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N

atural killer cells and CD8 CTL play a pivotal role in the
effector arm of host defense. The ability of NK cells and
CD8 T lymphocytes to kill tumor cells or infected host
cells is well recognized. Furthermore, they share some common
mechanisms. For example, both NK and CD8 T lymphocytes can
lyse targets through the Fas-Fas ligand or the perforin-granzymemediated pathway (1–3). However, the mechanisms involved during one of their important functions, namely direct lymphocytemediated microbial killing, are still not clear. It has been shown
that granulysin, a product of cytotoxic lymphocytes, is capable of
killing or inhibiting the growth of microbes (4). Granulysin is a
member of the saposin-like protein family that includes amoebapores, pulmonary surfactant protein B, saposin, and NK lysin (5).
Granulysin is located in the cytotoxic granules of NK cells and
CD8 T lymphocytes and exists in 15- and 9-kDa forms (6, 7).
Granulysin interacts with the lipid components in the cell membrane, leading to the osmotic lysis of microbial targets or apoptosis
of mammalian cells (8, 9). Our previous observations, using Cryptococcus neoformans, which is one of the most common life-
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threatening fungal infections in patients who have compromised
cell-mediated immunity, including AIDS (10 –12), indicated that
granulysin is required for the CD8 T lymphocyte-mediated direct
antifungal activity (13). The granulysin (519) gene is also constitutively expressed in NK cells (14), and in fact was cloned as
NKG5 (15, 16), and NK cells constitutively express granulysin
transcripts; consequently, we felt that granulysin was the likely
mechanism for the NK cell-mediated antimicrobial activity.
However, CD8 CTL and NK cells also express perforin, a calcium-dependent pore-forming protein, which is an important component of granule exocytosis and cell-mediated cytotoxicity. Perforin entry into the tumor target cell membrane creates a signal for
the target cell to repair the damage by endocytosing the perforin
and surrounding plasma membrane (17). Granzymes (distinct from
granulysin) in the vicinity of the lesion are also endocytosed and
ultimately delivered into the target cell cytoplasm and nucleus,
where they deliver proapoptotic signals and induce target cell
death (17). Perforin-mediated cytotoxicity is well documented in
NK cell-mediated defense against host cells infected with several
types of viruses (18 –23), bacteria (24), and parasites (25). However, the role of perforin in NK-mediated direct antimicrobial activity, in which the NK cell is directly in contact with the pathogen,
which is then killed by NK cells, is not clear.
Our previous observations indicated that granulysin is required
for human CD8 T lymphocyte-mediated direct anticryptococcal
activity (13). We were unable to demonstrate that perforin made
any contribution to this activity (13). By contrast, previous studies
have shown that murine NK cell-mediated anticryptococcal activity is due to cytolysin or perforin (26). Because no murine homologue to granulysin has been identified, it may be that murine cells
use perforin as an alternate mechanism to granulysin that is used
by human CD8 CTL. As CD8 CTL and NK cells share common
cytolytic mechanisms, we questioned whether human NK cells
might use granulysin as human CD8 T lymphocytes do, or whether
0022-1767/04/$02.00

Downloaded from http://www.jimmunol.org/ by guest on June 17, 2021

Cytotoxic lymphocytes have the capacity to kill microbes directly; however, the mechanisms involved are poorly understood. Using
Cryptococcus neoformans, which causes a potentially fatal fungal infection in HIV-infected patients, our previous studies showed
that granulysin is necessary, while perforin is dispensable, for CD8 T lymphocyte fungal killing. By contrast, the mechanisms by
which NK cells exert their antimicrobial activity are not clear, and in particular, the contribution of granulysin and perforin to
NK-mediated antifungal activity is unknown. Primary human NK cells and a human NK cell line YT were found to constitutively
express granulysin and perforin, and possessed anticryptococcal activity, in contrast to CD8 T lymphocytes, which required
stimulation. When granulysin protein and mRNA were blocked by granulysin small interfering RNA, the NK cell-mediated
antifungal effect was not affected in contrast to the abrogated activity observed in CD8 T lymphocytes. However, when perforin
was inhibited by concanamycin A, and silenced using hairpin small interfering RNA, the anticryptococcal activities of NK cells
were abrogated. Furthermore, when granulysin and perforin were both inhibited, the anticryptococcal activities of the NK cells
were not reduced further than by silencing perforin alone. These results indicate that the antifungal activity is constitutively
expressed in NK cells in contrast to CD8 T lymphocytes, in which it requires prior activation, and perforin, but not granulysin,
plays the dominant role in NK cell anticryptococcal activity, in contrast to CD8 T lymphocytes, in which granulysin, but not
perforin, plays the dominant role in anticryptococcal activity. The Journal of Immunology, 2004, 173: 3357–3365.
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human NK cells might use perforin as the effector mechanism as
do mouse NK cells.

Materials and Methods
Preparation of C. neoformans
C. neoformans CAP 67 (ATCC 52817, acapsular mutant of 3501) was
obtained from the American Type Culture Collection (Manassas, VA). The
organisms were maintained on Sabouraud’s dextrose slants (Difco, Detroit,
MI) and passaged to fresh slants every month, as previously described (27).

Cells and cell lines

Immunoblot analysis
Cells were lysed in a lysis buffer (50 mM Tris, pH 6.8, 1% SDS, 0.025%
bromphenol blue, 10% glycerol, 20 mM DTT). The nuclei were removed
by centrifugation at 10,000 ⫻ g for 30 min. Protein from the lysates of 5 ⫻
105 cells was loaded in each lane of a 16% Tris-glycine gel (Invitrogen Life
Technologies), separated by electrophoresis, transferred to a nitrocellulose
membrane (Bio-Rad, Hercules, CA), and blotted with polyclonal antigranulysin Ab 519/GST rabbit serum (1/1000 dilution) (4). The reactive
bands were visualized using HRP-conjugated anti-rabbit IgG (1/5000 dilution) (Santa Cruz Biotechnology, Santa Cruz, CA) with the ECL plus
Western blotting detection system (Amersham Biosciences, Piscataway,
NJ). The membranes were then labeled with a mouse anti-␤ actin mAb
(Chemicon International, Temecula, CA), and bands were detected, as described above. For the detection of perforin, the membranes were blotted
with a polyclonal anti-perforin Ab (Research Diagnostic, Flanders, NJ)
(1/1000 dilution), and the bands were visualized, as described above.

Small interfering RNA (siRNA)3 preparation and gene-silencing
assays
The sequence and synthesis of granulysin siRNA, CD20 siRNA, and nonsilencing siRNA duplexes have been previously described (13). YT cells
were transfected by electroporation (Bio-Rad).
3
Abbreviations used in this paper: siRNA, small interfering RNA; RNAi, RNA
interference.

Semiquantitative RT-PCR
Total RNA was extracted from individual cell samples using an RNA extraction kit (Qiagen, Chatsworth, CA). The extracted total RNA was quantified fluorometrically using the SYBR Green II fluorescent RNA dye
(Molecular Probes, Eugene, OR) on an LS-5 fluorescence spectrofluorometer
(PerkinElmer, Wellesley, MA) with excitation at 468 nm and emission at 525
nm using a standard curve of rRNA (Sigma-Aldrich). One microgram of total
RNA from each sample was reverse transcribed using a Stratagene RT-PCR
kit (Stratagene, La Jolla, CA), following the manufacturer’s instructions. The
granulysin-specific primers were: sense, 5⬘-CATATGCATATGGGCCGT
GACTACAGGACCTGTC-3⬘; antisense, 5⬘-GGATCCGGATCCTTACCT
GAGGTCCTCACAGATCTG-3⬘ (31). The perforin-specific primers were:
sense, 5⬘-ATGTAACCCGGGCCAAAGTCA-3⬘; antisense, 5⬘-GTGCCG
TAGTTGGAGATAAGC-3⬘ (32). The human GAPDH-specific primers were:
sense, 5⬘-TCACCATCTTCCAGGAGCGA-3⬘; antisense, 5⬘-AGTGATG
GCATGGACTGTGG-3⬘. The PCR profile for granulysin and GAPDH was:
denaturation at 94°C for 1 min, followed by 25 cycles of denaturation at 94°C
for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min. A final
extension at 72°C for 10 min was used. The PCR profile for perforin was:
94°C for 5 min, 60°C for 5 min, followed by 32 cycles of 90 s at 72°C, 45 s
at 94°C and at 60°C, and a final extension period of 10 min at 72°C. The
number of cycles was adjusted so that amplification occurred over the linear
range. The PCR products were separated by electrophoresis on a 2% agarose
gel and visualized by ethidium bromide staining. The gels were then photographed using Polaroid Type 55 Land film and analyzed by densitometry
(MasterScan Interpretive Densitometer and RFLPscan; Scanalytics/CSP, Fairfax, VA). Integrated density values were normalized to GAPDH values to
yield a semiquantitative assessment of individual transcript levels.

Anticryptococcal activity of YT cells
A CFU assay was performed, as previously described (33–35). C. neoformans (2 ⫻ 103/well) were incubated with or without YT cells (E:T ⫽ 200:1
to 500:1, unless otherwise specified). The number of CFU of C. neoformans per well was determined at 0, 24, or 48 h by lysing the effector cells
with 0.1% Triton X-100, followed by diluting and spreading onto Sabouraud’s dextrose agar plates. Preliminary experiments established that this
concentration of Triton X-100 lysed effector cells without affecting fungal
growth.
Results are expressed as the number of growth of C. neoformans. An
increase in the number of C. neoformans compared with the inoculum
indicates proliferation. Values lower than the inoculum indicate killing.

Statistics
Values are expressed as mean ⫾ SEM for quadruplicate samples. Approximately 15 donors were used for these studies. Experiment was performed
on different donors and on different days. Statistical analysis was performed by using the ANOVA. For this purpose, the Fisher least-squares
difference was used when allowed by the F test. Student’s t test was used
further to do the pairwise comparison using the Bonferroni correction. For
these tests, p ⬍ 0.05 was considered significant.
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YT cells were obtained from C. Clayberger (Stanford University, Stanford,
CA) as a gift, and cultured in medium containing RPMI 1640, 10% FCS,
100 U/ml penicillin, 100 g/ml streptomycin, 2 mM L-glutamine, 1 mM
sodium pyruvate, and 0.1 mM nonessential amino acids (all from Invitrogen Life Technologies, Burlington, Canada).
Primary NK cells were isolated from PBMC. PBMC were prepared, as
described previously (28). Briefly, peripheral blood was obtained by venipuncture from healthy adults who had no history of cryptococcosis and
had not worked with C. neoformans. PBMC were isolated by centrifugation (800 ⫻ g, 20 min) over a Ficoll-Hypaque density gradient (C-SIX
Diagnostics, Mequon, WI). PBMC were harvested and washed three times
in HBSS (Invitrogen Life Technologies) and then resuspended in medium
containing RPMI 1640 (Invitrogen Life Technologies), 5% human AB serum (BioWhittaker, Walkersville, MD), 100 U/ml penicillin, 100 g/ml
streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and 0.1 mM
nonessential amino acids (all from Life Technologies). NK cells were isolated from PBMC by the MACS negative selection system using the NK
cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of NK cells was greater than 90%, as determined by flow cytometry
using PerCP-labeled Abs to CD3 and FITC-labeled Abs to CD56 (BD
Biosciences, Mountain View, CA). CD8 T cells were prepared, as previously described (13).
For some experiments, NK cells were treated with 25 mM strontium
chloride (Sigma-Aldrich, St. Louis, MO) for 24 – 48 h (29, 30), or 10 nM
concanamycin A (Sigma-Aldrich) for 2 h, or 2 mM EGTA (Sigma-Aldrich)
for 12 h. The cells were washed three times in medium and placed in
culture for the experiment. The viability of cells was not altered by these
treatments, as assessed by trypan blue exclusion.
To determine whether direct cell contact is required for anticryptococcal
activity of YT cells, a cell culture insert (BD Discovery Labware, Franklin
Lake, NJ) was put into the wells of 24-well culture plates. Wells of the
plate have two chambers separated by a polycarbonate membrane of cell
culture insert with a pore size of 0.45 m. C. neoformans was placed in the
upper chamber, and YT cells were placed in the lower chamber at a series
of ratios to cryptococcal cells: 102:1, 103:1, 104:1, 105:1, and cultured for
24 and 48 h. The effect on C. neoformans growth was determined, as
described below.

To design perforin target-specific siRNA, we used a hairpin siRNA system (Ambion, Austin, TX). Briefly, we selected a sequence of the type AA
(N19) (N, any nucleotide) from the open reading frame of the perforin
mRNA. The sequence that was targeted for perforin siRNA was from position 481–501 (accession number in GenBank: M28393). The selected
AA(N19) sequence was submitted to a BLAST search against the human
genome sequence to ensure that only one gene was targeted. Then the N19
sequence was put into double-strand hairpin siRNA insert frame (designed
by Ambion): strand 1, 5⬘-N(19) (sense) TTCAAGAGA N(19) (antisense)
TTTTTT-3⬘ (53 bp); strand 2, 3⬘-CCGG N(19) (antisense) AAGTTCTCT
N(19) (sense) AAAAAATTAA-5⬘ (61 bp); two strands of oligonucleotides
were separately synthesized (Sigma-Aldrich). The perforin hairpin siRNA
insert was made by annealing the two oligonucleotide strands together. The
annealing reaction was performed by mixing 2 l of each oligonucleotide
with 46 l of annealing buffer and incubating the mixture at 90°C for 3
min, followed by 37°C for 1 h. The vector pSilencer 1.0-U6 (Ambion) was
digested with EcoRI and ApaI (New England Biolabs, Beverly, MA), and
the hairpin siRNA was ligated into the vector following the manufacturer’s
instructions. The vector alone was used as the control. DNA from the
perforin siRNA vector or the negative control ligation reaction was transformed into competent Escherichia coli by heat shock at 42°C. To select
positive clones that contain the siRNA insert, clones were identified by
sequencing the cloning site using a T3 primer (University Core DNA Services, University of Calgary, Calgary, Canada). Perforin siRNA vector or
vector alone was transfected into YT cells by electroporation using 5–20
g of DNA.
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Results
Primary NK cells and YT cells constitutively express granulysin,
perforin, and anticryptococcal activity

FIGURE 1. YT cells and primary NK cells constitutively expressed
granulysin, perforin, and anticryptococcal activity, but CD8 T cells did not.
A, Immunoblot for granulysin and perforin in resting YT cells, primary NK
cells, and resting and stimulated CD8 T cells (50 ng/ml IL-15). B, Different
number of YT cells were added to C. neoformans, from E:T ⫽ 10:1, 100:1,
200:1, to 500:1. The growth of C. neoformans was determined. C, C. neoformans was added to YT cells (C ⫹ YT) or primary NK cells (C ⫹
primary NK) and compared with the growth of C. neoformans alone
(Crypto alone) at 24 and 48 h. D, C. neoformans was added to resting
primary CD8 T cells (US-CD8) or IL-15-stimulated CD8 T cells (IL-15CD8) and compared with the growth of C. neoformans alone (Crypto
alone). Results are expressed as mean ⫾ SEM. ⴱ, p ⬍ 0.05 compared with
the growth of C. neoformans alone. The experiment was repeated three
times with similar results.

activity and killed C. neoformans. Likewise, there was no statistical difference between the anticryptococcal activity of YT cells
and the anticryptococcal activity of primary NK cells (Fig. 1C). By
contrast, CD8 T cells did not constitutively express anticryptococcal activity, but acquired this ability after stimulation with IL-15
(Fig. 1D).
Anticryptococcal activity of YT cells is contact dependent
It was not clear whether the lymphocyte-mediated anticryptococcal activity required cell contact between the lymphocytes and microbes, or whether it was mediated by soluble factors released by
the lymphocytes. To address the dependence on cell contact, experiments were performed using a polycarbonate membrane containing 0.45-m pores within a cell culture insert. YT cells were
placed above the membrane, and C. neoformans was put in the
culture well below the membrane, which allowed the nutrients and
soluble factors in the medium to exchange between the insert and
culture well freely. When YT cells were in contact with C. neoformans in the culture (C ⫹ YT), the number of organisms was
lower than the initial inoculum, indicating that C. neoformans was
killed by the effector cells (Fig. 2A). By contrast, when the YT
cells were separated from the C. neoformans by the membrane
(C/YT), the number of C. neoformans dramatically increased after
24 and 48 h of culture and was even higher than the group containing C. neoformans alone (Fig. 2A). This effect reached statistical significance when high E:T ratio ⬎1000:1 was used (Fig. 2B).

FIGURE 2. The anticryptococcal activity of YT cells was cell contact
dependent. A, YT cells and C. neoformans (E:T ratio ⫽ 1000:1) were
separated by a cell culture insert (C/YT). The growth of C. neoformans
separated from YT cells (C/YT) was compared with that of C. neoformans
cultured together with YT cells in the culture well (C ⫹ YT), or compared
with that of C. neoformans in the culture well and YT plus C. neoformans
in the culture insert (C/(C ⫹ YT)) or compared with C. neoformans alone
(Crypto alone). B, C. neoformans was separated from YT cells by a cell
culture insert at a series of ratios (E:T ⫽ 102:1, 103:1, 104:1, 105:1) for 24
and 48 h. C, YT cells and C. neoformans were cultured together in the
culture well at same ratios and time points. D, YT cells and C. neoformans
were cultured in the cell culture insert and C. neoformans in the culture
well at the above ratios and time points. Results are expressed as mean ⫾
SEM. ⴱ, p ⬍ 0.05 compared with the growth of C. neoformans alone. The
experiment was repeated three times with similar results.
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To determine whether primary NK cells and YT cells, a human NK
cell line, express granulysin, perforin, and anticryptococcal activity, primary NK cells and YT cells were lysed, and granulysin and
perforin were detected by immunoblot. Perforin and both the 15and 9-kDa forms of granulysin were expressed in primary NK cells
and YT cells (Fig. 1A). Moreover, the level of perforin and granulysin expression in YT cells was similar to that in primary NK cells
(Fig. 1A). By contrast, CD8 T cells did not express perforin or
granulysin constitutively, but did express these products after stimulation with IL-15.
To determine the anticryptococcal activity of YT cells, experiment was performed at a series of E:T ratios. YT cells showed
anticryptococcal activity at E:T ⫽ 10:1, 100:1, 200:1, and 500:1.
To determine whether YT cells and primary NK cells possess anticryptococcal activity, the growth of C. neoformans cultured with
YT cells or primary NK cells was compared with the growth of C.
neoformans alone. When C. neoformans was placed in culture
without NK cells, there was a 180% increase in the number of
organisms after 24 h and ⬎400% at 48 h. When C. neoformans
was cultured with YT cells or primary NK cells, there was a significant anticryptococcal effect. In these cultures, the number of
organisms at 24 and 48 h was lower than the starting inoculum
(Fig. 1C), indicating that YT cells constitutively express fungicidal
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cal activity (13), experiments were performed to determine
whether granulysin was necessary for YT cell-mediated anticryptococcal activity.
To specifically interfere with granulysin, RNA interference
(RNAi) was used. YT cells were transfected by electroporation
with granulysin-specific siRNA. As controls, YT cells were transfected with siRNA to CD20, nonsilencing siRNA, or sham transfection. CD20 is expressed by B cells, but not by NK cells. Granulysin mRNA expression was determined by semiquantitative RTPCR. In YT cells treated with siRNA to granulysin, granulysin
mRNA was dramatically decreased compared with control siRNA
(CD20 siRNA, and nonsilencing siRNA) or sham-transfected cells
(Fig. 4A). By contrast, perforin mRNA was not affected by transfection of granulysin siRNA (Fig. 4A).
To determine whether granulysin protein expression was also
reduced, YT cells were transfected with siRNA and granulysin was
detected by immunoblot. Granulysin protein expression was significantly decreased in the group transfected with granulysin
siRNA, but not affected in the control groups (Fig. 4B).
Downloaded from http://www.jimmunol.org/ by guest on June 17, 2021

Thus, YT cells required contact with C. neoformans to exert their
anticryptococcal activity. However, contact may be required during two stages of the killing process. Contact with C. neoformans
may be required to signal the NK cell to be activated, and this
activation might then be required to express the cytotoxic activity.
Alternatively, contact might be required to transfer the cytotoxic
molecules to the targets. To address these possibilities, YT cells
were stimulated with C. neoformans on one side of the culture
insert, and the target, C. neoformans alone, was place on the other
side (C/(C ⫹ YT)). Without direct cell contact, there was no inhibition of growth of target C. neoformans; indeed, the growth was
similar to the growth of C. neoformans that had been separated
from YT cells by the culture insert (Fig. 2A). Thus, stimulation of
YT cells did not lead to the secretion of soluble cytotoxic factors
that act independent of cell contact. Rather, these results suggest
that cell contact is required for the transfer of cytotoxic molecules
to the microbial target.
To confirm the results we obtained in Fig. 2A, each condition
was performed at different E:T ratios. C. neoformans and YT cells
were separated by the culture insert (C/YT) (Fig. 2B) or C. neoformans were cultured with YT cells together (C ⫹ YT) (Fig. 2C),
or YT cells were stimulated with C. neoformans on one side of the
membrane and the growth of C. neoformans on the other side of
the membrane was determined (C/C ⫹ YT) (Fig. 2D). A dosedependent effect was seen in all conditions.
Anticryptococcal activity of YT cells requires cytotoxic granules
After observing that YT cells constitutively expressed granulysin,
perforin, and anticryptoccoal activity, experiments were performed
to determine whether these constituents of cytotoxic granules were
required for the anticryptococcal activity. SrCl2, which depletes
the granule components of cytotoxic lymphocytes without causing
cellular toxicity, was used (36, 37). After YT cells were treated
with SrCl2, granulysin and perforin were depleted (Fig. 3A). Correspondingly, the anticryptococcal activity was abrogated (Fig.
3B). Thus, depletion of cytotoxic granules containing granulysin
and perforin abrogated the anticryptococcal activity of YT cells.
Granulysin is not responsible for the anticryptococcal activity of
YT cells
Because the anticryptococcal activity of YT cells depended on
cytotoxic granules, and having previously demonstrated that
granulysin was necessary for CD8 T cell-mediated anticryptococ-

FIGURE 3. Depletion of granules reduced the anticryptococcal activity
of YT cells. A, YT cells were not treated (YT) or treated with SrCl2 (YTSr2⫹). Granulysin and perforin were detected by immunoblot. B, The
growth of C. neoformans in the presence of YT cells (C ⫹ YT), YT cells
treated with SrCl2 (C ⫹ YT-Sr2⫹), or SrCl2 (C ⫹ Sr2⫹) was compared with
the growth of C. neoformans alone (Crypto alone). Results are expressed as
mean ⫾ SEM. ⴱ, p ⬍ 0.05 compared with the growth of C. neoformans
alone. The experiment was repeated three times with similar results.

FIGURE 4. Gene silencing of granulysin in YT cells did not affect the
anticryptococcal activity. A, Granulysin steady state mRNA was assessed
by RT-PCR from YT cells alone without electroporation (YT), or YT cells
sham electroporated without siRNA (YT⫺), or YT cells transfected by
electroporation with granulysin siRNA (YT(Gran)), or with CD20 siRNA
(YT(CD20)), or with nonsilencing siRNA (YT(NS)) after transfection for
24 and 48 h. Perforin mRNA level was assessed by RT-PCR to determine
whether granulysin siRNA transfection would affect perforin. B, Granulysin was detected by immunoblot from the same groups. C, The anticryptococcal activity of YT cells (C ⫹ YT), or YT cells sham transfected (C ⫹
YT⫺), or YT cells transfected with granulysin siRNA (C ⫹ YT(siRNA)),
or nonsilencing siRNA (C ⫹ YT(NS)), or CD20 siRNA (C ⫹ YT(CD20))
was compared with the growth of C. neoformans alone (Crypto alone).
Results are expressed as mean ⫾ SEM. ⴱ, p ⬍ 0.05 compared with the
growth of C. neoformans alone. NS, not significant compared with the
growth of C. neoformans in the presence of YT cell sham-transfected (C ⫹
YT⫺) group. The experiment was repeated three times with similar results.
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After demonstrating that expression of granulysin was inhibited
at both the level of mRNA and protein, experiments were performed to determine the effect of blocking granulysin on the anticryptococcal activity. YT cells were transfected with granulysin
siRNA or control siRNA, and challenged with live C. neoformans.
We were surprised to find that YT cells transfected with granulysin
siRNA still possessed anticryptococcal activity, and the anticryptococcal activities were not significantly different from that of the
control groups (Fig. 4C). Therefore, these results indicate that inhibition of granulysin did not affect the anticryptococcal activity of
YT cells, in contrast to human CD8 CTL-mediated anticryptococcal activity that is dependent on the granulysin (13).
Perforin is responsible for the anticryptococcal activity of YT
cells and primary NK cells

FIGURE 5. Gene silencing of perforin in YT cells decreased the anticryptococcal activity. A, Perforin steady state mRNA was assessed by RTPCR from YT cells alone without electroporation (YT), or YT cells sham
electroporated without vector (YT(⫺)), or YT cells transfected by electroporation with perforin siRNA-positive vector (YT(vec⫹)), or with vector
alone (YT(vec)) after transfection for 24 and 48 h. Granulysin mRNA level
was also assessed by RT-PCR to determine whether perforin siRNA vector
transfection would affect granulysin. B, Perforin was detected by immunoblot from above groups. C, The growth of C. neoformans in the presence
of untreated YT cells (C ⫹ YT), or YT cells that had been sham transfected
(C ⫹ YT(⫺)), or YT cells transfected with perforin siRNA vector (C ⫹
YT(vec⫹)), or transfected with vector alone (C ⫹ YT(vec) was compared
with the growth of C. neoformans alone (Crypto alone). Results are expressed as mean ⫾ SEM. ⴱ, p ⬍ 0.05 compared with the growth of C.
neoformans alone. ⫹, p ⬍ 0.05 compared with the growth of C. neoformans in the presence of YT cells that had been sham transfected (C ⫹
YT(⫺)). The experiment was repeated three times with similar results.

periments were performed to inhibit perforin with concanamycin
A and EGTA, which chelates calcium and blocks perforin polymerization. When primary NK cells were treated with concanamycin A (Fig. 6A) or EGTA (Fig. 6B), the anticryptococcal activity
was dramatically reduced, suggesting perforin is the mechanism by
which primary NK cells mediate their anticryptococcal activity as it is
in YT cells.
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After demonstrating that granulysin was not responsible for the
anticryptococcal activity of YT cells, experiments were performed
to determine whether perforin was required for the anticryptococcal activity of YT cells. Two methods were used to block perforin
expression. First, perforin was inhibited by concanamycin A. Concanamycin A, an inhibitor of the vacuolar ATPase that is required
to maintain perforin in lytic granules (38), has been shown to selectively inhibit perforin-mediated T lymphocyte cytotoxicity for
alloantigen-specific targets (38). YT cells treated with concanamycin A showed reduced anticryptococcal activity (data not shown),
suggesting that the perforin-mediated cytotoxic pathway is important for the anticryptococcal activity of YT cells. Correspondingly,
immunoblotting revealed that perforin was decreased (but not
completely inhibited) by concanamycin A treatment (data not
shown). Unfortunately, higher concentrations of concanamycin A
(e.g., 100 nM) that might reduce perforin to a greater extent inhibited the growth of C. neoformans, which prohibited testing the
anticryptococcal activity.
In an attempt to inhibit perforin more specifically and more
completely, hairpin siRNA was used. YT cells that were transfected with a perforin siRNA-positive vector were compared with
cells transfected with the vector alone as a control. The expression
of perforin mRNA was determined by RT-PCR. Perforin mRNA
was dramatically decreased in YT cells transfected with the perforin siRNA-containing vector compared with YT cells transfected
with the vector alone or sham transfected (Fig. 5A). By contrast,
granulysin mRNA expression was not affected (Fig. 5A).
To determine whether perforin protein expression was reduced,
YT cells were transfected with hairpin siRNA and perforin was
detected by immunoblot. Perforin expression was dramatically decreased in the cells treated with perforin siRNA, but not affected in
the group treated with the vector alone or in the sham-transfected
group (Fig. 5B).
After demonstrating that the expression of perforin was decreased at both the level of mRNA and protein expression, experiments were performed to determine the effect of blocking perforin
on the anticryptococcal activity. YT cells were transfected with the
perforin siRNA-positive vector or vector alone and challenged
with live C. neoformans. In contrast to the granulysin inhibition,
blocking perforin significantly reduced the anticryptococcal activity of YT cells compared with the group treated with the vector
alone (Fig. 5C), suggesting that perforin plays a dominant role in
YT cell-mediated anticryptococcal activity. This is in contrast to
human CD8 T lymphocyte-mediated anticryptococcal activity, in
which blocking perforin with concanamycin A had no significant
effect (13).
We have tried to use hairpin siRNA to extend these results to
primary NK cells, but due to the low transfection efficiency, perforin was not successfully inhibited (data not shown). Thus, ex-
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Perforin does not depend on granulysin to function
Having observed that inhibition of perforin, but not granulysin,
affected the anticryptococcal activity of YT cells, experiments
were performed to determine whether a role for granulysin might
be revealed when perforin was compromised by blocking its expression. YT cells were cotransfected with both granulysin siRNA
and the perforin siRNA-positive vector, or different combinations
of controls of granulysin siRNA and the perforin siRNA-negative
vector. The efficiency of inhibition for granulysin and perforin was
determined at both the mRNA and protein level by RT-PCR and
immunoblot, respectively. Perforin was inhibited at both levels in
YT cells transfected with the perforin siRNA-positive vector plus
granulysin siRNA, or the positive vector plus granulysin control
siRNAs (CD20 siRNA, nonsilencing siRNA). Granulysin was also
inhibited in YT cells transfected with granulysin siRNA plus the
perforin siRNA-positive vector, or plus the control vector (Fig. 7,
A and B). Other control combinations (CD20 siRNA plus vector
alone, nonsilencing siRNA plus vector alone) had no effect on the
expression of granulysin or perforin (Fig. 7, A and B).
Experiments were performed to determine the anticryptococcal
activities of the groups described above. The anticryptococcal activity of YT cells treated with both granulysin and perforin siRNA
was dramatically decreased. There was no difference between the
anticryptococcal activity of sham-transfected YT cells and the
group treated with granulysin siRNA (Fig. 7C). Thus, the presence
or absence of granulysin did not affect the anticryptococcal activity, suggesting perforin functions independent of granulysin.
Moreover, the double transfection of perforin siRNA-positive vector and granulysin siRNA did not reduce anticryptococcal activity
further compared with the cells treated with perforin siRNA-pos-

FIGURE 7. Gene silencing of both granulysin and perforin did not decrease the anticryptococcal activity of YT cells compared with that of
silencing perforin alone. A, Granulysin and perforin mRNA were assessed
by RT-PCR from YT cells alone (YT), or YT cells that had been sham
transfected (YT(⫺)), or YT cells transfected with granulysin siRNA plus
perforin siRNA-positive vector (YT(Gran/vec⫹)), or with nonsilencing
siRNA plus perforin siRNA-positive vector (YT(NS/vec⫹)), or with CD20
siRNA and perforin siRNA-positive vector (YT(CD20/vec⫹)), or with
granulysin siRNA plus vector alone (YT(Gran/vec)), or with nonsilencing
siRNA plus vector alone (YT(NS/vec)), or with CD20 siRNA plus vector
alone (YT(CD20/vec)). B, Granulysin and perforin protein were detected
by immunoblot from above groups. C, The growth of C. neoformans in the
presence of the above groups was compared with the growth of C. neoformans alone (Crypto alone). Results are expressed as mean ⫾ SEM. ⴱ,
p ⬍ 0.05 compared with the growth of C. neoformans alone. ⫹, p ⬍ 0.05
compared with the growth of C. neoformans in the presence of YT cell
sham-transfected (C ⫹ YT(⫺)) group. The experiment was repeated three
times with similar results.

itive vector alone (Fig. 7C). Together, these findings suggest that
granulysin does not contribute substantially to the anticryptococcal
activity of YT cells.

Discussion
We have made four observations: 1) human primary NK cells and
a human NK cell line (YT cells) constitutively express granulysin,
perforin, and anticryptococcal activity; 2) the anticryptoccal activity requires cell contact, degranulation of the NK cell line with
Sr2⫹ abrogates the anticryptococcal activity, but blocking expression of granulysin has little effect on the anticryptococcal activity;
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FIGURE 6. Inhibition of perforin with concanamycin A or EGTA decreased the anticryptococcal activities of primary NK cells. A, The growth
of C. neoformans in the presence of primary NK cells (C ⫹ NK), or NK
cells treated with concanamycin A (C ⫹ NK-CMA), or concanamycin A
(C ⫹ CMA) was compared with the growth of C. neoformans alone
(Crypto alone). B, The growth of C. neoformans in the presence of primary
NK cells (C ⫹ NK), or NK cells treated with EGTA (C ⫹ NK-EGTA), or
EGTA (C ⫹ EGTA) was compared with the growth of C. neoformans
alone (Crypto alone). Results are expressed as mean ⫾ SEM. ⴱ, p ⬍ 0.05
compared with the growth of C. neoformans alone. The experiment was
repeated three times with similar results.
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Previous studies indicated that impaired granulysin expression in
NK cells in tumor patients correlated with progression of cancer
(59). This suggests that granulysin plays different roles in the NKmediated antimicrobial activity and antitumor activity.
It has been reported that mouse NK cells have direct anticryptococcal activity (60), and this activity is mainly due to cytoplasmic components of the granule fraction, especially cytolysin (perforin) (26). After we observed that granulysin did not contribute to
the anticryptococcal activity of YT cells, experiments were performed to determine whether the anticryptococcal activity was due
to perforin. When perforin was inhibited with hairpin siRNA at
both the mRNA and protein level, the anticryptococcal activity of
YT cells was dramatically reduced. Although the inhibition was
not complete, this may have been due to the limitation of the transfection efficiency, which might explain the inability of siRNA to
completely inhibit the constitutive expression of perforin. Our previous work has indicated that perforin did not contribute to the
anticryptococcal activity of human CD8 CTL (13). Thus, human
NK cells are more like mouse NK cells and distinct from human
CD8 T cells in their anticryptococcal effector mechanism.
Despite the observation that NK cells have granulysin, they do
not appear to use it for anticryptococcal activity. We might ask
why cells that express granulysin do not use it as do their counterparts, CD8 T cells. The reason for this is not apparent, but might
include: 1) it is possible that the receptors on NK cells and CD8 T
cells for the ligand on C. neoformans may be different, which
would trigger different intracellular events that result in different
use of effector molecules; 2) although the same receptor might be
used, different coreceptors or different accessory molecules might
stimulate different signaling pathways; 3) different signaling pathways, which regulate the cytotoxic granule expression, movement,
and release, may be used in NK cells and CD8 T cells; 4) NK cells
and CD8 T cells have their own unique set of molecules to facilitate the final release of perforin and granulysin to the target, respectively. There are examples of each of these mechanisms in
different cellular responses. For example, CXCR4 has considerable
conformational heterogeneity that has been proposed to explain the
differences in HIV binding and uptake in different cell types (61).
Alternatively, androgen has profoundly disparate effects in different cell types, depending on the expression of coreceptors such as
steroid receptor coactivator-1 (62) or breast cancer susceptibility
gene 1 (63). In this regard, it is notable that NK cells have both
transmembrane adaptor proteins DAP10 and DAP12, which are
used by stimulatory receptors, while CD8 T cells have only
DAP10 (64, 65). Finally, despite using the same receptor and coreceptors, LPS stimulates quite different responses in mast cells
compared with PBMC. LPS stimulates mast cells to express IL-5,
CCL5, and CCL1, which would recruit Th2 cells and eosinophils.
By contrast, PBMC do not express these genes (66).
It also has been established that granulysin can function independently of perforin in human CD8 CTL (13). After observing
that perforin, but not granulysin, played a dominant role in the YT
cell-mediated anticryptococcal activity, experiments were performed to determine whether perforin functions independently of
granulysin. In the presence or absence of granulysin, as long as
perforin was expressed, the anticryptococcal activity of YT cells
did not significantly change, suggesting perforin worked independently of granulysin. Based on these results, granulysin and perforin are independent of each other in the anticryptococcal activity
of human CD8 T lymphocytes and YT cells. However, in some
circumstances, when the microbial pathogen is intracellular, for
example Mycobacterium tuberculosis, granulysin needs perforin to
gain the access to the intracellular compartment (4). This is quite
different from the anticryptococcal activity displayed by CD8 T

Downloaded from http://www.jimmunol.org/ by guest on June 17, 2021

3) perforin is required for the anticryptococcal activity of primary
NK cells and an NK cell line; 4) perforin-mediated anticryptococcal activity is independent of granulysin, and no effect of granulysin is revealed in the absence of perforin.
It has been reported that NK cells constitutively express the
granulysin gene NKG5 (16), and that human NK cells highly express the transcripts for granulysin, perforin, granzyme B, and
␣-defensin 1 (14). To determine the mechanism of cytotoxicity of
NK cells, a human NK cell line, YT cells, was used. In the current
study, we demonstrated granulysin, perforin, and anticryptococcal
activity in the YT cell line. Furthermore, the perforin and granulysin protein levels were similar in human primary NK cells and
YT cells, as was the anticryptococcal activity.
NK cells are considered to have two major functions. One is to
directly interact with and kill target cells such as virus-infected
cells, tumor cells, other host cells, and some pathogenic microorganisms (39). Alternately, there are a number of mechanisms by
which NK cells enhance host defense via the production of soluble
factors. NK cells function to produce cytokines that can modulate
innate and adaptive immune responses (40 – 42). YT cells are
known to secrete high levels of granzyme B into the culture supernatant (43), and NK cells release small amounts of perforin into
the culture medium (44). Therefore, experiments were performed
to determine whether soluble factors or direct cell contact are responsible for the anticryptococcal activity. When the YT cells
were separated from the C. neoformans, YT cells completely lost
their anticryptococcal activity, suggesting that the YT cell-mediated antifungal activity is not due to soluble factors, but rather, it
is contact dependent. This is consistent with previous studies that
observed direct contact between human T cells, human NK cells,
or mouse NK cells with C. neoformans by microscopic techniques
(45– 49). The importance of cell contact and the magnitude of the
anticryptococcal activity are further emphasized by the observation that the growth of C. neoformans increased as the number of
YT cells was increased on the other side of the membrane. These
experiments revealed that YT cells produce a soluble factor that
potentiates the growth of C. neoformans. The positive effect on
growth produced by this factor must be counteracted by contactdependent cytotoxic activity against the fungus. These data raise
the possibility that perforin would have an even greater effect in
the absence of YT cells; however, these conditions would not arise
in vivo in which perforin is cell derived.
To study the role of granulysin and perforin, which are both
intracellular molecules, it was necessary to apply a new technique
to specifically inhibit granulysin and perforin without affecting the
other contents of the cytotoxic granules. RNAi is a posttranscriptional gene-silencing method that was initially applied with success in Caenorhabditis elegans (50 –52), plants (53, 54), Drosophila melanogaster (55, 56), and Trypanosoma brucei (57). The
siRNA, short RNA duplex (21-nt RNA), has been applied in the
mammalian system (58). Thus, siRNA gene silencing provides an
opportunity to inhibit granulysin and perforin in our system.
We previously showed that granulysin, a lytic peptide in the
cytotoxic granule, is necessary for the anticryptococcal activity of
human CD8 CTL. When YT cells were treated with strontium
ions, the antifungal effect of YT cells was abrogated. This is similar to the observation in human CD8 CTL (13). In this regard,
CD8 T cells and NK cells are similar. On the basis of these observations, experiments were performed to determine whether
granulysin is also required for human NK cell-mediated anticryptococcal activity. However, when granulysin was specifically inhibited by granulysin siRNA at both the mRNA and the protein
level, the anticryptococcal activity of YT cells was not significantly affected. These data are in direct contrast to CD8 CTL.
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lymphocyte and NK cells, in which the effector cells are in direct
contact with the extracellular microbial target. In this circumstance, perforin and granulysin function independently in direct
microbial host defense.
A number of groups have studied the role of NK cells in the host
defense against C. neoformans in vivo. The process of NK cellmediated fungisasis requires binding to the yeast cell. Binding is
followed by release of NK cell cytolytic components (perforin),
resulting in yeast cell death (48, 60). NK cell granules contain
cytolysin, which can kill C. neoformans (26, 60). Murine NK cells
appears to exert direct toxicity to the yeast cell (26). Studies from
beige mice, which have defects in NK cell activity, also suggest
that depletion of NK cells can alter the course of i.v. C. neoformans infection in mice (67– 69). Furthermore, the mouse studies
consistently show that NK cell depletion can result in increased
lung CFU at early times after i.v. infection in vivo (69). Thus, all
of these studies indicate the important role for NK cells in the host
defense against C. neoformans in vivo in the murine system. The
present study extends the previous observations from mouse to
human, and shows that human NK cells possess perforin-mediated
anticryptococcal activity.
In summary, we have examined the mechanism of NK-mediated
anticryptococcal activity by using a human NK cell line, YT cells.
In all of the experiments that could be done in primary NK cells,
the mechanism of anticryptococcal activity was the same as in YT
cells. Our results indicate that NK-mediated anticryptococcal activity was cell contact dependent and cytotoxic granule dependent.
Using siRNA-mediated RNAi, we found that perforin, but not
granulysin, played a dominant role in NK-mediated anticryptococcal activity, and it is independent of granulysin. This is in direct
contrast to the mechanisms used by human CD8 CTL.
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