








Figure 4 .

	

(A) Ultrathin cryo-section of murine clone B6.1 showingdis-
tribution of perforin (10 nmgold) and granzymeD/E/F (15 nmgold)
throughout the Golgi complex andin vesicles (arrow) in the vans-Golgi
region . Bar, 100 nm. (B) Ultrathin cryo-section of cytotoxic granules in
murine clone B6.1 showing that granzymesD/E/F are localized in the
region containing the small internal vesicles andrandomly distributed over
the densecore. There is virtually no backgroundlabeling over the nucleus
(n) and the cytosol (poly-ribosomes) . Section most probably madeunder
a plane that grazes through the extreme pole of the electron-dense core
in the granule on the right . Bar, 100 nm. (C) Double labeling of gran-
zymesD/E/F (10 nmgold) andperforin (15 nmgold) of CTLclone 860/4 .
Both granules are labeled as in B, and perforin and granzymecolocalize
within the samegranule . Bar, 100 nm.



Table 1.

	

Relative Distribution of Gold Particles for Murine
Perforin, Murine Granzymes DIEIF, and Human Granzyme B

The murine B6.1 CTL clone was used to quantitate granzymes D/E/F
and perforin, and the human JS-132 CTL clone for quantitation of gran-
zyme B.

oped dense core is particularly evident in Fig. 2 . The CTL
plasma membrane was very sparsely labeled for lamp-1 (Fig .
2) and CD63 (Fig. 6) . Quantitative analysis of the label de-
tecting lamp-1 revealed 450 gold particles/100 pm of granule
outer membrane as compared with 27 gold particles/100 itm

of plasma membrane . The plasma membrane of the TC, the
B cell line JY, did not label for CD63 (Fig . 6) or lamp-1(51b) .
Since it is known that CTL clones release granzymes sponta-
neously, the 27 gold particles/100 Am for lamp-1 on the CTL
plasma membrane might be a result of spontaneous degranu-
lation .
We have previously demonstrated that in human CTL, a

major lysosomal enzyme, cathepsin D, occurs in the granule
lumen between electron-dense core and small internal vesicles
(34) . Also in murine CTL granules, the dense core did not
label for cathepsin D. The gold particles were restricted to
the region containing the small internal vesicles (data not
shown) . Given the limited space between the vesicles in the
murine granules, it was not possible to establish whether
cathepsin D was exclusively present in between the internal
vesicles and dense core, as shown for human CTL (34) .
CI-MPR is known to occur in endosomes, but not in lyso-

somes (42, 43) . In human CTL, CI-MPR was found in TGR
(Fig . 5), while only -10% of the cytotoxic granules were
clearly positive. Granules positive for CI-MPR are shown
(Fig. 5) .

These data, together with our previous observations that
the granules are acidic and connected to the endocytic route
(32, 34), classify the majority of the cytotoxic granules as
lysosomes (i.e., CI-MM-negative, and lamp-l,-2 and CD63-

Figure 5.

	

Labeling of Cl-MPR in JS-132 in the TGR and associated small vesicles and in some granules. The arrows point to a profile suggestive
for fusion of Cl-MPRpositive vesicles with a granule . The micro-architecture of the granule is not as well preserved as in other samples because of
the weak fixative used, which was necessary to retain antigenicity of Cl-MPR. Bar, 100 nm .
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Granules Are Secretory Lysosomes, Containing Perforin and Granzymes

Murine
perforin

Murine
granzymes
D/E/F

Human
granzyme B

RER 7 7 5
Golgi, TGR 4 4 3
Dense core 12 13 81
Region of small

internal vesicles 72 71 9
Background 3 2 2



Figure 6 .

	

Section ofa CTL QS-132)/TC (JY) conjugate labeled for CD63 . The gold particles are restricted to the outer membranes of the cytotoxic
granules . The plasma membrane (p) bordering the intercellular cleft is devoid of label . Note that the granules are located nearby the intercellular cleft
(c). Bar, 100 nm .

positive) . The small proportion ofgranules that contains CI-
MPR may represent certain developmental stages, presum-
ably endosomes .

Discussion
CTL granules are enveloped by a lipid bilayer and contain

small membrane vesicles and one or a few electron-dense cores.
Lethal hit delivery by CTL most likely involves exocytosis,
whereby the granule outer membrane is incorporated into
the CTL plasma membrane and the granule contents are
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released into an intercellular cleft between CTL and TC (8,
10-12, 38, 39, 45) . Not only perforin, but also the other
granule constituents, granzymes, proteoglycans, and lysosomal
enzymes, may play a role in TC killing. Knowledge about
the exact localization of these molecules within the granule
may give insight into their fate during lethal hit delivery.
The subcellular distribution of the granule components and
their possible routing to the granules as found in the present
work are schematically shown in Fig. 7 .

Perforin, granzymes, and lysosomal enzymes have been de-
tected in subcellular fractions with similar gradient density
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(8, 38) . This had left unresolved whether they are present
within the same granule or that different granule popula-
tions exist . In principle, they could be sorted towards special-
ized compartments of the biosynthetic route, since it is gener-
ally accepted that molecules traveling the regulated secretory
pathway are segregated from molecules with lysosomal des-
tination at the TGR (46, 52-55) . Our double-labeling ex-
periments show that all cytotoxic granules in CTL contain
perforin and granzymes . In single-label immuno-EM studies,
performed on plastic sections, perforin (33) and granzymes
D/E/F (23) have been seen to be limited to the dense core.
The present observation on cryo-sections reveals in addition
that perforin and granzymes colocalize to the region of the
granule containing the small internal vesicles. An issue that
can not yet be resolved is whether perforin and granzymes
reside within the small internal vesicles of the granule. It is
clear that in murine CTL, perforin and granzymes are colocal-
ized in the dense core. In human CTL, the dense core is clearly
membrane enveloped and contains granzyme B . Several elec-
tron microscopic images showed association and possible fu-
sion of the small internal vesicles with the dense core mem-
brane. Therefore, we hypothesize that granzyme B is delivered
to the dense core as a result of this fusion . It is very difficult
to explain how perforin and granzymes could end up within
the membrane-enveloped dense core, if they were be local-
ized in between, rather than inside, the small vesicles . The
fact that in murine CTL granules the small vesicles are very
densely packed makes it very difficult to determine the exact
localization of perforin. In human CTL, this is not the case,
but unfortunately, anti-human perforin antibody is as yet
not available . We expect that detection ofperforin and gran-
zymes in the intercellular cleft during CTL degranulation
will resolve the question whether these molecules are released

exclusively in membrane-enveloped and/or -associated form
or also in soluble form .

So far, there has been only one study, in NK cells, regarding
the biosynthetic targeting of these granule proteins (36) . Burk-
hardt et al . (36) suggested that in NK cells, perforin, but
perhaps not granzyme A, passes the TGR. Here, perforin
and granzymes are shown to share the biosynthetic route from
RER to TGR. Perforin and granzymes D/E/F were found
in the same vesicles budding from TGR. How the vesicles
transport perforin and granzyme molecules to the small in-
ternal vesicles and dense core remains to be resolved . Since
the labeling intensity in TGR of lamp-1,-2 and CD63 was
low, it was not possible to address the question whether they
colocalized with perforin or granzymes. During lethal hit
delivery, perforin and granzymes will be simultaneously ex-
ocytosed into the cleft between CTL and TC.

Apart from being a secretory organelle, the granule shares
the following features with endosomes/lysosomes: (a) the
granule incorporates extra-cellularly added protein-conjugated
gold particles (34) ; (b) plasma membrane molecules, such as
TCR/CD3, CD8, and MHC class I, are present in the mem-
brane of small internal vesicles and dense core (34), probably
as a result of endocytosis ; (c) the granule is acidic (23, 32) ;
(d) CI-MPR is present in only a small proportion ofgranules ;
(e) cathepsin D and possibly other lysosomal enzymes (acid
phosphatase, arylsulphatase [8]) are contained within the lumen
of the granule (34) ; 0 lysosomal integral membrane pro-
teins, lamp-1,-2, as well as CD63 are present in the mem-
brane enveloping the granule . Together, these findings define
CTL granules as relatives of lysosomes .

Generally, lysosomes do not undergo exocytosis, except for
instance in osteoclasts (56) . While the cytotoxic granule is
shown to have lysosomal properties, it is also a secretory or-

Granules Are Secretory Lysosomes, Containing Perforin and Granzymes

Figure 7.

	

Schematic representation of the findings
in this and a related (34) study. Symbols : CG, cyto-
toxic granule; E, endosome; GC, Golgi complex; L,
lysosome; TGR, trans-Golgi reticulum ; P, plasma
membrane.



ganelle. Proteins destined for either the regulated secretory
route or the lysosomal route are thought to be sorted at the
TGR (52-55) . However, within the granule, these routes are
now seen to converge, since lysosomal and secretory proteins
localize within one compartment .
Themembranes of the dense core and small internal vesicles

contain the TCR/CD3, CD8, and MHC class I molecules,
facing outward (34), and also MHC class II as well as LFA-1
molecules (our unpublished results) . Here, we demonstrate
that perforin and granzymes are contained within the electron-
dense core and over the region containing the small internal
vesicles. Upon exocytosis, the membrane-enveloped dense core
and small internal vesicles are released into the cleft . On the
basis of these observations, we have proposed that the
TCR/CD3 complex exposed on the dense core and small
internal vesicles binds specifically to the relevant MHC/an-
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