
Introduction
Development of spontaneous autoimmune diabetes in
nonobese diabetic (NOD) mice is the result of a complex
CD4+ and CD8+ T cell–dependent process directed against
pancreatic βcells (1, 2). Although the role of T cells as effec-
tors of β-cell destruction in autoimmune diabetes is well
established, the mechanisms that initiate diabetogenesis
in susceptible mice remain poorly understood.

Adoptive T-cell transfer studies using spleen cells from
prediabetic NOD mice have demonstrated that transfer
of diabetes into immunodeficient NOD mice requires
both CD4+ and CD8+ T cells (3–6). Because splenic
CD4+ T cells from diabetic NOD mice and preactivated
β cell–specific CD4+ T-cell clones can home into pan-
creatic islets and kill β cells in the absence of CD8+ T
cells (6–13), it has been proposed that naive autoreactive
CD4+ T cells may differentiate into effector cells by
engaging autoantigens shed from the β cells by a CD8+

T cell–mediated insult, in the context of MHC class II
molecules on local antigen-presenting cells (APCs) (14,
15). This view is supported by several lines of evidence.
First, β2 microglobulin (MHC class I)–deficient and
anti-CD8 mAb–treated NOD mice, which do not bear
mature CD8+ T cells, develop neither diabetes nor islet
inflammation (16–19). Second, restoring expression of
MHC class I molecules on the β cells of β2 microglobu-
lin–deficient NOD mice restores insulitis susceptibility
(20). Finally, splenocytes from prediabetic NOD mice

cannot efficiently transfer insulitis into β2 microglob-
ulin–deficient NOD.scid mice (21).

The mechanism through which diabetogenic CD8+ T
cells effect this initial β-cell insult in autoimmune dia-
betes, however, is unknown. CD8+ CTLs usually kill tar-
get cells through one of two alternative lytic pathways
(22–27). In the perforin pathway, cell death is caused by
direct effects of perforin and granzymes on the target
cell. In the Fas pathway, a T-cell membrane ligand
(FasL), which is upregulated when the T-cell receptor
(TCR) is engaged, binds a target cell surface receptor
(Fas) that induces apoptosis when ligated (28). Previous
studies in a virus-induced model of autoimmune dia-
betes indicated that CD8+ T cells specific for a trans-
genic viral neoantigen required perforin to effect β-cell
damage and to initiate diabetogenesis in transgenic
C57BL/6 mice (29). On the other hand, adoptive T-cell
transfer studies of a highly diabetogenic, perforin-posi-
tive CD8+ T-cell clone into NOD.lpr/lpr mice suggested
that CD8+ T cell–induced destruction of β cells in NOD
mice was mediated via Fas exclusively (30). Studies of
perforin- or Fas-deficient NOD mice also yielded appar-
ently contradictory results. Perforin-deficient NOD
mice developed severe insulitis but rarely became dia-
betic (31), and NOD.lpr/lpr mice developed neither dia-
betes nor insulitis despite expressing perforin (32). It is
conceivable that the paradoxical outcomes of these
studies were attributable to differences in the genetic
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backgrounds of the mice under study (NOD vs.
C57BL/6), to genetic heterogeneity with respect to dia-
betes-susceptibility loci (i.e., NOD mice congenic for the
perforin or lpr mutations might have inherited diabetes-
resistance genes from the mice donating the muta-
tions), to differences in the nature of the target
autoantigens (transgenic vs. endogenous), and/or to
pleiotropic effects of the perforin and Fas deficiencies
on CD4+ and/or CD8+ T-cell development and function.
These findings could be reconciled, however, if the CD8+

clonotypes that purportedly effect the initial β-cell
insult that initiates diabetogenesis in NOD mice require
Fas do so and if those clonotypes that are recruited to
the pancreas later on in the disease process require per-
forin to effect clinically significant β-cell destruction. 

Here, we have tested this hypothesis by investigating
the role of perforin and Fas in the ability of CD8+ T
cells bearing a representative highly diabetogenic, β
cell–reactive TCR (8.3-TCR) (33) to effect β-cell damage
in vitro and in vivo. This TCR specificity uses a TCRα
rearrangement that is frequently used by CD8+ T cells
propagated from the earliest insulitic lesions of young
NOD mice (Vα17 and Jα42 elements, often joined by
the N-region sequence M-R-D/E; ref. 34), and targets an
antigenic peptide/H-2Kd complex that is also recog-
nized by ∼ 50% of the CD8+ clonotypes that can be iso-
lated from the islets of acutely diabetic NOD mice
(Anderson, B., et al., manuscript submitted for publi-
cation). To determine whether CD8+ T cells bearing this
TCR require perforin to effect β-cell damage, we com-
pared the functional activity and diabetogenic poten-
tial of 8.3-CD8+ T cells from perforin-deficient (8.3-
NOD.PO–/–) and perforin-competent (8.3-NOD.PO+/–)
8.3-TCR–transgenic NOD mice. We found that (a) in
vitro, 8.3-CTLs killed antigenic peptide–pulsed non–β-
cell targets via both perforin and Fas but killed NOD β
cells via Fas exclusively; (b) unlike NOD.PO–/– mice,
which were diabetes resistant, 8.3-NOD.PO–/– mice and
recombination activating gene-2–deficient (RAG-2–/–)
8.3-NOD.PO–/– mice developed diabetes even more 
frequently than 8.3-NOD.PO+/– or RAG-2–/– 8.3-
NOD.PO+/+ mice, respectively; and (c) 8.3-CTLs from
8.3-NOD.PO–/– mice were as diabetogenic as 8.3-CTLs
from 8.3-NOD.PO+/+ mice when adoptively transferred
into immunodeficient NOD mice. These results there-
fore demonstrate that diabetogenic, TCR-transgenic
CD8+ CTLs representative of CTLs involved in the ini-
tiation of autoimmune diabetes in NOD mice kill β
cells in a Fas-dependent and perforin-independent
manner. On the basis of these results, we propose that
initiation of autoimmune diabetes by CD8+ CTLs is a
Fas-dependent and perforin-independent process.

Methods
Mice. 8.3-NOD mice and RAG-2–/– 8.3-NOD mice, expressing
the TCRαβ rearrangements of the H-2Kd–restricted, β
cell–reactive CD8+ T-cell clone NY8.3, have been described (33).
Perforin knockout (PO–/–) C57BL/6 (B6) mice (27) were pro-
vided by W. Clark (University of California–Los Angeles, Los
Angeles, California, USA). Rat insulin promoter B7.1-trans-
genic NOD.scid mice (RIP-B7.1-NOD.scid) were provided by D.
Serreze (The Jackson Laboratory, Bar Harbor, Maine, USA),
with permission from R. Flavell (Yale University, New Haven,

Connecticut, USA) (35). NOD/Lt, B6, and B6.MRL-Faslpr mice
were produced from stocks purchased from The Jackson Lab-
oratory. The perforin mutation of B6.PO–/– mice was back-
crossed onto the NOD background for 10 generations.
NOD.PO+/– mice of the 10th backcross were intercrossed to
generate NOD.PO–/– mice. NOD.PO–/– mice were outcrossed
with 8.3-NOD mice and RAG-2–/– 8.3-NOD mice to generate
8.3-NOD.PO+/– and RAG-2+/– 8.3-NOD.PO+/– mice. 8.3-
NOD.PO+/– and RAG-2+/– 8.3-NOD.PO+/– mice were then back-
crossed with NOD.PO–/– mice, or were intercrossed, to gener-
ate 8.3-NOD.PO–/– and RAG-2–/– 8.3-NOD.PO–/– mice,
respectively. NOD.lpr/lpr mice were generated by backcrossing
the Faslpr gene of B6.MRL-Faslpr mice onto the NOD back-
ground for eight generations and by intercrossing NOD.lpr+/–

mice. Mice were screened for inheritance of wild-type and
mutated perforin and Fas genes by PCR. Mice were housed
under specific pathogen–free conditions.

Diabetes. Diabetes was monitored by measuring urine glucose
levels with Diastix (Miles Canada Inc., Ontario, Canada) twice
a week. Animals were considered diabetic after two consecutive
readings ≥3+. Blood glucose measurements in ≥3+ glycosuric
mice are consistently >15 mmol/l. Absence of diabetes in
healthy mice sacrificed at the end of the study was confirmed
by measuring blood glucose levels using Glucostix (Miles Cana-
da Inc.) and a glucometer (<10 mmol/l).

Cell lines, antibodies, and flow cytometry. L2120-Fas+ and
L2120-Fas– cells were provided by P. Goldstein (Centre
National de la Recherche Scientifique, Marseille, France). H-
2Kd–transfected RMA-S cells (RMA-SKd) were provided by B.
Wipke and M. Bevan (University of Washington, Seattle,
Washington, USA). The hybridoma secreting the GK1.5 mAb
(anti-CD4) was obtained from the American Type Culture
Collection (Rockville, Maryland, USA). Anti–Lyt-2
(CD8α)/phycoerythrin (PE) (53-6.7), anti-L3T4/FITC (IM7),
anti-L3T4/biotin (CD4) (H129.19), anti-CD2/biotin (RM2-5),
anti-CD5 (53-7.3)/biotin, anti-CD11a/biotin (M17/4), anti-
CD24/biotin (M1/69), anti-CD28/biotin (37.51), anti-
CD44/FITC (IM7), anti-CD45RB/FITC (23G2), anti–L-
selectin/biotin (CD62L) (MEL-14), anti-CD69/biotin
(H1.2F3), anti-Vβ8.1/8.2-FITC (MR5-2), and anti-H-2Kd/FITC
(SF1-1.1) were all from PharMingen (San Diego, California,
USA). Anti–IL-2R/FITC (CD25) (AMT13) was purchased
from Cedarlane Labs Ltd. (Hornby, Ontario, Canada). Mouse
IgG–absorbed FITC- or biotin-conjugated goat anti-rat IgG
and FITC-conjugated goat anti-mouse IgG were obtained
from Caltag Laboratories Inc. (San Francisco, California,
USA) and Becton Dickinson Immunocytometry Systems (San
Jose, California, USA), respectively. Streptavidin-PerCP was
obtained from Becton Dickinson. Thymi, spleens, and islet-
derived T-cell lines were analyzed by three-color flow cytome-
try using a FACScan (Becton Dickinson) (33).

Peptides. The synthetic peptides NRP (NOD-relevant peptide;
Anderson, B., et al., manuscript submitted for publication) and
the tumor-derived, negative-control peptide tum (36) were pre-
pared using 9-fluorenyl methyloxy carbonyl (FMOC) chem-
istry and purified through reverse-phase HPLC to >90% puri-
ty. NRP, a peptide of unknown antigen source that was defined
using combinatorial peptide libraries, is a powerful agonist of
the 8.3-TCR and is also recognized by ∼ 50% of the CD8+ CTLs
that can be propagated from the pancreatic islets of acutely
diabetic nontransgenic NOD mice. Peptides were resuspend-
ed at 1 mg/ml in 0.1% acetic acid (Fisher Scientific Co., Fair
Lawn, New Jersey, USA). Additional dilutions were done with
RPMI-1640 containing 0.25% BSA.

Generation of spleen- and islet-derived CD8+ T-cell lines and clones.
Spleen cells from 8.3-NOD.PO+/– or 8.3-NOD.PO–/– mice were
depleted of CD4+ T cells using GK1.5 mAb–coated magnetic
beads (37), adjusted to 2 × 104 CD8+ T cells per 100 µl of com-
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plete medium (RPMI-1640 containing 10% heat-inactivated
FBS [GIBCO BRL, Grand Island, New York, USA], 50 U/ml
penicillin, 50 µg/ml streptomycin [Flow Laboratories, McLean,
Virginia, USA], and 50 µM 2-ME [Sigma Chemical Co., St.
Louis, Missouri, USA]), stimulated with NRP-pulsed irradiat-
ed NOD splenocytes (1 µg/ml, 105 cells per well) for three to
four days, and expanded in complete medium containing 0.5
U/ml of recombinant IL-2 (rIL-2; Takeda Co., Osaka, Japan) for
seven to 14 days. The growing cells (8.3-CD8+ CTLs >95% CD8+

pure) were used as effectors in cytotoxicity assays. Islet-derived
CD8+ T-cell lines were generated from diabetic mice within one
day of diabetes onset, as described previously (37). Briefly, puri-
fied islets were cultured in media containing rIL-2. Cells
migrating out of islets within the first six days of culture were
depleted of CD4+ T cells and cloned by limiting dilution. Grow-
ing clones were assayed for serine esterase content, and serine
esterase+ clones were expanded by stimulation with irradiated
NOD islets and rIL-2.

51Cr release assays. RMA-SKd cells (preincubated at 26°C
overnight) and L1210-Fas+ and L1210-Fas– cells were labeled
with [51Cr]sodium chromate (Du Pont NEN Research Prod-
ucts, Boston, Massachusetts, USA) for two hours (at 26°C for
RMA-SKd cells or at 37°C for other cells), washed twice with
RPMI-1640, and resuspended at 105 cells/ml in RPMI-1640
containing 0.25% BSA. Pancreatic islet cells were prepared
from five- to eight-week-old NOD/Lt, B6, and NOD.lpr /lpr
mice (37); labeled with [51Cr]sodium chromate for two hours
at 37°C; and seeded at 104 cells per well. RMA-SKd, L1210-
Fas+, and L1210-Fas– cells labeled with 51Cr were seeded at 104

cells/100 µl/well, pulsed with NRP or tum (1 µg/ml) for one
hour at 37°C, and used as target cells in 51Cr release assays.
Effector cells (peptide-activated splenic CD8+ T cells or islet-
derived CD8+ T-cell clones; 100 µl) were added to each well in
duplicate at different target/effector ratios (1:10 and 1:3,
respectively). Cultures of RMA-SKd cells with peptides but no
T cells were used as controls to confirm that the peptides were
not cytotoxic. Plain medium or 1% Triton X-100 was added to
sets of target cells for examination of spontaneous and total
cell lysis, respectively. The plates were incubated at 37°C for
eight hours, and the supernatants were collected for determi-
nation of specific 51Cr release (38).

Proliferation assays. Naive splenic CD8+ T cells from 8.3-
NOD.PO+/– or 8.3-NOD.PO–/– mice (2 × 104) were incubated,
in triplicate, with γ-irradiated (3,000 rad) islet cells (105 per
well) for three days at 37°C in 5% CO2. Cultures were pulsed
with 1 µCi of [3H]thymidine during the last 18 h of culture
and harvested.

Cytokine secretion. Naive splenic CD8+ T cells from 8.3-
NOD.PO+/– or 8.3-NOD.PO–/– mice (2 × 104 per well) were incu-
bated with γ-irradiated NOD islet cells (105 per well) and
splenocytes (105 per well) in 96-well plates for 48 h at 37°C. The
supernatants (100 µl/well) were assayed for IL-2, IL-4, and IFN-
γ content by ELISA, using commercially available kits (Gen-
zyme Diagnostics, Cambridge, Massachusetts, USA).

Adoptive T-cell transfer. Naive 8.3-CD8+ T cells were first acti-
vated with NRP in vitro, as already described here, and then
injected into the tail veins of five- to seven-week-old RIP-B7-
NOD.scid mice (4–5 × 106 cells per mouse).

Statistical analyses. Statistical analyses were performed using
the Mann-Whitney U and χ2 tests.

Results
Spontaneous autoimmune diabetes in NOD.PO–/– mice. The
first set of experiments investigated whether our
NOD.PO–/– mice (produced by intercrossing N10 het-
erozygotes) were as resistant to development of diabetes
as mice from a previously described NOD.PO–/– stock
(produced by intercrossing N7 heterozygotes; ref. 31). As
shown in Figure 1, the incidence of diabetes in
NOD.PO+/– mice and NOD.PO–/– mice was significantly
lower than in NOD/Lt mice (females: 43% vs. 17% vs.
84%, P < 0.0001, respectively; males: 14% vs. 0% vs. 46%,
respectively, P < 0.0001). The few female NOD.PO–/– mice
that developed diabetes did so slightly later than the
female NOD.PO+/– and NOD/Lt mice that became dia-
betic, but these differences were not statistically signifi-
cant (155 ± 38 vs. 124 ± 24 vs. 119 ± 6 days, respectively).
Most of the islets in pancreata from old, nondiabetic
NOD.PO–/– mice (>30 weeks) displayed severe insulitis,
but a large fraction of the insulitis lesions of these mice
were nondestructive and contained significant amounts
of endocrine tissue (data not shown). Thus, like the
NOD.PO–/– mice of Kagi et al. (31), our NOD.PO–/– mice
are resistant to development of massive β-cell loss and
diabetes but remain susceptible to insulitis. As in this
previous study, we also found a dosage effect of the per-
forin mutation on diabetes incidence.

Phenotypic properties of 8.3-CD8+ T cells from 8.3-NOD.PO–/–

mice. We next backcrossed the 8.3-TCR from 8.3-NOD mice
into NOD.PO–/– mice and observed the fate of CD8+ T cells
bearing the 8.3-TCR in the absence of perforin. Three-color
cytofluorometric studies of thymocytes and splenic cells
from 8.3-NOD.PO–/– and 8.3-NOD.PO+/– mice indicated
that 8.3-CD8+ T cells maturing in a perforin-deficient NOD
background were phenotypically normal. The percentages
of CD4+CD8+ and CD4–CD8+ thymocytes expressing high
levels of the transgenic TCRβ chain were similar in both
types of mice (Figure 2a). Thymocyte development was
skewed toward the CD8+ T-cell subset in both 8.3-
NOD.PO–/– and 8.3-NOD.PO+/– mice (Figure 2a). As a result,
the spleens (Figure 2b) and lymph nodes (data not shown)
of 8.3-NOD.PO–/– mice had similar percentages of CD8+ T
cells, Vβ8.1+CD8+ T cells, and CD4+ T cells as the spleens of
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Figure 1
Incidence of autoimmune diabetes in NOD/Lt, NOD.PO+/–,
and NOD.PO–/– mice. Data corresponds to 41 NOD.PO–/–

females, 31 NOD.PO–/– males, 21 NOD.PO+/– females, seven
NOD.PO+/– males, 114 NOD/Lt females, and 59 NOD/Lt
males. See the text for statistics.



8.3-NOD.PO+/– mice. Normal positive selection of 8.3-thy-
mocytes in 8.3-NOD.PO–/– mice was confirmed by compar-
ing the thymocyte profiles of RAG-2–/– 8.3-NOD.PO–/– and
RAG-2–/– 8.3-NOD.PO+/– mice, which cannot rearrange
endogenous TCR genes. RAG-2–/– 8.3-NOD.PO–/– mice
selected as many Vβ8.1+CD8+ T cells as RAG-2–/– 8.3-
NOD.PO+/– mice (data not shown). Additional cytofluoro-
metric studies of thymocytes from 8.3-NOD.PO–/– and 8.3-
NOD.PO+/– mice using mAb’s against several differentiation
markers, including the transgenic TCRβchain, MHC class I
(H-2Kd), CD5, CD24, CD44, and CD69, revealed that the
CD4+CD8+ and CD4–CD8+ thymocytes of both types of
mice were phenotypically similar (data not shown). Likewise,
no phenotypic differences were noted between the periph-
eral CD8+ T cells of 8.3-NOD.PO–/– mice and those of 8.3-
NOD.PO+/– mice with respect to several cell surface markers,
including Vβ8.1/8.2, CD2, CD11a, CD28, CD44, CD45RB,
CD62L, and CD69 (data not shown). Taken together, these
data suggested that 8.3-CD8+ T cells mature normally in a
perforin-deficient background.

Functional responsiveness of peripheral CD8+ T cells from 8.3-
NOD.PO–/– mice. To investigate whether the peripheral 8.3-
CD8+ T cells of 8.3-NOD.PO–/– mice were responsive to
stimulation with β-cell autoantigen, we compared the pro-
liferative and cytokine secretion activities of naive splenic
CD8+ T cells from 8.3-NOD.PO–/– and 8.3-NOD.PO+/– mice
in response to stimulation with irradiated NOD islet cells.
As shown in Figure 3, a and b, the CD8+ T cells from 8.3-
NOD.PO–/– mice proliferated better and secreted greater
amounts of IFN-γand IL-2 than the CD8+ T cells from 8.3-
NOD.PO+/– mice. The 8.3-CD8+ T cells from these mice did
not secrete IL-4, confirming their Tc1 phenotype. The
NOD islet reactivity of 8.3-CD8+ T cells is H-2Kd–restrict-
ed and β cell–specific, as it did not occur when using B6
islet cells (H-2Kb) or H-2Kd–expressing non–β-cell targets
as a source of antigen (ref. 33 and data not shown). Fur-
thermore, these responses are driven by the 8.3-TCR, as
they did not occur when using splenic CD8+ T cells from
nontransgenic NOD mice as responders (Figure 3). The
lack of nontransgenic NOD T-cell responses in these short-
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Figure 2
Flow cytometric profiles of thymocytes
and splenocytes from 8.3-NOD.PO+/–

and 8.3-NOD.PO–/– mice. CD4, CD8,
and Vβ8.1/8.2 profiles of thymocytes
(a) and splenic cells (b) from 8.3-
NOD.PO+/– and 8.3-NOD.PO–/– mice
(n = 4–6 mice per group, 8–12 weeks
old). Upper panels show CD4 vs. CD8
contour plots of cells stained with anti-
CD8/PE, anti–Vβ8.1/8.2-FITC, and
anti-CD4/biotin plus Streptavidin-
PerCP. The lower panels show the
Vβ8.1/8.2 fluorescence histograms of
each T-cell subset after electronic gat-
ing. Numbers indicate the average per-
centage of cells (upper panels) or num-
ber of Vβ8.1/8.2+ cells (lower panels) in
each subset. DN, double-negative cells.
DP, double-positive cells. 



term in vitro assays does not imply that NRP-reactive CD8+

T cells do not exist in NOD mice; in short-term assays,
nontransgenic NOD CD8+ splenocytes also fail to prolif-
erate or secrete cytokines above background levels in
response to syngeneic (NOD) or allogeneic (B6) islet cells
(Figure 3a and data not shown). In any case, the results
obtained with 8.3-CD8+ T cells indicate that 8.3-
NOD.PO–/– mice export functional β cell–reactive CD8+ T
cells to the periphery and that these CD8+ T cells are slight-
ly hyperreactive to antigenic stimulation in vitro.

To investigate whether the 8.3-CD8+ T cells of 8.3-
NOD.PO–/– mice could differentiate into cytotoxic T cells
upon antigenic challenge in vitro, we stimulated the
splenic CD8+ T cells from 8.3-NOD.PO–/– and 8.3-
NOD.PO+/– mice with the peptide ligand of the 8.3-TCR
(NRP; Anderson, B., et al., manuscript submitted for
publication) in the presence of irradiated NOD spleno-
cytes as APCs. We then tested the ability of the respond-
ing cells to lyse Fas+, H-2Kd cDNA–transfected RMA-S
cells (RMA-SKd) in the presence of either NRP or an irrel-
evant H-2Kd–binding peptide (tum; ref. 36). As shown in
Figure 3c, NOD islet–stimulated 8.3-CD8+ T-cell lines
from 8.3-NOD.PO–/– mice killed NRP-pulsed, but not
tum-pulsed, RMA-SKd targets almost as efficiently as
8.3-CD8+ T-cell lines from 8.3-NOD.PO+/– mice. These
responses were 8.3-TCR–specific and activation-depend-
ent, as they were not observed when using islet-stimu-
lated CD8+ T cells from nontransgenic NOD mice or
when using naive CD8+ T cells from 8.3-NOD.PO+/+ mice
as effector cells (data not shown). To confirm that the
cytotoxic response observed in these assays was repre-
sentative of the cytotoxic activity of in vivo–activated 8.3-
CD8+ T cells, we generated 8.3-CD8+ T-cell clones from
the pancreatic islets of 8.3-NOD.PO–/– mice and tested
their ability to kill NRP- or tum-pulsed RMA-SKd cells in
vitro. As shown in Figure 3d, these clones efficiently
killed NRP-pulsed, but not tum-pulsed, RMA-SKd cells.
It thus appears that the 8.3-CD8+ T cells of 8.3-

NOD.PO–/– mice can differentiate into CTLs both in
vitro and in vivo.

8.3-CD8+ CTLs can kill non–β-cell targets via both perforin and
Fas. We next asked whether 8.3-CD8+ CTLs could lyse
non–β-cell targets via perforin, Fas, or both. This was done
by investigating whether NRP-differentiated 8.3-CD8+

CTLs from 8.3-NOD.PO+/– and 8.3-NOD.PO–/– mice could
kill peptide-pulsed L1210-Fas+ and/or peptide-pulsed
L1210-Fas– cells in vitro (L1210 cells are H-2Kd+). As
shown in Figure 4a (left), NRP-activated 8.3-CD8+ CTLs
from 8.3-NOD.PO+/– mice efficiently killed NRP-pulsed
L1210-Fas+ and NRP-pulsed L1210-Fas– targets. These
CTLs were slightly cytotoxic to tum-pulsed L1210-Fas+

cells (bystander lysis) but could not kill tum-pulsed
L1210-Fas– cells. This indicated that the cytotoxicity of
8.3-CD8+ CTLs on L1210 cells was, for the most part, anti-
gen-specific. Experiments using 8.3-CD8+ CTLs from 8.3-
NOD.PO–/– mice revealed that these CTLs were able to kill
NRP-pulsed L1210-Fas+ targets (and, to a much lesser
degree, tum-pulsed L1210-Fas+ targets), but they could
not kill NRP- or tum-pulsed L1210-Fas– targets (Figure 4a,
right). To confirm that these responses were not an arti-
fact of in vitro stimulation with NRP, we investigated
whether 8.3-CD8+ CTLs clones derived from pancreatic
islets of 8.3-NOD.PO–/– mice exhibited the same pattern
of cytotoxicity on these target cells. As shown in Figure 4b,
these clones killed NRP-pulsed L1210-Fas+ cells but could
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Figure 3
Functional activity of 8.3-CD8+ T cells
from 8.3-NOD.PO–/– mice. (a) Prolif-
eration of CD8+ T cells from NOD/Lt,
8.3-NOD.PO+/–, and 8.3-NOD.PO–/–

mice in response to NOD islet cells. (b)
Cytokine secretion by splenic CD8+ T
cells from NOD/Lt, 8.3-NOD.PO+/–,
and 8.3-NOD.PO–/– mice in response
to stimulation with NOD islet cells. (c)
Differentiation of 8.3-CTLp from 8.3-
NOD.PO+/– and 8.3-NOD.PO–/– mice
into CTL. Splenic CD8+ T cells were
incubated with NRP-pulsed NOD
splenocytes for seven days and then
used as effectors in 51Cr release assays
employing NRP- or tum-pulsed RMA-
SKd cells as targets (at a 1:10
target/effector ratio). Bars show the
SEMs. (d) Cytotoxic activity of islet-
derived CD8+ T-cell clones from 8.3-
NOD.PO–/– mice at a 1:3 target/effec-
tor ratio.

Table 1
Diabetogenicity of antigen-activated 8.3-CD8+ T-cell lines in RIP-B7-
NOD.scid mice

CD8+ T-cell donors n Diabetic Age at onset (days)A

8.3-NOD.PO+/+ 7 7/7 4, 4, 4, 4, 5, 7, 30
8.3-NOD.PO–/– 7 5/7 5, 5, 7, 17, 23

Naive 8.3-CD8+ T-cells were activated with NRP in vitro and then injected into the
tail veins of 5-7 week old RIP-B7-NOD.scid mice (4—5 × 106 cells per mouse). n,
number of hosts. ADays after transfer. 



not kill tum-pulsed L1210-Fas+ cells, tum-pulsed L1210-
Fas– cells, or NRP-pulsed L1210-Fas– cells. Taken togeth-
er, these data demonstrated that 8.3-CTLs can kill anti-
gen-pulsed L1210 targets via both perforin and Fas and
confirmed that the 8.3-CD8+ CTLs from 8.3-NOD.PO–/–

mice cannot kill Fas-deficient targets.
Perforin-deficient 8.3-CD8+ CTLs can kill NOD, but not

NOD.lpr, β cells. We next asked whether NRP-differentiat-
ed 8.3-CD8+ CTLs from 8.3-NOD.PO+/– and 8.3-

NOD.PO–/– mice could kill NOD (H-2Kd, Db), C57BL/6
(H-2Kb, Db), and NOD.lpr/lpr (H-2Kd, Db) islet cells in
vitro. As shown in Figure 5, 8.3-CD8+ CTLs from both
8.3-NOD.PO+/– and 8.3-NOD.PO–/– mice killed NOD, but
not B6, islet cells. Surprisingly, CTLs from both types of
mice were unable to kill NOD.lpr/lpr islet cells. Although
these results cannot exclude the possibility that 8.3-CD8+

CTLs may also be able to kill β cells via non-perforin/non-
Fas mechanisms, they strongly suggest that 8.3-CD8+

CTLs can only lyse β cells that express Fas.
Spontaneous autoimmune diabetes in 8.3-NOD.PO–/– and

8.3-NOD.PO+/– mice. The results of the in vitro experi-
ments predicted that diabetogenesis in 8.3-NOD mice
would be independent of perforin expression. To inves-
tigate this, we observed 8.3-NOD.PO+/+, 8.3-NOD.PO+/–,
and 8.3-NOD.PO–/– mice for development of diabetes. As
shown in Figure 6, female 8.3-NOD.PO–/– mice devel-
oped diabetes more frequently than 8.3-NOD.PO+/– mice
(71% vs. 53%; P < 0.0001) and as frequently as 8.3-
NOD.PO+/+ mice (71% vs. 72%, respectively). On average,
female 8.3-NOD.PO–/– mice developed diabetes later
than 8.3-NOD.PO+/+ mice (97 ± 37 vs. 61 ± 24 days; P <
0.0001) but only slightly later than female 8.3-
NOD.PO+/– mice (97 ± 37 vs. 80 ± 31 days; nonsignificant
differences). Male 8.3-NOD.PO–/– mice also developed
diabetes more frequently than 8.3-NOD.PO+/– mice and
8.3-NOD.PO+/+ mice (69% vs. 54% vs. 52%, respectively; P
< 0.0001). No significant differences were noted in the
average age at onset of the disease among male mice
from these three strains (100 ± 36 vs. 94 ± 35 vs. 83 ± 35
days, respectively). Taken together, these results demon-
strated that 8.3-CD8+ CTL–induced diabetogenesis is,
for the most part, independent of perforin expression
and that absence of perforin actually increases the pene-
trance of the disease in 8.3-NOD mice.

Spontaneous diabetes in monoclonal 8.3-NOD.PO–/– mice. It
could be argued, however, that β-cell destruction in 8.3-
NOD.PO–/– mice was effected by CD8+ or CD4+ T cells
bearing endogenous TCRs, rather than by 8.3-CD8+

CTLs. To confirm that 8.3-CD8+ T cells from 8.3-
NOD.PO–/– mice could destroy β cells in vivo independ-
ently of other T-cell specificities, we compared the natu-
ral history of diabetes in RAG-2–/– 8.3-NOD.PO–/– and
RAG-2–/– 8.3-NOD.PO+/+ mice, which cannot rearrange
endogenous TCRs and thus bear a monoclonal TCR
repertoire. As shown in Figure 7, RAG-2–/– 8.3-
NOD.PO–/– mice developed diabetes even more fre-
quently than RAG-2–/– 8.3-NOD.PO+/+ mice, both in
females (100% vs. 37%; P < 0.001) and in males (50% vs.
29%; P < 0.05). The average age at onset of diabetes in
these two types of mice was comparable (females: 85 ± 51
vs. 92 ± 47 days; males: 141 ± 25 vs. 107 ± 45 days).

Diabetogenic activity of perforin-deficient 8.3-CTLs in immun-
odeficient NOD mice. Finally, to confirm that perforin-defi-
cient 8.3-CTLs could kill NOD βcells in vivo, we transferred
NRP-differentiated 8.3-CD8+ CTLs from 8.3-NOD.PO–/– or
8.3-NOD.PO+/+ mice into RIP-B7.1–transgenic NOD.scid
mice and observed these mice for development of diabetes.
We did these experiments in RIP-B7.1-NOD.scid mice
because they constitutively express the costimulatory mol-
ecule B7.1 on β cells. This enables a faster readout of CD8+

T cell–induced diabetes than when using NOD.scid mice as
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Figure 4 
Cytotoxic activity of 8.3-CTLs from 8.3-NOD.PO+/– and 8.3-NOD.PO–/–

mice against peptide-pulsed L1210-Fas+ and L1210-Fas– cells. 8.3-CTL
lines (a) and clones (b) were generated as in Figure 3 and tested at a 1:10
(for lines) or 1:3 (for clones) target/effector ratio . Bars show the SEMs.

Figure 5
β-cell cytotoxicity of 8.3-CTLs from 8.3-NOD.PO+/– and 8.3-NOD.PO–/–

mice. NRP-differentiated 8.3-CTLs were tested in cytotoxicity assays
against islet cells from NOD/Lt, C57BL/6, and NOD.lpr/lpr mice (at a
1:10 target/effector ratio).



hosts. As indicated in Table 1, the incidence and age at onset
of diabetes in mice transferred with perforin-deficient 8.3-
CTLs were similar to the incidence and age at onset of dia-
betes in mice transferred with perforin-expressing 8.3-CTLs
(5/7 vs. 7/7 mice; 8 ± 10 vs. 11 ± 8 days). Therefore, 8.3-CTLs
do not require perforin to effect β-cell damage in vivo.

Discussion
This study has investigated whether diabetogenic CD8+ T
cells bearing a representative NOD mouse–derived, β
cell–reactive, and H-2Kd–restricted TCR (8.3-TCR) require
perforin and/or Fas to effect β-cell damage. This TCR is
representative of the MHC class I–restricted TCRs that are
putatively involved in the initiation and progression of
autoimmune diabetes, for several reasons. First, it uses a
TCRα rearrangement that is also used by a large fraction
of the CD8+ T cells that infiltrate islets at the earliest
stages of insulitis (34). Second, it targets the same pep-
tide/H-2Kd complex on β cells as ∼ 50% of the islet-associ-
ated CD8+ T cells in acutely diabetic nontransgenic NOD
mice (Anderson, B. et al., manuscript submitted for pub-
lication). Third, it is highly diabetogenic when expressed
as a transgene in NOD mice (33, 37). Finally, it can initi-
ate diabetogenesis in RAG-2–/– 8.3-NOD mice, which bear
a monoclonal TCR repertoire (33). We have shown that,
in vitro, CD8+ CTLs expressing this TCR can use both per-
forin and FasL to lyse antigenic peptide–pulsed non–β-cell
targets but can only kill NOD β cells via Fas. In agreement
with these results, abrogation of perforin expression in
8.3-NOD mice did not protect these mice from diabetes
and actually increased the penetrance of the disease
through the population. These data provide one solution
to the paradoxical need for both Fas (30, 32) and perforin
(29, 31) for the development of autoimmune diabetes:
unlike the CD8+ T cells involved in the progression of

autoimmune diabetes, the CD8+ T cells involved in the ini-
tiation of the disease process would lyse β cells in a Fas-
dependent and perforin-independent manner.

Previous studies in a virus-induced model of autoim-
mune diabetes had argued for perforin as the major
mechanism of CTL-induced damage of β cells in
autoimmune diabetes. CD8+ CTLs specific for a trans-
genic viral neoantigen (glycoprotein from lymphocytic
choriomeningitis virus [LCMV-GP]) required perforin
to cause diabetes in LCMV-infected RIP-LCMV-
GP–transgenic C57BL/6 mice (29). In contrast, adop-
tive-transfer studies of an NOD mouse–derived, highly
diabetogenic, and perforin-positive CD8+ CTL clone
into NOD.lpr/lpr mice supported the alternative view
that CD8+ T cell–mediated lysis of β cells in NOD mice
is entirely dependent on the expression of Fas (30).
Studies of perforin- or Fas-deficient NOD mice also
yielded apparently contradictory results: perforin-defi-
cient NOD mice developed severe insulitis but rarely
became diabetic despite expressing Fas (31), and
NOD.lpr/lpr mice developed neither diabetes nor insuli-
tis despite expressing perforin (32).

We have shown that 8.3-NOD.PO–/– mice develop dia-
betes even more frequently than 8.3-NOD.PO+/– mice.
The mechanisms underlying the increased incidence of
diabetes in 8.3-NOD.PO–/– mice are unclear but may be
related to the hyperreactivity of perforin-deficient 8.3-
CD8+ T cells in response to antigen stimulation. Alter-
natively, the absence of perforin in 8.3-NOD.PO–/– mice
may induce the upregulation of FasL expression on 8.3-
CD8+ CTLs and thus enhance their ability to lyse β cells
via Fas. We favor the former possibility, as analyses of Fas
and FasL expression on CTLs from RAG-2–/– 8.3-NOD
and RAG-2–/– 8.3-NOD.PO–/– mice did not reveal any dif-
ferences (our unpublished data). Whatever the mecha-
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Figure 6
Spontaneous diabetes in 8.3-NOD.PO+/– and 8.3-NOD.PO–/–

mice. Data corresponds to 17 8.3-NOD.PO+/– females, 24 8.3-
NOD.PO+/– males, 44 8.3-NOD.PO–/– females, and 27 8.3-
NOD.PO–/– males. See the text for statistics.

Figure 7
Spontaneous diabetes in RAG-2–/– 8.3-NOD.PO+/+ vs. RAG-2–/–

8.3-NOD.PO–/– mice. Data corresponds to five RAG-2–/– 8.3-
NOD.PO–/– females, six RAG-2–/– 8.3-NOD.PO–/– males, 38
RAG-2–/– 8.3-NOD.PO+/+ females, and 34 RAG-2–/– 8.3-
NOD.PO+/+ males. See text for statistics.



nisms, the increased diabetes susceptibility of 8.3-
NOD.PO–/– mice demonstrate that 8.3-CTLs do not
require perforin to kill NOD β cells in vivo.

Several arguments could be made to explain the dif-
ferent outcome of the present study when compared
with the outcomes of some of these previous studies.
The dramatic differences in the diabetes susceptibility of
perforin-deficient RIP-LCMV-GP–transgenic B6 mice
upon LCMV infection compared with perforin-deficient
8.3-NOD mice could conceivably be due to differences in
the kinetics of the disease in these two models, to differ-
ences between the genetic backgrounds of the mice
under study (NOD vs. B6), and/or to differences in the
molecular nature (and, hence, timing and expression) of
the corresponding target β-cell autoantigens (transgenic
vs. endogenous). Unlike spontaneous autoimmune dia-
betes in the NOD mouse, the virus-induced form of dia-
betes in the LCMV model is acute and is not preceded by
chronic inflammation of the pancreas by mononuclear
cells (39). The powerful antigenic stimulus associated
with LCMV infection in these mice might promote the
use of the perforin pathway by CD8+ CTLs to kill infect-
ed cells as a way to ensure the rapid clearance of the virus.
It is also possible that the choice between Fas and per-
forin pathways by CTL clonotypes maturing in NOD or
B6 mice is influenced by one or several of the numerous
MHC-linked and non–MHC-linked genetic differences
between these two backgrounds (40). These effects
would be analogous to those underlying differences in
the requirement for IFN-γ expression for the develop-
ment of insulitis and diabetes in RIP-LCMV-GP–trans-
genic B6 mice compared with NOD mice: IFN-γ–defi-
cient RIP-LCMV-GP–transgenic B6 mice develop neither
diabetes nor insulitis, whereas IFN-γ–deficient NOD
mice develop severe insulitis and diabetes, albeit in a
decelerated form (41, 42). The nature of the target
autoantigen is another important consideration in the
interpretation of the results of studies in different mod-
els. It has been shown that Fas-mediated cytotoxicity by
CD8+ CTLs can be triggered independently of perforin-
mediated cytotoxicity, depending on the structure of the
triggering antigenic peptide/MHC complex (43). In this
regard, it is worth noting that 8.3-CTLs could not lyse
NOD β cells from NOD.lpr/lpr mice despite the fact that
these CTLs had cytotoxic granules and expressed per-
forin. Furthermore, perforin-deficient 8.3-CTLs could
efficiently transfer diabetes into RIP-B7.1–transgenic
NOD.scid mice. It is therefore likely that some of the β-
cell autoantigens targeted by CD8+ CTLs in NOD mice
can only elicit Fas-mediated cytotoxicity.

Any interpretation of the available data, however, can-
not ignore the fact that both perforin-deficient NOD mice
and NOD.lpr/lpr mice are resistant to diabetes (31, 32). At
first glance, this seems paradoxical because it suggests that
both perforin and Fas, which subserve a somewhat redun-
dant role in cell-mediated cytotoxicity, are necessary for
the development of diabetes. Although it is possible that
the diabetes resistance of the perforin-deficient NOD
mice of Kagi et al. (31) was due to factors independent of
the absence of perforin in CD8+ CTL, we think this is
unlikely for several reasons. Like the perforin-deficient
NOD mice (intercrossed at the N7 backcross) of Kagi et

al., our perforin-deficient NOD mice (intercrossed at the
N10 backcross) are also highly resistant to diabetes devel-
opment. Because there are no known diabetes-suscepti-
bility or -resistance genes near the perforin-locus on
murine chromosome 10 (40), it is unlikely that the dia-
betes resistance of these mice resulted from introduction
of a putative, B6-derived, diabetes-resistant allele into the
NOD background. We also found a gene dosage effect of
the perforin mutation on diabetes incidence, although
this effect was significantly greater in our colony than in
the colony of Kagi et al. (31). Perforin gene dosage effects
have been observed in diabetes-unrelated experiments (22)
and are not too surprising, as perforin mRNA and protein
are not abundant in perforin-expressing CTLs in vivo (44).
This gene dosage effect suggests that perforin+/– CD8+

CTLs express limiting levels of perforin; this is compatible
with the view that diabetes development in nontransgenic
NOD mice requires the involvement of perforin+ CTLs.
Nevertheless, this gene dosage effect is equally compatible
with the existence of an unknown, perforin-linked Idd
locus. Thus, this possibility cannot be excluded at present.

But if perforin is the major mechanism of β-cell cyto-
toxicity, why do perforin-competent NOD.lpr/lpr mice
not develop diabetes? The lack of diabetes-susceptibility
loci near the lpr locus on chromosome 19 also makes it
highly unlikely that the reported diabetes resistance of
NOD.lpr/lpr mice (intercrossed at the N6 backcross) was
due to cointroduction of diabetes resistance genes into
the NOD background along with the lpr gene. It could
be argued, however, that the diabetes resistance of Fas-
deficient NOD mice resulted from pleiotropic effects of
the Fas deficiency on T-cell development and/or func-
tion, rather than from the absence of Fas on the β-cell
surface. Unlike perforin-deficient mice, NOD.lpr/lpr
mice exhibit severe defects in lymphocyte homeostasis,
including massive lymphadenopathy, accumulation of
CD4–CD8–B220+ T cells, and constitutive upregulation
of FasL on T cells (32). Nevertheless, human and murine
β cells can express Fas (30, 45–47), and neither T cells
from diabetic NOD mice (32) nor NOD islet–derived
diabetogenic CD8+ CTL clones (30) can transfer diabetes
into NOD.lpr/lpr mice. It is thus likely that diabetes is a
Fas-dependent process as well.

Our observation that a CD8+ CTL specificity represen-
tative of those CTLs putatively involved in the initiation
of spontaneous diabetes in NOD mice does not require
perforin to effect β-cell damage in vitro and in vivo, and
kills NOD β cells via Fas exclusively, provides one solu-
tion to the seemingly paradoxical need for both perforin
and Fas for the development of diabetes. Previous stud-
ies have suggested that initiation of insulitis in NOD
mice is mediated by a cytopathic effect of certain CD8+

CTLs on β cells, leading to the release of sequestered 
β-cell autoantigens and the subsequent activation of 
diabetogenic CD4+ T cells and other CD8+ CTLs (16–19).
We therefore propose that CD8+ CTL clonotypes involved
in the initiation of autoimmune diabetes effect the ini-
tial β-cell insult via Fas exclusively and that those recruit-
ed later in the disease process kill β cells primarily via
perforin. This would explain why NOD.lpr/lpr mice do
not even develop insulitis (32) and why perforin-defi-
cient NOD mice develop severe inflammation of islets by
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CD4+ T cells and yet remain diabetes resistant (31).
In conclusion, we have shown that CD8+ T cells bear-

ing a highly diabetogenic, β cell–specific, H-2Kd–restrict-
ed TCR that is representative of the TCRs expressed by
islet-associated CD8+ CTLs propagated from the earliest
insulitic lesions of NOD mice do not require perforin to
trigger diabetes and that they can only kill NOD β cells
via Fas. These results provide an explanation for the
insulitis and diabetes resistance of Fas-deficient NOD
mice and suggest that the initial CD8+ CTL–mediated β-
cell insult in spontaneous autoimmune diabetes is
effected via Fas. Future studies with TCRs from addi-
tional CD8+ CTL clones should provide further insights
on the role of Fas and perforin during early and late
stages of diabetes development.
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