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Delivering the kiss of death: progress on understanding

how perforin works

Matthew E Pipkin'? and Judy Lieberman’*

Killer lymphocytes release perforin and granzymes from
cytotoxic granules into the immunological synapse to destroy
target cells as a critical mechanism in the defense against
viruses and cancer. Perforin, a Ca?*-dependent pore-forming
protein that multimerizes in membranes, delivers granzymes
into the target cell cytosol. The original model for perforin
(acting by forming a cell membrane channel through which
granzymes pass) does not fit the experimental data. Recently,
an alternative model has been proposed that involves active
target cell collaboration with perforin to deliver granzymes and
direct the target cell to an apoptotic, rather than necrotic,
death.
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Introduction

Cytotoxic T' lymphocytes and natural killer cells are
important effector cells in the immune response to viruses,
intracellular bacteria and tumors [1,2]. These cells dump
the contents of their cytotoxic granules into the immuno-
logical synapse formed with a specifically recognized tar-
getcell to trigger its apoptosis [3,4]. Although bathed in the
same cell death-inducing mix on the other side of the
synapse, the killer cells escape unharmed and can then,
like the serial killers they are, seek and destroy another
target [5,6]. Activated CD8 T cells and some Tyl and T,
CD4 T cells [7,8] can synthesize cytotoxic granules and
acquire the capacity to kill, but because of the inherent
potential danger of unleashing apoptosis the activation of
cytolytic function is tightly controlled. Cytotoxic granules
contain perforin and a group of serine proteases called
granzymes in a proteoglycan matrix [1,2]. The most abun-

dant granzymes are granzyme A and granzyme B [2,9,10].
The granzymes are redundant, each of which is capable of
proteolytically activating independent cell death path-
ways, although the pathways activated by granzymes other
than granzyme A and granzyme B (the ‘orphan’ gran-
zymes) are just beginning to be described [1,2,11-16].
Individual Killer cells only express a subset of cytolytic
molecules, and the expression of each of these molecules
appears to be regulated differently [17]. Perforin expres-
sion is controlled by an extended 150 kilobase domain that
includes a locus control region that regulates the devel-
opmental and activation-specific expression of perforin in
T cells and natural killer cells [18°]. Perforin, a Ca**-
dependent pore-forming protein that has homology to
complement components, is the only molecule that can
deliver granzymes into the target cell. Therefore, mice
deficient in perforin are profoundly immunodeficient and
have enhanced susceptibility to viral infection and cancer,
whereas mice deficient in either granzyme A or B are
generally able to handle most infections although they
display subtle impairment in defending against some
viruses [19-30]. Humans that have familial hemophago-
cytic lymphohistiocytosis (FHL) caused by biallelic per-
forin mutations are also severely immunocompromised

[31-33].

Although almost twenty years have passed since perforin
was first cloned [34-36], how perforin works remains a
puzzle. The original simple model for perforin — that it
acts by forming a cell membrane pore through which
granzymes pass — has been questioned. This review will
discuss recent studies that bring us closer to understand-
ing the molecular basis for how this crucial immune
defense molecule functions, but the story is still a work
in progress.

Most studies of the mechanism for perforin delivery of
granzymes have been performed using purified native
perforin added to cells at the same time as granzyme B,
using apoptosis induction as the readout for granzyme
delivery to the cytosol (where it must be delivered to
induce cell death). A few caveats need to be kept in mind
when interpreting these loading experiments. First, the
dose-response curve for perforin is very steep: if the
amount added is too low (sub-threshold) it does not
deliver granzymes; if it is too high (lytic) it triggers
necrosis independently of the granzymes, and adding
granzymes does not lead to apoptosis because apoptosis
is a slower process than necrosis that requires the active
participation of a functioning cell [37°]. The ‘just-right’ or
sublytic concentration causes about 10% necrosis on its
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own and delivers granzymes for apoptosis induction. The
sublytic dose varies between cells. In some cases, the
subthreshold and lytic concentration can differ by only a
few-fold. Because perforin is not very stable and its
activity is altered by freeze-thawing, it is important to
titrate the perforin dose and verify that it is sublytic for
each cell type and experiment. It is also important to bear
in mind that what happens during experiments loading
granzymes and perforin into cells might not accurately
recapitulate what happens when granzymes and perforin
are released into the tight space of the immunological
synapse, in which only a small portion of the target cell
membrane is exposed. A back-of-the-envelope estimate
of the perforin concentration in the immunological
synapse (calculated based on the yield of perforin from
natural killer [NK] cells, the fact that only about a sixth to
a third of granules are exocytosed during a single attack
[6,38], and volume estimates of the synapse) suggests that
the perforin concentration at the synapse may be 2-3
orders of magnitude higher than the sublytic concen-
tration used in loading experiments. Therefore, it is
important that any results obtained using purified per-
forin are verified during cytotoxic T lymphocyte (CTL)
or NK cell lysis.

Perforin structure and function

Perforin is a tricky molecule to purify that is difficult to
maintain in solution in an active form, and a recombinant
form has only recently been reported [13]. Even so,
expression of recombinant active perforin has not been
reproduced by other laboratories. This has stymied
research. The identification of perforin mutations as a
cause of FHL has led to the sequencing of many perforin
alleles and to the identification of nonsense, frameshift
and missense mutations that disrupt perforin activity.
The importance of some of these has been validated
by expressing the mutants in rat basophilic leukemia
cells together with a granzyme and then testing for
cytolytic function, as originally described by Henkart
and co-workers [20,39,40]. A comprehensive recent
review discusses this growing literature [41].

[42—44]. It is still not known whether a fixed number of
perforin molecules form a well-defined pore of a fixed
size or whether pores of varying sizes might be formed if
more perforin is present or longer times are allowed for
multimerization. (Some bacterial pore-forming proteins
form well-defined pores of a fixed size, whereas others
form variable-sized pores.) The precursor of human per-
forin is a 555 amino acid protein that is synthesized with a
21 amino acid leader sequence (Figure 1). The perforin
precursor contains two glycosylation sites. En route to
or in the granule, a glycosylated carboxy-terminal
peptide is removed from human (but possibly not
mouse) perforin at an indeterminate site by an undefined
cysteine protease to produce the mature active protein
[45]. The A91V mutation in certain FHL patients
inhibits this processing, causing reduced cytotoxicity
[46]. The carboxy terminus of the mature protein (amino
acids 395-478) contains a C, domain, implicated in Ca?*-
dependent phospholipid binding in a variety of proteins
including protein kinase C, phospholipase Cd (PLCS)
and synaptotagmins (the rapid Ca**-dependent oligo-
merization of which is required for vesicle exocytosis).
Structures for the C, domains of these molecules in the
presence or absence of Ca®* show a B-sandwich formed
by eight B-strands, with a Ca**-binding domain at one
end of the sandwich [47-52]. Generally, three Ca?*
ions bind in proximity to each C, domain. Upon Ca**
binding, the B-sandwich might open up to enable binding
to a phospholipid head group and membrane docking
by way of the Ca®*-binding loops [53]. Alternatively,
Ca** binding could change the surface charge of the
molecule to facilitate electrostatic interactions [54].
The Griffiths laboratory modeled the perforin C, domain
on PLC3 and identified putative Ca**-binding aspartic
acid residues at residues 409, 415, 435, 463, 465 and
471 [45]. Moreover, they expressed a perforin C,—gluta-
thione S-transferase fusion protein in Escherichia coli and
showed that it binds in a Ca**-dependent manner to
liposomes. FHL-associated mutations affect this domain;
the G428E mutant is impaired in Ca**-dependent mem-
brane-binding and cytotoxicity [40]. Therefore, the per-
forin C, domain is probably responsible for Ca®*-

Perforin multimerizes in a Ca”**-dependent manner in  dependent membrane binding — a first step in pore
the plasma membrane of cells to form 5-20 nm pores  formation.
Figure 1
21 1 HM----omm-- Complement homology domain - - === === ===-=-----—--— - - -~ 410 ~520 534
*T 86 395~ -C2 domain - -478 530
Current Opinion in Immunclogy

Perforin sequence. Mature human perforin is produced by removal of the signal peptide (SP) and a poorly defined carboxy-terminal peptide (CTP).
The C, domain is thought to be crucial for Ca?*-dependent membrane binding and the complement homology domain is needed for membrane
insertion. Glycosylation sites are indicated by red stars. Numbering corresponds to that of the mature human protein.
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Perforin does not contain a stretch of neutral amino acids
capable of forming a transmembrane domain. Residues
44-410 share some homology (~20%) with the terminal
C7-9 subunits of complement. The homologous C9 com-
ponent of complement forms amphipathic helices that are
believed to self-associate to form hydrophobic outer
domains capable of membrane insertion [55]. Therefore,
the complement homology domain of perforin is probably
responsible for perforin membrane insertion and multi-
merization. Although it has been suggested that the
amino-terminal 22 or 34 amino acid perforin peptide
might have pore-forming activity [56,57], this idea is
not widely accepted.

Relatively few of nearly 30 missense mutations identified
in FHL patients that have been analyzed appear to render
perforin non-functional without reducing its expression in
cells [41,58°]. This makes it difficult to determine
whether impaired cytotoxicity is caused by lower perforin
expression or its reduced function after exocytosis. Thus,
continued efforts to improve methods to express recom-
binant perforin molecules that are active 7z vitro will be
crucial for dissecting its domain structure and function
and to understand the biological consequences of
mutated perforin in FHL patients.

Protecting the killer cell from its own perforin
The biosynthesis and storage of perforin in killer cells is
carefully designed to protect killer cells from the poten-
tially lethal effect of perforin. Upon synthesis in the
endoplasmic reticulum, perforin probably binds to its
inhibitor calreticulin [59-62]. It is then transported, pre-
sumably bound to calreticulin, via the trans-Golgi to
cytotoxic granules — modified secretory lysosomes
[63]. The cytotoxic granules are acidic (pH 5.1-5.4)
and contain, in addition to perforin and granzymes, cal-
reticulin and the proteoglycan serglycin (named for its
many Ser—Gly repeats), as well as enzymes and mem-
brane-associated molecules typically found in lysosomes
(such as cathepsins, CD63, CD107a and CD107b). Per-
forin and granzymes bind to serglycin in the granule
[64,65]. Perforin is inactive at the acidic pH of the
cytolytic granules, but perforin protein stability in the
granules requires the acidic environment [66]. Perforin
levels in cells treated with concanamycin, an inhibitor of
the vacuolar H*-ATPase, are so diminished that conca-
namycin-treated CTLs are not cytolytic. Perforin also
needs to be activated by a cysteine protease to remove
a carboxy-terminal glycosylated peptide [45]. Proteolytic
cleavage probably occurs in the granule because it
requires an acidic environment. Therefore, during its
biogenesis and storage, many safeguards protect the killer
cell from perforin. The precursor protein is probably
bound to an inhibitor before it gets to the cytotoxic
granule and is inactive until it is processed in the cytotoxic
granule; once in the granule, perforin is inactive at its
acidic pH in the absence of free Ca’®* (bound by the

granule calreticulin) and is not free to multimerize
because it is complexed with serglycin.

When cytotoxicity is triggered, perforin is released into
the synapse. At neutral pH, perforin is released from
serglycin [64,67] and is free to do its job. Although the
pH of the immunological synapse has never been
measured, it is likely that perforin dissociates from
serglycin in the synapse. But if perforin is free to act
on the target cell membrane, how is the Kkiller cell
membrane protected from perforin? One attractive hy-
pothesis, proposed by Henkart and co-workers, is that
the granule membrane protein cathepsin B, transferred
to the killer cell plasma membrane when the cytotoxic
granule membrane fuses to the plasma membrane, inac-
tivates by proteolysis any perforin redirected toward the
killer cell [68]. However, killer cells genetically deficient
in cathepsin B survive unscathed when they kill targets
[69]. A possible explanation for these seemingly contra-
dictory results would be that other membrane-bound
granule cathepsins besides cathepsin B (or perhaps
other C'TL surface proteases or perforin inhibitors) could
also proteolytically inactivate perforin redirected at the
killer cell.

How does perforin deliver granzymes?

How perforin delivers granzymes into the cytosol of target
cells has been the subject of intense recent scrutiny and
debate and is still unresolved. Based on its homology to
complement and the pores seen in perforin-exposed cells
by electron microscopy, perforin was originally hypoth-
esized to multimerize in the plasma membrane to form
pores through which granzymes passed (Figure 2). How-
ever, perforin pores might be too small to allow passage of
globular molecules as big as granzymes. In fact, small dyes
that ought to be able to pass through perforin-sized pores
do not seem to get into the cytosol of perforin-treated
cells [65,70].

The original plasma membrane pore model [43,44] was
questioned when it was found that granzyme B can be
endocytosed on its own without perforin [71-74] and that
apoptosis can be triggered when perforin is added to
washed cells that have endocytosed granzyme B in the
absence of perforin [71,74]. Based on these results, Froe-
lich and co-workers [65,71] proposed that perforin does
not act at the plasma membrane, but rather at the endo-
somal membrane, to release granzymes from endosomes,
presumably by forming pores in the endosomal mem-
brane (Figure 2). This idea was supported by the finding
that bacterial and viral pore-forming proteins, such as
streptolysin O and listeriolysin, could substitute for per-
forin and effectively deliver granzymes to activate apop-
tosis [71,75]. However, the topology of how perforin
acting outside the cell membrane could trigger release
of granzymes within cytosolic membrane-bound endo-
somes was difficult to understand.
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Figure 2

(a) Original pore model

(b) Endosomolysin model

(c) Hybrid model
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Three models for how perforin delivers granzymes. (a) The original model for perforin delivery of granzymes was via multimerization in the cell
membrane to form pores large enough for granzymes to pass through. (b) This model was revised by Froelich [71] to propose that granzymes
are endocytosed independently of perforin and that perforin then acts as an endosomolysin. (c) We propose a hybrid model in which perforin

forms small pores in the cell membrane that trigger a Ca®*

influx, which in turn activates a membrane repair response in which internal vesicles

donate their membranes to patch the holes. The next step involves rapid co-endocytosis of granzymes and perforin into giant endosomes, followed
by perforin-mediated release of granzymes to the cytosol. We do not know what triggers the rapid endocytosis or whether perforin pores in endosomal
membranes destabilize the endosome (causing it to burst) or whether perforin forms endosomal membrane pores large enough to allow granzymes
to escape. We think it is unlikely that granzymes enter the cell through plasma membrane pores, but that remains possible. In the figure the
plasma membrane is black, endosome membranes are green and lysosomal membranes are blue.

Our group looked carefully at the data that formed the
basis for Froelich’s revised model of perforin acting as an
endosomolysin and questioned the interpretation of these
experiments [76]. First we found that, because the gran-
zymes are highly basic, they stick to the cell membrane by
charge and are not washed off with the medium used for
the granzyme endocytosis experiment [76]. The Bleack-
ley and Bird groups also identified cell surface receptors,
including the cation-independent mannose-6-phosphate
receptor (CI-MPR) and heparin receptors, respectively,
on the cell surface that enhance granzyme B binding and
killing [73,77,78]. However, receptor-mediated binding
does not appear to be required for granzyme uptake
[79,80]. Second, when granzyme B-preincubated cells
are washed using medium that contains a high concen-
tration of charged molecules to inhibit ionic interactions
or are treated with trypsin to remove all cell surface
granzyme B, subsequent addition of perforin does not
trigger apoptosis, suggesting that perforin and granzymes
need to be co-endocytosed to trigger granzyme delivery
for apoptosis [76]. Third, the uptake of granzymes into
cells in the absence of perforin, probably by macropino-
cytosis, is much slower and less efficient than with per-
forin [37°]. When cells are incubated with sublytic
perforin, granzymes are endocytosed much more rapidly
and efficiently (Figure 3).

During sublytic perforin loading experiments and cyto-
toxic T-cell attack, perforin does form cell membrane
pores [37°] (Figure 2). Ca** from the extracellular fluid
rapidly and transiently enters the cell. Moreover, small
molecule dyes get in too, but they are difficult to see in
the target cell. 'This was missed in earlier experiments
because not much dye enters and the dye that does enter
does not diffuse throughout the cytoplasm but is seques-
tered in juxtamembrane vesicles. These observations led
us to show that the target cell actively participates in
perforin-induced granzyme delivery in an unexpected
way. Because levels of cytosolic Ca** are normally low
whereas the extracellular milieu is rich in Ca®* the cell
senses a rise in cytosolic Ca** above ~100 uM as evi-
dence of a damaged membrane and immediately triggers
a stereotypic damaged-membrane response, sometimes
called the ‘cellular wound-healing response’, because it is
also activated by mechanical trauma to the plasma mem-
brane [81]. Intracellular vesicles, including endosomes
and lysosomes, are mobilized within seconds to donate
their membranes to reseal the damaged plasma mem-
brane [81-85]. The areas of fused membrane can be seen
as giant blebs that form rapidly on the surface of cells
treated with sublytic perforin. A hallmark of cellular
wound-healing is finding lysosomal membrane proteins,
such as CD107a (also known as Lamp-1), on the cell
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Figure 3
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Perforin triggers the rapid endocytosis of granzyme B into giant
endosomes. (a) Target cells loaded with granzyme B (GzmB) and
perforin (PFN) are rapidly taken up into gigantic early endosome antigen
1 (EEA-1)-staining endosomes. In the absence of perforin, some
granyzme B is taken up into endosomes, but uptake is much less
efficient. Images are obtained 2 min after incubating cells with granzyme
B and perforin. (b) Large EEA-1-staining endosomes are also seen in
target cells attacked by lymphokine-activated killer cells. Cells were
preincubated in medium containing ethylene glycol tetraacetic acid
(EGTA), and then granule exocytosis was triggered by adding Ca®*.
Images reproduced with permission from [37°].

membrane. When sublytic perforin (as well as CTL
attack) triggers a rapid damaged membrane repair
response, plasma membrane integrity is restored, allow-
ing co-delivered granzymes to induce the slow process of
apoptosis. When the perforin dose is lytic, the repair
response is unable to cope with the membrane damage,
the Ca** flux persists and the cell dies rapidly by necrosis.
When the repair response is inhibited, cells treated with
granzyme B and sublytic perforin are more likely to die by
necrosis than by apoptosis. Interfering with the repair
response in target cells during C'TL attack also shifts the
balance of target cell death from apoptosis towards necro-
sis. The rapid membrane repair response explains why
small molecule dyes that enter from the extracellular

space are hard to see in target cells — the pores are open
only for seconds and the dye that does get in is contained
in membrane-bound compartments that isolate and patch
the damaged cell membrane. Therefore, the target cell
membrane repair response seals off perforin pores and
allows the cell to undergo the slow, but controlled, death
of apoptosis. Because apoptotic cells are rapidly recog-
nized by scavenger receptors on macrophages and are
engulfed, but necrotic cells trigger inflammation, direct-
ing the dying cell towards apoptosis is thought to be an
essential feature of cell-mediated death to limit bystander
cell damage.

Perforin triggers the rapid uptake of granzymes into
enormous vesicles that stain with endosomal markers
[37°] (Figure 3). Similar gigantic endosomes are also seen
in cells targeted by CTLs [37°]. The mechanisms for
triggering endocytosis and formation of giant endosomes
are unknown. The cellular membrane repair response
activates promiscuous heterotypic and homotypic mem-
brane-fusion events that might contribute to either endo-
cytosis or formation of giant endosomes [81]. However,
the granzyme-containing vesicles do not stain for Lamp-
1, which is on many of the membrane patches [37°].
Therefore, the giant endosomes do not form from inter-
nalized blebs. Moreover, triggering wound-healing with a
Ca®" ionophore does not activate granzyme uptake [37°].
"This suggests that the granzyme vesicles are not formed
as part of cellular membrane repair.

At this point it is still uncertain whether granzymes are
internalized through the same plasma membrane pores as
Ca®* and small dyes. Therefore, the original membrane-
pore hypothesis for perforin delivery of granzymes still
remains a viable model. However, in our view, this is
unlikely because if entry were through plasma membrane
pores, granzymes would be expected to be found diffu-
sely in the cytoplasm rather than in endosomes. More-
over, other positively charged molecules, irrespective of
size, stuck to the cell membrane are co-internalized with
granzymes into giant endosomes and are then co-released
into the cytosol (JL., unpublished). This includes mega-
dalton lysine-coupled dextrans, which would not be able
to squeeze through the plasma membrane pores of the
size that have been seen on electron micrographs.

We hypothesize that perforin is coendocytosed with
granzymes and that perforin perturbs the endosomal
membrane to release endosomal contents [37°,76]. In
fact, granzymes are released from the giant endosomes
about 10-15 min after loading (JL, unpublished). There-
fore, we would expect to see perforin costaining with
granzymes in giant endosomes. Unfortunately, no one has
been able to see perforin in target cells to date. The
mechanism by which perforin perturbs the endosome is
also a matter of conjecture: does it form small pores that
disrupt the acidification of the endosome and somehow
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destabilize it and cause it to burst or does perforin form
large pores (possibly bigger than the ones previously seen
in the plasma membrane) that allow granzymes to exit
into the cytosol to unleash their cell death programs? In
the next few years, we hope that these questions will be
answered and a clear model will emerge.
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