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and the ROS were collected from the interface between 10 and 18% OptiPrep. The supernatant was
diluted three times with Ringer's solution and centrifuged at 30,000g for 20 min. The sedimented material containing the ROS was rinsed once with 200 ~1
of Ringer's solution. The ROS were osmotically intact.
We disrupted the plasma membrane of the ROS by
hypotonic shock; 90 y l of water was added directly
to the sedimented material, and the ROS were resuspended by intense mixing for -10 s. The osmolarity
was adjusted by adding 10 WI
of a 10X intracellular
buffer containing 120 mM KCI, 5 mM MgCI,, 10 mM
Hepes (pH 7.5). 1 mM dithiothreitol, 10 p,M leupeptin, and 100 kallikrein units per 1 m l of aprotinin
(final concentrations).
15. Rhodopsin expression in control and W70A retinas
was assayed by two different techniques. (i) The
absorption of 500-nm light by rhodopsin was measured in retinal flatmount preparations. The fraction
of absorbed light was calculated as (1, - i,)li,, where
1, and I, are the measured intensities of 500-nm light
transmitted through the retina before and after
bleaching the rhodopsin with bright white light for 10
min. The transmitted intensity of a spot of light
(0.015 mm2) was measured by a photomultiplier that
was connected to a digital pulse counter. The mean
percent of absorbed light (expressed as minimum,
maximum, and n, number of determinations) was
27.6%, (23.6, 34.7, n = 3) in 1291SvJ retinas and
27.5% (21.3, 31.8, n = 4) in W70A retinas. (ii) The
amount of rhodopsin in the retinas of four mice was
determined through difference spectroscopy [M. D.
Bownds, A. Cordon-Walker, A,-C. Gaide-Huguenin,
W. Robinson, 1. Gen. Physiol. 58, 225 (1971)l after
solubilization in 30 mM cetyltrimethylammonium
chloride. The rhodopsin content of both control and
W70A retinas was 0.3 nmol per retina.
16. J. B. Hurley and L. Stryer, 1. Biol. Chem. 257, 11094
(1982).
17. The absolute rates of CTP hydrolysis in control ROS
in vitro were slower than the rate of recovery of the
photoresponse. This is consistent with many previous
reports that show that dilution of cellular components, most likely RCS9, slows the rate of GTP hydrolysis (6) [E. A. Dratz, J. W. Lewis, L. E. Schaechter,
K. R. Parker, D. S. Kliger, Biochem. Biophys. Res.
Commun. 146, 379 (1987); V. Y. Arshavsky, M. P.
Antoch. K. A. Lukianov. P. P. Philio~ov.FEES Lett. 250
353 (1989)l. Simiiarly, the 2.7-fold difference in C~pase
rate between control and W70A ROS in Fig. 2E should
be considered only as the lowest estimate for the
difference in physiologically intact photoreceptors.
18. D. A. Baylor, T. D. Lamb, K.-W. Yau, 1. Physiol. 288,
613 (1979). Mice were adapted to dark conditions for
2 to 18 hours, and the retinas were isolated as
described [C.-H. Sung, C, L. Makino, D. A. Baylor, J.
Nathans, 1. Neurosci. 14, 5818 (1994)l. The retina
was chopped, and small pieces were placed into the
recording chamber, which was perfused with bicarbonate-buffered Locke's solution [112.5 mM NaCI,
3.6 mM KCI, 2.4 mM MgCI,, 1.2 mM CaCI,, 10 mM
Hepes (pH 7.4). 0.02 mM EDTA, 20 mM NaHCO,, 3
m M Na2-succinate, 0.5 mM Na-glutamate, 10 mM
glucose, and 0.1% vitamin and amino acids supplement solution (Sigma)], bubbled with 95% 0, and
5% CO,, and warmed to 34" to 37°C. The outer
segments of single rods were drawn into a suction
electrode that was connected to a current-measuring
amplifier (Axopatch, Axon Instruments, Foster City,
CA). The electrode contained 140 mM NaCI, 3.6 mM
KCI, 2.4 mM MgCI,, 1.2 mM CaCI,, 3 mM Hepes (pH
7.4), 0.02 m M EDTA, 10 mM glucose, and 0.1%
vitamin and amino acid supplement (Sigma). The
responses were low-pass filtered at 20 Hz with an
eight-pole Bessel filter and digitized at 100 Hz with
an acquisition program written by F. Rieke for IgorPro
(Wave Metrics, Lake Oswego, OR). Brief flashes (10
ms) of 500-nm light were used for stimulation. The
intensity of the light source was calibrated with a
silicon detector (UDT350, Craseby Optronics, Orlando, FL), and the flash strength was controlled with
calibrated neutral density filters. When white light
was needed to evoke the maximal response from a
W70A rod, its intensity was expressed as the equiv-

alent intensity at 500 nm, using the relative ability of
white and 500-nm light t o stimulate the rod.
19. T. D. Lamb, P. A. McNaughton, K.-W. Yau, J. Physiol.
319,463 (1981). The peak amplitude r of the average
response at each flash strength was divided by the
maximal response amplitude ,r,
of control and
W70A rods to produce the normalized amplitude. In
control rods, r,,
is the change in membrane current
that results from the closure of all cCMP-gated channels. However, in most W70A rods that were without
an exogenous calcium buffer, it was impossible t o
completely shut off the inward current. Therefore, for
Fig. 38,,,,r
in W70A rods was taken as the maximum amplitude observed.
20. At early times during the rising phase of the flash
response, the light-evoked increase in PDE activity as
a function of time, PDE*(t), is given by the expression
(24) PDE*(t) = ( l l n ) (d(ln[l - r(t)/rmax]]ldt),
where r(t) is the time course of the flash response
and n is the cooperativity of the cGMP-gated channels. We calculated PDE*(t) with this formula, assuming n = 3 [A, L. Zimmerman and D. A. Baylor, Nature
321, 70 (1986); L. W. Haynes, A. R. Kay, K.-W. Yau,
ibid., p. 661. The cell in Fig. 3, E and F, was loaded with
BAPTA to determine the saturating maximal amplitude (7.4 PA) and to delay the onset of calciumdependent negative feedback to the cascade. BAPTA
had no effect on the rate of PDE activation in any
control or W70A rods examined. To determine
PDE*(t) for W70A rods in which the flash response
did not saturate, we assumed the dark current (rm,,)
t o be 12 PA. For all cells, the mean number of
photoisomerizations per flash was calculated by multiplying the flash strength (in photons per square
micrometer) by the effective collecting area of the
mouse rod (0.23 p,m2),
21. In a mouse rod that is stimulated by an instantaneous
flash causing 100 photoisomerizations per disc face,
the total complement of activatable PDE in a disc
face will be depleted with a time course f(t) = 1 exp(-tl~,,,), in which the time constant T,,,
is given
by the ratio of the total number of PDE subunits
divided by the initial rate of activation (24). Assuming 1000 s-' for the initial rate of PDE activation per
photoactivated rhodopsin (24), one finds that the
initial rate of PDE' production will be 1 X l o 5 s-'.
With -400 PDE subunits per disc face (based on

22.
23.

24.

25.
26.
27.
28.
29.

-1: 100 ratio of PDE to rhodopsin) a T,,, value of -4
ms is obtained. Allowing for the finite flash duration
of 10 ms and assuming an effective delay of 3 ms
(24), one would expect activation of the PDE in a
normal mouse rod to be completed within a few
milliseconds after the end of the flash.
M. E. Burns and D. A. Baylor, unpublished observation.
Because of the prolonged lifetime of PDE* in the
W70A rods, any feedback reaction underlying the
fast recovery component should be downstream of
PDE*, as any upstream feedback should affect the
response amplitude, not the recovery kinetics [for a
detailed analysis, see S. Nikonov, N. Engheta, E. N.
Pugh, 1. Gen. Physiol. 111, 7 (1998)l. Therefore, we
propose that the acceleration of guanylate cyclase
activity, which is caused by decreased intracellular
Ca2 ' , is mainly responsible for the rapid initial recovery phase of W70A responses to bright flashes.
T. D. Lamb and E. N. Pugh,J. Physiol. 449, 719 (1992);
E. N. Pugh and T. D. Lamb, Biochim. Biophys. Acta
1141, 111 (1993).
V. Y. Arshavsky, C. L. Dumke, M. D. Bownds, 1. Biol.
Chem. 267, 24501 (1992).
B. K. K. Fung, J. B. Hurley, L. Stryer, Proc. Natl. Acad.
Sci. U.S.A. 78, 152 (1981).
V. Y. Arshavsky, M. P. Gray-Keller, M. D. Bownds,
J. Biol. Chem. 266, 18530 (1991).
P. D. Calvert, T. W. Ho, Y. M. LeFebvre, V. Y. Arshavsky, 1. Gen. Physiol. 111, 39 (1998).
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An Antimicrobial Activity of
Cytolytic T Cells Mediated by
Cranulysin
Steffen Stenger,* Dennis A. Hanson, Rachel Teitelbaum,
Puneet Dewan, Kayvan R. Niazi, Christopher J. Froelich,
Tomas Ganz, Sybille Thoma-Uszynski, Agustin Melian,
Christian Bogdan, Steven A. Porcelli, Barry R. Bloom,
Alan M. Krensky, Robert L. Modlin:
Cytolytic T lymphocytes (CTLs) kill intracellular pathogens by a granule-dependent mechanism. Cranulysin, a protein found in granules of CTLs, reduced
the viability of a broad spectrum of pathogenic bacteria, fungi, and parasites
in vitro. Cranulysin directly killed extracellular Mycobacterium tuberculosis,
altering the membrane integrity of the bacillus, and, in combination with
perforin, decreased the viability of intracellular M. tuberculosis. The ability of
CTLs to kill intracellular M. tuberculosis was dependent on the presence of
granulysin in cytotoxic granules, defining a mechanism by which T cells directly
contribute to immunity against intracellular pathogens.

Cytolytic T lymphocytes are required for protective immunity against i~itracellularpathogens such as Listerin illoilocj,togeiies and
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ci-~rzi.pathogens known to escape from the pliagocytic vacuoles into the
cytoplasm of infected host cells. CTLs have
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also been implicated in the control of organisms that are phagocytized by macrophages
and remain localized within the phagosomes
(for example, Salmonella typhimurium, Escherichia coli, and Mycobacterium tuberculosis). One mechanism by which immunity
arises has been postulated to be the lysis of
infected cells by the antigen-specific CTLs
( I ) . This lysis is thought to be followed by the
release of live bacteria, which are subsequently taken up and killed by newly immigrated and freshly activated macrophages (2).
However, the increasing bacterial burden in
the cells will eventually cause spontaneous
lysis, which raises the intriguing question of
why CTL-mediated lysis of the cell would be
beneficial for the host. An explanation for the
functional role of CTLs in immunity against
intracellular infection was provided by the
analysis of CTL in tuberculosis (2, 3). These
experiments suggested that CTLs that kill
infected cells through the granule-exocytosis
pathway may release one or more effector
molecules with the capacity to directly kill
the intracellular microbial pathogen. We now
show that manulysin is a critical effector
molecule of the -antimicrobial activity of
CTLs.
Granulysin is a protein present in cytotoxic
granules of CTL and natural killer (NK) cells
(4, 5). Amino acid sequence comparison indicates that granulysin is a member of the s a p sin-like protein (SAPLIP) family. Granulysin is
most similar to NK-lysin (43% identity and
67% similarity), a porcine protein with antibacterial activity (6). Granulysin is in the cytotoxic
granules of T cells, which are released upon
antigen stimulation (5). Two subsets of CTLs
exist, which differ in phenotype, cytotoxic effector pathway, and antimicrobial activity (3).
CD8+ CTLs lyse M. tuberculosis-infected
macrophages by a granule-dependent mechanism that results in killing of the intracellular
5. Stenger, P. Dewan, K. R. Niazi, T. Ganz, 5. ThomaUszynski, R. L. Modlin, Divisions of Dermatology and
Pulmonary Medicine, Department of Medicine, Department of Microbiology and Immunology and the
Molecular Biology Institute, UCLA School of Medicine,
Los Angeles, CA 90095, USA. D. A. Hanson and A. M.
Krensky, Division of Immunology and Transplantation
Biology, Department of Pediatrics, Stanford University, Stanford, CA 94305, USA. R. Teitelbaum and 8. R.
Bloom, Howard Hughes Medical Institute, Albert Einstein College of Medicine, Bronx, NY 10461, USA. C.J.
Froelich, Evanston Northwestern Healthcare Research
Institute and Evanston Hospital, Department of Medicine, Evanston, IL 60201, USA. A. Meliln and S. A.
Porcelli, Division of Rheumatology, Immunology and
Allergy, Brigham and Women's Hospital at Harvard
Medical School, Boston, MA 02115, USA. C. Bogdan,
lnstitut fur Klinische Mikrobiologie, lmmunologie und
Hygiene, Universitat Erlangen, D-91054 Erlangen,
Germany.
'Current address: lnstitut fiir Klinische Mikrobiologie,
lmmunologie und Hygiene, Universitit Erlangen,
D-91054 Erlangen, Germany.
?To whom correspondence should be addressed:
rmodlin@medicine.medxh.ucla.edu

pathogen. In contrast, the cytotoxicity of
CD4-CD8- [double negative @N)] T cells is
mediated by Fas-Fas ligand interaction and
does not inhibit growth of the mycobacteria.
The presence of granulysin in these two populations was therefore investigated (Fig. 1). By
protein imrnunoblot analysis, granulysin was
detected in three CD8+ CTLs, &o that were
CD 1-restricted and specific for M. tuberculosis
and one that was major histocompatibilitycomplex class I-restricted and specific for an influenza virus peptide (Fig. 1B). In contrast, three
CD 1-restricted, M. tuberculosis-specific DN
CTLs expressed no granulysin. Confocal microscopy of CD8+ CTLs for granulysin revealed a punctate pattern consistent with granule localization (Fig. 1A). Double staining of
the CD8+ T cells with antibodies to granulysin
and perforin, a molecule known to be expressed
in cytotoxic granules (7), showed a substantial
colocalization. These data demonstrated the
presence of granulysin in cytotoxic granules of
CD8+ but not in DN CTLs.
To assess whether the microbicidal effect of
CTLs on infected macrophages was mediated

by release of cytotoxic granules, we used human CTLs that effectively killed intracellular
M. tuberculosis residing in macrophages (Fig.
1C). When the CTLs were pretreated with
Sr++ to induce degranulation and deplete their
cytotoxic granules, the ability of CTLs to kill
the pathogen was abrogated (Fig. lC, left). The
ability to detect granulysin disappeared in parallel with the loss of microbicidal activity (Fig.
lC, right). In this system, the intracellular killing of mycobacteria was not athibutable to a
purinergic mechanism (8). Thus, the expression
of granulysin and the ability to reduce the viability of intracellularM. tuberculosis correlated.
We used recombinant granulysin (9) to
directly test its antimicrobial activity against
several microbial pathogens. Culture conditions were adapted for the specific growth
requirements of each organism, and growth
inhibition induced by recombinant granulysin
was initially screened by radial diffusion assay and confirmed by colony-forming unit
(CFU) assay (Fig. 2). In these experiments,
granulysin showed a dose-dependent growth
inhibition of a broad spectrum of pathogens,

Fig. 1. The presence
of granulysin correlates with the antimycobacterial effect
of CTLs. (A) Detection of perforin and
granulysin in CTLs by
confocal laser microscopy (26). Cell lines
recognizingeither influenza virus (CD8.FP3)
or M. tuberculosis
(CD8.1) were doublelabeled with anti-perforin (red vesicles) and
anti-granulysin (green
vesicles). Cells were visualized by differential
interference contrast
(DIC) (first panel of
each row). Fluorescent
confocal images were
obtained for perforin
expression (red, second
panel of each row) and
granulysin expression
(green, third panel of
each row). The two images were then superimposed (fourth panel
of each row) to show
vesicles expressing both perforin and granulysin (yellow). (B) Protein immunoblot analysis of CTLs for
granulysin (27). Lysates of three DN (lane 1, DN.PT; lane 2, DN.OR; and lane 3, DNAJW), three CD8+
(lane 4, CD8.TX; lane 5, CD8.FP3; and lane 6, CD8.2), and an NK cell line (20)(lane 7, YT) were separated
by SDS-polyacrylamide gel electrophoresis. ~ranubsin
was detected with a rabbit serum and visualized
by chemiluminescence. The arrows indicate the two known forms of eranulvsin. 15 kD and 9 kD 19.The
blot shown is a representativeexample of three independent experikentsawith similar results. (c) The
ability to reduce the viability of intracellular M. tuberculosis correlates with the expression of granulysin.
Granules of an M, tuberculosis-specific CD8.TX) or influenza peptide-specific (CDE.FP3) line were
CTLs were coincubated with macrophages (25)which had
released by treatment with strontium
been infected with M. tuberculosis (29). After 18 hours, mycobacterialviabili was determined (30). The
number of cells expressing granulysin was determined by immunostaining$l). The results shown are
representative for two independent experiments, each performed in triplicates. The data are given as
CFU SEM (left) or percentage of cells expressing granulysin 2 SEM (right). Scale bar represents 2 p,m
in all panels.

(4.

+
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including bacteria, fungi, and parasites. We
found potent antibacterial activity in the micromolar range against gram-positive and
gram-negative bacteria, causing a three orders of magnitude reduction in CFUs of S.
typhimurium, L. monocytogenes, E. coli, and
Staphylococcus aureus (Fig. 2 , left). Granulysin also killed fungi and parasites, including Cryptococcus neoformans, Candida albicans, and Leishmania major (Fig. 2, right).
The broad antimicrobial spectrum of granulysin is reminiscent of structurally unrelated
defensins, which are nonspecifically released
fiom cytoplasmic granules of polymorphonuclear leukocytes to kill phagocytized pathogens, including M. tuberculosis (10).
Mycobacterium tuberculosis is one of the
most resistant pathogens to microbicidal
mechanisms of mononuclear phagocytes. The
only effector molecules clearly shown to be
involved are reactive nitrogen intermediates
(11). The effect of granulysin on the viability
of virulent M. tuberculosis was examined by
culturing M. tuberculosis in 7H9 media in the
presence of various concentrations of granulysin (Fig. 3A, left). In five experiments,
granulysin killed M. tuberculosis in a dosedependent manner, with up to 90% of the
bacteria killed within 72 hours, representing
almost a logarithmic reduction jn the number
of CFUs. However, no antibacterial activity
was detected when granulysin was added to
M. tuberculosis-infected macrophages (Fig.
3A, right). Although the percentage reduction
of M. tuberculosis CFUs was within an order
of magnitude and less than that seen against

coincGbated underappropriate conditions in a
volume of 50 FI(bacteria and fungi: 3 hours at
37OC; L, major: 72 hours at 26OC). Samples
were then diluted and spread on Trypticase soy
agar (bacteria) or Sabouraud dextrose agar
(fungi). After 24 hours, the number of CFUs was
determined (32). Leishmania major parasites
were quantitated by limiting dilution analysis
performed on Novy-Nicolle-MacNeal blood
agar slants, and the number of positive wells
was determined microscopically after 14 days
of incubation at 26OC. The results shown are
representative for at least three experiments
with similar results and are given as CFUs.

E. coli, M. tuberculosis infection in vivo can
be produced by as few as 10 to 200 bacilli
and is a slow process. In our experiments, the
time of in vitro assay was only 72 hours, so
that a cumulative antimicrobial effect mediated by these T cells over time could have a
profound effect on the number of bacilli during the course of infection.
One explanation for the inability of granu-

1

lysin to kill intracellular as compared with
extracellular M.tuberculosis was the possible
failure of the purified recombinant protein to
gain access to the intracellular compartment
in which mycobacteria reside. Such a defect
may be overcome by the pore-forming agent
perforin, which colocalized with granulysin
(Fig. 1A). Experiments were therefore designed to compare relative activities of granu-
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of proteh. (B) L$C activity-of granulysin and perforin: lnfected macrophages were incubated with
granulysin or perforin. After 4 hours, the extent of cell lysis was determined (33). Results are given
as percentage of specific lysis and show one typical experiment out of six. The SD between the
single experiments was <7% for all concentrations. The spontaneous release of LDH by infected
macrophages in the absence of protein was <lo%. (C) Mycobadericidal activity of a combination
of perforin and granulysin. Macrophages infected with M. tuberculosis were incubated with
granulysin (25 yM) and perforin (2000 Ulml). After 72 hours, the number of live bacteria was
determined (30). The data are given as percentage of killing of M. tuberculosis as compared with
the bacteria cultured in diluent alone.
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Mycobacterium tuberculosis coincubated for 80 hours with granulysin results in the formation of marked lesions in the
bacterial surface (~23,000).(C) Granulysin-treated bacteria singly and in clusters reveal surface lesions
(~40,000).(D) Percentage of granulysin-treated M. tube~ulosiswith lesions. Results shown represent
the mean f SEM of more than 400 bacilli per group enumerated per treatment.
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immunoglobulin C, (IgG,,) control. Cells were then
washed two times with PBS and 5% goat serum and
incubated with Texas Red-conjugated goat antimouse IgC,..,
(2.5 yglml) (Molecular Probes) for 1
hour at 4°C. Subsequently, incubation with 10%
mouse serum in PBS for 10 min and two washes with
PBS and 5% goat serum were performed to block
nonspecific binding. Cells were then stained with
either anti-granulysin DH2 (4 pglml) (D. Hanson and
A. Krensky, unpublished data) or P3, an lgGl control,
followed by two additional wash steps with PBS and
5% goat serum. For confocal microscopy, cells were
mounted on glass slides in Vectashield mounting
medium (Vector Laboratories, Burlingame, CA) as an
antifading agent. Cells were then examined with a
Leica TCS-NT confocal laser scanning microscope
fitted with krypton and argon lasers. Cells were illuminated with 488 and 568 nm of light after filtering
through an acoustic optical device. Images of cells
decorated with fluorescein isothiocyanate (FITC) and
Texas Red were recorded simultaneously through
separate optical detectors with a 530-nm band-pass
filter and a 590-nm long-pass filter, respectively.
Pairs of images were superimposed for colocalization
analysis (22).
27. M. tuberculosis-specific, CDI-restricted DN or
CD8.- CTLs and influenza peptide-specific CD8.CTLs were generated and cultured as described
previously (3). Cranulysin protein was detected by
pelleting 1 X l o 6 CTLs 1 week after the last
restimulation with antigen, lysing the cells in SDS
sample buffer, and separating proteins on 15% SDS
gels. Proteins were then transferred t o nitrocellulose membranes. To ensure equal loading, we initially determined the protein concentration spectrophotometrically and confirmed i t by staining
the nitrocellulose membranes with Ponceau red.
Granulysin protein was detected with 519lGST
rabbit serum (111000) (5) followed by horseradish
peroxidase-conjugated secondary antibodies. Immunodetection was performed with enhanced
chemiluminescence following the manufacturer's
guidelines.
28. CTLs were degranulated by pretreatment with 25
mM strontium (Aldrich, Milwaukee, WI) for 18 hours.
Previous studies by Bloom and colleagues (23), based
on many studies on degranulation of mast cells (24)
by strontium, as well as the previous study of CTLs
(3), have demonstrated that strontium induces degranulation of lymphocytes without causing cellular
toxicity. Strontium inhibits the cytotoxicity of CD8.CTLs by inducing the release of cytotoxic granules,
reflected by the release of granzyme A and the
marked reduction of perforin and granulysin-containing granules (Fig. 1C) (S. Stenger et al., data not
shown). The capacity of CD8- CTLs t o proliferate and
release interferon y upon antigen-specific activation
was not affected by treatment with strontium. In
addition, strontium did not affect the ability of DN,
CDI-restricted CTLs to lyse infected target cells.
Strontium-treated lymphocytes were thoroughly
washed before coculture with M, tuberculosis-infected cells. Therefore, the inhibition of the antimicrobial activity of CD8.- CTLs by strontium is not due
t o a nonspecific or toxic effect.

Mycobacteriurn. tuberculosis (virulent strain H37Rv)
was grown in suspension with gentle, constant rotation in roller bottles containing Middlebrook 7H9
medium (Difco, Detroit, MI) supplemented with
0.05% Tween 80 (Sigma), 1% glycerol (ICN, Costa
Mesa, CA), and 10% OADC (oleic acid, albumin,
dextrose, catalase) (Becton-Dickinson). Portions from
logarithmically growing cultures were frozen in PBS
containing 10% glycerol. Comparison of microscope
counts of mycobacteria and their growth on Middlebrook 7 H l I agar plates revealed a viability of the
bacteria above 90%. Adherent monolayers (25) were
infected with live M. tuberculosis for 4 hours at a
multiplicity of infection of 5: 1. After extensive washing, macrophages were detached, and the efficiency
of infection was determined by staining a portion
with auramine-rhodamine acid-fast stain.
To determine the viability of intracellular mycobacteria, we lysed the macrophages with 0.1%
saponin and plated fivefold dilutions of the lysates
in duplicates on 7 H l l agar plates. The number of
colonies was counted after 3 weeks of incubation.
The percentage of killing of intracellular M. tuberculosis mediated by CD8.TX (Fig. 1C) was calculated according t o the following formula: [(CFUs in
macrophages cultured with CD8.FP3 - CFUs in
macrophages cultured with CD8,TX)ICFUs in macrophages cultured with CD8.FP31 X 100, where
CD8.FP3 is an influenza peptide-specific CTL without lytic activity against mycobacteria-infected
macrophages and was therefore included as a negative control. Killing of M. tuberculosis by granulysin and perforin (Fig. 3C) was calculated as follows: {[CFUs in macrophages cultured in diluent
alone - CFUs in macrophages cultured in the
presence of perforin or granulysin (or both)]/CFUs
in macrophages cultured in diluent alone) X 100.
The number of cells expressing granulysin was
determined by immunostaining of a portion of the
same cell suspension used for the determination of
mycobacterial growth. Sr'--treated or untreated
CTLs were immobilized on poly-L-lysine-coated
slides, fixed with 4% paraformaldehyde, and incubated with permeabilizationlblocking solution (5%
human serum, 5% goat serum, 0.1% Triton X-100,
0.01% saponin, and 1% nonfat dry milk). Cells
were stained with a monoclonal mouse anti-human (DH2, 5 p g l m l ) and detected with a FITCconjugated goat anti-mouse.
Bacteria or fungi were incubated with the indicated
concentrations of granulysin at 37°C for 3 hours in 10
mM sodium phosphate (pH 7.4) supplemented with
0.03% Trypticase soy broth (Becton-Dickinson) for
bacteria or 0.03% Sabouraud dextrose broth (Difco)
for fungi in a volume of 50 p I After incubation, the
samples were diluted 1:100 in ice-cold 10 mM PO,
and spread on Trypticase soy agar or Sabouraud
dextrose agar plates (Clinical Standard Laboratories,
Rancho Domingez, CA) with a spiral plater (Spiral
Systems, Cincinnati, OH), which delivers a defined
volume per area and thus allows precise counts of
microbial colonies. For quantification of L. major,
20,000 stationary phase promastigotes were incubated with various concentrations of granulysin or di-

luent. After 72 hours, limiting dilution was performed, and the number of live parasites was estimated by applying Poisson statistics and x2-minimization. The principal protein used to control the
activity of granulysin was a cloned fragment of
HSP70, residues 549 to 646, previously used as a
control for granulysin (5). It has a molecular weight
of 10.8 kD, quite comparable t o the size of the 9-kD
form of granulysin. The HSP70(549-646) fragment
was cloned into the same expression vector with the
same cloning sites as granulysin, and both proteins
were purified exactly the same way: nickel column
under denaturing conditions, refolded, dialyzed, and
finally purified by reversed-phase high-performance
liquid chromatography. The endotoxin content of
both preparations was 10.05 nglml. Cranulysin, the
HSP70(549-646) fragment, and all cell lines used in
this study were of human origin. The HSP70(549646) fragment was included in our initial screening of
the antimicrobial activity of granulysin by radial diffusion assay and did not show any activity. We also
used purified perforin as an additional control on the
antimicrobial killing of several species of bacteria in
vitro and found it t o be without effect.
The percentage of cell lysis was determined by measuring the enzymatic activity of lactate dehydrogenase (LDH) in the supernatant (CytoTox 96: Promega,
Madison, WI). Specific lysis was calculated according
to the formula {[absorbance at 490 nm A
(),,
from
experimental - ,,A,
spontaneous release)/(maximal
,,
spontaneous release X IOO]).
release - ,A
Mycobacteriurn tuberculosis (2 X l o 6 ) was cultured
in 7H9 media supplemented with OADC with or
without the addition of purified granulysin (30 y g l
ml). After incubation at 37°C with gentle shaking for
80 hours, portions were fixed in 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.4) for 4
hours. Bacteria were washed twice in PBS, placed on
cover slips coated with poly-L-lysine or fibronectincoated tissue culture inserts (BIOCOAT; Becton-Dickinson) for 45 min, and then processed for scanning
electron microscopy. Specimens were viewed on a
JEOL 6400 scanning electron microscope.
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