program MLPHARE [Z. Otwinowski, in /somorphous
Replacement and Anomalous Scattering, W. Wolf,
P. R. Evans, A. G. W. Leslie, Eds. (SERC Daresbury
Laboratory, Warrington, Cheshire, U.K., 1991), pp.
80-85] in the CCP4 software package. Phases were
improved by density modification [K. Y. J. Zhang
and P. Main, Acta Crystallogr. A46, 377 (1990)] and
twofold averaging [T. A. Jones, in Molecular Re-
placement, E. J. Dodson, Ed. (SERC Daresbury
Laboratory, Warrington, Cheshire, U.K., 1992), pp.
91-105] at 3.5 A resolution and then extended to 3
A. The extension was made in steps of 0.1 A and
consisted of averaging, phase combination with the
MIR phases, and density modification. The main
chain was traced with O with skeletonized electron
density, and the initial model built from a database of
refined structures [T. A. Jones and S. Thirup,
EMBO J. 5, 819 (1986); T. A. Jones, J.-Y. Zou, S.
W. Cowan, M. Kjeldgaard, Acta Crystallogr. A47,

110 (1991)]. The initial complete model had an R
factor of 49.9% for reflections in the resolution
range of 7.5 to 2.0 A. Two rounds of simulated
annealing [A. T. Brunger, J. Kuriyan, M. Karplus,
Science 235, 458 (1987)] and rebuilding re-
duced the R factor to 25.0%. Six cycles of
standard least squares refinement and rebuild-
ing gave a final R factor of 18.1% for all mea-
sured UniCﬁJe reflections in the resolution range
7.5 to 1.8 A. This model contained 7038 nonhy-
drogen atoms corresponding to the complete
amino acid sequence of both molecules, two
N-acetyl glucoseamine molecules (one N-glyco-
sylation site per molecule at Asn?79), two o-io-
dobenzyl-1-thio-B-p-glucose molecules, 529 wa-
ter molecules, and one calcium atom (in a spe-
cial position on the twofold axis). The model was
tightly restrained with rms deviations in bond
lengths, bond angles, fixed dihedral angles of

Fas and Perforin Pathways as Major Mechanisms
of T Cell-Mediated Cytotoxicity

David Kagi,* Frangoise Vignaux,* Birgit Ledermann, Kurt Burki,
Valérie Depraetere, Shigekazu Nagata, Hans Hengartner,
Pierre Golsteint

Two molecular mechanisms of T cell-mediated cytotoxicity, one perforin-based, the other
Fas-based, have been demonstrated. To determine the extent of their contribution to T
cell-mediated cytotoxicity, a range of effector cells from normal control or perforin-deficient
mice were tested against a panel of target cells with various levels of Fas expression. All
cytotoxicity observed was due to either of these mechanisms, and no third mechanism was
detected. Thus, the perforin- and Fas-based mechanisms may account for all T cell-
mediated cytotoxicity in short-term in vitro assays.

T cell-mediated cytotoxicity has been
studied over many years (1). Two mecha-
nisms have been defined at the molecular
level. A perforin-based mechanism (2) was
confirmed by the low cytotoxic activity of
activated lymphoid cell populations from
perforin-deficient (P°) mice obtained by
gene targeting (3). This mechanism seems
to require molecules other than perforin,
including certain serine esterases (4). Inde-
pendently, a Fas-based mechanism was mo-
lecularly defined through involvement at
the target cell level (5) of the cell death~
transducing molecule Fas (APO-1) (6) and
at the effector cell level of a Fas ligand (7).
We investigated whether these two mech-
anisms could account for all T cell-mediat-
ed cytotoxicity.

We first examined the specific antialloge-
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neic cytotoxicity generated in mixed leuko-
cyte cultures (MLCs) in vitro (8). Wild-type
C57BL/6—-anti-C3H (H-2b-anti-H-2k; b-an-
ti-k) MLC cells lysed thymocytes from wild-
type C3H (k) mice in a 4-hour *!Cr release
assay (9) (Fig. 1A). They also lysed thymo-
cytes from Ipr mutant k mice (10), which
express little or no Fas (I1) and are thus
unable to be lysed by the Fas-based mecha-
nism (Fig. 1B). When P° b-anti-k MLC cells,
which are unable to lyse through the perforin-
based pathway, were used as effector cells,
some cytotoxicity still occurred on wild-type
thymocytes (Fig. 1C), but not on Ipr thymo-
cytes (Fig. 1D). The simplest interpretation
for this absence of cytotoxicity is that when
effectors were unable to exert perforin-based
lysis and targets were unable to be lysed
through the Fas pathway, no other mecha-
nism operated. In confirmation of other re-
sults (3, 5), both perforin- and Fas-based
mechanisms were antigen-specific because in
all cases k, but not C57BL/6 (b), thymocytes
were lysed (Fig. 1, A through C).

Similar evidence was obtained with
nonantigen-specific stimuli. MLC cells from
wild-type mice could be induced by phorbol
12-myristate 13-acetate (PMA) plus iono-
mycin to lyse syngeneic target cells through
the Fas-based mechanism and by concanava-
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0.008 A, 1.7°, and 1.4°, respectively. One nongly-
cine residue (Ser®) has deviant main chain
torsion angles, and 12 residues have “pep-flip”
values greater than 2.5 A. The two molecules in
the asymmetric unit have an rms fit of 0.2 A for all
atoms. The surface in Fig. 3 was generated with
Voidoo [G. J. Kleywegt and T. A. Jones, Acta
Crystallogr. D50, 178 (1994)].

30. C. Divne et al., data not shown.

31. We thank U. Heinemann for Ca coordinates of the
B-glucanase before their general release and P.
Laamanen and T. Kuurila for skillful technical
assistance. This work has been supported by the
Swedish Natural Science Research Council, Nor-
disk Industrifond, and Alko Limited. The coordi-
nates have been deposited at the Protein Data
Bank at Brookhaven.

8 February 1994; accepted 17 May 1994

lin A (Con A) to lyse the same syngeneic
target cells by a mechanism that was not
Fas-based (12). C57BL/6—-anti-BALB/c (b—
anti-d) MLC cells, either wild-type or P°,
were tested against syngeneic b thymocytes,
either wild-type or lpr. In medium alone, no
cytotoxicity was detected in this syngeneic
combination (Fig. 1, E through H). In the
presence of PMA plus ionomycin, wild-type
MLC cells lysed wild-type thymocytes (Fig.
1E), but not Ipr thymocytes (Fig. 1F), con-
firming that in this system PMA plus iono-
mycin reveals the Fas-based pathway exclu-
sively (12). The same results were obtained
with P° MLC cells (Fig. 1, G and H),
leading to the conclusion that P° cells could
be induced by PMA plus ionomycin to exert
Fas-based cytotoxicity against syngeneic
cells.

Lysis of both wild-type and Ipr thymo-
cytes by wild-type MLC cells stimulated by
Con A (Fig. 1, E and F) confirmed that Con
A triggered a non—Fas-based mechanism of
cytotoxicity. Con A also triggered lysis by P°
MLC cells of wild-type thymocytes (Fig. 1G)
but not of Ipr thymocytes (Fig. 1H). The
simplest interpretation of these findings is
that Con A induces both perforin- and
Fas-based mechanisms. Neither can operate
when P° effectors, which are unable to exert
perforin-based cytotoxicity, are used with Ipr
target cells (Fig. 1H). Thus, in this experi-
mental system (Fig. 1, E through H), al-
though Con A could trigger both perforin-
and Fas-based cytotoxicity, no other cyto-
toxicity mechanisms were revealed.

These conclusions also held for experi-
ments that used target cells other than thy-
mocytes. Wild-type or P° b-anti-d MLC
cells were tested on L1210 or L1210-Fas
tumor target cells, which express (5) little or
more significant amounts of Fas, respective-
ly. Whereas both target cells were lysed to
about the same extent by wild-type mouse
MLC cells (Fig. 2A), L1210 cells were lysed
less efficiently than L1210-Fas cells by P°
MLC cells (Fig. 2B) and by d11S cells,
which can be considered prototypic Fas-
based killer cells (Fig. 2C) (5, 13). Cytotox-



icity by wild-type or P° MLC cells on these
tumor target cells was antigen-specific be-
cause syngeneic tumor target cells were not

lysed (14). Inclusion of antibody to Fas (JO2)
in solution, which in overnight tests lysed
Fas-bearing target cells (15), did not lyse
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presence of Con A (filled triangles). (A and E) Both MLC effectors and thymocyte targets were
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L1210 or L1210-Fas cells during a 4-hour >'Cr
release assay. It therefore could be used to
specifically inhibit Fas-based T cell-mediated
cytotoxicity, indicating that it recognized an
epitope on Fas near the site recognized by the
Fas ligand. This antibody almost completely
inhibited d11S-mediated, but not wild-type
MLC, cytotoxicity (Fig. 2, A and C) and
almost entirely blocked the residual lysis of
L1210 cells by P° cells (Fig. 2B). Taken
together, these results indicated that, when
tested on these tumor target cells, the strong
specific antiallogeneic cytotoxic activity by P°
MLC cells was also Fas-based.

Similar results were obtained with other
types of cytotoxic T cells. Antiallogeneic
peritoneal exudate lymphocytes (PELs) (16,
17) generated in vivo in wild-type or P° mice
gave results similar to those obtained with
MLC cells (Figs. 1 and 2, A and B) when
tested on thymocytes (14) and on tumor cells
(Fig. 2, D and E). Major histocompatibility
complex class I-restricted cytotoxic cells from
wild-type or P° C57BL/6 mice, specific for
lymphocytic choriomeningitis virus (LCMV),
were tested 8 days after intravenous infection
with 200 plaque-forming units of strain
LCMV-WE on Fas-expressing RMA and Fas-
negative MC57G target cells (Fig. 3, E and F)
(18, 19). If first incubated with a main epi-
tope peptide of LCMV glycoprotein (9, 20),
both MC57G and RMA target cells were
lysed by wild-type effector cells (Fig. 3, A
through D), but only the Fas-expressing RMA
cells were lysed by P° effector cells (Fig. 3D).
This lysis by P° effector cells was completely
blocked by antibody to Fas (Fig. 3D), rein-
forcing the conclusion that Fas-based cytotox-
icity accounts for all of the detectable lysis
induced by P° virus peptide—specific cytotoxic
T lymphocytes. Taken together, these results
showed that mouse lymphocyte populations,
either those that are lectin driven or those
that are antigen-specific, raised either in vivo
or in vitro, exerted T cell-mediated cytotox-
icity in short-term assays through both per-
forin- and Fas-based mechanisms and appat-
ently only through these mechanisms. How-
ever, this conclusion of only two mechanisms
may not apply to in vitro cytotoxicity tests of
longer duration or involving other target cells
or to some in vivo situations.

A close examination of Figs. 1 and 2 also
showed that, when tested on target cells
such as thymocytes or L1210-Fas, the extent
of Fas-based cytotoxicity and that of per-
forin-based cytotoxicity may differ by a fac-
tor of only about 3 in terms of effector-to-
target cell ratios required to obtain the same
ICr release values. This observation is at
variance with other estimates in which the
Fas pathway in the presence of Mg?*-EGTA
was about 10% of total cytotoxicity (5).
Fas-based cytotoxicity with P° effector cells
was inhibited by Mg?*-EGTA. This obser-
vation apparently reflects a requirement for
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incubation first with the GP33 LCMV-GP peptide. In addition, cytotoxicity was tested in the presence
of monoclonal antibody to Fas (5 png/ml) (D) (filled symbols). Cytotoxicity was expressed as specific
S1Cr release after subtraction of spontaneous 5'Cr release, which was 16 to 21%. The Fas
expression patterns of MC57G cells (E) and of RMA cells (F), stained with either second-stage
reagent alone (left curves) or monoclonal antibody to Fas and second-stage reagent (right curves),

were analyzed by cytofluorometry (78).

Ca’* for the induction, as opposed to the
execution, of Fas-based cytotoxicity (21).

Absence of perforin resulted in the aboli-
tion of a major component of T cell-mediated
cytotoxicity, thus formally demonstrating the
existence of a perforin-based mechanism (3).
The experiments reported here show that
effector cells from perforin-deficient mice can
still exert Fas-based cytotoxicity on Fas-ex-
pressing target cells, whether this cytotoxicity
was triggered by antigens or was nonspecific.
Thus, perforin was required neither for the
expression nor for the induction of the Fas
pathway. This conclusion is consistent with
the observation that simple transfection of Fas
ligand complementary DNA could confer cy-
totoxic activity to fibroblast-like COS cells
(7). Reciprocally, the perforin-based mecha-
nism did not require Fas. Thus, there may be
little or no overlap between the perforin- and
Fas-based mechanisms.

The perforin-based pathway seems to in-
volve granule exocytosis, whereas the Fas
pathway involves a cell-bound ligand-receptor
interaction. The coexistence of two such dif-
ferent mechanisms that ensure antigen-specif-
ic, T cell-mediated cytotoxicity raises ques-
tions of their origin, perhaps related to mast
cell degranulation and developmental path-
ways, respectively, of their connections with
the T cell receptor complex, and of their role.
Two mechanisms of cytotoxicity might in-
crease cytotoxic efficiency, at least on certain
target cells. Also, the Fas- and perforin-based
mechanisms may not have completely over-
lapping roles in vivo. Perforin is required for
clearance of LCMV, elimination of some
tumor cells, and some pathophysiological
manifestations (3). The perforin pathway may
ensure most of the classical defense roles,
directed against, for example, infected synge-
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neic cells (“modified self”). On the other
hand, Fas-based cytotoxicity may have a
regulatory role, directed against activated
syngeneic lymphocytes (“activated self”)
(12). These findings about two different
mechanisms of T cell-mediated cytotoxic-
ity may also be relevant in some studies of
tumor and graft rejection and other patho-
logical circumstances.
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