
Switch from perforin-expressing to perforin-deficient CD8
+ T cells

accounts for two distinct types of effector cytotoxic T lymphocytes

in vivo

Introduction

CD8+ cytotoxic T lymphocytes (CTL) are key players in

adaptive immune responses against certain viruses and

intracellular parasites, in the rejection of transplants and

in tumour immune responses.1–5 They become cytokine-

secreting and cytocidal through a complex sequence of

events involving clonal activation of CTL precursors to

rapidly dividing lymphoblasts that express Fas ligand

(FasL), as well as perforin-containing and granzyme-

containing lytic granules. With some 10–20 cell divisions

occurring during the first week of immunization, millions

of such lymphoblasts can emerge from a handful of CD8+

precursor cells;6 however, the vast majority of these die

en route, presumably as a result of activation-induced cell

death (AICD), which is both perforin/granzyme7–9 and

Fas/FasL dependent.10

The lytic protein perforin has traditionally been

regarded as the hallmark of CTL action,2,11,12 and the

‘lethal hit’ has been linked to the combined action of per-

forin and granzymes, cosecreted upon cognate recogni-

tion, for immune synapse formation.4,13–15 On the other

hand, CTL activity against certain target cells in calcium-

free medium16–18 (where perforin is neither secreted nor
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Summary

Although CD8+ cytotoxic T lymphocytes (CTL) exhibit both Fas ligand

(FasL) -based and perforin-based lytic activities, the accepted hallmark of a

fully active CTL remains its perforin killing machinery. Yet the origin, ratio-

nale for possessing both a slow-acting (FasL) and a fast-acting (perforin)

killing mechanism has remained enigmatic. Here we have investigated per-

forin expression in CTL directly involved in acute tumour (i.e. leukaemias

EL4 and L1210) allograft rejection occurring within the peritoneal cavity.

We show that at the height of the immune response, the majority of conju-

gate-forming CD8+ CTL express high levels of perforin messenger RNA and

protein, and kill essentially via perforin. Later however, coinciding with

complete rejection, fully cytocidal CTL emerge which exhibit a stark

decrease in perforin and now kill preferentially via constitutively expressed

FasL. Although late in emergence, and persistent, these powerful CTL are

neither effector-memory nor memory CTL. This finding has implications

for the monitoring of anti-transplant responses in clinical settings, based on

assessing perforin expression in graft infiltrating CD8+ T cells. The results

show that as the immune response progresses in vivo, targeted cellular

suicide mainly prunes high perforin-expressing CD8+ cells, resulting in the

gradual switch in effector CTL, from mostly perforin-based to largely Fas/

FasL-based killers. Hence, two kinds of CD8+ CTL have two killing

strategies.

Keywords: allograft rejection; CD8 T cells; cytotoxic T lymphocyte; Fas;

Fas ligand; perforin

Abbreviations: AICD, activation-induced cell death; CTL, cytotoxic T lymphocyte; FITC, fluorescein isothiocyanate; ICC,
immunocytochemistry; i.p., intraperitoneal; LF+ and LF), high and low Fas-expressing L1210 leukaemia, respectively; PBS,
phosphate-buffered saline; PEL, peritoneal exudate CD8+ CTL; PI, propidium iodide; RT-PCR, reverse transcription–polymerase
chain reaction.

� 2009 Blackwell Publishing Ltd, Immunology, 128, 69–82 69

I M M U N O L O G Y O R I G I N A L A R T I C L E



lytic), as well as killing by CTL derived from perforin-

deficient mice19,20 indicated that CTL must possess an

additional, non-perforin killing mechanism shown to be

mediated by FasL.21–23 Although FasL-based killing is

slower than that induced by secreted perforin and gran-

zymes,24 an adequate explanation to account for the cellu-

lar origin, specific purpose and rationale for these two

distinct pathways has not been forthcoming. It has

recently been proposed that FasL is stored in vesicles dis-

tinct from the traditional perforin-containing and gran-

zyme-containing lytic granules (ref. 25 but see also ref.

26), suggesting that FasL and perforin expression, and

consequently their deployment, are controlled differently.

The aim of the present study has been to define the

origin, regulation of expression and possible role of the

two cytocidal mechanisms in CTL generated in vivo in

the course of allograft rejection. Here, based on findings

with in vivo-primed CTL procured from the site of allo-

graft rejection, we show that perforin (and FasL)-express-

ing CTL are generated early in the course of the allograft

response. However, as the immune response progresses,

and most perforin-expressing lymphoblasts have been

pruned (probably by AICD), the evolving CTL population

has now switched their killing phenotype, from mostly

perforin-based to powerful Fas/FasL-based killers. The

finding that mature CTL express little if any perforin and

yet kill efficiently also has implications for predicting the

onset of an anti-transplant response based on assessing

perforin expression in graft-infiltrating CD8+ T cells.

Materials and methods

Mice

Mice were bred, supplied and maintained by the Weiz-

mann Institute. The strains used included C57BL/6 and

BALB/c mice, which were major histocompatibility com-

plex (MHC) H-2b and H-2d, respectively. Other mice

included perforin-knockout mice on a C57BL/6 (H-2b)

background27 and transgenic 2C mice.28 Mice were

between 8 and 10 weeks of age. All animal and proce-

dures used in this study were approved by the Weizmann

Animal Care and Use Committee.

Tumour cell lines culture medium and the generation of
alloreactive CTL in vivo

Tumour cell lines included sub-lines LF+ and LF) derived

from leukaemia L1210 of DBA/2 (H-2d) mice and leukae-

mia EL4 of C57BL/6 (H-2b) mice. LF+ and LF) are L1210

variants, high and low Fas, transfected with either a Fas-

expression construct21 or a Fas anti-sense expression vec-

tor,27 respectively. Cultured cells were maintained in a

RHFM medium consisting of RPMI-1640 medium sup-

plemented with 10% heat-inactivated fetal calf serum,

2 mM glutamine, 1% non-essential amino acids, 100 U/ml

penicillin, 100 lg/ml streptomycin, 5 · 10)5
M b-mercapto-

ethanol and 1 mM sodium pyruvate. Cells were cultured

at 37� in a 5�0% CO2 humidified atmosphere.

Suspensions containing 25 · 106 tumour cells suspended

in 0�5 ml phosphate-buffered saline (PBS) were injected

intraperitoneally (i.p.) into allogeneic recipient mice. Allo-

reactive peritoneal exudate lymphocytes (PEL) and spleno-

cytes were extracted and purified, as described elsewhere in

detail.29,30 In short, following their inoculation with alloge-

neic tumour cells, mice were killed at various time-points.

Their spleens and peritoneal exudate cells were collected in

PBS supplemented with 5% heat-inactivated newborn calf

serum (PBS-NCS). Splenocytes were obtained by mincing

the organ through a stainless steel screen into PBS-NCS,

and vigorously pipetting the resulting suspension to disas-

sociate large cellular clumps. The PEL were isolated by

resuspending the peritoneal cells in medium and incubat-

ing them at 37� for 1 hr, allowing adherent cells to adhere

to culture dishes or to nylon wool columns. Finally, CD8+

cells were sorted using a fluorescence-activated cell sorter

(FACS) with an appropriate anti-CD8+ fluorescent anti-

body, as described next.

Flow cytometry and cell sorting

Cells were suspended with the appropriate concentration of

monoclonal antibody in PBS containing 1% bovine serum

albumin. Goat anti-mouse immunoglobulin G (#5000003;

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-conju-

gated anti-CD8+a/lyt-2 (100714, Biolegend, San Diego,

CA), fluorescein isothiocyanate (FITC)-conjugated anti-

mouse H-2Kb (116506; Biolegend, San Diego, CA), FITC-

conjugated anti-CD44/Pgp-1 (1500-02; Southern Bio-

technology Associates, Inc.), R-phycoerythrin-conjugated

anti-CD62L/L-selectin (1705-09; Southern Biotechnology

Associates, Inc., Birmingham, AL), FITC-conjugated anti-

mouse CD95/Fas (554257; BD Pharmingen Inc, San Jose,

CA), biotinylated rat anti-mouse 2C-TCR 1B2 (obtained

from Dr Reisner, of the Weizmann Institute), mouse anti-

perforin CB5.4 (804-057; Alexis Biochemicals, San Diego,

CA). Propidium iodide (PI) (P-4170, Sigma) staining was

used to exclude dead cells. The FACS analysis was per-

formed using a FACScan (Becton Dickinson, San Jose,

CA); cell sorting was carried out with an Aria FACS

(Becton Dickinson) with CELL QUEST software.

Conjugate formation and cytotoxicity assays

Conjugates were formed by mixing 106 CD8+ cells with

an equal number of target cells suspended in 1 ml PBS-

NCS. The suspension was allowed to stand for 10 min at
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room temperature and then centrifuged at 1000 g for

10 min at this temperature. The cells were then resus-

pended vigorously, placed on ice and the number of con-

jugates was recorded as described previously.31

A 51Cr-release assay was used to determine lytic activ-

ity. Target cells were labelled for 1�5 hr at 37� with

Na2
51CrO4 (Chromium-51; CJS11; GE Healthcare, Haifa,

Israel) and washed three times with cold PBS-NCS. Lytic

assays were conducted in either U-shaped or 96-well mic-

rotitre plates, or 5-ml polystyrene round-bottom tubes

(BD Pharmingen Inc, San Jose). CD8+ T cells and labelled

target cells were mixed and then centrifuged at 1000 g for

5 min to promote conjugate formation. The mixture of

cells was then incubated at 37� for specified times, allow-

ing cytotoxic activity to take place. To terminate the

assay, plates were recentrifuged at 2000 g for 10 min at

4�. One hundred microlitres of supernatant was then har-

vested from each well, and its radioactivity was deter-

mined with a COBRAII gamma-counter. The percentage

lysis (cytotoxicity) was calculated as follows:

%Lysis¼ðExperimental release�Spontaneous releaseÞ
ðTotal release�Spontaneous releaseÞ �100

Total release was the amount of radioactivity released by

1 N HCl; spontaneous release was usually below 10%.

RNA preparation and reverse transcription–polymerase
chain reaction

RNA was extracted from CD8+ cells using TRI Reagent

according to the manufacturer’s protocol (MRC Molecular

Research Center, Cincinnati, OH). Reverse transcription–

polymerase chain reaction (RT-PCR) was performed by

mixing 5 lg total RNA with a cocktail containing 5· buffer

(Promega, Madison, WI), 10 mM dNTP mixture (Gene

Craft, Koln, Germany), 10 U RNAase inhibitor (Takara

BIO INC, Otsu, Shiga, Japan), Random Primer oligo-DT

(Promega) and 0�125 U AMV reverse transcriptase (Pro-

mega). Diethylpyrocarbonate was added to bring the final

volume to 50 ll, and the mixture was incubated at 42� for

50 min. The reaction was terminated by incubating the

mixture at 70� for 15 min and then chilling it on ice. Five

microlitres of the resultant RT-PCR product was amplified

for 30 cycles using the ReddyMix PCR Master Mix (ABgene,

Surrey, UK) with 30 ng of the following primers: perforin

primer, forward 50-GGG AAC CAA GCT ACA CCA GA-30,

reverse 50-AAA CCA GAG TGG GGA GAC CT-30; FasL pri-

mer, forward 50-CTT GGG CTC CTC CAG GGT CAG T-30,

reverse, 50-TCT CCT CCA TTA GCA CCA GAT CC-30;

granzyme-B primer, forward 50-TCG ACC CTA CAT GGC

CTT AC-30, reverse, 50-CAC ACT CCC GAT CCT TCT GT-

30. The sample undergoing PCR was first incubated at 94�

for 2 min. This was followed by 30 cycles at 94� for 30 sec-

onds, at 57–64� (depending on the annealing temperature

of the specific primers) for 1 min and at 72� for 1 min.

Finally, the sample underwent one cycle of incubation

at 94� for 30 seconds and 72� for 7 min. Five microlitres

of each PCR product was resolved by electrophoresis on

1�5% agarose gel and visualized using ethidium bromide

staining.

Western blotting

Cells lysates were obtained by incubating cells in RIPA

buffer containing 1% phenylmethylsulphonyl fluoride, a

protease inhibitor, at room temperature for 20 min.

Twenty micrograms of the extracted protein was electro-

phoresed on a 10% sodium dodecyl sulphate–polyacryl-

amide gel and then transferred to a nitrocellulose

membrane (#BA85 Schleicher & Schuell Bioscience, Inc.,

Keene, NH). The resulting protein blot was blocked with

goat anti-mouse immunoglobulin G (#5000003; Jackson-

Iimmuno Research). Perforin was detected using the

monoclonal antibody CB5.4 (#804057F; Alexis Biochemi-

cals). Blots were developed by SuperSignal west pico

chemiluminescence substrate (#34080 Thermo Fisher

Scientific Inc, Rockford, IL) and exposed to superRX film

(FUJIFILM Global, Tirat Carmel, Israel).

Immunoperoxidase staining

CD8+ cells (105) in PBS were placed on poly-L-lysine-trea-

ted glass slides and left to adhere for 1 hr at 4�. The slides

were washed in PBS, fixed in 4% paraformaldehyde for

10 min at room temperature, washed in PBS, permeabi-

lized by 0�2% Triton-X for 10 min at room temperature,

washed in Tris–HCl 50 mM, pH 7�6, denatured with 0�5%

HIO4 for 10 min at room temperature, washed in Tris–

HCl, quenched with 0�3% H2O2 for 15 min at room tem-

perature, and washed again with Tris–HCl. Peroxidase

staining was performed using the ABC staining system kit

(SC-2019; Santa Cruz Biotechnology, Santa Cruz, CA) in

conjunction with the P1-8 perforin antibody. Cover glasses

were mounted with Entellan. Perforin (protein) expression

was evaluated on a Nikon E800 light microscope (Nikon

Instruments, Inc, Melville, NY).

Inhibition of protein synthesis by emetine

The PEL were pretreated with the non-reversible inhibitor

of protein synthesis emetine (Sigma, E2375), 0–2�5 lM for

2 hr at 37�. Incorporation of [35S]methionine (0�2 ml

containing 1 · 106 PEL, plus 2 lCi [35S]methionine, for

4 hr) into ice-cold 10% trichloroacetic acid-insoluble

materials collected on glass fibre discs, was measured by a

liquid scintillation counter.32
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Results

Responding CD8+ T cells found at the site of graft
rejection

It was found that 25 · 106 EL4 tumour cells injected i.p.

into allogeneic BALB/c mice grew progressively, reaching

300 · 106 to 400 · 106 cells per mouse on the 6th day

(Fig. 1a). From that point on, a drop in their number

could be seen, coinciding with a marked rise in CD8+ T

cells infiltrating the peritoneal cavity (Fig. 1a). Tumour

rejection was almost always complete around day 8–10

post-injection, the time at which the CD8+ T-cell

population reached its peak and began to decline, taper-

ing off around day 11 (Fig. 1a), with specific CD8+ T cells

lingering in the peritoneal cavity for around a month.31

Day 8 CD8+ cells comprised 25–35% of the total perito-

neal cells; decreasing to 8–11% on day 11 (Fig. 1a). In

addition, 56% of day 8 CD8+ PEL were found to be dead

(PI-stained), in contrast to only 36% of day 11 cells

(Fig. 1b). Day 8 CD8+ cells varied in size widely, consist-

ing of some larger (lymphoblast) cells, in contrast to the

uniformly small cells of day 11 (Fig. 1b). Overall, the

majority of CD8+ cells from either day were CD44high

and CD62Llow, indicating the presence of a class of lym-

phocytes active in the periphery (Fig. 1c). CD95 (Fas)

expression varied greatly, with 25–35% of day 8 CD8+

cells expressing this death receptor, compared with only

5–10% of day 11 cells (Fig. 1c). Although displaying an

apparently higher killing activity, day 8 CD8+ PEL formed

more conjugates than day 11 PEL, (Fig. 1d), which could

account for the difference, for in this system, almost all

conjugates have been shown to proceed to lysis.33 Similar

results were obtained in a C57BL/6 anti-LF PEL system.

Expression of cytolytic molecules in CD8+ PEL

The lytic activity of day 8 and day 11 BALB/c anti-EL4

CD8+ T cells (Fig. 1d) suggested proportional expression

of messenger RNA (mRNA) levels of perforin, eomeso-

dermin (Eomes), granzyme-B and FasL, molecules tradi-

tionally considered staples of effector CD8+ cells. FasL
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Figure 1. CD8+ T-cell response during allograft rejection in the peri-

toneal cavity. (a) Kinetics of tumour growth and CD8+ T-cell

response. BALB/c mice were injected intraperitoneally with allogeneic

EL4 tumour cells. Peritoneal exudate lymphocytes (PEL) were,

stained for CD8+, the allogeneic tumour for H-2b. Mean ± SD of

five animals; one out of three experiments with similar results. (b)

CD8 and propidium iodide (PI) staining of responding peritoneal

cells. Day 8 and 11 PEL were stained by a CD8+ antibody and analy-

sed by fluorescence-activated cell sorting (FACS) for CD8+ expres-

sion. PI staining was used to discern dead cells. Insert depicts

forward scatter of CD8+, PI-negative cells. (c) Cell surface markers

of responding CD8+ cells. PEL of naı̈ve, day 8 and day 11 immu-

nized mice were stained for CD8+, CD44, CD62L and CD95 (Fas),

and analysed by FACS. The mean of four repeat experiments ± SD is

shown. (d) Cytotoxicity and conjugate formation by peritoneal

CD8+ T cells. Days 8 and 11 immune CD8+ PEL were subjected to a

4-hr cytotoxic assay at different effector-to-target cell (E : T) ratios

and % lysis was recorded. In parallel, a fraction of the CD8+ cells

was allowed to conjugate at an E : T ratio of 1/1 and the number of

conjugates was determined (insert).
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and granzyme-B mRNA was almost equally expressed in

day 8 and day 11 CD8+ PEL (Fig. 2). In contrast, whereas

massive levels of perforin mRNA were found in day 8

CD8+ cells, the amounts found in day 11 CD8+ cells were

almost undetectable. Similarly, the mRNA levels of

Eomes (a transcription factor that regulates T-cell lytic

functions),34,35 were considerable in day 8 cells, but unde-

tectable in day 11 CD8+ CTL (Fig. 2). Results of Western

blot analysis were in accord with the mRNA data; an

abundance of perforin in day 8 CD8+ cells, in contrast to

only trace amounts in day 11 CD8+ CTL. Similar results

were obtained with C57BL/6 anti-LF CD8+ PEL.

Immunocytochemistry of perforin expression in CD8+

PEL

The aforementioned experiments revealed that during

allograft rejection, the responding CD8+ CTL populations

emerging on days 8 and 11 differed greatly in perforin

mRNA and protein expression, with the latter cells

expressing only trace amounts of perforin protein and

mRNA (Fig. 2). To determine whether day 8 and day 11

CD8+ CTL were uniformly expressing perforin at high or

low levels, respectively, we employed perforin immuno-

cytochemistry (ICC) on conjugate-forming CD8+ PEL

(Fig. 3). In general, within a given perforin-expressing

cell, ICC revealed punctate-shape staining, representative

of perforin storage granules typical of CTL (Fig. 3a). As

expected, there was a far higher degree of staining with

day 8 cells. Whereas around 80–90% of the day 8-conju-

gated cells were perforin positive, only 11% of day

11-conjugated cells stained positive (Fig. 3b), these

showed a faint, homogeneous (less punctate) pattern of

staining. Interestingly, there was also a significant minor-

ity (ca. 17%) of day 8-conjugated CD8+ CTL that stained

negative for perforin, indicating the emergence of perfo-

rin-deficient CTL already at this early stage of CTL

development. These results show that in the course of an

allograft response the responding CD8+ peritoneal cells

switch to a perforin-deficient phenotype from day 8 to

day 11.

The influence of antigen on perforin expression

The switch from perforin-expressing to perforin-deficient

CTL could simply be related to the elimination of anti-

gen, in the form of live tumour cells in the peritoneal

cavity. To test this hypothesis, we injected BALB/c mice

with allogeneic EL4 tumour cells. Eight days later, to pro-

long the presence of antigen in the peritoneal cavity, the

mice were again injected with EL4 tumour cells every day,

for six consecutive days. CD8+ PEL were then collected,

and conjugates were formed and tested for perforin

expression. The results showed that the majority of conju-

gate-forming cells, even as late as 14 days after the initial

injection, expressed perforin (Fig. 4). In fact, the percent-

age of conjugated cells expressing perforin on day 14 was

similar to that seen in day 8 cells (Figs 3, 4). These results

indicated that in the continuous presence of stimulating

antigen, responding CD8+ cells continued to express the

lytic protein perforin. Hence the switch from perforin-

expressing to perforin-deficient CTL is likely to be the

result of the elimination of antigen.

Day 8 and day 11 CTL employ alternate killing
mechanisms

Although expressing almost equal amounts of FasL

mRNA (Fig. 2), day 8 and day 11 CTL differed consider-

ably in their perforin contents (Figs 2, 3). We next

determined how this influenced the overall killing by

CTL, as the immune response progressed. Specifically, we

examined if, as predicted, CD8+ T cells lose their perfo-

rin-based lytic activity, along with down-regulation of

perforin expression (Figs 1d, 2, 3). To this end, Fas/FasL-

induced lysis was studied with alloreactive PEL-CTL

derived from perforin-mutant (knockout) mice (Fig. 5a).

The perforin/granzyme pathway alone was assessed by

employing Fas-deficient target cells (LF)). At each time-

point tested, cytotoxicity was higher when the two mech-

anisms operated in concert (Fig. 5a). Unlike the perforin/

granzyme pathway, which brought about fast killing,

almost 2 hr elapsed before Fas/FasL-based killing became

evident. Eventually, killing by both mechanisms reached

the same plateau (Fig. 5a).To determine whether the 2-hr

delay in FasL-based killing of Fas-expressing LF+ cells was
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b-actin
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Figure 2. Expression of Eomes, Granzyme-B, FasL and perforin in

CD8+ T cells. CD8+ peritoneal exudate lymphocytes (PEL) were

derived from naive BALB/c mice as well as 8 and 11 days post-injec-

tion with allogeneic EL4 tumour cells. Reverse transcription–poly-

merase chain reaction and Western blot were performed. RNA and

protein extracted from PEL blasts (PEB), provided positive controls

for FasL, granzyme-B and perforin messenger RNA and protein.
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related to the CTL themselves, we examined the killing of

LF+, LF) and EL4 cells induced by soluble recombinant

FasL trimmers instead of CTL; the results again indicated

a lag of 2 hr, similar to that observed with CTL-FasL with

no lytic activity against Fas-deficient LF) cells (Fig. 5a).

Exploiting the 2-hr delay in FasL-based killing, the

relative contribution of either killing mechanism in the

course of CTL development was tested. To this end,

CD8+ sorted BALB/c anti-EL4 PEL collected on days 8,

11 and 14, were subjected to a lytic assay. Lysis recorded

after 1 hr reflected mainly perforin-based killing, whereas

that determined after 3 hr represented the combined

effects of perforin-based and FasL-based killing, with the

fraction indicating the relative contribution of perforin

on each day (Fig. 5b). Whereas day 8 CD8+ CTL killed

mostly via perforin, a smaller proportion of killing by day

11 cells was perforin-based, the remaining being FasL-

mediated. Day 14 CTL showed an even greater reliance

upon FasL (Fig. 5b).

An alternative strategy employed to demonstrate the

switch in perforin utilization over time was by averting

FasL action. CD8+ sorted C57BL/6 anti-LF PEL collected

on days 9, 13 and 15, were subjected to a 4 hr-lytic assay

against LF+ or LF) target cells. Lysis of LF+ reflected the

combined action of perforin and FasL, lysis of LF) was pri-

marily the result of perforin. The difference between these

two values indicated lysis by FasL. Whereas day 8 CTL pro-

duced virtually total lysis by perforin alone, day 11 cells

only displayed about half their efficacy when low-Fas LF

targets were employed. Day 14 CTL exhibited an even

greater reliance upon FasL when their 4-hr lytic activity was

assessed (Fig. 5c). Both models indicate that the CD8+ CTL

population switched its killing phenotype, from mostly per-

forin-based to Fas/FasL-based killers. In addition to
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of four repeat experiments, each with cells

procured from five animals P(v) > 0�05).

74 � 2009 Blackwell Publishing Ltd, Immunology, 128, 69–82

A. Meiraz et al.



expressing FasL mRNA transcripts (Fig 2), day 11 PEL dis-

played cell-surface FasL (detectable by Fas L antibodies and

FACS), and their Fas-based killing by PEL was almost fully

blocked by either the Fas antibody Jo2 or by soluble recom-

binant Fas-Fc, but not with Mg2 ethyleneglycoltetraacetic

acid , which blocks perforin-mediated killing.32

De novo synthesis of perforin does not account for
lysis induced by perforin-deficient PEL

Although a large proportion of day 11 CD8+ cells were

found to be perforin deficient by RT-PCR, Western

blotting and ICC (Figs 2, 3), they still killed well (Figs 1d,

5b, c). Yet day 11 PEL could still kill via perforin synthe-

sized de novo upon TCR-mediated binding to the cognate

target cells. To examine this possibility, we employed

emetine, a potent, non-reversible inhibitor of protein syn-

thesis, at concentrations that blocked virtually all protein

synthesis sparing conjugate formation (Fig. 6a). Day 11

PEL exposed to emetine (at 2�5 lM, 93% inhibition of

Day 11, Perforin positive PEL in conjugation: 79 ± 10 (%)

Day 8, Perforin positive PEL in conjugation: 82 ± 8 (%)

10 µm

10 µm

Perf+ CTL EL4 

Figure 4. Perforin expression in conjugated CD8+ cytotoxic T lym-

phocytes obtained after multiple tumour injections. EL4 tumour cells

were injected intraperitoenally into BALB/c mice. Eight days later, an

additional 25 · 106 EL4 cells were injected daily for 6 days. CD8+

EL4 conjugates were stained (immunocytochemsitry) using perforin

antibody.
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protein synthesis) still killed efficiently (Fig. 6b), as has

been found before for a purely FasL-based killing by CTL

derived from perforin-deficient mice.32 Emetine exhibited

a more profound inhibitory effect within the first 1�5 hr,

a time at which killing was largely the result of perforin

(Fig. 6b). These results indicate that killing by day 11

CD8+ cells does not rely on de novo protein (including

perforin) synthesis.

The fate of day 8 perforin-rich CTL and the origin of
day 11 CTL

We next explored whether day 11 perforin-deficient CTL

were derived from the perforin-expressing CTL popula-

tion present in the peritoneal cavity 3 days earlier. To this

end, day 8 BALB/c anti-EL4 PEL were cultured in vitro

for 48 hr, which excludes the impact of cells newly arriv-

ing in the peritoneal cavity. Remaining cells were

counted, CD8+/PI-negative sorted, conjugated with cog-

nate target cells, and stained for perforin, both before and

after the 48-hr incubation. Overall, 37% of the original

day 8 CD8+ CTL survived the 2-day culture period, and a

significant change in perforin expression occurred in

comparison with the precultured CD8+ cells (Table 1).

The disappearance of CD8+ cells over time could be

the result of AICD, supported by the finding that early

in the immune response, day 6 and day 8 CD8+ cells

coexpressed high Fas (Figs 1c, 7), and so could be subject

to AICD, compared with low Fas-expressing day 11 and

day 14 CD8+ PEL (Fig. 7). Elsewhere we have shown Fas-

dependence (and blocking by the Fas antibody JO2) of

AICD induced upon prolonged incubation of PEL with

cognate target cells.30 To further establish a connection

between Fas expression and enhanced elimination of per-

forin-expressing CTL, day 8 CD8+ PEL were sorted by

their Fas expression and incubated in vitro for 24 hr.

Most (97%) of the Fashigh cells were found to be dead

(eosin-stained) compared with only 23% of the Faslow

cells.

We then determined whether the disappearance of day

8 CD8+ cells observed in culture (Table 1), could be dem-

onstrated in vivo. To this end, day 8 PEL were collected

from some immunized mice, then reinjected i.p. into the

remaining mice. Parallel experiments were conducted

with transgenic 2C anti-LF PEL. PEL were recovered from

recipient mice and the CD8+/CFSE+ or 2C CD8+ popula-

tions were analysed by FACS. In control experiments,

PEL from naı̈ve mice were injected into other naı̈ve mice.

In contrast to transferred naı̈ve PEL, which were almost

completely accounted for, transferred immune PEL took a

different course. Already after 6 hr, the majority of the

transferred cells could not be traced, and virtually no

transferred cells were found after 24 and 48 hr (Fig. 8).

No transferred CD8+ PEL were found in the spleen or

mesenteric nodes either. This indicated that the majority

of perforin-containing day 8 cells vanished by day 11,

possibly as a result of AICD, consistent with their high

cell surface Fas expression (Fig. 7), known to be associ-

ated with AICD.

Are perforin-deficient PEL-CTL memory cells?

Finally we explored whether the small, perforin-deficient

CD8+ PEL, which linger in the peritoneal cavity, could be

regarded as memory cells. Memory T cells exhibit an

enhanced response upon restimulation with cognate anti-
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Figure 6. Emetine effects on protein synthesis and on lysis induced

by day 11 peritoneal exudate lymphocytes (PEL). (a) Emetine, 0–

2�5 lm, inhibition of protein synthesis in BALB/c anti-EL4 PEL. (b)

Inhibition of lysis by day 11 PEL pre-incubated with Emetine

(2�5 lm, for 2 hr) before a 1�5-hr or 3�45-hr lytic assay in the pres-

ence of Emetine; effector-to-target ratio of 10 : 1. Mean ± SD of

three repeat experiments, each with cells procured from three ani-

mals is shown. P(v) < 0�05).

Table 1. Cytotoxic T lymphocytes change from perforin-expressing

to perforin-deficient cells in vitro

Cells

0 hr 48 hr Survived

·106 (%) ·106 (%) (%)

CD8+ cells 162 – 60 – 37

Perforin-positive 116 72 19 31 16

Perforin-deficient 45 28 41 61 91
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gen or with polyclonal T-cell activators, so we subjected

PEL and splenocytes procured from BALB/c anti-EL4

mice, 17 and 30 days after tumour injection, to a 3-day

restimulation in vitro. Cognate EL4 cells, cognate-irradi-

ated spleen cells, non-cognate LF tumour cells (H2d), or

concanavalin A, a powerful polyclonal activator of T cells

including of memory CTL,36,37 were used as stimulators.

Stimulated cells were then subjected to a 4-hr lytic assay.

Compared with the control, non-stimulated PEL, no

enhancement in killing ability was seen with day 17 or 30

PEL, incubated with any of the stimulants (Fig. 9). This

was in contrast to the enhanced response of splenocytes

derived from the same mice, which exhibited a substantial

increase in lytic activity upon stimulation. Mature CD8+

CTL, obtained at the time of complete rejection (day 11

and onward), are small, non-dividing lymphoid cells that

exhibit powerful specific conjugation and lytic activity

and express CD44high and CD62Llow activated CTL mark-

ers. Combined with phenotype analyses of PEL cell

surface markers (Fig. 1c), these data indicated that the

perforin-deficient cytocidal CD8+ PEL, found in the peri-

toneal cavity, at least at the tail end of an allogeneic

immune response, could be regarded as bona fide effector

cells and not memory cells, at least of a known type.

Discussion

Although known to copossess a FasL-based killing mecha-

nism,21 the accepted hallmark of effector CTL continues

to be its perforin (and granzyme) killing machinery. Yet

the rationale for having both a slow-acting (FasL-medi-

ated) and a fast-acting (perforin-based) killing mechanism

at their disposal has remained unexplained at both the
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cellular and molecular levels. Here we have addressed

these issues using in vivo-primed CTL involved in allo-

graft rejection in the peritoneal cavity.18,38 We have found

that at the height of the response, the majority of conju-

gate-forming CD8+ CTL indeed express high levels of per-

forin mRNA and protein, and kill preferentially through

perforin, as expected. Later, however, equally cytocidal

CD8+ CTL are found which exhibit a stark decrease in

the expression of perforin and its transcription factor

eomesodermin and yet kill efficiently by means of FasL.

The results suggest that targeted cellular suicide, or fratri-

cide, prunes the high perforin-expressing CD8+ CTL,

resulting in the gradual emergence of ‘mature’, perforin-

deficient CD8+ CTL, which are still highly cytotoxic but

now kill largely via FasL. As an immune response

progresses in vivo, therefore, the responding CD8+ CTL

population gradually switches killing phenotype, from

mostly perforin-based to FasL-based killers (Fig. 10).

Mature PEL CTL are small, non-dividing, non-granular

lymphoid cells that nevertheless exhibit powerful, specific

conjugation and lytic activities.5,29,31,39,40 That PEL CTL

and not natural killer (NK) cells are responsible for the

PEL action reported here is supported by the strict speci-

ficity of their lytic activity and conjugate formation, inhi-

bition by MHC antibodies, and expression of markers.

The PEL CTL exhibit rigorous lytic specificity, including

even recognition of MHC mutations,41 and their binding

to and lytic action against target cells is blocked by MHC

antibodies.42 Further, NK-like activity against classical NK

target cells such as lymphoma YAC of A/J mice (KkDd)

is close to background; yet effective cytocidal PEL CTL

can be generated in response to YAC cells.17,43 The results

with PEL conjugate formation are particularly revealing:

unlike NK cells, PEL form conjugates essentially with

MHC cognate target cells; but little PEL conjugate forma-

tion was detected with non-cognate YAC or other allo-

geneic cells.31,44 As perforin expression in PEL has been

targeted to conjugated PEL (Fig. 3), it follows that the

vast majority of the CD8 cells examined were CTL and

not NK cells. Finally, we have shown that the majority of

CD8 sorted PEL (or CTL-hybridomas thereof exhibiting

the authentic PEL specificity) express CD3.43

Consideration must be given to indirect killing by PEL,

possibly mediated by TNF or interferon-c (IFN-c). How-

ever, no cytocidal activity against Fas-deficient target cells

was effected by perforin-deficient CTL, yet Fas-expressing

target cells were lysed by FasL-expressing, perforin-defi-

cient PEL (Fig. 5a). As PEL killing is a relatively fast pro-

cess, occurring equally well under conditions where

macromolecule (RNA, DNA and protein) biosynthesis is

fully blocked (Fig. 6b),30 and as TNF and IFN-c anti-

bodies do not block short-term (up to 6 hr) PEL-

mediated killing (unpublished results), the involvement of

these cytokines in PEL killing proper seems unlikely.

Interestingly, coincubation of PEL and Fas-deficient target

cells (such as Fas-antisense expressing cells) produced up-

regulation of Fas expression, which appears to involve

inducible nitric oxide synthase stimulated by IFN-c.45

Up-regulation of Fas expression detected on initially low

Fas-expressing tumours injected in vivo is compatible

with the observed switch from mostly perforin-based to a

largely Fas-based CTL mechanism as reported here.

Despite their considerable lytic activity, characteristic

perforin-containing lytic granules were rarely observed in

or isolated from mature PEL, or from the cytolytic hybri-

domas.17,27,46–48 Moreover, only close to background
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ing mainly on FasL activity. These CTL are not

memory cells however.

78 � 2009 Blackwell Publishing Ltd, Immunology, 128, 69–82

A. Meiraz et al.



levels of perforin mRNA and protein have been detected

in PEL,17,43,46 although this is contrasted by the findings

described later and in ref.49. Unlike earlier studies, per-

formed wholly on mature (day 11) PEL, here we have

examined perforin expression in CD8+ PEL at early as

well as late stages of their development in vivo. The

largely perforin-deficient, FasL-expressing CTL procured

11 days after injection succeeded earlier CD8+ CTL that

expressed high levels of perforin (Figs 2, 3). Compared

with only traces of perforin mRNA and protein evident

in day 11 PEL, the time at which they exhibited potent

lytic activity (Fig. 1d), considerable amounts of perforin

mRNA and protein were found in CD8+ CTL isolated on

day 8 and before. In studies performed at the single cell

level, Kelso et al.50 have shown that CD8+ lymphocytes

stimulated in vitro with IL-2 and anti-CD3 expressed high

levels of perforin, granzyme-B and IFN-c mRNA.50 It is

noteworthy that perforin-deficient PEL also expressed

massive quantities of perforin-containing lytic granules

upon their exposure to IL-2 in vitro.17 [Hence cessation

of perforin expression in mature PEL in vivo is likely to

be the result of a shortage of antigen, IL-2 and other sig-

nals known to influence gene (including perforin) expres-

sion at earlier stages of CTL development.) In fact,

repeated injections of antigen (cognate allogeneic cells)

helped maintain high levels of perforin expression, pre-

venting the switch to perforin-deficient cells (Fig. 4).

Given only traces of perforin mRNA detected in day 11

CTL, we hypothesized that a few, residual, perforin-

expressing day 8 CD8+ CTL could account for that. This

is why we turned to explore perforin expression in indi-

vidually conjugated PEL, shown all to be effector CTL33

(see below). Using perforin ICC, we showed that while

the majority of conjugated day 8 CD8+ CTL expressed

perforin, only a minority of conjugated day 11 (mature)

CTL stained positive for perforin (Fig. 3), which could

explain the detection of a small perforin RNA signal by

Northern blots in bulk CD8+-sorted PEL reported previ-

ously.45 In an earlier communication, we showed that

neither continuous new gene expression nor protein syn-

thesis were required for FasL-based lytic action of in vivo-

primed PEL derived from perforin-deficient (PO) mice.32

That lytic activity of day 11 CTL took place even when

protein synthesis was blocked by emetine (Fig. 6),

excluded the possibility that de novo synthesized perforin

(as well as other proteins), triggered upon CTL–target

interaction, accounted for the lytic action of such cells

(Fig. 6b).

As discussed above, micromanipulation of individual

CTL–target conjugates showed that close to 100% of all

conjugate-forming PEL were killer cells; yet some conju-

gates lysed quickly (within 5–25 min), whereas the lysis

of others took up to 2–3 hr to complete.33 It is reasonable

to assume that the fast killing seen with some PEL was

perforin-mediated, whereas the slower killer PEL lysed via

the FasL pathway.24 Based on that premise, we examined

the contribution of perforin to the overall killing observed

in the course of CD8+ PEL activation and progression

in vivo.

We first confirmed that perforin-mediated killing

brought about lysis shortly after conjugation; and that

almost 2 hr elapsed before Fas/FasL-based killing became

evident. Eventually, killing by either mechanism reached a

plateau through different kinetics (Fig. 5a). Kinetic analy-

sis revealed that CD8+ CTL lose their perforin-based lytic

activity simultaneously with down-regulation of perforin

expression. Whereas day 8 CTL were mostly perforin-

based killers, only a small proportion of killing by day 11

cells could be attributed to perforin, the remaining being

FasL-based. Day 14 CTL showed an even greater reliance

upon FasL (Figs 5b, c).

A small proportion of day 8 conjugate-forming CD8+

cells did not express perforin (Fig. 3). These cells may

have escaped AICD, eventually giving rise to the (mostly)

perforin-deficient CTL seen later on (e.g. day 11). Fur-

thermore, day 6 and perforin-expressing day 8 CTL co-

expressed high Fas on their cell surface membrane

(Fig. 7), which presumably played a role in their demise,

induced by AICD. Conversely, day 11 CD8+ CTL

expressed neither (Figs 1c and 7). This observation may

be related to and could explain excessive (apoptotic) cell

death of early but not late CTL (Fig. 1b). Alternatively, it

is possible that a fraction of perforin-expressing PEL lym-

phoblasts seen earlier subsequently develop into progres-

sively smaller (Fig. 1b), non-dividing lymphoid cells,

which express powerful lytic activity but virtually no per-

forin (see Fig. 10). These CTL kill preferentially and

repeatedly via FasL40 even when protein synthesis is fully

blocked (Fig. 6). Together with differential perforin

expression data in day 8 and day 11 PEL (Fig. 3), and

continuous FasL mRNA expression along the immune

reaction (Fig. 2), these results suggest that mature (day

11) PEL-CTL are largely but not only FasL-based killers,

unlike their day 8 predecessors, which are mainly but not

only perforin-based killers. When combined, these results

support a switch from perforin to Fas/FasL-based killers

in the course of CTL development in vivo. Hence two cell

types, two killing strategies.

The precise function(s) of the two (possibly more) CTL

lytic mechanisms continues to be an open question in

CTL biology. An obvious explanation is that there are

complementary or fallback mechanisms. For example,

virus-infected cells and some tumours can evade CTL

action by interfering with a particular step of the perfo-

rin/granzyme-mediated killing process.5,51,52 Alternatively,

Fas expression in malignant tissues can be down-regulated

or deranged by the expression of Fas spliced, inactive

variants.53 Two mechanisms instead of one killing mecha-

nism, which is perforin-based and FasL-based, would still

enable CTL to function. An alternative hypothesis has
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been that the FasL-based CTL mechanism mainly plays

an immunoregulatory role (e.g. in AICD), and to a lesser

extent, in killing cognate target cells proper.54 The fore-

going studies suggest differential, temporal expression of

the two CTL killing mechanisms, with perforin dominat-

ing early blastoid and dividing stages of responding CTL,

and FasL dominating the mature stages of CTL develop-

ment. A related issue pertains to the possibility that

mature, perforin-deficient PEL in fact represent some sort

of memory CTL or a class of effector memory CTL.55,6

Whereas there is much discussion of what sort of markers

really define memory T cells, including CTL, there is no

doubt that an enhanced functional response to the origi-

nal antigen best reflects a state of memory T cells. We

tested PEL for memory-marker expression as well as

anamnestic responses to antigens, mitogenic lectins, with

an equally negative outcome. Unlike memory CTL, PEL

do not require the conventional 2- to 3-day restimulatory

period typical of memory CTL to exhibit full cytolytic

activity. In fact, PEL were not restimulated by either cog-

nate antigen or polyclonal stimulators (Fig. 9), and so

could not be regarded as memory CTL, in contrast to a

strong memory CTL response of lymphoid cells procured

from the lymph nodes and spleen of the same mice

(Fig. 9). Lack of a memory-like response may be the

result of a shortage of auxiliary cells and factors required

for restimulation of purified PEL. In fact, mature (day

11) PEL responded favourably to externally added, high-

dose IL-2, resulting in the production of high perforin-

expressing CTL which exhibited potent, specific lytic

activity indistinguishable from their PEL-CTL of origin.17

On the other end, cell surface marker analysis (Fig. 1c)

has shown that mature CD8+ PEL are CD44high and

CD62Llow, unlike memory cells, which are traditionally

regarded as being CD44high CD62Lhigh.56 Similar perforin-

deficient cytocidal CD8+ cells have been found in lymph

nodes as well as in the blood of immunized animals even

a month after immunization (data not shown). These

observations would also argue against an accumulation of

perforin-expressing CTL or memory CTL at the anato-

mical site of allograft rejection. Accordingly allospecific

CD8+ memory cells reside in peripheral lymphoid organs

rather than the site of the graft, which is the peritoneal

cavity in the case of an allograft placed i.p. The results

are consistent with the ‘asymmetric model’ of memory

T-cell development, suggesting that memory T cells are

not direct descendents of effector cells, but evolve in

parallel, by asymmetric cell division of responding T cells

already at the level of antigen presentation at the immune

synapse.57

Finally, the data support the following scheme of CTL

development during allograft rejection in vivo. Triggered

by antigen-laden antigen-presenting cells, in the presence

of cytokines, naı̈ve T cells develop into rapidly dividing T

lymphoblasts. These in turn migrate to the rejection site,

where they continue to proliferate and differentiate into

effector CTL of decreasing sizes. In the early stages, the

CD8+ CTL population is composed predominantly of

FasL-expressing and perforin-expressing lymphoblastoid

cells, but as the immune response progresses (and antigen

and cytokines become limiting factors), targeted cellular

suicide by AICD, probably involving both perforin and

Fas, prunes the high perforin-expressing and high Fas-

expressing CD8+ cells, resulting in gradual emergence of

mature, low Fas-expressing and perforin-deficient CTL,

which kill preferentially via FasL (Fig. 10). It has already

been shown that apoptosis of activated CD8+ T cells

occurs preferentially in cells that have undergone a num-

ber of cell divisions.58 Such a scheme of CTL develop-

ment and perforin expression not only resolves previous

contentious data concerning CTL biology, perforin and

FasL expression and function in CTL in vivo: it also has

implications to monitoring the onset of transplant rejec-

tion in a clinical setting which is based at least in part on

assessing perforin expression in graft-infiltrating lymphoid

cells, shown here to be a rather early event. That is that

at later stages graft infiltrating cytocidal lymphoid cells

may go undetected when perforin expression is used as a

yardstick.
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2 Kägi D, Ledermann B, Burki K, Zinkernagel RM, Hengartner H.

Molecular mechanisms of lymphocyte-mediated cytotoxicity and

their role in immunological protection and pathogenesis in vivo.

Annu Rev Immunol 1996; 14:207–32.

3 Trapani JA, Smyth MJ. Functional significance of the perforin/

granzyme cell death pathway. Nat Rev Immunol 2002; 2:735–47.

4 Henkart PA, Catalfamo M. CD8+ effector cells. Adv Immunol

2004; 83:233–52.

5 Berke G, Clark W. Killer lymphocytes. Berlin: Springer, 2005.

6 Williams MA, Bevan MJ. Effector and memory CTL differentia-

tion. Annu Rev Immunol 2007; 25:171–92.
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