sr>*, and only three were inhibited by
anti-Fas or anti-FasL.

Antimycobacterial effect of cytotoxicity. The numbers of live
M. tuberculosis cells in control macrophages (incubated with
a CD4" CD8" clone having irrelevant specificity) increased
about twofold during a 24-h incubation (increasing from about
2 X 10* to 4 X 10* per well). Therefore, a decrease in CFU
counts exceeding 50% relative to the control indicates killing,
and a smaller decrease might indicate merely bacteriostatic
activity. Although the cytotoxic activities of all 14 cytotoxic
CD4" CD8" clones were similar in degree (not shown), only
two clones caused >50% decrease in the viability of M. tuber-
culosis (relative to viability in the presence of the control clone
with irrelevant specificity) within 24 h (Fig. 1). The two clones
with this substantial antibacterial activity were the ones that
depended on the cytotoxic granule (Sr**-inhibitable) pathway
of target cell lysis. In contrast, 15 of 18 cytotoxic CD4~ CD8™
clones decreased bacterial viability by >50%, and again, these
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FIG. 3. Antigen-dependent cytotoxicity of representative clones and the effects of specific inhibitors. The target cells were either the J774 monocytelike cell line or

bone marrow-derived macrophages. (A) Macrophages were either uninfected or

infected with an average of about four M. tuberculosis H37Rv organisms per cell, and

J774 cells either were expressing endogenous hsp65 after stable transfection (J774-hsp65; known to present the antigen on both MHC class I and MHC class II [20]),
were pulsed with antigen as a recombinant protein (J774-rhsp65), or were preloaded with recombinant protein using positively charged liposomes (J774-liposomes).
Cells transfected with vector only (J774-vector) served as an antigen-free control. (B) Putative inhibitors of cytotoxicity were tested with J774-hsp65 targets. MAbs
against Fas or FasL were added, or the clones were degranulated with Sr2* (23) before the effectors and targets were mixed. The bars show means + SD (n = 3) for
specific >'Cr release after 4 h at 37°C. The dashed line indicates 2 SD above control targets that were incubated with a CD4" CD8 ™ clone that had irrelevant antigen
specificity (CD4.cont). Clone 4.4 represents the most common phenotype among CD4" CD8™ clones, and clone 8.6 represents the most common phenotype among

CD4~ CD8" clones (Fig. 1).

were the clones dependent on the cytotoxic-granule pathway of
lysis.

Dependence of antimycobacterial effect on T-cell granules.
The loss of bacterial viability caused by different clones ranged
up to 92%. This was equivalent to a loss of over 80% of the
viable bacteria that were initially present at the start of
incubation. Furthermore, there was a close correlation (r? =
0.9218; P < 0.0001) between antibacterial activity and the
availability of a granule marker enzyme, BLT esterase (22), for
release by Sr** (Fig. 4). Evidence that the loss of bacterial
viability was mainly due to the clone’s cytotoxic granules was
obtained from the effects of inhibitors on representative clones
(Fig. 5). Clone 8.6 had one of the highest antibacterial activi-
ties, reducing viability by 92%; it produced IFN-y and dis-
played granule-dependent cytotoxicity. Anti-IFN-vy neutralized
some of the antibacterial effect (¢ test; P < 0.01), decreasing it
from 92 to 76%, whereas prior degranulation with Sr*>* almost
completely eliminated the antibacterial action. The antibac-
terial activity of a CD4" CD8™ clone that had granule-
dependent cytotoxicity and produced IFN-y (clone 4.17) was
similarly markedly reduced by degranulation and was less ef-

fectively reduced by the presence of anti-IFN-y. The slight
antibacterial activities of two CD4" CD8" clones (21 and 35%
reduction in bacterial viability) that either had no cytotoxic
activity (clone 4.1) or used the Fas-FasL pathway (clone 4.4)
were blocked by anti-IFN-y (P < 0.001) and not by Sr**. The
slight activity of clone 4.4 was also inhibited by anti-Fas (P <
0.001). Clone 4.7, which did not produce IFN-y, had no anti-
bacterial activity despite having Fas-dependent cytotoxicity.
Corroboration that granule-mediated cytotoxicity plays a
part in protective immunity was obtained by comparing gran-
ule content with the protective effect that was previously ob-
served when some of the clones were tested for adoptive trans-
fer of immunity to naive recipient mice (2). There was a
significant positive correlation with protection (Fig. 6).

DISCUSSION

The hsp65-specific T-cell clones tested here were conven-
tionally MHC restricted; they recognized antigen that was ei-
ther processed endogenously and presented on MHC class I if
they were CD4~ CD8™ cells or processed exogenously and
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presented on MHC class II if they were CD4" CD8™ cells, as
previously described (2, 21). A remarkably high proportion of
the clones were cytotoxic, whether they originated from in-
fected mice or from DNA- or J774-hsp65-vaccinated mice, and
this reflects their high frequency in vivo (13). Cytotoxicity was
particularly associated with the CD44™ phenotype; most of the
CD44™ clones from J774-hsp65-vaccinated or DNA-vacci-
nated mice were cytotoxic (13 of 16 and 7 of 8, respectively).
Although only half of the CD44" clones from M. tuberculosis-
infected mice were cytotoxic (4 of 8), implying that the acti-
vated cells may be less likely to attain cytotoxic function during
the disease process than after these vaccinations, the differ-
ences did not attain statistical significance (x* > 0.05).

The importance of IFN-y as a macrophage-activating factor
for antimycobacterial action is well established (3). However,
our previous studies of these hsp65-specific clones in adoptive
transfer of protection against tuberculosis had shown an asso-
ciation between the protective activity and the ability to lyse
infected macrophages in addition to the production of IFN-y
(2, 21). We have confirmed here that lysis of infected macro-
phages by cytotoxic-T-cell clones in vitro can cause an apparent
loss of M. tuberculosis viability (killing). This can exceed 90%
of the bacteria during 24 h and strongly suggests that cytotoxic

o2}
!

3

T cells directly contribute to protection against tuberculosis by
killing the bacteria in vivo. In contrast, the IFN-y produced by
the clones imparted only a modest inhibition of the intracel-
lular mycobacteria during this short period, consistent with
activation for bacteriostasis.

Strikingly, only the T-cell clones using the granule-depen-
dent pathway showed clear evidence of killing intracellular
M. tuberculosis when they lysed infected macrophages. Those
clones using the Fas-FasL pathway had small effects, equiva-
lent to bacteriostasis. These might be partly attributable to
discharge of the bacteria into the less favorable growth envi-
ronment provided by the tissue culture medium and partly to
activation of nonlysed macrophages by IFN-y. The close cor-
relation between the degree of killing and the granule content
of the clone, and the selective inhibition of killing by prior
degranulation, are consistent with killing by the granule con-
tents. The mechanism is likely to be similar to that which was
recently revealed in studies of human cells (22). Thus, the
granule enzyme perforin may lyse macrophage membranes to
allow access of potent microbicidal granule enzymes, such as
granulysin, to the target mycobacteria. Attempts to identify the
mycobactericidal agent in the mouse cells are under way.

The correlation between the ability of the cytotoxic clones to
protect against challenge with M. tuberculosis in vivo and the
clones’ granule content is further indication that this mycobac-
terial killing mechanism has a role in protective immunity. It
may account for the major component of the protective effect
of these clones that was resistant to neutralization in vivo by
injection of antibody against IFN-y (21). Although others
found that knockout mice that do not express the perforin gene
did not have decreased resistance to the early stages of tubercu-
losis (6, 11), this defense mechanism may be more important later
in infection. Our high-dose intravenous-challenge model probably
resembles late-stage rather than early-stage tuberculosis.

It was also striking that most of the cells lysing targets using
the cytotoxic granule pathway were CD4~ CD8 ™ cells, whereas
most of cells that lysed targets using the Fas-FasL pathway
were CD4" CD8" cells. This suggests that cytotoxicity may
generally serve different purposes in tuberculosis depending on
whether it is triggered by endogenous or exogenous antigen.
Thus, the cytotoxic CD4~ CD8" T cells may have a predom-
inantly antimicrobial function against this intracellular patho-
gen, whereas the cytotoxic CD4" CD8™ T cells may have a
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FIG. 5. Antimycobacterial activity of representative clones against infected macrophages and the effects of specific inhibitors. Bone marrow-derived macrophages
were infected with M. tuberculosis H37Rv (about four bacteria/macrophage) and then incubated with representative clones at an E/T ratio of 50:1. MAbs against Fas
or FasL were added, or the clones were degranulated with Sr2* (23) before the effectors and targets were mixed. After 24 h at 37°C, the cells were fully lysed by adding
saponin, and the CFU were counted. The bars show means + SD (n = 3) for representative clones and a nonspecific CD4* CD8™ control. Clone 4.4 represents the
most common phenotype among CD4* CD8™ clones, and clone 8.6 represents the most common phenotype among CD4~ CD8™ clones (Fig. 1).
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predominantly immunomodulatory role in removing the cells
that sustain immune “help” by presenting antigen on MHC
class II (23). However, this division of labor is not absolute,
since a minority of cytotoxic CD4* CD8" clones used the
granule pathway and a minority of the CD4~ CD8™" clones
used the Fas-FasL pathway. Furthermore, at least in studies of
human T cells, lysis of infected target macrophages by non-
granule-dependent pathways may sometimes have direct anti-
mycobacterial effects (10, 14, 17) and non-MHC-restricted
cells may contribute significantly to granule-dependent killing
(22). These diverse and somewhat contradictory findings may
reflect the plasticity of the target cells. Cells of the mononu-
clear phagocyte lineage can proceed from being undifferenti-
ated immature monocytes to widely diverse forms, including
dendritic cells (9, 25), in vivo and in vitro, depending on the
environmental stimuli encountered. Adherence of the cells to
different surfaces and exposure to different cytokines prior to
apoptosis may have resulted in biochemically and functionally
different cells in the different studies. Hence, we hypothesize
that in some differentiated states the cells have a mycobacte-
ricidal potential that is mobilized during apoptosis, perhaps
through autolytic generation of toxic products. In other states
they do not, and bacterial killing during cytolysis then depends
on delivery of the toxic agent by the lymphocyte.
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