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TRAIL, the tumor necrosis factor-related apoptosis-inducing ligand, selectively induces apoptosis of
tumor cells, but not most normal cells. Its role in normal, nontransformed tissues is not clear. We
report here that mice deficient in TRAIL have a severe defect in thymocyte apoptosis—thus, thymic
deletion induced by T cell receptor ligation is severely impaired. TRAIL-deficient mice are also
hypersensitive to collagen-induced arthritis and streptozotocin-induced diabetes and develop
heightened autoimmune responses. Thus, TRAIL mediates thymocyte apoptosis and is important in
the induction of autoimmune diseases.

Immunological tolerance to self is essential for maintaining the integri-
ty of organ systems, and its breakdown may lead to the development of
autoimmune diseases. Tolerance to self is maintained through several
mechanisms, which include negative selection, functional inactivation
(anergy) and suppression of autoreactive lymphocytes. However, only
negative selection permanently removes autoreactive cells through
apoptosis. Although it has long been known that negative selection
requiresaT cell receptor (TCR) signal, it isunclear whether adeath lig-
and signal is also involved'2.
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Tumor necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) isamember of the TNF family®. Unlike other members of the
TNF family, TRAIL may interact with at least two death receptors
(death receptor 4 (DR4, TRAIL-R1) and death receptor 5 (DR5,
TRAIL-R2)) and two decoy receptors (decoy receptor 1 (DcR1,
TRAIL-R3, TRID) and decoy receptor 2 (DcR2, TRAIL-R4,
TRUNDD))*. In vitro, TRAIL induces apoptosis of many, but not al,
tumor cell lines*8. This seems to be mediated by DR4 and DR5, which
possess intracellular death domains similar to those of TNF receptor |

Figure |. TRAIL"- mice and susceptibility to autoimmune diseases. (a)
Collagen-induced arthritis in TRAIL"* and TRAIL"- C57BL/6 mice (n = 6). Mice were
immunized with chicken type Il collagen and sacrificed 54 d after the first immuniza-
tion. (b) STZ-induced diabetes in TRAIL** and TRAIL"~ C57BL/6 mice (n = 6). Mice
were injected with multiple low doses of STZ and sacrificed 50 d after the first STZ
injection.Ankle joints from TRAIL"* (c) and TRAIL"- (d) C57BL/6é mice were treated
as in (a). Sections were stained with hematoxylin and eosin (H&E). Original magnifi-
cation, X100. Pancreatic islets from TRAIL"* (e) and TRAIL- (f) C57BL/6 mice were
treated as in (b). Sections were stained with H&E. Original magnification, x200.
Results are representative of three independent experiments.
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Figure 2.Anti-collagen immune responses. TRAIL** and TRAIL™~ mice were immunized with chicken type Il collagen and anti-collagen immune responses were deter-
mined. IFN-y (a) and IL-2 (b) concentrations are shown for cultures with or without chicken type Il collagen. (c,d) Anti-collagen IgG| and IgG2a titers, respectively, at dif-
ferent time points after the first immunization. Each data point represents a mean * s.d. from six mice. The experiments were repeated twice with similar results.

and CD95 (Fas or Apo-1). The DR4 and DR5 death domains activate
both mitochondria-dependent and mitochondria-independent pathways
of apoptosis through FADD-caspase 8, leading to the activation of the
caspase cascade!**. The decoy receptors DcR1 and DcR2, which do
not contain functional death domains, can block TRAIL-induced apop-
tosis*e. Although both TRAIL and TRAIL receptors are constitutively
expressed in various tissues**1>17 and are up-regulated upon cell acti-
vation”#°, TRAIL may not induce apoptosis of most nontransformed
cells*®, In vivo administration of recombinant TRAIL selectively kills
tumor cells, but not normal cells, leaving most organ systems
unharmed®2t, However, recent in vitro studies suggest that unlike most
normal cells, thymocytes, neurons and human hepatocytes may be sen-
sitive to TRAIL-induced apoptosis*?*. The biological relevance of
these findings in vivo is not clear. Using mice deficient in TRAIL, we
have now discovered an essential role for TRAIL in thymocyte apopto-
sis and autoimmunity.

Results

TRAIL™- mice and the induction of autoimmune diseases
To determine the roles of TRAIL in autoimmunity, we immunized
TRAIL** and TRAIL-- C57BL/6 mice®? with chicken typel collagen
(Fig. 1). TRAIL** C57BL/6 mice were not susceptible to collagen-
induced arthritis due to their genetic background (Fig. 1a). In contrast,
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most TRAIL-- C57BL/6 mice developed severe arthritis 4 weeks after
the immunization. Arthritis was characterized by footpad swelling, syn-
ovitis, pannus formation, and bone and cartilage destruction of paw
joints (Fig. 1c,d), which was indistinguishable from arthritis in DBA1
mice?. To determine whether thisincreased disease susceptibility could
be generalized to other experimental models, we also treated animals
with a low dose of streptozotocin (STZ) to induce diabetes. Diabetes
induced by alow dose of STZ isan animal model for human type-| dia-
betes. Although the exact autoantigens involved are not clear, autoim-
mune responses against self-islet antigens are crucial in the pathogene-
sis of the disease®®*°. STZ treatment induced diabetesin both TRAIL**
and TRAIL- C57BL/6 mice, but the onset of the disease was acceler-
ated and the incidence increased in the TRAIL~ group (Fig. 1b). Most
pancreatic islets of TRAIL** mice were either normal or mildly infil-
trated by leukocytes. In contrast, severe insulitis and massive islet
destruction were observed in TRAIL mice (Fig. 1ef). Thus, TRAIL
deficiency increased the susceptibility of mice to both autoimmune
arthritis and diabetes.

TRAIL"- mice and anti-collagen immune responses

Collagen-induced arthritis is initiated by collagen-specific lympho-
cytes. To determine whether susceptibility to arthritisin TRAIL=- mice
was associated with alterations of collagen-specific lymphocytes, we
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Figure 3. Thymocyte apoptosis in vivo and in vitro. Seven-week-old TRAIL"* and TRAIL?- C57BL/6 mice (n = 4) were injected i.p. with 25 g of 145C11 CD3 mAb at
0 and 24 h.Twenty-four hours after the last injection, mice were sacrificed and their thymocytes were collected and analyzed by flow cytometry. Both the percentages of
thymocytes (a—d) and total numbers of immature CD4*CD8* thymocytes (e) are shown. (f) Thymocytes from TRAIL** and TRAIL™- mice were cultured in plates coated with
either | pg/ml CD3 mAb plus 2 pg/ml CD28 mAb (group ), or | pg/ml CD3 mAb plus 20 pg/ml CD28 mAb (group 2) for 24 h.The specific apoptosis shown represents
the percentages of apoptotic CD4"CD8" cells in test cultures minus the percentages of apoptotic CD4*CD8" T cells in control cultures not containing CD3 or CD28 mAb,
which were 22% and 34% for TRAIL”- and TRAIL"* cultures, respectively. Results are representative of four independent experiments. The differences between anti-
CD3-treated TRAIL”- and TRAIL"* groups are statistically significant (P < 0.01) for all the parameters shown.
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Figure 4. Effects of TRAIL
blockade on thymocyte
apoptosis. Thymocytes from
6- to 7-week-old C57BL/6
mice were cultured in plates
coated with | pg/ml of CD3
mADb plus 20 pg/ml of CD28
mAD in the presence of differ-
ent amounts (5, 25 and 50
Hg/ml) of sDR57 (open bars)
or control protein human
serum albumin (filled bars).
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After 24 h, cells were harvested, stained with CD4 mAb, CD8 mADb, anti-HSA and annexin V5, and analyzed by flow cytometry.The specific apoptosis shown represents the per-
centages of apoptotic cells in test cultures minus the percentages of apoptotic cells in control cultures not containing CD3 or CD28 mAb, which were 25.3%, 25.2% and 35.4% for
(a), (b) and (c), respectively. Human sDR5 did not promote or inhibit apoptosis of thymocytes in cultures not treated with CD3 mAb (data not shown).The differences between
the control protein- and sDR5-treated cultures are statistically significant (P < 0.01) as determined by ANOVA.

examined both cellular and humoral anti-collagen immune responses.
Mice were treated as in Fig. 1a, and their blood and lymphoid tissues
were collected 2-8 weeks after immunization. Splenocytes from con-
trol mice responded moderately to collagen stimulation by producing
interleukin (I1L)-2 and interferon (IFN)-y (Fig. 2a,b). Thisresponse was
greatly enhanced in TRAIL cultures. Collagen antibody titers in the
sera were determined by collagen-specific ELISA. Both anti-collagen
IgG1 and 1gG2a were substantially increased in TRAIL mice (Fig.
2c,d). These results indicate that mice deficient in TRAIL have
increased cellular and humoral immune responses against self-antigens.

TRAIL"- mice and thymus size

Although mice deficient in TRAIL developed normally?%, they had
moderately enlarged thymuses compared with normal TRAIL** litter-
mates. Thus, the total number of thymocytes from 6- to 7-week-old
C57BL/6 micewas 80 x 10° + 30 x 10°. Thiswasincreased to 90 x 10°
+ 40 x 10° in TRAIL-- C57BL/6 mice (n = 10, P < 0.01). Similarly,
the total number of thymocytesin 6- to 7-week-old BALB/c mice was
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Figure 5. Roles of TRAIL in fetal thymus organ culture. Fetal thymuses were
collected from day 15 embryos of C57BL/6 mice and cultured, with or without CD3
mAb, CD28 mAb and sDR5. Twelve days later, single thymocyte suspensions were
prepared, stained with CD4 mAb and CD8 mAb, and analyzed by flow cytometry.
(a) Control thymuses not treated with antibody or sDR5. (b) Thymuses were treat-
ed with CD3 mAb and CD28 mAb. (c) Thymuses were treated with CD3 mAb,
CD28 mAb and sDR5. (d) Thymuses were treated with sDR5 alone.The experiment
was repeated twice with similar results.
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116 x 106 + 21 x 108, which was increased to 132 x 10° + 24 x 10°in
TRAIL littermates (n = 12, P < 0.003). Multi-color flow cytometry
analysis of TRAIL~ thymocytes revealed no abnormal changesin the
percentages of CD4*CD8-, CD4-CD8* and CD4*CD8* thymocytes, but
the total number of each cell subset was substantially increased com-
pared with TRAIL** thymus. Unlike mice deficient in Fas ligand
(FasL) or Fas, TRAIL7 C57BL/6 or BALB/c mice had only dslightly
enlarged spleens and lymph nodes, and did not develop overt systemic
autoimmune diseases during the first few months of their lives (data
not shown).

TRAIL"- mice and thymic negative selection

The enlarged thymus prompted us to investigate thymic negative selec-
tion in TRAIL” mice. First, we treated mice with CD3 monoclonal
antibody (mAb) and evaluated thymocyte deletion in vivo. CD3 mAb
induced loss of immature CD4*CD8* thymocytes and semi-mature
HSA" thymocytes in TRAIL** mice (Fig. 3). This effect was reduced
in TRAIL-- mice. The total number of thymocytes and the total num-
ber of CD4*CD8* immature thymocytes in TRAIL-- mice were sub-
stantially greater than those in the control mice following CD3 treat-
ment (Fig. 3e). Because cytokines and hormones released in the periph-
ery may mediate some of the thymocyte deletion in thisin vivo model,
we next investigated CD3 mAb-induced thymocyte apoptosis in better-
defined in vitro systems. Coculturing TRAIL** thymocytes with CD3
mADb induced apoptosis of CD4*CD8* cells, as determined by annexin-
V5 staining (Fig. 3f). In contrast, the same CD3 treatment failed to
induce substantial apoptosis of TRAIL- thymocytes, even in the pres-
ence of a high dose of CD28 mAb. Addition of soluble DR5 (SDR5)
protein to TRAIL** cultures blocked the apoptosis of immature and
semi-mature thymocytes in a dose-dependent manner (Fig. 4). The
blocking of apoptosis by sDR5 was also apparent in the fetal thymus
organ culture (FTOC) treated with CD3 mAb. Thus, CD3 mAb induced
deletion of CD4*CD8* thymocytes in the FTOC. However, addition of
sDR5 inhibited thymocyte deletion in this system (Fig. 5). When
TRAIL-- thymus was tested in the same FTOC system, thymocyte
deletion was reduced compared with TRAIL** thymus (data not
shown). These results indicate that TRAIL is required for CD3 mAb-
induced thymocyte apoptosis both in vivo and in vitro.

To investigate whether the TRAIL effect on negative selection can be
extended to other antigen systems and genetic backgrounds, we studied
ovalbumin (OVA)-induced negative selection of MHC class-I| restricted
T cellsin BALB/c mice. Systemic administration of OVA into OVA-spe-
cific TCR transgenic DO11.10 mice reduced both the percentage and the
absolute number of immature transgenic thymocytes (Fig. 6). These
effectswere blocked in TRAIL--mice. In contrast to OVA-specific TCR
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Figure 6. Ovalbumin-induced thymocyte apoptosis in vivo. Groups of
TRAIL** and TRAIL”- OVA-specific DOI1.10 TCR transgenic littermates (n = 4)
were injected i.p. with 10 mg OVA at 0,24 and 48 h.Twenty-four hours after the last
injection, mice were sacrificed and their thymocytes stained with CD4, CD8 and KJ-
126 mAb and analyzed by flow cytometry. (a=d) The percentages of KJ-126* cells in
each group. Because all KJ-126" cells express CD4, the CD8'KJ-126" cells are
CD4'CD8" thymocytes. (e) The total numbers of transgenic thymocytes in each
group. Results are representative of three independent experiments. The differences
between OVA-treated TRAIL"* and TRAIL™~ groups are statistically significant (P <
0.01) for all the parameters shown.

transgenic cells, thymocytes that express endogenous TCR were not sig-
nificantly affected by TRAIL gene mutation after systemic OVA admin-
istration. The total numbers of nontransgenic T cells in thymus of
TRAIL** and TRAIL=- mice as treated in Fig. 6 were 1.5 x 10° + 0.4 x
10°and 2.2 x 10° + 1.1 x 10°, respectively (P > 0.5).

All models of negative selection described above depend on the
addition of exogenous TCR ligands to the system. To determine
whether negative selection induced by endogenous antigens is also
affected by TRAIL gene mutation, we studied mammary tumor virus

Table 1. The percentages of differentV; T cells in BALB/c mice

T cell subsets Mean s.d. P value® (n = 5)
CD4*CD8"* thymocytes

Vgl I* TRAIL** 2.98 0.18 0.018
Vel I* TRAIL 3.6 0.32
Vg5* TRAIL** 2.66 0.09 0.008
V5" TRAIL- 3.14 0.23

CD4* or CD8" splenocytes
Vgl 1*CD4* TRAIL™ 0.52 0.11 0.015
Vgl 1*CD4* TRAIL™- 1.78 0.65
V5*CD4* TRAIL"* 0.17 0.05 0.022
Ve5*CD4* TRAIL™ 0.35 0.07
Vgl 1*CD8* TRAIL** 1.1 0.17 0.006
Vel 1*CD8* TRAIL- 3.1 0.35
VE5'CD8* TRAIL"* 0.39 0.09 0.004
VE5'CD8* TRAIL™- 1.12 0.36

CD4* or CD8" mesenteric lymph node cells

Vgl 1*CD4* TRAIL™ 1.1 0.83 0.012
Vgl 1*CD4* TRAIL"- 1.96 0.54
V5 CD4* TRAIL™™* 0.46 0.32 0.012
V5*CD4* TRAIL™ 0.96 0.56
Vgl 1*CD8* TRAIL** 1.8 1.1 0.01
Vel 1*CD8* TRAIL™- 3.5 0.88
Vp5*CD8* TRAIL** 2.42 2.8 0.027
V5'CD8* TRAIL™ 5.6 4.3

“Statistical analyses were performed for each cell subset by comparing the percentages
in TRAIL** and TRAIL™" mice using analysis of variance (ANOVA). In contrast to these
results, the percentages of V8,V514 and V6 T cells were not significantly different
between TRAIL"* and TRAIL~ BALB/c mice. Specifically, in the thymus, the percentages
of CD4*CD8'V;8" cells of TRAIL"* and TRAIL™ mice were 9.8 + .5 and 9.9 + |.5,
respectively (n = 4,P = 0.8). In the spleen, the percentages of CD4*V;8" cells of
TRAIL"* and TRAIL™- mice were 8.9 + 0.3 and 8.8 * 0.4, respectively (n = 4, P = 0.6),
and the percentages of CD8"V;8" cells of TRAIL"* and TRAIL"~ mice were 3.9 + 0.4
and 3.9 * 0.4, respectively (n = 4, P = 0.6). Similarly, in the mesenteric lymph nodes, the
percentages of CD4"V;8" cells of TRAIL"* and TRAIL™" mice were 17.] + [.8 and 17.8
+ 2.0, respectively (n = 4, P = 0.3), and the percentages of CD8"V;8" cells of TRAIL"*
and TRAIL- mice were 6. = 0.8 and 6.1 * 0.8, respectively (n = 4,P = 1.0).

(Mtv) 9-induced negative selection in vivo. Mtv-9 encodes an endoge-
nous superantigen, which selectively deletesV;11, V5 and V3T cells
in mice that express major histocompatibility antigen (I-E)®2. We
examined the frequencies of these T cells in the thymus, spleen and
mesenteric lymph node of BALB/c (I-E*) and C57BL/6 (I-E") mice
that do or do not carry the TRAIL gene mutation, by flow cytometry.
In C57BL/6 micethat do not express I-E, the frequencies and the total
numbers of these T cell subpopulations were not affected by the
TRAIL gene mutation. Specifically, in both TRAIL** and TRAIL-
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Figure 7. Mtv-9-induced T cell deletion in vivo. TRAIL"* and TRAIL"- BALB/c littermates, 4-5 mice per group, were sacrificed at the age of 6—7 weeks. Single cell sus-
pensions of thymus, spleen and mesenteric lymph node were prepared and the total number of cells in each organ was determined. The frequencies of CD4*, CD8*, Vgl I*
and V5" cells in each organ were determined by flow cytometry, and the total number of each T cell subpopulation was calculated. Data presented are means + s.d. of total
numbers of cells of each subset in different organs. The percentages of each cell subset are shown in Table |.The differences between TRAIL** (open bars) and TRAIL™-
(filled bars) groups are statistically significant for all cell subsets (P < 0.0l as determined by ANOVA). Similar differences exist for CD4*CD8" and CD4-CD8* thymocytes
that express Vgl | or Vg5 (data not shown). The experiments were repeated twice with similar results.
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C57BL/6 mice, the total numbers of V11, V5 and V3 immature thy-
mocytes (CD4*CD8*) per organ were approximately 5 x 106, 3 x 10°
and 1 x 10, respectively. In the spleen, the total numbers of V11, V5
and V3 CD4* cells were approximately 6.5 x 10°, 3.5 x 10° and 8 x
10°, respectively, whereas in the mesenteric lymph nodes, the total
numbers of V11 and V5 CD4* cells were 2 x 10° and 1.5 x 105,
respectively. In contrast to these observations, TRAIL gene mutation
in BALB/c mice substantially altered the frequencies and total num-
bers of these T cells in both thymus and peripheral lymphoid organs
(Table 1 and Fig. 7). Thus, the numbers of V11 and Vg5 cells in
TRAIL** BALB/c mice were extremely low due to negative selec-
tion®®, |n contrast, the numbers of these T cellsin TRAIL”-BALB/c
mice were increased, approaching the numbers in C57BL/6 mice
(Fig. 7). Similarly, the numbers of V3* T cells were low in TRAIL**
BALB/c mice, but substantial increases were also observed in
TRAIL-- animals. Specificaly, the total numbers of CD4*CD8* V3*
cells in the thymuses of TRAIL** and TRAIL mice were 7 x 10° +
2x10°and 21 x 10° + 8 x 10°, respectively (n =5, P < 0.01), where-
as the total numbers of CD4* V3* T cellsin the spleens of TRAIL**
and TRAIL- mice were 2.3 x 10* + 1.0 x 10* and 5.1 x 10* + 0.8 x
104, respectively (n =5, P < 0.001). In contrast to these observations,
the frequencies of V8 T cells, which do not respond to Mtv-9, were
not affected by TRAIL gene mutation (Table 1). To determine
whether the V11 T cells of TRAIL™ mice could respond to TCR
stimulation, we cultured these cells in plates that were pre-coated
with 0.1-10 pg/ml of V11 mAb. After 48 h and 72 h, proliferation,
IL-2, IL-4, IL-10 and IFN-y secretions by cultured cells were deter-
mined by [*H]thymidine incorporation and ELISA. We found that
TRAIL-- splenocytes responded vigorously to V11 mAb stimulation
and secreted much higher amounts of cytokines than TRAIL"*
splenocytes under the same culture conditions (data not shown).
These results indicate that TRAIL mediates negative sel ection against
both exogenous and endogenous antigens.

Discussion

Although it has long been suspected that a death ligand signal may be
required for negative selection, recent studies of other death ligands and
receptors have cast doubt on thistheory. Thus, in Fas- or FasL-deficient
mice, negative selection was normal for immature CD4*CD8* T cells,
athough negative selection of semi-mature thymocytes was reduced
when a strong TCR signal was present*235, Similarly, no overt defect
in negative selection was observed in TNF or TNF receptor mutant
mice®*%. However, unlike FasL and TNF, which induce apoptosis of a
variety of normal cells, TRAIL does not seem to induce apoptosis of
most normal cells, except thymocytes, neural cells and human hepato-
cytes?%3%8 Datareported hereindicate that unlike FasL and TNF, which
mediate activation-induced cell death of mature T cells, TRAIL is
essential for the death of immature and semi-mature thymocytes during
negative selection. Although it is known that thymocytes constitutively
express TRAIL and DR5%9Y"2 and that CD3 stimulation up-regulates
DR5 expression®, it remains to be determined which thymic cell
expresses TRAIL that is used for negative selection.

If TRAIL mediates thymic negative selection, what type of intracellu-
lar death signals might it generate? Previous studies suggest that apopto-
sis can be mediated by at least two molecular pathways: the mitochon-
dria-dependent (intrinsic, stress-induced) and the mitochondria-indepen-
dent (extrinsic, death receptor-induced) pathwayst**#®. TRAIL is able to
activate the extrinsic pathway through interaction with FADD and cas-
pase 8, athough it can aso activate the intrinsic pathway through Bax
and Smac (DIABLO)**, By western blot analyses, we found that both
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caspase 8 and caspase 9 are cleaved in thymocytes 3 h after CD3 mAb
stimulation, suggesting that both enzymes may be involved (data not
shown). However, studies using mice deficient for a single gene suggest
that neither caspase 8 nor caspase 9 may be sufficient to mediate nega-
tive selection, and that deficiency in FADD alone does not abrogate neg-
ative selection*®*, although FADD deficiency unexpectedly diminished
the proliferative ability of thymocytes®®®. Similarly, CrmA, Bcl-2 and
Bcl-x transgene expression have little effect on thymic negative selec-
tion*24, In contrast, deficiency in the BH3-only Bcl-2 family member
Bim or the transcription factor Nur77 substantially blocks thymic nega-
tive selection***". Therefore, TRAIL-mediated activation of the extrinsic
pathway alone may not fully explain its effect on negative selection. In
this regard, it has been recently reported that, in addition to activating
caspases, TRAIL can induce cell cycle arrest of T cells through inhibit-
ing cyclin-dependent kinase 4 (refs. 27,48). Additionally, TRAIL aso
activates NF-kB and c¢-Jun pathways of signal transduction through inter-
action with TRAF-2 and/or RIP*-5, Using gene microarray technology,
it was found that TRAIL is able to activate alarge number of genes that
are important for regulating apoptosis?. Whether any of these TRAIL-
mediated effects has a role in thymic deletion needs to be investigated.
Regardless of the downstream molecular mechanisms, our observation
that TRAIL isrequired for negative selection of thymocytesindicates that
the death receptor pathway is involved in thymic cell death. If TRAIL,
Bim and Nur77 are al involved in negative selection, how do they relate
to each other? Because there are no established connections among these
molecules and deficiency in any one of them does not completely abro-
gate negative selection, it islikely that they represent players of different
molecular pathways. This may explain why in TRAIL”- mice no overt
spontaneous autoimmune diseases occur—despite a defect in negative
selection. Therefore, both death-receptor—dependent and death-recep-
tor—independent pathways of cell death may be required for thymic neg-
ative selection, and maintenance of self-toleranceis likely dependent on
multiple molecular mechanisms.

The results reported here indicate that TRAIL-deficient mice not
only have a defect in negative selection, but also have an increased sus-
ceptibility to autoimmune diseases. However, it is unclear whether the
defect in negative selection is directly responsible for the increase in
disease susceptibility. We have previously reported that TRAIL may
aso regulate lymphocyte functions in the periphery by inhibiting cell
cycle progression of T cells””. Therefore, further studies are required to
determine whether and to what degree a defect in negative selection
may increase the susceptibility to autoimmune diseases.

Methods

Mice. TRAIL mice were generated by gene targeting as described?®, and have been back-
crossed to C57BL/6 or BALB/c mice for more than 10 generations. All mice used in this
study were housed in the University of Pennsylvania Anima Care Facilities under
pathogen-free conditions. All procedures used were preapproved by the Institutional Animal
Care and Use Committee.

Induction and evaluation of autoimmune diseases. For arthritis experiments, C57BL/6
mice were immunized by multiple intradermal injections of 200 pg chicken type Il collagen
(Sigma, St. Louis, MO) in 100 pl PBS emulsified in an equal volume of complete Freund's
adjuvant containing 2 mg/ml mycobacterium tuberculosis H37 RA (Difco, St. Louis, MO).
Mice were rechallenged with the same antigen preparation subcutaneously on the flanks after
21 d. Mice were examined daily for signs of joint inflammation, and scored as follows: 0,
normal; 1, erythema and mild swelling confined to the ankle joint or mid-foot; 2, erythema
and mild swelling extending from the ankle to the mid-foot; 3, erythema and moderate
swelling extending from the ankle to the metatarsal joints; 4, erythema and severe swelling
extending from the ankle to the digits. The maximal disease score per foot is 4 and the max-
imal disease score per mouse is 16. The mean disease score per group is calculated as fol-
lows: total disease scores from all animalsin the group / the number of animalsin the group.

For diabetes experiments, C57BL/6 mice were injected intraperitoneally with 40 mg/kg
of STZ ondays 1, 2, 3 and 4. Urine glucose levels were measured three times a week using

volume 4 no 3 nature immunology 259



ARTICLES

Keto-Diastix (Bayer, Birmi ngham, N.]), Diabetes was defined as the elevation of gI ucose 17. Wu, G.S., Burns, T.F, Zhan,Y.,Alnemri, E.S. & El-Deiry, W.S. Molecular cloning and functional analysis
levels above 300 mg/dl for two consecutive tests. of the mouse homologue of the KILLER/DR5 tumor necrosis factor-related apoptosis-inducing lig-
and (TRAIL) death receptor. Cancer Res. 59, 2770-2775 (1999).
18. Jeremias, |., Herr, ., Boehler, T. & Debatin, K.M. TRAIL/Apo-2-ligand-induced apoptosis in human T

Measurement of anti-collagen immune responses. To test cellular immune responses,

mice were sacrificed 58 d after the first immunization and their spleens collected. |
Splenocytes, 1.5 x 10° per well, were cultured in 0.2 ml of DMEM with or without 12.5-50
ug/ml of chicken type Il collagen. Culture supernatants were collected 40 h later, and IL- 20
2/IFN-y concentrations were determined by sandwich ELISA as described®. To test
humoral immune responses, mice were bled retroorbitally 14, 35 and 58 d after the first
immunization, and collagen 1gG1 and 1gG2a antibodies in the sera were determined by,
ELISA using chicken type Il collagen as the detecting antigen.

cells. Eur. J. Immunol. 28, 143—152 (1998).

Mariani, S.M. & Krammer, PH. Differential regulation of TRAIL and CD95 ligand in transformed cells

of the T and B lymphocyte lineage. Eur. J. Immunol. 28, 973-982 (1998).

Walczak, H. et al. Tumoricidal activity of tumor necrosis factor-related apoptosis-inducing ligand in

vivo. Nat. Med. 5, 157-163 (1999).

Ashkenazi,A. et al. Safety and antitumor activity of recombinant soluble Apo2 ligand. J. Clin. Invest.

104, 155-162 (1999).

. Jo, M. et al. Apoptosis induced in normal human hepatocytes by tumor necrosis factor-related apop-
tosis-inducing ligand. Nat. Med. 6, 564-567 (2000).

21.

23. Simon,A K. et al. Tumor necrosis factor-related apoptosis-inducing ligand in T cell development: sen-
Invivo and in vitro models of negative selection. To study negative selection in vivo, mice sitivity of human thymocytes. Proc. Natl. Acad. Sci. USA 98, 5158-5163 (2001).
were injected intraperitoneally (i.p.) with either CD3 mAb (for C57BL/6 mice) or purified 24 Martin-Villalba, A. et al. CD95 ligand (Fas-L/APO-IL) and tumor necrosis factor-related apoptosis-
. _ r . . ~ inducing ligand mediate ischemia-induced apoptosis in neurons. J. Neurosci. 19, 3809-3817 (1999).
ovalbumin (for QVA-specific TCR transgenic BALB/c mice) & 0 and 24 h. Twenty-four 25. Sedger, L.M. et al. Characterization of the in vivo function of TNF-a-related apoptosis-inducing lig-

hours after the last injection, mice were sacrificed and their thymuses collected.
Thymocytes were stained with CD4 mAb, CD8 mAb, heat stable antigen (HSA, CD24) 5.
mAb and annexin V5, and analyzed by flow cytometry.

To study negative selection in vitro, both adult thymocyte cultures and FTOC were used.
For adult thymocyte cultures, thymocytes from 6- to 8-week-old C57BL/6 mice were cul-
tured at 5 x 10°/ml in plates coated with CD3 mAb and CD28 mAb. Cells were harvested
24 h later and analyzed by flow cytometry. For FTOC, fetal thymuses were collected from .
day 15 embryos of C57BL/6 mice and cultured in DMEM supplemented with 50 uM -
mercaptoethanol and 10% FCS with or without 1 pg/ml CD3 mAb, 20 pg/ml CD28 mAb,
and 50 pg/ml sDR5. Twelve days later, thymocytes were collected, counted and analyzed 3
by flow cytometry as described above.

and, TRAIL/Apo2L, using TRAIL/Apo2L gene-deficient mice. Eur. J. Inmunol. 32,2246-2254 (2002).
Cretney, E. et al. Increased susceptibility to tumor initiation and metastasis in TNF-related apoptosis-
inducing ligand-deficient mice. J. Immunol. 168, 1356—1361 (2002).

Song, K. et al. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is an inhibitor of
autoimmune inflammation and cell cycle progression. J. Exp. Med. 191, 10951104 (2000).

Zhang,Y. et al. In situ B cell death promotes priming of diabetogenic CD8 T lymphocytes. J. Immunol.
168, 1466—1472 (2002).

Horwitz, M.S,, llic,A., Fine, C., Rodriguez, E. & Sarvetnick, N. Presented antigen from damaged pan-
creatic 3 cells activates autoreactive T cells in virus-mediated autoimmune diabetes. . Clin. Invest.
109, 79-87 (2002).

Pechhold, K. et al. Low dose streptozotocin-induced diabetes in rat insulin promoter-mCD80-trans-
genic mice is T cell autoantigen-specific and CD28 dependent. J. Immunol. 166,2531-2539 (2001).

27.

28.

N

o

l@ © 2003 Nature Publishing Group http://www.nature.com/natureimmunology

activate NF-kB. Immunity 7,831-836 (1997).

260 nature immunology . volume 4 no 3 .

march 2003 .

31. Woodland, D.L., Happ, M.P, Gollob, K J. & Palmer, E.An endogenous retrovirus mediating deletion of
o BT cells? Nature 349, 529-530 (1991).
Acknowledgments 32. Tomonari, K., Fairchild, S. & Rosenwasser, O.A. Influence of viral superantigens onV B- and V a-spe-
We thank J. Sun, E. Rowell, L.-Y. Xu, PWang and G.Tsabary for technical assistance, M. I. cific positive and negative selection. Immunol. Rev. 131, 131-168 (1993).
Greene and B. Hilliard for discussions. Supported by grants from the National Institutes 33. Yu_|. K. et a_l. I"!olecular and functlonal propeftles of noyel T cell subsets in C3H- gld/gld and nude
of Health (AI50059, NS40188 and NS40447 to Y.H.C.). 1 glce. Implications for thymlc_and extrathymlc ma_turatlon .ImmunoL f‘iev. 104, 121-155 (I988).'
. Castro, J.E. et al. Fas modulation of apoptosis during negative selection of thymocytes. Immunity 5,
617-627 (1996).
Competing interests statement 35. Muller, K.P, Mariani, $.M., Matiba, B., Kyewski, B. & Krammer, PH. Clonal deletion of major histocom-
The authors declare that they have no competing financial interests. patibility complex class I-restricted CD4+CD8+ thymocytes in vitro is independent of the CD95
(APO-1/Fas) ligand. Eur. J. Inmunol. 25,2996-2999 (1995).
: . 36. Sytwu, H.K,, Liblau, R.S. & McDevitt, H.O.The roles of Fas/APO-1 (CD95) and TNF in antigen-
Received 30 September 2002; accepted 14 January 2003. induced programmed cell death in T cell receptor transgenic mice. Immunity 5, 17-30 (1996).
I. Singer, G.G. & Abbas, A.K.The Fas antigen is involved in peripheral but not thymic deletion of T lym- 37. Page, D.M,, Roberts, E.M., Peschon, J.]. & Hedrick, S.M.TNF receptor-deficient mice reveal striking dif-
phocytes in T cell receptor transgenic mice. Immunity 1, 365-371 (1994). ferences between several models of thymocyte negative selection. J. Immunol. 160, 120133 (1998).
2. Kishimoto, H., Surh, C.D. & Sprent, . A role for Fas in negative selection of thymocytes in vivo. J. Exp. 38. Nitsch, R. et al. Human brain-cell death induced by tumour-necrosis-factor-related apoptosis-induc-
Med. 187, 1427-1438 (1998). ing ligand (TRAIL). Lancet 356, 827-828 (2000).
3. Wiley, SR et al. Identification and characterization of a new member of the TNF family that induces 39. Green, DR. & Reed, ].C. Mitochondria and apoptosis. Science 281, 13091312 (1998).
apoptosis. Immunity 3, 673-682 (1995). 40. Zhang, J., Cado, D,, Chen,A., Kabra, N.H. & Winoto, A. Fas-mediated apoptosis and activation-induced
4. Pan, G. et al. An antagonist decoy receptor and a death domain-containing receptor for TRAIL. T-cell proliferation are defective in mice lacking FADD/Mort|. Nature 392,296-300 (1998).
Science 277,815-818 (1997). 41. Kuida, K. et al. Reduced apoptosis and cytochrome c-mediated caspase activation in mice lacking
5. Pan, G, Ni,],Yu, G, Wei,Y.F. & Dixit, .M. TRUNDD, a new member of the TRAIL receptor family caspase 9. Cell 94, 325-337 (1998).
that antagonizes TRAIL signalling. FEBS Lett. 424, 41-45 (1998). 42. Walsh, C.M. et al. A role for FADD in T cell activation and development. Immunity 8, 439449 (1998).
6. Schneider, P. et al. Characterization of two receptors for TRAIL. FEBS Lett. 416, 329-334 (1997). 43. Newton, K., Harris, AW, Bath, M.L., Smith, K.G. & Strasser, A. A dominant interfering mutant of
7. Sheikh, M.S. et al. p53-dependent and -independent regulation of the death receptor KILLER/DR5 FADD/MORT | enhances deletion of autoreactive thymocytes and inhibits proliferation of mature T
gene expression in response to genotoxic stress and tumor necrosis factor o. Cancer Res. 58, lymphocytes. EMBO J. 17,706-718 (1998).
15931598 (1998). 44. Sentman, C.L,, Shutter, |.R., Hockenbery, D., Kanagawa, O. & Korsmeyer, S.J. Bcl-2 inhibits multiple
8. Sheridan, J.P. et al. Control of TRAIL-induced apoptosis by a family of signaling and decoy receptors. forms of apoptosis but not negative selection in thymocytes. Cell 67,879-888 (1991).
Science 277, 818-821 (1997). 45. Bouillet, P et al. BH3-only Bcl-2 family member Bim is required for apoptosis of autoreactive thymo-
9. Walczak, H. et al. TRAIL-R2: a novel apoptosis-mediating receptor for TRAIL. EMBO . 16, cytes. Nature 415, 922-926 (2002).
5386-5397 (1997). 46. Calnan, B.J., Szychowski, S., Chan, FK., Cado, D. & Winoto, A.A role for the orphan steroid receptor
10. Screaton, G.R. et al. TRICK2, a new alternatively spliced receptor that transduces the cytotoxic sig- Nur77 in apoptosis accompanying antigen-induced negative selection. Immunity 3,273-282 (1995).
nal from TRAIL. Curr. Biol. 7,693-696 (1997). 47. Zhou,T. et dal. Inhibition of Nur77/Nurr| leads to inefficient clonal deletion of self- reactive T cells. J.
I'1. Sprick, M.R. et al. FADD/MORT| and caspase-8 are recruited to TRAIL receptors | and 2 and are Exp. Med. 183, 18791892 (1996).
essential for apoptosis mediated by TRAIL receptor 2. Immunity 12, 599-609 (2000). 48. Lunemann, .D. et al. Death ligand TRAIL induces no apoptosis but inhibits activation of human
12. Bodmer, ].L. et al. TRAIL receptor-2 signals apoptosis through FADD and caspase-8. Nat. Cell Biol. 2, (auto)antigen-specific T cells. J. Immunol. 168, 48814888 (2002).
241-243 (2000). 49. Chaudhary, PM. et al. Death receptor 5,a new member of the TNFR family, and DR4 induce FADD-
13. Zhang, X.D.,, Zhang, X.Y., Gray, C.P, Nguyen, T. & Hersey, P. Tumor necrosis factor-related apoptosis- dependent apoptosis and activate the NF-KB pathway. Immunity 7, 821-830 (1997).
inducing ligand-induced apoptosis of human melanoma is regulated by smac/DIABLO release from 50. Hu,W.H., Johnson, H. & Shu, H.B.Tumor necrosis factor-related apoptosis-inducing ligand receptors
mitochondria. Cancer Res. 61,7339-7348 (2001). signal NF-KB and JNK activation and apoptosis through distinct pathways. J. Biol. Chem. 274,
14. Deng,Y,, Lin,Y. & Wu, X. TRAIL-induced apoptosis requires Bax-dependent mitochondrial release of 30603-30610 (1999).
Smac/DIABLO. Genes Dev. 16,33—45 (2002). 51. Lin,Y. et al. The death domain kinase RIP is essential for TRAIL (Apo2L)-induced activation of IKB
15. Abulencia, J.P, Gaspard, R., Quackenbush, J. & Konstantopoulos, K. Discovery and characterization of kinase and c-Jun N-terminal kinase. Mol. Cell. Biol. 20, 6638—6645 (2000).
differentially regulated genes in the chondrocytic cell line T/C-28a2 under dynamic fluid shear. FASEB 52. Kumar-Sinha, C.,Varambally, S., Sreekumar, A. & Chinnaiyan,A. M. Molecular cross-talk between the
J. 16,A656-657 (2002). TRAIL and interferon signaling pathways. J. Biol. Chem. 277, 575-585 (2002).
16. Schneider, P. et al. TRAIL receptors | (DR4) and 2 (DRS5) signal FADD-dependent apoptosis and 53. Chen,Y,, Inobe, J.-i. & Weiner, H.L. Induction of oral tolerance to MBP in CD8-depleted mice. J.

Immunol. 155,910-916 (1995).

www.nature.com/natureimmunology



