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An Antimicrobial Activity of
Cytolytic T Cells Mediated by

Granulysin
Steffen Stenger,* Dennis A. Hanson, Rachel Teitelbaum,
Puneet Dewan, Kayvan R. Niazi, Christopher J. Froelich,
Tomas Ganz, Sybille Thoma-Uszynski, Agustı́n Melián,
Christian Bogdan, Steven A. Porcelli, Barry R. Bloom,

Alan M. Krensky, Robert L. Modlin†

Cytolytic T lymphocytes (CTLs) kill intracellular pathogens by a granule-de-
pendent mechanism. Granulysin, a protein found in granules of CTLs, reduced
the viability of a broad spectrum of pathogenic bacteria, fungi, and parasites
in vitro. Granulysin 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 pro-
tective immunity against intracellular patho-
gens such as Listeria monocytogenes and

Trypanosoma cruzi, pathogens known to es-
cape from the phagocytic vacuoles into the
cytoplasm of infected host cells. CTLs have
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also been implicated in the control of organ-
isms that are phagocytized by macrophages
and remain localized within the phagosomes
(for example, Salmonella typhimurium, Esch-
erichia coli, and Mycobacterium tuberculo-
sis). One mechanism by which immunity
arises has been postulated to be the lysis of
infected cells by the antigen-specific CTLs
(1). This lysis is thought to be followed by the
release of live bacteria, which are subse-
quently taken up and killed by newly immi-
grated 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 granulysin 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 indi-
cates that granulysin is a member of the sapo-
sin-like protein (SAPLIP) family. Granulysin is
most similar to NK-lysin (43% identity and
67% similarity), a porcine protein with antibac-
terial 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 ef-
fector pathway, and antimicrobial activity (3).
CD81 CTLs lyse M. tuberculosis–infected
macrophages by a granule-dependent mecha-
nism that results in killing of the intracellular

pathogen. In contrast, the cytotoxicity of
CD42CD82 [double negative (DN)] T cells is
mediated by Fas-Fas ligand interaction and
does not inhibit growth of the mycobacteria.
The presence of granulysin in these two popu-
lations was therefore investigated (Fig. 1). By
protein immunoblot analysis, granulysin was
detected in three CD81 CTLs, two that were
CD1-restricted and specific for M. tuberculosis
and one that was major histocompatibility com-
plex class I–restricted and specific for an influ-
enza virus peptide (Fig. 1B). In contrast, three
CD1-restricted, M. tuberculosis–specific DN
CTLs expressed no granulysin. Confocal mi-
croscopy of CD81 CTLs for granulysin re-
vealed a punctate pattern consistent with gran-
ule localization (Fig. 1A). Double staining of
the CD81 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
CD81 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 hu-
man CTLs that effectively killed intracellular
M. tuberculosis residing in macrophages (Fig.
1C). When the CTLs were pretreated with
Sr11 to induce degranulation and deplete their
cytotoxic granules, the ability of CTLs to kill
the pathogen was abrogated (Fig. 1C, left). The
ability to detect granulysin disappeared in par-
allel with the loss of microbicidal activity (Fig.
1C, right). In this system, the intracellular kill-
ing of mycobacteria was not attributable to a
purinergic mechanism (8). Thus, the expression
of granulysin and the ability to reduce the via-
bility of intracellular M. tuberculosis correlated.

We used recombinant granulysin (9) to
directly test its antimicrobial activity against
several microbial pathogens. Culture condi-
tions were adapted for the specific growth
requirements of each organism, and growth
inhibition induced by recombinant granulysin
was initially screened by radial diffusion as-
say 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,
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Fig. 1. The presence
of granulysin corre-
lates with the anti-
mycobacterial effect
of CTLs. (A) Detec-
tion of perforin and
granulysin in CTLs by
confocal laser micros-
copy (26). Cell lines
recognizing either influ-
enza virus (CD8.FP3)
or M. tuberculosis
(CD8.1) were double-
labeled with anti-per-
forin (red vesicles) and
anti-granulysin (green
vesicles). Cells were vi-
sualized 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 im-
ages were then super-
imposed (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, DN.AJW ), three CD81

(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. Granulysin was detected with a rabbit serum and visualized
by chemiluminescence. The arrows indicate the two known forms of granulysin, 15 kD and 9 kD (5). The
blot shown is a representative example of three independent experiments with 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 (CD8.FP3) line were
released by treatment with strontium (28). CTLs were coincubated with macrophages (25), which had
been infected with M. tuberculosis (29). After 18 hours, mycobacterial viability was determined (30). The
number of cells expressing granulysin was determined by immunostaining (31). The results shown are
representative for two independent experiments, each performed in triplicates. The data are given as
CFU 6 SEM (left) or percentage of cells expressing granulysin 6 SEM (right). Scale bar represents 2 mm
in all panels.
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including bacteria, fungi, and parasites. We
found potent antibacterial activity in the mi-
cromolar range against gram-positive and
gram-negative bacteria, causing a three or-
ders of magnitude reduction in CFUs of S.
typhimurium, L. monocytogenes, E. coli, and
Staphylococcus aureus (Fig. 2, left). Granu-
lysin also killed fungi and parasites, includ-
ing Cryptococcus neoformans, Candida albi-
cans, and Leishmania major (Fig. 2, right).
The broad antimicrobial spectrum of granu-
lysin is reminiscent of structurally unrelated
defensins, which are nonspecifically released
from cytoplasmic granules of polymorphonu-
clear leukocytes to kill phagocytized patho-
gens, 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 granu-
lysin (Fig. 3A, left). In five experiments,
granulysin killed M. tuberculosis in a dose-
dependent manner, with up to 90% of the
bacteria killed within 72 hours, representing
almost a logarithmic reduction in 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

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 medi-
ated by these T cells over time could have a
profound effect on the number of bacilli dur-
ing the course of infection.

One explanation for the inability of granu-

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 de-
signed to compare relative activities of granu-

Fig. 2. Dose-dependent cytotoxicity of granu-
lysin against bacteria, parasites, and fungi. Mi-
croorganisms and granulysin were mixed and
coincubated under appropriate conditions in a
volume of 50 ml (bacteria and fungi: 3 hours at
37°C; L. major : 72 hours at 26°C). 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 26°C. The results shown are
representative for at least three experiments
with similar results and are given as CFUs.

Fig. 3. Granulysin delivered by perforin kills
intracellular M. tuberculosis. (A) Effect of
granulysin on the viability of extracellular (left)
or intracellular (right) M. tuberculosis. Granuly-
sin or HSP70 fragment (5) was added to 10,000
bacteria, and after 72 hours live bacteria were
enumerated by determining the CFUs. Infected
macrophages were incubated with granulysin
to determine the effect on intracellular bacte-
ria. After 72 hours, the number of CFUs was
determined (30). The data show one represen-
tative result of five independent experiments,
where the SD between the experiments was
,5% for all protein concentrations. Data are
given as percentage of killing of M. tuberculosis as compared with cultures incubated in the absence
of protein. (B) Lytic activity of granulysin and perforin. Infected 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 ,10%. (C) Mycobactericidal activity of a combination
of perforin and granulysin. Macrophages infected with M. tuberculosis were incubated with
granulysin (25 mM) and perforin (2000 U/ml). 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.

Fig. 4. Granulysin induc-
es lesions in the myco-
bacterial cell surface.
Mycobacterium tuber-
culosis was incubated
with or without granu-
lysin (30 mM) for 80
hours. 1 3 106 bacteria
were fixed and pro-
cessed for scanning
electron microscopy
(34). (A) Mycobacteri-
um tuberculosis incu-
bated for 80 hours in
medium alone (323,000;
scale bar represents 1
mm in all panels). (B)
Mycobacterium tuber-
culosis coincubated for 80 hours with granulysin results in the formation of marked lesions in the
bacterial surface (323,000). (C) Granulysin-treated bacteria singly and in clusters reveal surface lesions
(340,000). (D) Percentage of granulysin-treated M. tuberculosis with lesions. Results shown represent
the mean 6 SEM of more than 400 bacilli per group enumerated per treatment.
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lysin and purified perforin (12) in lysing hu-
man macrophages infected with virulent M.
tuberculosis (Fig. 3B). Granulysin, when
added in a concentration range that efficiently
killed extracellular bacteria, showed little lyt-
ic activity against infected macrophages. In
contrast, purified perforin, which is known to
lyse various hematopoietic targets (13), ex-
hibited substantial lytic activity against iden-
tically infected macrophages but was ineffec-
tive in reducing the viability of M. tubercu-
losis either in culture or intracellularly in
macrophages. Thus, granulysin is a powerful
mycobactericidal agent but may not be effec-
tively delivered to the phagolysosomal com-
partment. In contrast, perforin is an ineffec-
tive antimicrobial agent, although it has the
capacity to lyse infected target cells. A com-
bination of perforin and granulysin resulted
in macrophage lysis and decreased viability
of intracellular mycobacteria (Fig. 3C). Thus,
granulysin could kill intracellular M. tuber-
culosis if perforin, or possibly other pore-
forming molecules of T cell granules, provid-
ed access to the intracellular compartment.
The bacteria may be killed intracellullarly or
extracellularly in tuberculosis, but this issue
may not be of great biological importance.
We know that M. tuberculosis grows both
intracellularly or extracellularly, such that a
CTL granule protein that can reduce the via-
bility of the pathogen within infected cells or
in the vicinity of infected or dying cells could
have profound protective activity.

Both perforin and members of the amoeba-
pore family are thought to mediate their biolog-
ical effects by formation of microscopic pores
leading to damage of target cell membranes
(14). Consequently, we sought to ascertain
whether granulysin killed M. tuberculosis by
altering the structure or integrity of the bacteria.
Scanning electron microscopy revealed that
granulysin induces discrete lesions and distor-
tions in the bacterial surface of M. tuberculosis
(Fig. 4). Mycobacteria, singly and in clusters,
were found to contain multiple small protru-
sions that were almost entirely absent from
control samples. The reduction in viable CFUs
in conjunction with evidence of bacterial sur-
face alteration and distortion indicates that
granulysin is directly cytotoxic to M. tubercu-
losis and other bacteria.

These findings define a pathway by which
antigen-specific T cells directly contribute to
the death of microbial pathogens, specifically
microorganisms residing in intracellular com-
partments. Perforin has a role in delivery of
granule-associated proteins into subcellular
compartments (15). We hypothesize that this
mechanism allows granulysin to gain access to
intracellular pathogens and destroy them. Al-
though initial studies with perforin gene knock-
out mice had suggested that perforin is not
required for the early control of tuberculosis
(16), more recent studies indicate that perforin

is in fact required for long-term protection (17).
The perforin-granulysin microbicidal pathway
is likely to complement non–antigen-specific
mechanisms by which monocytes kill patho-
gens, including the generation of nitric oxide
and oxygen free radicals.

A number of biologic functions have been
proposed for the SAPLIP family, which in-
cludes granulysin, NK-lysin, saposins, sur-
factant-associated protein B, amoebapores,
and plant aspartic proteinases. The present
results provide evidence for the antimicrobial
activity of granulysin. The presence of granu-
lysin in NK cells (18) and of related peptides
in cytoplasmic granules of Entamoeba histo-
lytica, the amoebapores (19), suggests that
the SAPLIP family represents an ancient yet
highly conserved form of antimicrobial host
defense, likely contributing to innate immune
responses. The importance of this pathway is
reflected by the presence of granulysin and
other family members in CTLs, indicating
that the adaptive immune response has
evolved to include antimicrobial peptides for
effective immunity. We propose that the role
of CTLs in protection against intracellular
pathogens is not merely to lyse target cells
and disperse the intracellular pathogens but in
addition to deliver granulysin, a lethal weap-
on by which CTLs can directly reduce the
viability of a variety of bacteria, fungi, and
parasites genetically selected to evade host
defense.
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APCs are adherent and therefore allow removal of non-
phagocytized mycobacteria, (ii) they can be infected
with virulent M. tuberculosis with high efficiency (3.9
bacteria per infected cell, 85% of the cells infected), and
(iii) they present antigen to CD1-restricted CTLs.
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immunoglobulin G2b (IgG2b) control. Cells were then
washed two times with PBS and 5% goat serum and
incubated with Texas Red–conjugated goat anti-
mouse IgGH1L (2.5 mg/ml) (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 mg/ml) (D. Hanson and
A. Krensky, unpublished data) or P3, an IgG1 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 illu-
minated 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, CD1-restricted DN or
CD81 CTLs and influenza peptide–specific CD81

CTLs were generated and cultured as described
previously (3). Granulysin protein was detected by
pelleting 1 3 106 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 to nitrocellu-
lose membranes. To ensure equal loading, we ini-
tially determined the protein concentration spec-
trophotometrically and confirmed it by staining
the nitrocellulose membranes with Ponceau red.
Granulysin protein was detected with 519/GST
rabbit serum (1/1000) (5) followed by horseradish
peroxidase–conjugated secondary antibodies. Im-
munodetection 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 de-
granulation of lymphocytes without causing cellular
toxicity. Strontium inhibits the cytotoxicity of CD81

CTLs by inducing the release of cytotoxic granules,
reflected by the release of granzyme A and the
marked reduction of perforin and granulysin-contain-
ing granules (Fig. 1C) (S. Stenger et al., data not
shown). The capacity of CD81 CTLs to proliferate and
release interferon g upon antigen-specific activation
was not affected by treatment with strontium. In
addition, strontium did not affect the ability of DN,
CD1-restricted CTLs to lyse infected target cells.
Strontium-treated lymphocytes were thoroughly
washed before coculture with M. tuberculosis–in-
fected cells. Therefore, the inhibition of the antimi-
crobial activity of CD81 CTLs by strontium is not due
to a nonspecific or toxic effect.

29. Mycobacterium. tuberculosis (virulent strain H37Rv)
was grown in suspension with gentle, constant rota-
tion 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 Middle-
brook 7H11 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 wash-
ing, macrophages were detached, and the efficiency
of infection was determined by staining a portion
with auramine-rhodamine acid-fast stain.

30. To determine the viability of intracellular myco-
bacteria, we lysed the macrophages with 0.1%
saponin and plated fivefold dilutions of the lysates
in duplicates on 7H11 agar plates. The number of
colonies was counted after 3 weeks of incubation.
The percentage of killing of intracellular M. tuber-
culosis mediated by CD8.TX (Fig. 1C) was calculat-
ed according to the following formula: [(CFUs in
macrophages cultured with CD8.FP3 2 CFUs in
macrophages cultured with CD8.TX )/CFUs in mac-
rophages cultured with CD8.FP3] 3 100, where
CD8.FP3 is an influenza peptide–specific CTL with-
out lytic activity against mycobacteria-infected
macrophages and was therefore included as a neg-
ative control. Killing of M. tuberculosis by granu-
lysin and perforin (Fig. 3C) was calculated as fol-
lows: {[CFUs in macrophages cultured in diluent
alone 2 CFUs in macrophages cultured in the
presence of perforin or granulysin (or both)]/CFUs
in macrophages cultured in diluent alone} 3 100.

31. 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. Sr11-treated or untreated
CTLs were immobilized on poly-L-lysine–coated
slides, fixed with 4% paraformaldehyde, and incu-
bated with permeabilization/blocking 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-hu-
man (DH2, 5 mg/ml) and detected with a FITC-
conjugated goat anti-mouse.

32. 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 ml. After incubation, the
samples were diluted 1:100 in ice-cold 10 mM PO4
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 incubat-
ed with various concentrations of granulysin or di-

luent. After 72 hours, limiting dilution was per-
formed, and the number of live parasites was esti-
mated by applying Poisson statistics and x2-minimi-
zation. 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 to 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 ,0.05 ng/ml. Granulysin, the
HSP70(549-646) fragment, and all cell lines used in
this study were of human origin. The HSP70(549-
646) fragment was included in our initial screening of
the antimicrobial activity of granulysin by radial dif-
fusion 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 to be without effect.

33. The percentage of cell lysis was determined by mea-
suring the enzymatic activity of lactate dehydroge-
nase (LDH) in the supernatant (CytoTox 96; Promega,
Madison, WI). Specific lysis was calculated according
to the formula {[absorbance at 490 nm (A490) from
experimental 2 A490 spontaneous release)/(maximal
release 2 A490 spontaneous release 3 100]}.

34. Mycobacterium tuberculosis (2 3 106) was cultured
in 7H9 media supplemented with OADC with or
without the addition of purified granulysin (30 mg/
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 fibronectin-
coated tissue culture inserts (BIOCOAT; Becton-Dick-
inson) for 45 min, and then processed for scanning
electron microscopy. Specimens were viewed on a
JEOL 6400 scanning electron microscope.
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