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Figure S1. Granzyme B induces apoptosis of MCF7-Casp3 cells through the mitochondrial 
pathway.
(A) MCF7 cells transfected with pro-caspase 3 (MCF7-Casp3) display similar amount of pro-caspase3 than 
A549, DMS53, IGR-Heu, T1, M4T, Jurkat cells, while MCF7 cells are pro-caspase 3 deficient. (B) P53 
accumulation in MCF7-Casp3 cells 5 hr after -irradiation (5Gy). (C) PFN/GzmB loading (15-45 min) of 
MCF7-Casp3 results in Bid and pro-caspase 3 cleavages. (D) Bax is activated after 30 min PFN/GzmB 
loading, assessed by flow cytometry using anti-Bax 6A7 mAb. A representative flow cytometry histogram is 
shown. (E-F) PFN/GzmB loading results in MCF7-Casp3 apoptosis, as revealed by flow cytometry analysis 
using M30 mAb staining (which recognizes a cytokeratin-18 epitope, revealed after effector caspase 
cleavage) (E) or by western-blot analysis of PARP cleavage (F). Representative flow cytometry histogram 
(E) and immunoblot (F) of a least three independent experiments are shown.
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Figure S2. PFT-µ does not affect p53 stabilization in response to PFN/GzmB treatment but 
decreases target cells MOMP in response to NK cells
(A) Within 30 min of treatment with sublytic PFN and human GzmB, p53 accumulates in both DMSO and 
PFTµ-pre-treated MCF7-Casp3 target cells. Actin was used as loading control. (B) P53 is phosphorylated
(Ser37) after treatment with sublytic PFN and human GzmB in both DMSO and PFT-µ-pre-treated MCF7-
Casp3 cells. An equal amount of total p53 protein was loaded in each well and served as loading control. 
Representative western blot analyses of two independent experiments are shown. The p53/actin and P-
p53/p53 ratios were calculated by densitometry and normalized to “1” in buffer-treated cells. (C-D) PFT-µ-
pre-treatment and p53 siRNA transfection of Vybrant DiD-labelled MCF7-Casp3 cells decrease MOMP 
after 30 min incubation with the NK92 (Effector:Target ratio 5:1), assessed by flow cytometry using 
DioC6(3) staining and gating on Vybrant DiD+ cells . Means ± s.d. of three independent experiments are 
shown. P values were determined by unpaired two-tailed student’s t-test.
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Figure S3. PFT-µ decreases CTL-mediated killing in a dose dependent manner and alters NK cell-
dependent cell death
(A) MCF7-Casp3 lysis by the H33 CTL clone after pre-incubation with 10 or 7.5 µM PFT-µ or DMSO and 
cocultured at different effector:target ratios is shown. (B) MCF7-Casp3 lysis by the NK92 clone after 
transfection with control (ctrl) or p53 siRNAs (leading to ~65% p53 inhibition compared to p53 basal level, 
measured by western blot) (C-E) PFT-µ-pre-treated cells are less susceptible to NK-mediated cell death, 
isolated from two healthy donors (NKd). MCF7-Casp3 lysis by NKd1 (A) or NKd2 cell line (C) and T1 lysis
by NKd1 (D) or by NKd2 (E) after pre-incubation with 10 mM PFT-µ or DMSO and cocultured at different 
effector:target ratios are shown. CMA, which inhibits calcium-dependent exocytosis of cytotoxic granules, 
was used as an inhibitor of PFN/Gzm-dependent lysis (positive control). All data are representative of two 
independent experiments performed in triplicate. 
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Figure S4. H33, LT12 CTL clones, NK92 and NKd-mediated cytotoxicity is mainly mediated by the 
PFN/GzmB pathway.
MCF7-Casp3 lysis by the H33 CTL clone (A), by NK92 (C) or by NK isolated from two healthy donors (D,E)
and T1 lysis by the autologous CTL clone LT12 (B) by NK92 (C) or by NK isolated from two healthy donors
(D,E) after cytotoxic effector cells pretreatment with the GzmB inhibitor Z-AAD-CH2Cl is strongly 
decreased. Cytotoxicity experiments were performed at the effector:target ratio of 30:1. Means ± s.d. of 
three independent experiments are shown. P values were determined by unpaired two-tailed student’s t-
test.
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ABSTRACT: 
intracellular infection and transformed cells. These killer cells induce multiple programs of cell death to achieve 
their function of eliminating their targets. In this review, we summarize our current understanding of the signaling 

lymphocyte-mediated cell death.

KEY WORDS: Cytotoxic lymphocytes, granzymes, death domain receptors, p53, apoptosis

ABBREVIATIONS: CTL: cytotoxic T lymphocytes, NK: PFN: perforin, Gzms: granzymes, hGzmB: hu-
man granzyme B, DR: death receptors, DD: death domain, , TNF-R: tumor necrosis factor (TNF) 
receptor, TRAIL: tumor-necrosis-factor related apoptosis inducing ligand, FADD: Fas-associated protein with death domain, 
DISC: death inducing signaling complex, cFLIP: cellular FLICE-like inhibitory protein, MOMP: mitochondria outer membrane 
permeabilization, OMM: Outer mitochondrial membrane, ROS: Reactive oxygen species

I. INTRODUCTION

Cytotoxic T lymphocytes (CTLs) and natural killer 
cells (NKs) eliminate their target cells through two 

-
formed cytotoxic granules content (also known as 
the perforin/granzymes pathway).1 The second is 
an alternate pathway based on killer cell surface 
expression of death inducing ligands and on their 
corresponding death receptors on target cells (also 
known as the death domain receptors pathway).2 As 
such, these pathways are involved in both immune 
surveillance and immune regulation. However, on 

mice, human genetic diseases, and in vitro studies, 
the granule exocytosis pathway seems to have the 
dominant role in eliminating virus-infected cells 
and in tumor immunosurveillance.3, 4 In contrast, 
engagement of the death receptors pathway is critical 
for maintaining lymphocyte homeostasis in non-

pathogenic situations but also forms a pathway of 
NK and CD8+ T-cell–mediated killing of tumor cells.5

Target cells destroyed by the perforin/granzymes 
and the death receptor pathways die a highly regu-
lated death (also known as programmed cell death 
or apoptosis).2 During the last decade, numerous 
groundbreaking studies have been published and 
describe the signaling cascades triggered by these 
pathways and by cytotoxic lymphocytes to ultimately 
induce target cells apoptosis. However, although 
the key inducers and regulators involved in this 
process are now well known, major controversies 
still exist6, 7 and new players continued to emerge 

-
rent understanding of how killer cells destroy their 
targets through the perforin/granzymes and the death 

evidence demonstrating the implication of the tumor 
suppressor p53, a well-known protein involved in 
stress-induced cell death, in the modulation and 
induction of CTL and NK cell-mediated apoptosis 
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cells (NKs) eliminate their target cells through two cells (NKs) eliminate their target cells through two 

formed cytotoxic granules content (also known as formed cytotoxic granules content (also known as 
the perforin/granzymes pathway).the perforin/granzymes pathway).
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expression of death inducing ligands and on their expression of death inducing ligands and on their 
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known as the death domain receptors pathway).known as the death domain receptors pathway).
such, these pathways are involved in both immune such, these pathways are involved in both immune 
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of target cells through the perforin/granzymes and 
death-domain receptor pathways.

II. PATHWAYS INVOLVED IN CYTOTOXIC 
LYMPHOCYTES-INDUCED APOPTOSIS

A. The Perforin/Granzyme Pathway

Killer lymphocytes induce apoptosis by releasing 
cytotoxic mediators from specialized secretory 
lysosomes, called cytotoxic granules, into the immu-
nological synapse formed with their target cells.8,9

Cytotoxic granules are complex secretory lysosomes 
that contain both normal resident lysosomal proteins 

-
sible for target cell elimination.9 These include per-
forin (PFN)10

proteases known as granzymes (Gzms),11 which are 
complexed with a chondroitin sulphate-rich proteo
glycan termed serglycin.12

PFN is a pore-forming protein that is expressed 
only by killer lymphocytes and is involved in the 
delivery of the death-inducing Gzms into the target 
cell cytoplasm.10,13–15

GzmB have been studied most extensively.16 Once 
in target cells, the Gzms independently activate sev-
eral parallel pathways of programmed cell death by 

concentrate within mitochondria and nuclei, where 
many key Gzms protein substrates reside.17

GzmB, one of the main mediators of cell death 
by the cytotoxic granules pathway, is the most 
extensively studied Gzm (Fig. 1).11 Human GzmB 
(hGzmB) preferentially induces target cells apop-
tosis in a mitochondria-dependent manner, which 
is a highly regulated process involving the Bcl-2 
family proteins. HGzmB cleaves the pro-apoptotic 
Bcl-2 family member, BH3-only protein, Bid.18,19

Truncated Bid (tBid) disrupts the outer mitochondrial 
membrane (OMM) in a Bax and/or Bak-dependent 
manner to cause the mitochondrial outer membrane 
permeabilization (MOMP), the release of the pro-
apoptotic factors such as cytochrome c and second 

mitochondrial activator of caspases (Smac), leading to 
the activation of caspase-9 in the “apoptosome” fol-
lowed by caspase-3 activation, DNA fragmentation, 
and target cell apoptosis.20 GzmB also induces cell 
death in a reactive oxygen species (ROS)-dependent 
manner. Indeed, GzmB triggers an ROS increase in 
the target cell by directly attacking several subunits 
of the NADH:ubiquinone oxidoreductase complex 
inside the mitochondria. This leads to mitocentric 
ROS production, which is necessary for the opti-
mal apoptogenic factor release from mitochondria 
in response to GzmB.  Moreover, this pathway is 
blocked by overexpression of important pro-survival 
Bcl-2 family proteins, including Bcl-2 or Bcl-XL.22

It has been also proposed that hGzmB can directly 

process pro-caspase 3 without disruption of the mito-
chondrial membrane and the release of Smac/Diablo 
and HtrA2/Omi that facilitate caspase 3 full activation 
by blocking the inhibitory action of IAPs (inhibitor of 
apoptosis proteins).23 Notably, mouse GzmB prefer-
entially induces direct caspase 3 activation and trig-
gers apoptosis in a Bid-/mitochondria-independent 
manner. Finally, it has been suggested that GzmB 
may induce target cell death in the absence of Bid, 
Bax, and Bak24 by directly cleaving the inhibitor of 
caspase-activated DNase (ICAD/DFF45) to free the 
endonuclease CAD/DFF4025, 26 and/or by cleaving 
several caspases27 or non-caspase substrates.28

GzmA induces caspase-independent cell death 
and triggers single-stranded DNA cuts into large 
fragments that are much larger than the oligo-
nucleosomal fragments generated during GzmB or 
caspase-induced cell death (Fig. 2).29 In mitochondria, 
GzmA cleaves the electron transport chain complex I 
subunit Ndufs3, which interferes with mitochondrial 
redox function and generates superoxide anion.30,31

These superoxides generated by damaged mito-
chondria drive an endoplasmic reticulum-associated 
stress response complex, known as the SET com-
plex,32 into the nucleus where it plays a key role in 
GzmA-induced nuclear damages and cell death.29

The SET complex is formed by three nucleases: the 
base excision repair endonuclease Ape1 (apurinic/
apyrimidinic endonuclease 1), the 5’-3’ exonuclease 
Trex1 (three prime repair exonuclease 1), and the 
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endonuclease NM23-H1 (non-metastatic protein 
23-homolog 1). The SET complex also contains 
the DNA binding protein that recognizes distorted 
DNA HMGB2 (high mobility group protein B2) and 
the chromatin modifying proteins SET (which also 
inhibits the endonuclease NM23-H1) and pp32.33–35

GzmA, which enters to the nucleus via an unknown 
mechanism, cleaves SET, allowing NM23-H1 to 
nick DNA.34 The exonuclease Trex1 then extends 
the break.33 Simultaneously, GzmA cleaves and 
inactivates HMGB2 and Ape1, interfering with base 

excision repair.35,36 Moreover, GzmA interferes with 
the recognition of damaged DNA by cleaving Ku70 
and poly-ADP-ribose polymerase (PARP).37,38

The mechanisms of action of other Gzms, so 
called “orphan” Gzms, are more obscure, although 

last decade.39 GzmH has been mostly described to 
interfere with the replication of human adenovirus by 
cleaving a DNA binding protein and the adenovirus 
100K assembly protein40,41 but could also induce 
caspase-independent cell death with ROS generation, 

FIG. 1: GzmB-mediated apoptosis pathways. GzmB can trigger cell death by initiating the mitochondrial pathways 
by cleaving the BH3-only protein Bid. Truncated Bid promotes the oligomerization of Bax and/or Bak in the 
mitochondrial outer membrane (which can be inhibited by the anti-apoptotic protein Bcl-2), leading to the release 

substrates including ICAD, the inhibitor of the endonuclease CAD. GzmB can also directly process procaspase 3 
or ICAD and induces a mitocentric ROS production to promote apoptosis. Human GzmB preferentially operates 
through the Bid/mitochondrial pathway, whereas mouse GzmB preferentially induces direct caspase 3 activation.
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dissipation of m, chromatin condensation, and 
nuclear fragmentation.42 GzmK has been reported to 
induce cell death via a process that is similar to both 
GzmA- and GzmB-mediated apoptosis. GzmK causes 
the cleavage of Bid, dissipation of m, MOMP with 
cytochrome c and EndoG release, but it seems to 
induce cell death independently of caspases.43 Others 
reports have also shown that GzmK cleaves various 
GzmA substrates, including SET and Ape1, and also 
triggers ROS production, SET translocation to the 
nucleus, and DNA nicks.44,45 Moreover, GzmK has 
been shown to cleave valsolin-containing proteins, 
which interfere with the endoplasmic reticulum (ER) 

unfolded protein response and promote caspase-
independent cytotoxicity.46 Finally, independent 
groups have observed that GzmM induces cell death; 

about the class of cell death triggered by this Gzm. 
It has been reported that GzmM induces caspase-
independent cell death that looked like lysis with 
large vacuoles observed, without MOMP, phospha-
tidyl serine exposure or DNA fragmentation.47,48 In 
other studies, GzmM activated caspase-dependent 
cell death without Bid cleavage but with MOMP, 
cytochrome c release, ROS generation, phosphatidyl 
serine exposure, cleavage of the apoptosis inhibitor 

FIG. 2: GzmA-mediated cell death pathways. In mitochondria, GzmA cleaves the electron transport chain complex 
I subunit Ndufs3, which interferes with mitochondrial redox function and generates ROS. These ROS drive the 
endoplasmic reticulum-associated stress response complex SET into the nucleus. GzmA also enters to the nucleus 
and cleaves the protein SET, allowing the endonuclease NM23-H1 to nick DNA. The exonuclease Trex1 then extends 
the break. Simultaneously, GzmA cleaves and inactivates HMGB2 and Ape1, interfering with base excision repair, 
and cleaves Ku70 and PARP interfering with the recognition of damaged DNA.
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XIAP, and ICAD, followed by CAD activation and 
disruption of the microtubule network.49,50

B. The Death Receptor Pathway

Killer cells can also induce target cell apoptosis 
through the death-receptor apoptotic pathway (also 
called the extrinsic pathway).5,51–53 Death receptors 
belong to the tumor necrosis factor (TNF) receptor 
(TNFR) superfamily. All members of this death-
receptor family are characterized by the presence 
of an intracellular 80 amino acid long motif, termed 
death domain (DD), that plays a key role in sub-
sequent apoptotic signaling. The most extensively 
studied death receptors are FAS (CD95/APO-1), 
TNF-receptor 1 (TNF-R1/p55/CD120a), TRAIL 
receptor 1 (TRAIL-R1/DR4), and receptor 2 (TRAIL-
R2/DR5), but two additional receptors are present 
in humans (Death Receptors 3 (DR3/APO-3) and 
6 (DR6)).51 These death receptors are activated by 
their cognate respective ligands, and all belong to 
the TNF family: Fas ligand (FasL /CD95L), TNF-
related apoptosis-inducing ligand (TRAIL), and 
TNF- .2 These ligands are expressed as type-II 
transmembrane, homotrimeric proteins at the surface 
of activated killer cells, but they can also be released 

surface proteases.54,55 Schematically, upon ligation 
with their respective ligands, FAS, DR4, and DR5 
trigger apoptosis in target cells but can eventually 
engage other pathways (NF B, JNK/c-Jun, p38/
MAPK/AP-1 pathways) that promote cell survival or 

56,57 TNF-
R1 mainly signals activation of the NF B, JNK/c-
Jun, p38/MAPK/AP-1 cascades, but they can also 
trigger cell death under certain circumstances.2,58,59

Apoptotic signal transduction by FAS, DR4, 
and DR5 proceeds through shared general steps 
(Fig. 3). Upon ligand binding, FAS, DR4, or DR5 
multimerizes at the cell membrane,60, 61 leading to 
a conformational change in the receptor’s intracel-
lular domain.62 This leads to the recruitment of an 
adaptor protein, namely a Fas-associated protein 
with death domain (FADD), which contains both 
a DD that interacts with the receptor’s DD, and a 

caspases (caspase 8 and caspase 10).63 The resulting 
complex is called death-inducing signaling complex 
(DISC).64 -
tions of the initiator caspases lead to the formation 
of homodimers involved in their activation65 before 
their release to the cytoplasm, where they can cleave 
downstream substrate either via direct activation 

-
pendent) or indirectly via mitochondria-dependent 
mechanisms. These two mechanisms correspond to 
the predominant arms of the death-receptor signaling 
pathway (especially for the CD95 signaling), both 
leading 
activation, but these are thought to operate distinctly 
in two distinct types of cells. Cells using the direct 

-

and H9 T lymphoma cells), whereas those using the 

cleavage of Bid protein into truncated Bid, which 
links caspase 8/10 to the mitochondrial pathway) 
are known as type II cells (i.e., hepatocytes, Jurkat 
cells, and pancreatic  cells).66 The basis of this 
cellular preference seems to depend on the relative 
stoichiometry of cleaved caspases 8 and 10 within 
the DISC and to the numbers of DISC present upon 
receptor/ligand interaction.67,68 Because type II cells 
depend on the mitochondrial branch, apoptosis can 
be blocked by the overexpression of Bcl-2 or Bcl-
XL.69 Importantly, the activation of procaspase-8 in 
response to death-receptor triggering can also be 
inhibited by cellular FLICE-like inhibitory proteins 
(c-FLIP).70,71 Homologous to caspase 8, cFLIP 
contains two DEDs and therefore can be recruited 
at the DISC via FADD. The cFLIP short isoform 
(cFLIPshort) lacks the C-terminal caspase catalytic 
homology domain and therefore acts as a competitive 
inhibitor of caspase 8 recruitment to the DISC and 
prevents caspase 8 homodimers formation, inhibit-
ing caspase 8 activation.72 The cFLIP long isoform 
(cFLIPlong) contains a C-terminal caspase catalytic 
homology domain that lacks caspase activity, but it 
can modulate apoptosis in two opposite directions 
depending on its expression level, even if this point 

in humans (Death Receptors 3 (DR3/APO-3) and 
 These death receptors are activated by 

their cognate respective ligands, and all belong to their cognate respective ligands, and all belong to 
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level, cFLIPlong inhibits the activation of procaspase 
8 and thereby blocks the apoptosis initiation. In 
contrast, when expressed at a low level, cFLIPlong

promotes procaspase 8 activation.52

III. IMPLICATION OF P53 IN THE 
MODULATION OF CYTOTOXIC 
LYMPHOCYTES-MEDIATED CELL DEATH

A. Transcriptional and Non-transcriptional 
Regulation of Mitochondrial Outer 
Membrane Permeabilization and 
Apoptosis by Stress-Induced p53

One of the most important and known apoptosis 
regulators is the tumor suppressor p53. In response 
to cellular stress, the p53 protein matures from a 

FIG. 3: Apoptotic signal transduction by the death domain receptors FAS, DR4 and DR5 proceeds through shared 
general steps. Upon ligand binding, FAS, DR4 or DR5 multimerize at the cell surface leading to a conformational 
change in the receptor’s intracellular domain. This leads to the recruitment of the adaptor protein FADD, which 

DISC, high local concentrations of the initiator caspases lead to formation of homodimers involved in their activation 
before their release to the cytoplasm where they can cleave downstream substrates, either via direct activation of the 

8 to the mitochondrial pathway (type II cells). Homologous to caspase 8, cFLIP acts as a competitive inhibitor of 
caspase 8 activation.
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latent to an active form. This stress is detected by 
various proteins, called “sensors.” These proteins 
activate a cascade of events resulting in the stabi-
lization, accumulation, and re-localization of p53. 
This model of quantitative activation (stabilization, 
accumulation) and qualitative localization (nuclear 
or mitochondrial translocation) involves covalent 

-
formational change of p53. At the present time, the 
majority of the proteins that govern the activation of 
the p53 are represented by kinases (ATM, DNA-PK, 
P38, JNK, CHK2, etc.), acetyl transferases (P300, 
CBP, etc.), and ubiquitin ligases (Mdm2, Mdm4).73

In fact, upstream of the p53 protein, endogenous 
and exogenous DNA damages constitute a trigger 
for p53 protein activation and stabilization.

It has been well established that the wild-type 
tumor suppressor p53 (wtp53) acts as a stress-

activates transcription from promoters carrying a 
p53 consensus binding site.74 As such, it protects 
cells from a variety of stress signals such as DNA 
damage, nucleotide depletion, oncogene activation, 

genes involved in cell-cycle arrest, DNA repair, and 
apoptosis,75 thereby preventing cells from replicat-
ing a genetically compromised genome. Regarding 
apoptosis, p53 both positively regulates the expres-
sion of Bax, Bak, Bid, Puma, and Noxa and inhibits 
the expression of Bcl-2 or Bcl-X 75–78 which are 

apoptosis inducers.  P53 also positively regulates the 
expression of several microRNAs (miRs) including 
miR34, which negatively regulates the expression 
of the anti-apoptotic proteins Bcl-2 and survivin.80

Nevertheless, the activity of p53 in the regulation 
of apoptosis through MOMP is not limited to its 
activities as a transcription factor81 and p53 has been 
shown to physically interact with several members 
of the Bcl-2 family. 

As mentioned above, it is well known that the 
mitochondrial pathway and MOMP is regulated by 
several Bcl-2 family members.82 Some BH3-only 
proteins (known as activators, i.e., Bid) mediate 
MOMP by physically interacting and activating the 

(known as de-repressors, i.e., Bad) act by displac-
ing Bax and/or Bak from Bcl-2 or Bcl-XL-mediated 
inhibition.83 In this context, the “activator” model 
postulates that some activator BH3-only proteins 
(i.e., tBid or Bim) transiently bind to Bax and induce 
conformational changes required for stable insertion 
in the OMM. In this model, Bcl-2/Bcl-XL proteins L

sequester the activator BH3-only proteins and neu-
tralize them.84 On the other hand, the “inactivator” 
model proposes that the primary function of anti-
apoptotic protein Bcl-2/Bcl-X  is to neutralize the 

forming heterodimeric complexes,82,85 limiting their 
capacity to form pores in the OMM. In this context, 
the direct role of p53 in the mitochondria has become 
evident as a major regulator of cell death induced by 

81, 86 Mihara et al. 87 reported 
that p53 protein can directly induce MOMP by 
forming complexes with the protective Bcl-XL or L

Bcl-2 proteins, resulting in cytochrome c release. 
Consistently, protein modeling, nuclear magnetic 

of interaction between Bcl-2/Bcl-XL proteins and p53 L

as its DNA-binding domain (DBD).88–91 Moreover, it 
has been demonstrated that Bcl-XL conformational L

change upon binding to wild-type (wt) p53 (but not 
mutant p53) facilitates the dissociation of Bcl-XL/
Bax complexes.89 In this model, the formation of 
p53/Bcl-XL or Bcl-2 complexes antagonizes Bcl-XL L/
Bcl-2 function of keeping Bax and Bak inactive, 
and leads to their activation and oligomerization. 
P53 can also accumulate in the cytoplasm, where 
it directly activates the pro-apoptotic protein Bax 
in a “hit and run” manner to induce mitochondrial 
release of apoptogenic factors.92 In parallel, it has 
also been proposed that stress-induced p53 is initially 
bound to cytosolic Bcl-XL but that transcriptionally 
induced Puma liberates p53 from this interaction, 
thereby allowing p53 to interact with Bak/Bax to 
initiate apoptosis.93,94 Moreover, a study also dem-
onstrated that p53 binding to mitochondrial Bak is 
necessary for its release from Mcl-1 (another anti-
apoptotic member of the Bcl-2 family) and further 
oligomerization.95 Finally, it has also been proposed 
that mitochondrial p53 could function as an enabler 
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BH3-only protein to prevent an activator, like tBid, 
to interact with the anti-apoptotic protein Bcl-2, 
Bcl-XL or Mcl-1.89,96

above demonstrate the key role of p53 in the induc-
tion/regulation of stress-induced apoptosis, which 
in particular has been reported to contribute to 
the sensitivity of tumor cell to apoptosis induced 
by many anti-cancer agents and by radiotherapy. 
However, the role of this tumor suppressor protein 
in the control of killer cell-mediated cytotoxicity is 
not well documented.

B. Role of p53 in Granzyme-Induced Cell 
Death

A few studies have established a link between p53 
and tumor cell susceptibility to Gzms-induced cell 
death. Fan et al. demonstrated that p53 is a physi-
ological target of GzmK and is cleaved at Lys24 and 
Lys305 to generate three fragments: p40, p35, and p13 
(Fig. 4, right panel).97 All three cleavage fragments 
exert pro-apoptotic activity. P40 and p35 display 
both nuclear and mitochondrial localization, which 
might be related to cell-death induction, while p13 
localizes to the nucleus to exert pro-apoptotic activity. 
Moreover, p35 and p13 display no or weak transcrip-
tional activity, while p40 induces the expression of 
some p53 target genes, including p21, Mdm2, and 
Puma, suggesting that both transcriptional and non-
transcriptional (mitochondrial) p53 activity might 
be important features in the induction of GzmK-
dependent cell death. Importantly, p53 expression 
seems to be crucial for GzmK-mediated and NK 

susceptibility of colon carcinoma cell line HCT116 
p53+/+ and HCT116 p53-/- to both GzmK- and NK 
cell-mediated lysis. 

Our group also recently described a relationship 

demonstrated that both killer cells and hGzmB induce 
rapid stabilization and activation of p53 within target 
cells.98 HGzmB triggers the rapid translocation of a 
small fraction of the endonuclease CAD to the nucleus 
in a Bid- and caspase 3-independent manner, which 
triggers early DNA damage. An ataxia telangiectasia 

mutated (ATM)–related genotoxic stress-activated 
kinase belonging to the phosphoinositide 3-kinase 
(PI3-kinase)-related kinases (PIKK) family, named 
hSMG-1,99 is then rapidly activated in response to 
hGzmB-induced early DNA damage and would 
be, at least in part, responsible for a rapid wtp53 
phosphorylation, stabilization, and activation in a 
melanoma target model following interaction with 
autologous CTL clones or after hGzmB treatment.100

Furthermore, RNA interference-mediated inhibition 

induced by both CTLs and hGzmB, which shows that 
p53 is an important determinant of hGzmB-induced 
cell death.98 More recently, we demonstrated that 
hGzmB-activated p53 translocates to the target-cell 
mitochondria outer membrane and interacts with the 
anti-apoptotic protein Bcl-2 (Fig. 4, left panel).101

on both Bax and hGzmB-truncated Bid and promotes 
hGzmB-induced mitochondrial outer membrane 
permeabilization. Thus, in response to hGzmB, p53 
favors the release of mitochondrial non-activated 
Bax from Bcl-2 interaction, promoting its activation 
by tBid, but might also facilitate the dissociation of 
Bcl-2/activated Bax complex, promoting both Bax 
activation and oligomerization. In this scenario, 
hGzmB-induced mitochondrial p53 operates as a 
BH3-only protein of the “de-repressor” type freeing 
pro-apoptotic tBid and Bax from Bcl-2-mediated 
inhibition, and the non transcriptional activity of p53 
seems to have the predominant role in the modula-
tion of GzmB-induced cell death. Consequently, 
the inhibition of p53 mitochondrial translocation 
and p53-Bcl-2 interaction decrease hGzmB-induced 
Bax activation, MOMP, cytochrome c release and 

decreased sensitivity of target cells to both hGzmB 
and CTL/NK-mediated cell death.101

In summary, to some extent, both transcriptional 
and non-transcriptional p53 activities seem to be 
important for target-cell susceptibility to GzmK and 
hGzmB, and consequently for CTL/NK-mediated 
cell death. To date, no studies have involved p53 in 
cell death induced by the others Gzms (GzmA, H, or 
M). However, given the fact that some of them can 
induce target cell MOMP by unknown mechanisms, 

death. Fan et al. demonstrated that p53 is a physi-
 and 
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further studies are required to determine whether 
p53 might be involved in the cell death induced by 
these Gzms.

C. Role of p53 in Death Receptors–
Mediated Apoptosis

Cell death induced through death receptors has been 
widely studied, especially using recombinant soluble 
ligands. Clinical studies evaluating the antitumoral 

 and FasL were initiated decades ago, 
and more recently, TRAIL has gained interest, mostly 
due to its ability to induce apoptosis of transformed 
but not normal cells.102 Based on these studies, cross 
talk between p53 and death-receptor–induced cell 
death has been described, even if the TNF family can 
also clearly engage apoptosis in a p53-independent 

manner.103,104 Moreover, several lines of evidence 
suggest that p53 upregulates the expression of the 
death receptors Fas, DR4, and DR5, and thus might 
also mediate apoptosis in part via Fas and/or DR4/
DR5.105–108 For example, under genotoxic stress, 
p53 may sensitize tumor cells to TRAIL-induced 
apoptosis through the upregulation of DR4/5 but also 
by regulating the expression of important pro- and 
anti-apoptotic proteins (described above) to enhance 
their sensitivity to the intrinsic pathway.109,110 It 
has also been demonstrated that TRAIL itself is a 
p53 target gene.111 Similarly, restoring the wtp53 
function in tumor cells expressing a mutated p53 
(mtp53) or overexpressing Mdm2 can sensitize them 
to TRAIL-induced cell death,112–114 TNF -induced 
cell death,115–118 and FasL-induced119,120 cell death. 

FIG. 4: Implication of p53 in GzmB and GzmK-induced cell death. GzmB induces the accumulation of p53 on target 
cell mitochondria where it interacts with the pro-survival protein Bcl-2. This interaction allows the release of the 
pro-apoptotic protein Bax from its inhibitory interaction with Bcl-2 and prevents GzmB-activated tBid sequestration 
by Bcl-2. In this case, free tBid activates free Bax to induce MOMP, cytochrome c release, and apoptosis. GzmK 
induces the cleavage of p53 to generate three fragments: p40, p35, and p13. All the three cleavage fragments exert 
pro-apoptotic activity. P40 and p35 display both a nuclear and mitochondrial localization, which might be involved 
in MOMP, while p13 localizes to the nucleus to exert pro-apoptotic activity. P35 and p13 display no or weak 
transcriptional activity, while p40 induces the expression of some p53 target genes, including p21, Mdm2, and Puma.
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strategy for sensitizing tumor cells to TNF family 
ligand-induced apoptosis.

As mentioned above, the molecular mechanisms 
underlying this p53-dependent sensitization of tar-
get cells to the death receptor-induced apoptosis 
mainly depend on the transcriptional activation by 
p53 of the death receptors themselves and by the 
modulation of the expression level of key pro- and 
anti-apoptotic proteins, especially from the Bcl-2 
family (e.g., Bax, Bcl-2, Bcl-XL, etc.). However, these 
studies mainly used soluble ligands from the TNF 

mediated triggering of the death-receptor pathway. 
Nevertheless, our group demonstrated that the res-
toration of a wtp53 function in a lung carcinoma 
model, harboring a mtp53, restores the expression 
of the Fas receptor at the cell surface and sensitizes 
tumor cells to CTL-mediated apoptosis through the 
Fas/FasL pathway.121 Furthermore, in this model 

also involves the inhibition of cFLIPShort expression, 

target cells after CTL attack.122 Interestingly, the 

ubiquitine- or proteasome-dependent degradation of 
cFLIPShort triggered by p53.123 These results indicate 
that an activated p53 might also be important in the 
regulation of CTL/NK-induced apoptosis through the 
death-receptor pathway. However, further studies are 
clearly needed to clarify this point.

IV. CONCLUDING REMARKS

It has become increasingly clear that the understand-
ing of the cell death mechanisms triggered by immune 

the signaling pathway triggered by CTL and NK 
cells to destroy their targets, but it could also have 
several future clinical applications. In this context, 
the p53 protein is of particular interest based on its 
role in the regulation of GzmB, GzmK as well as 
death receptors-induced apoptosis. Notably, it seems 

cell death. GzmB triggers the stabilization and acti-
vation of p53, which in turn facilitates the MOMP 

induced by the GzmB-dependent cleavage of Bid. 
GzmK directly attacks p53 through its cleavage to 
promote cell death. Finally, it seems that a stress-
induced activation of p53 in target cells sensitizes 
them to apoptosis through the death receptor pathway, 
at least under certain circumstances.

Furthermore, p53 is not only involved in the 
regulation of the signaling pathway activated by 

a direct 
link between p53 expression and target recognition 
by NK cells was recently revealed. The activation 
of p53 in lung-cancer cell lines strongly upregulates 
the NKG2D ligands ULBP1 and ULBP2, resulting in 
NK cell activation. P53 also contributed to phago-
cytosis of apoptotic cells through the upregulation of 
its target gene DD1  (death domain 1 ) and ensures 

125

In contrast, it was also recently demonstrated that 
downmodulation of p53 in response to antigen 

+ T-cell 
proliferation.126

Importantly, approximately half of human can-
cers have inactivating mutations of the p53 tumor 
suppressor gene, and most of the remaining malig-
nancies deactivate the p53 pathway by increasing 
its inhibitors, reducing its activators, or inactivating 
its downstream targets. These mutations, resulting 
in stabilization and accumulation of high level of a 
defective p53 product, result in loss of p53 functions, 
and the mutant proteins are frequently functionally 
compromised for apoptosis induction in response to 

facilitate tumor-cell escape to CTL/NK-mediated 
lysis through the GzmB, GzmK or death recep-
tors pathways is unclear. In particular, it has been 
demonstrated that wtp53, but not tumor-derived 
p53 mutants, binds to Bcl-2 via this DBD and can 
trigger MOMP.90 Because of the results pointing 
out the importance of Bcl-2/wtp53 interaction in 
hGzmB-induced apoptosis, further studies will be 
important to determine whether such p53 mutants can 
be associated with a tumor cell resistance to PFN/
hGzmB- and CTL/NK-mediated cell death. Similarly, 
inactivation of p53 transcriptional activity could be 
associated with a tumor-cell resistance to CTL/NK-
mediated lysis via the FasL and TRAIL pathways. 

 Furthermore, in this model 

expression, expression, 
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ubiquitine- or proteasome-dependent degradation of ubiquitine- or proteasome-dependent degradation of 
 These results indicate  These results indicate 
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clearly needed to clarify this point.clearly needed to clarify this point.
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of p53 in lung-cancer cell lines strongly upregulates of p53 in lung-cancer cell lines strongly upregulates 
the NKG2D ligands ULBP1 and ULBP2, resulting in the NKG2D ligands ULBP1 and ULBP2, resulting in 
NK cell activation.NK cell activation.124124 P53 also contributed to phagoP53 also contributed to phago
cytosis of apoptotic cells through the upregulation of cytosis of apoptotic cells through the upregulation of 
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In contrast, it was also recently demonstrated that In contrast, it was also recently demonstrated that 
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cers have inactivating mutations of the p53 tumor 
suppressor gene, and most of the remaining maligsuppressor gene, and most of the remaining malig
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If this scenario is correct, reactivating p53 might 

cells to CTL-/NK-mediated lysis. During the past 

based on their properties to restore wtp53 conforma-
tion and function of mutant p53 proteins and triggers 
apoptosis (PRIMA-1, MIRA-1, STIMA-1, CP-31398, 
etc.).127 Recent studies also have shown in vitro and 
in vivo that RITA and Nutlin-3a,128 two inhibitors of 
Mdm2-p53 interaction, allow the reactivation of the 
p53 pathway in Mdm2 overexpressing tumor cells. 
Because the clinical use of these molecules to restore 
p53 function could be a novel strategy to optimize 
the immunotherapy against cancer by increasing the 

of these molecules on CTL/NK-, FasL-, TRAIL- and 

models expressing a mutated p53 should be tested. 
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ABSTRACT

tumor-stroma interaction and promote tumor growth. Emerging evidences also suggest 

INTRODUCTION

Over the past decade, the tumor microenvironment 
has gained much attention as a critical determinant of 
tumor progression and clinical outcome [1–3]. Among the 

or activated during a wound healing process, termed 

in the complex process of tumor-stroma interaction [4, 5]. 

cells, who differentiate and proliferate in the tumor 

stem cells, endothelial and epithelial cells [5–9]
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affect tumor cells proliferation, invasiveness, survival and 

stemness, extracellular matrix remodeling, tissue invasion, 
metastasis and even chemoresistance [5, 16–18]. 

tumor microenvironment through the induction of 

microenvironment and induce their differentiation into an 

on various immune cell populations involved in the 
antitumor immune response. However, direct evidence 

of tumor cells.

RESULTS

Phenotypic characterization of human 

minimal contamination with epithelial, endothelial or 
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of tumor cell recognition or with a decrease of tumor cell 

surface of stressed, transformed or infected target cells. In 

cells and investigated whether the pre-treatment of these 

in response to oncogenic activation, their expression 

addition, several studies have reported that the secretion or 

endopeptidases which are secreted or anchored to the cell 
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A–C

D

concentrations ± s.d. from two independent experiments performed in duplicate. PP
t-test.
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DISCUSSION 

the promotion of antigen-presenting cell maturation. 

in vitro, melanomas 

in vivo [54, 55]. In 

their normal counterparts [5]. In particular, when exposed to 

A B
independent experiments are shown. PP t *p < –5
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sole factor involved. 

expression at the surface of melanoma tumor cells. In our 

expression is not affected, even if we cannot exclude that 

+

dependent immune response. 

other studies involving hepatocellular and colorectal 

dependent control of tumor growth in preclinical models, 

MATERIALS AND METHODS 

3
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6 cells were stained with the 
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® 488-conjugated goat anti-
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maintained at the same concentration during the 48 hrs 

6

recommendations.

+
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the manuscript. 
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polarization of immune cells in the tumour environment 
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related molecule A independent of A disintegrin and 

metalloproteinases and the regulation of tissue remodelling. 





  

 

Titre : Implication de la protéine suppresseur de tumeurs p53 dans la mort cellulaire induite par les 
lymphocytes T cytotoxiques et les cellules NK : rôle dans la régulation de l’apoptose dépendante du 
granzyme B 

Mots clés : P53, Apoptose, CTL, NK, Granzyme B. 

Résumé : Les lymphocytes T cytotoxiques (CTL) et les cellules tueuses naturelles (NK) éliminent 
leurs cellules cibles tumorales grâce à l’exocytose et à la libération du contenu des granules 
cytotoxiques contenant une protéine formant des pores, appelée perforine (PFN), et une famille de 
serine-protéases induisant la mort cellulaire, appelés granzymes (Gzms). Ces Gzms, pénètrent dans 
les cellules cibles de manière dépendante de la PFN et activent diverses voies de signalisation 
apoptotiques aboutissant à la mort de la cellule cible. Au cours de ce travail, nous avons étudié le rôle 
de la protéine suppresseur de tumeurs p53 dans la cascade moléculaire conduisant à l’apoptose 
induite par les effecteurs cytotoxiques via la voie PFN/Granzyme B (GzmB). Nous avons ainsi pu 
montrer qu’en réponse au GzmB ou à des effecteurs cytotoxiques, la forme sauvage de p53 
s’accumule dans les cellules cibles au niveau des mitochondries afin d’interagir avec la protéine anti-
apoptotique Bcl-2 et de réguler positivement la perméabilisation de la membrane mitochondriale 
externe induite par le GzmB. L’activité non transcriptionelle de p53 au niveau des mitochondries joue 
donc un rôle clé dans le contrôle de l’apoptose induite par les CTL et les NK (Ben Safta et al. J 
Immunol 2015). Etant donné que le gène TP53 est muté dans environ 50% des tumeurs humaines, 
nous avons également cherché à déterminer si la restauration d’une p53 sauvage dans des cellules 
tumorales portant une p53 non fonctionnelle pourrait potentialiser la réponse cytotoxique 
antitumorale. Nos résultats montrent qu'effectivement, la réactivation pharmacologique de l’activité 
sauvage de p53 dans une lignée d'adénocarcinome mammaire possédant une p53 mutée sensibilise 
ces cellules tumorales à la lyse induite par les cellules NK via l’activation d’un processus 
d’autophagie et d’une cascade d’événements moléculaires qui sont en cours d’identification. 

 

 
Title : Involvement of the tumor suppressor p53 in cytotoxic T lymphocytes and NK cells mediated 
cell death : role in the regulation of granzyme B dependent apoptosis  
 
Keywords : P53, Apoptosis, CTL, NK, Granzyme B. 
 
Abstract : Cytotoxic T lymphocytes (CTL) and natural killer (NK) cells eliminate their tumor target 
cells through exocytosis and release of the cytotoxic granules (CG) content. These CG contain a pore-
forming protein called perforin (PFN), and a family of cell death inducing serine-proteases, called 
granzymes (Gzms). Gzms enter the target cells in a PFN-dependent manner and activate various 
apoptotic signaling pathways leading to the death of the target cell. In this work, we studied the role 
of the tumor suppressor protein p53 in the molecular cascade leading to apoptosis induced by 
cytotoxic effectors via the PFN/Granzyme B (GzmB) pathway. We have shown that in response to 
GzmB or to cytotoxic effectors, wild-type p53 accumulates on target mitochondria in order to interact 
with the anti-apoptotic protein Bcl-2 and to positively regulate the GzmB-induced mitochondrial 
outer membrane permeabilization. Thus, the non-transcriptional activity of p53 in the mitochondria 
plays a key role in the control of apoptosis induced by CTL and NK (Ben Safta et al. J Immunol 
2015). Because the TP53 gene is mutated in almost 50% of human tumors, we also aimed to 
determine whether the restoration of a wild-type p53 fonction in tumor cells carrying a non-functional 
p53 could potentiate the cytotoxic antitumor response. Our results show that the pharmacological 
reactivation of a wild-type p53 activity in a mammary adenocarcinoma cell line harboring a mutated 
p53 sensitize these tumor cells to the NK cell lysis via the activation of autophagy and a cascade of 
molecular events that are being identified. 
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