
Cytotoxic T lymphocyte perforin and Fas ligand working in concert
even when Fas ligand lytic action is still not detectable

Introduction

Two major cytotoxic T-lymphocyte (CTL) killing mecha-

nisms: one fast-acting, perforin-mediated and one slower,

Fas ligand (FasL) -based, account for most CTL activity in

short-term in vitro assays.1–3 The fast-acting mechanism is

believed to involve secreted perforin, which forms ‘pores’ in

the target membrane through which co-secreted granzymes

somehow enter cells and activate a cascade of caspases

including caspase-3,4 caspase-8 or BH3-interacting domain

(BID),5,6 The slower-acting mechanism involves cross-

linking of the cell surface death receptor Fas expressed on

target cells induced by cell surface FasL expressed on CTL.

Cross-linked Fas rapidly induce assembly of an intracellular

‘death-inducing signalling complex’ (DISC),7 recruitment

and activation of caspase-8.8 Upon activation, caspase-8

leaves the DISC to cleave BID; translocation of BID to

mitochondria releases cytochrome c which activates cas-

pase-9, which in turn activates caspase-3,9 that serves as a

common substrate for the two killing mechanisms.

Both mechanisms are believed to be co-expressed and

deployed by individual CTL.10–14 Yet a gradual switch in

effector CTL from mostly perforin-based to largely FasL-

based killers has been reported.3 Related to this is a long-

standing open question in CTL biology as to why do CTL

co-possess a slow-killing mechanism, which is FasL-based,

in addition to the faster, perforin-mediated one, because

the latter would make the former redundant. Moreover,

symmetric expression and deployment of both mecha-

nisms by individual CTL does not account for the finding

of both fast- and slow-acting killers within CTL popula-

tions reported previously,15–19 unless perforin (and per-

haps FasL) expression in individual CD8 CTL varies

widely and the killing strategies employed are comple-

mentary, which we aim to investigate.

Materials and methods

Animals and cells

Eight- to ten-week-old C57BL/6 mice and perforin knock-

out (PKO) mice (both on H-2b background) were sup-

plied by the Animal Breeding Centre of the Weizmann

Institute and their use was approved by the Institute’s

animal use committee. Leukaemia L1210 of DBA/2

(H-2d) was cultured in vitro. LF+ and LF) sub-lines were

L1210 variants stably transfected with a Fas over-express-

ing construct,1 and Fas anti-sense expression vector,20 LF+

David Hassin,1,* Orit G. Garber,2,*

Avihai Meiraz,2 Yael S.

Schiffenbauer3 and Gideon Berke2

1Internal Medicine Department H, Tel-Aviv

Sourasky Medical Centre, Tel-Aviv, 2Depart-

ment of Immunology, Weizmann Institute of

Science, Rehovot, and 3Cell Kinetics, Lod, Israel

doi:10.1111/j.1365-2567.2011.03426.x

Received 5 October 2010; revised 18

February 2011; accepted 18 February 2011.

*These authors contributed equally to the

paper.

Correspondence: G. Berke, Department of

Immunology, Weizmann Institute of Science,

Rehovot 76100, Israel. Email:

Gideon.berke@weizmann.ac.il

Senior author: Professor Gideon Berke

Summary

The reason(s) why individual cytotoxic T lymphocytes (CTL) possess a fast-

acting, perforin/granzyme-mediated, as well as a much slower, Fas ligand

(FasL) -driven killing mechanism is not clear, nor is the basis for wide varia-

tions in killing activity exhibited by individual CTL, ranging from minutes

to hours. We show that perforin expression among individual, conjugated

CTL varies widely, which can account for the heterogeneity in killing speeds

exhibited by individual CTL. Despite a 2-hr lag in FasL-based killing, CTL

lytic action is enhanced when the two mechanisms operate in concert. This

is explained by finding that the two pathways in fact are jump-started

simultaneously with the lag in FasL lytic action reflecting pre-lytic caspase-8

activation and BH3-interacting domain (BID) cleavage. The complementary

action of the two lytic pathways, co-expressed at varying levels among indi-

vidual CTL, facilitates the lytic action of late-stage poor perforin-expressing

CTL, ensuring optimal cytocidal action throughout the CTL response.

Keywords: allotransplantation; apoptosis; CD8/cytotoxic T cells; gran-

zymes/perforin
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and LF), respectively (cell surface Fas expression on these

cells was 85 ± 5% and 25 ± 5%, respectively, Fig. 2). Cells

were cultured in RPMI-1640 medium supplemented with

heat-inactivated fetal calf serum (10%), glutamine

(2 mM), non-essential amino acids (1%), penicillin

100 U/ml, streptomycin 100 lg/ml, b-mercaptoethanol

(5 · 10)5
M) and sodium pyruvate (1 mM).

In vivo-primed peritoneal exudates CTL (PEL) and
PEL-blasts

C57BL/6 and PK0 (H-2b) mice were primed intraperitone-

ally with allogeneic LF+ tumour cells (25 · 106 per mouse).

Peritoneal exudate CD8 CTL (PEL CTL) were extracted

and purified as previously described.21 Briefly, 8–10 days

after injection, mice were killed, peritoneal cavity cells were

collected, purified on nylon wool columns and PEL were

sorted by FACS (Fig. 1d). The PEL-blasts were generated

by culturing C57BL6 anti-LF+ PEL in RPMI-1640 contain-

ing 10 mM HEPES, 10% heat-inactivated newborn calf

serum (NCS), 2 mM glutamine, 0�1% combined antibiotics,

b-mercaptoethanol (5 · 10)5
M), and supplemented with

recombinant interleukin-2 (rIL-2) 500 U/ml, at 37� in a

5% CO2 atmosphere as described before.22

Assessment of cytolytic activity

A 51Cr-release assay was used. Target cells were labelled

with 100–200 lCi Na2
51Cr2O4 (1�5 hr at 37�) and washed

three times with cold PBS-NCS (5%). Lytic assays were

conducted in U-shaped, 96-well microtitre plates with 105

labelled target cells per well. PEL (pooled from three or

four mice per experiment) were added at a 10 : 1 ratio.

The plates were centrifuged (200 g, 2 min at room tem-

perature) to promote conjugate formation,23 and incu-

bated at 37� for the times indicated. To terminate the

lytic assay, plates were re-centrifuged (700 g, 10 min at

4�) and 100 ll of supernatant from each well was har-

vested and its radioactivity was determined in a gamma-

counter. Cytotoxicity was calculated as follows:

Total release was the amount of radioactivity released

by 1 M HCl; spontaneous release was usually below 10%.

Single CTL kinetics measured on a cell array (CKChip)

We employed a novel cell array (CKChip) which enables

continuous, fluorescence-based imaging of thousands of

individual or conjugated living cells, each held at a given,

coded micro-well (‘address’) on the chip24 (Fig. 1). Imag-

ing of cell fluorescence was performed on a Delta Vision

RT Olympus 1x71 system (Applied Precision, Issaquah,

WA; WoRX software) with a Photometric Cool Snap HQ

digital camera equipped with a Nikon DS-Fi1 Digital

camera (Nikon Instruments, Melville, NY). The PEL were

stained with Cell Tracker Orange (Molecular Probes,

Carlsbad, CA), 1–2 lM; target cells were labelled with cal-

cein (Molecular Probes), 1–2 lM. Conjugates were formed

as described previously25 by mixing 106 PEL with an

equal number of LF+ or LF) target cells suspended in

1 ml PBS–NCS (5%). The suspension was allowed to

stand for 10 min at room temperature and then was cen-

trifuged at 200 g for 10 min at this temperature to pro-

mote conjugate formation. The cells were then re-

suspended vigorously, and loaded on the CKChip. Image

analysis was performed using WELLS software, a dedicated

software package designed to automatically quantify the

fluorescence emanating from numerous individual cells

arranged on the cell chip over time.24

Flow cytometry and cell sorting

Cells were suspended in diluted monoclonal antibody in

PBS containing 1% BSA. Goat anti-mouse IgG (Jackson-

Immune Research Laboratories Inc, West Grove, PA) was

used to prevent non-specific labelling. The following

monoclonal antibodies were employed for flow cytometry

and cell sorting: allophycocyanin-Cy7-conjugated anti-CD8a/

lyt-2 (Biolegend, San Diego, CA), anti-FITC-conjugated anti-

mouse CD95/Fas (Pharmingen Inc., San Diego, CA) and

propidium iodide (Sigma, Rehovot, Israel) staining was

used to exclude dead cells. FACS analysis was performed

using a FACScan (Becton Dickinson, San Jose, CA); cell

sorting was carried out with an Aria FACS (Becton Dickin-

son) using CELL QUEST software (Becton Dickinson).

Western blotting

Cells lysates were obtained by incubating 2 · 106 cells in

RIPA buffer containing 1% PMSF, a protease inhibitor, at

room temperature for 20 min. Twenty micrograms of

extracted protein was electrophoresed on a 10% SDS–

PAGE gel and then transferred to a nitrocellulose mem-

brane (Schleicher & Schuell Bioscience, Inc., Keene, NH).

The resulting protein blot was blocked with goat anti-

mouse IgG (Jackson-Immune Research). Caspase-8, BID

and truncated BID (tBID) were detected using rat anti-

mouse caspase-8 (clone 3B10),26 and anti-BID, which

detected BID as well as tBID27,28 (obtained from A. Gross,

% Cytotoxicity ¼ðExperimental release� Spontaneous releaseÞ
ðTotal release� Spontaneous releaseÞ �100
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Weizmann Institute, Rehovot). Blots were developed using

a SuperSignal West pico chemiluminescence substrate

(Thermo Fisher Scientific Inc, Rockford, IL) and exposed

to superRX film (FUJIFILM Global, Tirat Carmel, Israel).

Immunoperoxidase staining of intracellular perforin–
immune cytochemistry

Conjugates (105) made of sorted CD8+ CTL and LF+ cells

in PBS were placed on poly-L-lysine-treated glass slides

and left to adhere for 1 hr at 4�. The slides were then

washed in PBS, fixed in 4% paraformaldehyde for 10 min

at room temperature and washed in PBS. Cells were per-

meabilized by 0�2% Triton-X for 10 min at room temper-

ature, washed in Tris–HCl, 50 mM, pH 7�6, and

denatured with 0�5% HIO4 for 10 min at room tempera-

ture as described elsewhere.29 The slides were then washed

in Tris–HCl, quenched with 0�3% H2O2 for 15 min at

room temperature, and re-washed with Tris–HCl. Perox-

ide staining was performed with an ABC Staining System

kit (Santa Cruz Biotechnology, Delaware Avenue, Santa

Cruz, CA) in conjunction with the P1-8 perforin antibody

(obtained from K. Okumura and H. Yagita, Juntendo

University, Tokyo). Cover glasses were mounted with

Entellan. Perforin (protein) expression was evaluated on a

Nikon E800 light microscope.

Results

Variations in killing rates and perforin expression
among individual, conjugated CTL

Earlier studies on individual alloreactive CTL–target con-

jugates have shown that nearly all (> 90%) conjugate-

forming cells in the CTL system employed were specific

killers.3,15,25 Yet for unknown reason(s) some one-to-one

conjugates (i.e. a single CTL bound to one target cell)

killed their prey quickly (within 5–20 min), others took

(a)

(b)

(d)

(c)
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Figure 1. Killing rate and perforin-expression

by individual, conjugated cytotoxic T lympho-

cytes (CTL). (a) CKChip loaded with conju-

gated as well as non-conjugated cells.

Conjugates (encircled yellow) were made with

day 8 Cell Tracker Orange-labelled anti-

LF+ peritoneal exudate lymphocytes (PEL) and

calcein-labelled LF+ cells (red small cells and

green fluorescent cells, respectively). Only one-

to-one CTL-LF+ pairs (e.g. encircled yellow)

were analysed. (b) Killing rates of 35 individ-

ual, conjugated target cells induced by perfo-

rin+/+ C57BL/6 PEL-CTL and (c) by perforin)/)

PKO PEL-CTL were recorded by measuring

the decrease in calcein fluorescence intensity

over time (fluorescence of non-conjugated LF+

cells imaged in parallel served as internal con-

trol). (d) Perforin expression in C57BL/6 anti-

LF+ CD8+ PEL (small cells, 7 lm in diameter)

conjugated with LF+ cells (larger size cells, 12–

15 lm). FACS analysis of sorted CD8+ propi-

dium iodide (PI) -negative population, indi-

cated that only small live cells were employed.
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up to 2–3 hr. Measuring the actual speed of individual

cell lysis in a statistically meaningful number of CTL con-

jugates, however, has been difficult to pursue using con-

ventional microscopy, requiring micromanipulation of

isolated CTL–target cell conjugates.15 To this end, we

have exploited a novel cytometric device, the CKChip,24

which allows continuous monitoring of the fate of a con-

siderable number of individual CTL–target conjugates

over time, hence providing the life and death history of

multiple individual cells. Alloreactive CD8+ CTL were

derived from the intra-peritoneal site of tumour allograft

rejection (PEL).3,21 C57BL/6 anti-LF+ CTL and PKO anti-

LF+ CTL were stained with the permeable red tracker Cell

Tracker Orange; target LF+ cells were labelled green with

the fluorescent cell viability dye calcein. Mixtures contain-

ing conjugated as well as free CTL and LF+ cells (high Fas

expressing) were loaded on the CKChip, which was

placed on an inverted microscope and monitored at 37�
(Fig. 1a). The decay of cell-bound green (calcein) fluores-

cence in multiple conjugates comprising one CTL bound

to a single target cell was recorded by imaging the fluo-

rescence emanating from the CKChip and analysing the

data using WELLS software. Fluorescence of non-conjugated

LF+ cells imaged in parallel served as an internal control.

The time–course of lytic events (loss of cell-bound fluo-

rescence) in individual conjugated target cells bound each

to a single CTL varied from minutes to hours with

approximately 70% of conjugated target cells found dead

after 90 min (Fig. 1b). Experiments with alloreactive PKO

anti-LF+-CTL resulted in slower lysis (Fig. 1c). The pace

of lysis measured in individual conjugates clearly differen-

tiated the fast-acting, most likely perforin-mediated, from

the slower-acting FasL-based CTL such as those derived

from PKO mice (Fig. 1b,c), as well as a range of interme-

diate rates. Heterogeneity in perforin expression among

individual conjugated CTL derived from perforin-express-

ing (P+/+) C57BL/6 mice could account for the variation

in killing speed observed among individual CTL (Fig. 1b).

In fact, using perforin immune cytochemistry (ICC), we

found that perforin expression among individual conju-

gated CTL derived from such mice varied widely

(Fig. 1d). Eighty to ninety per cent of day 8 conjugated

CD8+ CTL expressed perforin,3 and wide variations in

perforin content were evident among individual conju-

gated CTL (Fig. 1d). Some of the conjugated CTL

expressed undetectable levels of perforin and were pre-

sumably the slower (FasL-based) killers (Fig. 1b), like

those derived from PKO mice (Fig. 1c). Killing induced

within minutes after conjugation was probably the result

of the perforin pathway, as was the case with perforin-

rich CTL such as IL-2-driven, PEL-blasts, described else-

where22 (see Fig. 2). Intermediate rates of killing were

most likely the result of CTL expressing reduced amounts

of perforin, reflecting the collaborative action of the two

CTL killing mechanisms perforin and FasL.

Collaboration between the two CTL killing
mechanisms occurs while FasL lytic action is hidden

The activity of the FasL pathway acting alone was deter-

mined using CTL procured from alloimmunized PKO

mice, as well as of soluble recombinant FasL. Strictly, per-

forin action was assessed by using low Fas-expressing cog-

nate target cells (LF)). To evaluate the combined action

of the two mechanisms, high Fas-expressing target cells

(LF+) (Fig. 2, insert) were reacted with CTL from perfo-

rin-expressing C57BL/6 mice. We have also employed IL-

2 driven PEL-blasts shown to be very high perforin-

expressing CTL.3,22 Strictly FasL killing of LF+ cells was

detected no sooner than 2 hr after conjugation with CTL,

or soluble recombinant FasL. In contrast, perforin-based

killing induced by PEL-blasts was immediate, complete

within half an hour (Fig. 2) with either LF+ or LF) target

cells. Although virtually no killing was induced by FasL

CTL in the first 2 hr, a 25% ± 8 enhancement of killing

was obvious when the two mechanisms operated in con-

cert, time at which virtually no FasL-mediated lytic activ-

ity by PKO-CTL was evident. The effect of soluble

recombinant FasL was inferior to that produced by PKO-

CTL, possibly because of the enhanced efficacy of FasL

action when expressed on the surface membrane of PKO-

CTL.9 Combined, these experiments support a concerted

action of the two mechanisms at least during the first

2 hr of CTL–target interaction. However, the strict 2-hr

delay in FasL-based CTL action (Fig. 2) still constituted a
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Figure 2. Collaboration between two cytotoxic T lymphocyte (CTL)

killing mechanisms: Perforin and Fas ligand (FasL). The CTL were

high perforin-expressing C57BL/6 anti-LF peritoneal exudate lym-

phocyte (PEL) -blasts, CD8+ C57BL/6 anti-LF PEL and CD8+ perfo-

rin knockout (PKO) anti-LF PEL, all subjected to a 6-hr cytotoxic

assay against LF+ and LF) cells. Strictly Fas/FasL-based killing was

induced by soluble recombinant FasL trimmers against LF+ and LF).

Effector cells, black, target cells, blue, and killing mechanisms in red.

Mean ± SD of three repeat experiments, each with cells procured

from three animals. Cytotoxicity was determined at 0, 1, 2, 4 and

6 hr. Fas expression on LF) and LF+ cells is shown in insert.
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stumbling block for conceiving cooperation between the

two mechanisms, which was examined next.

Delayed FasL-based CTL action is jump-started
shortly after conjugation

The 2-hr delay in FasL action, observed with either

soluble, recombinant FasL or with surface membrane-

bound FasL of PKO-CTL (Fig. 2), could be the result of a

pre-lytic process(es) induced in the target cell. To this

end, pre-formed CTL–target conjugates made of PKO

anti-LF CTL and cognate LF+ cells were exposed to

sodium EDTA, 5 mM, pH 7�4, shown before to dissociate

bound CTL and target cells,30 or to brefeldin A, 10 lg/

ml, known to interfere in FasL deployment, by inhibiting

its transport from the endoplasmic reticulum to the Golgi

apparatus, and then to the surface membrane,31 both

added at 0, 45 and 90 min after conjugate formation,

times at which overt Fas/FasL-based killing was still unde-

tectable (see Fig. 2). Cytotoxicity determined 5 hr later

indicated that a pre-lytic apoptotic process took place in

the previously conjugated and subsequently dissociated

target cells (Fig. 3a). This result indicated that although

killing through the FasL pathway of CTL action lags 2 hr

behind perforin-mediated action, both pathways in fact

were jump-started shortly after the onset of CTL–target

conjugation. Hence, cooperation between the two mecha-

nisms through common downstream signalling steps

could account for the observed complementation (see

Fig. 2), which was then investigated by searching for

FasL–induced pre-lytic caspase-8 and BID activation

known to be involved in CTL-induced apoptosis.

The downstream signalling events leading to CTL-

induced death by either pathway are only partially defined.

Once activated, caspases, a family of cysteine proteases

coupled to pro-apoptotic signals, are known to cleave and

activate downstream effector caspases (including caspase-8

and caspase-3), which in turn execute apoptosis by cleav-

ing cellular proteins. We therefore tested whether FasL-

based pre-lytic events could be demonstrated during the

2-hr lag period, before overt killing became obvious. The

PKO anti-LF+ CTL were reacted with cognate LF+ cells for

30 min, 1 and 2 hr, before caspase-8 activation and BID

cleavage was analysed by Western blots. We found pre-

lytic caspase-8 activation, formation of a p43 fragment,

after 30 min and ap18 fragment by 2 hr; BID cleavage to

tBID (p14) took 1–2 hr (Fig. 3b).

Discussion

In recent years our understanding of how CTL recognize,

bind to, communicate with, and subsequently kill their

prey has advanced.4 However, an adequate explanation

for the specific purpose and rationale for possessing two

distinct pathways of CTL action, perforin and FasL, has

been and still is the subject of much discussion, as is the

question why do CTL equipped with a fast-acting perfo-

rin mechanism co-possess the much slower Fas/FasL-

based mechanism. Obviously, the two mechanisms can

synergize, be additive, or act complementarily, as well as

help overcome resistance to either one. That possessing

both mechanisms is advantageous is evident from the

severe consequences of disruptive mutations (knockout)

of the perforin (per)/)) (PKO),2 Fas (lpr) or FasL (gld)/))

genes.32

The kinetics of single target cell killing varies widely

and two broadly divided kinds of CTL killers have been

observed: ‘fast killers’ and ‘slow killers’. Studies on indi-

vidual alloreactive CTL conjugates have shown that nearly

all (> 90%) conjugate-forming cells were specific killers

(Fig. 1d). For an unknown reason some one-to-one con-

jugates (i.e. a single CTL bound to one target cell) lysed

quickly (within 5–20 min), others took up to 2–3 hr to

kill. Possessing both killing mechanisms by individual
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Figure 3. Onset and pre-lytic events during cytotoxic T lymphocyte

(CTL) -mediated lysis. Fas ligand (FasL) -based activity of day 9 per-

forin knockout (PKO) anti-LF peritoneal exudate lymphocyte (PEL)

against LF+ cells. (a) Samples containing pre-formed PKO-PEL-LF+

conjugates were treated with 5 mm Na2EDTA or brefeldin A (BFA),

added at 0, 45 and 90 min after conjugate formation; lytic activity

was determined 5 hr later (one out of three experiments). (b) Kinet-

ics of pro-caspase-8 (p55), active caspase-8 (p43) and (p18), BID (p

20) and tBID (p14) activation was analysed by Western blots.
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CTL10,11,13,33,34 in itself can explain the finding of fast-

and slow-acting killers but not the wide range of interme-

diate-acting killers detected by the CKChip in CTL popu-

lations (Fig. 1b,c). If, however, perforin and FasL were

not equally expressed, variable killing rates among indi-

vidual CTL would be expected as observed (Fig. 1d). The

results of the present study suggest that the CTL’s ‘kiss of

death’ stems from the complementary action of its two

lytic mechanisms, FasL and perforin (Fig. 2). The pace of

lysis measured in individual conjugates clearly differenti-

ated fast-acting, most likely perforin-mediated, from the

slower-acting FasL-based CTL, such as those derived from

PKO mice, as previously reported,3,17 as well as a range

of intermediate rates in CTL derived from perforin-

expressing and FasL-expressing C57BL/6 mice. We have

shown that perforin expression among individual, conju-

gated CTL varied widely at each time-point tested

(Fig. 1d). For example, 80–90% of day 8 conjugated

CD8+ CTL expressed perforin at different levels, in con-

trast to stable, constitutive expression of FasL.3 This could

account for the wide heterogeneity in killing speeds of

individual CTL. Previous results have shown that as the

immune response progresses in vivo, responding CD8

CTL gradually switch their killing phenotype, from mostly

perforin to largely FasL-based killers.3 The switch has

been attributed to the disappearance of antigen and can

be reversed in vivo by the constant addition of antigen3

or in vitro by cytokines.22 The CTL killing induced within

minutes after conjugation was probably through the per-

forin pathway, as was the case with perforin-rich CTL

(e.g. IL-2-driven, PEL-blasts).3,22 Intermediate rates of

killing were most likely to be CTL expressing reduced

amounts of perforin, possibly reflecting the collaborative

action of the two killing mechanisms perforin and FasL.

Despite a 2-hr lag in FasL-based killing, not seen in per-

forin-based CTL action, CTL lytic action was enhanced

(25%) when the two mechanisms operated in concert

(Fig. 2). Hence, perforin and FasL death pathways sup-

port each other, in particular when perforin expression is

diminished upon the decrease in antigen load as shown

previously.3

Complementary action of the two CTL mechanisms

could play an important role in situations involving CTL

resistance, for instance, of tumours, virus-infected or even

normal cells. For example, a fraction of fresh human

tumours, and some mouse tumours, almost always exhi-

bit partial (and sometimes complete) refractoriness to

CTL action,35 possibly because of perforin resistance and

hence they require the complementary action of both

CTL mechanisms. This situation may be more pro-

nounced with tumour-infiltrating lymphocytes, known to

be poor perforin-expressing cells, presumably relying

mostly on FasL and hence slow-acting killers.36

We have observed that the two mechanisms in fact were

jump-started simultaneously upon conjugate formation.

Whereas overt FasL action was delayed by 2 hr, down-

stream signalling of pre-lytic events related to apoptosis

(caspase-8, BID) were initiated shortly after the onset of

conjugate formation (Fig. 3a). The comparable delay in the

onset of killing induced by either rFasL (determined by

chromium release and by DNA degradation; data not

shown) or by FasL CTL indicated that a pre-lytic event(s)

within the target cells was behind the 2-hr delay, providing

a clue to the complementary action of the two mechanisms.

The downstream signalling events leading to CTL-

induced cell death by either pathway are only partially

defined.4 Once activated, caspases, a family of cysteine

proteases coupled to pro-apoptotic signals, are known to

cleave and activate downstream caspases (including cas-

pase-8 and caspase-3),9,37 which in turn execute apoptosis

by cleaving cellular proteins (Fig. 3b). Granzyme B, a

major secreted component of CTL lytic granules, in con-

junction with perforin, induce apoptosis by activating cas-

pase-3 or caspase-8,9,38 and by promoting permeability

changes of the mitochondrial outer membrane by cleaved

BID.39 The BID, in turn, induces cytochrome c release

from mitochondria, which then activates caspase-9, result-

ing in caspase-3 activation, and as a result, cell death.40

FasL signalling, as well as granzyme B action, involves

caspase-8 activation and BID cleavage (Fig. 3b).5 Cooper-

ation between the two mechanisms through common

downstream signalling observed by measuring the kinetics

of caspase-8 and tBid appearance using CTL driven from

PKO mice could account for the observed complementa-

tion.

The complementary action of the two distinct lytic

pathways, FasL and perforin, co-expressed at varying lev-

els among individual CTL, could facilitate the lytic

action of even poor perforin-expressing CTL, hence

ensuring optimal cytocidal action throughout the CTL

response.
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