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ABSTRACT By comparing untreated and dexametha-
sone-treated murine T cell hybridoma (3DO) cells by the
differential display technique, we have cloned a new gene,
GITR (glucocorticoid-induced tumor necrosis factor receptor
family-related gene) encoding a new member of the tumor
necrosis factor/nerve growth factor receptor family. GITR is
a 228-amino acids type I transmembrane protein character-
ized by three cysteine pseudorepeats in the extracellular
domain and similar to CD27 and 4-1BB in the intracellular
domain. GITR resulted to be expressed in normal T lympho-
cytes from thymus, spleen, and lymph nodes, although no
expression was detected in other nonlymphoid tissues, includ-
ing brain, kidney, and liver. Furthermore, GITR expression
was induced in T lymphocytes upon activation by anti-CD3
mAb, Con A, or phorbol 12-myristate 13-acetate plus Ca-
ionophore treatment. The constitutive expression of a trans-
fected GITR gene induced resistance to anti-CD3 mAb-
induced apoptosis, whereas antisense GITR mRNA expression
lead to increased sensitivity. The protection toward T cell
receptor-induced apoptosis was specific, because other apo-
ptotic signals (Fas triggering, dexamethasone treatment, or
UV irradiation) were not modulated by GITR transfection.
Thus, GITR is a new member of tumor necrosis factor/nerve
growth factor receptor family involved in the regulation of T
cell receptor-mediated cell death.

Apoptosis (programmed cell death) is an important phenom-
enon involved in cell and tissues development and in the
control of neoplastic growth (1). A number of molecules are
involved in the signaling and execution of apoptosis acting at
different levels including the cell membrane, cytoplasm, and
nucleus. Apoptosis signaling appears to initiate at the cell
surface upon interaction of specific ligands with their cognate
receptors.

The tumor necrosis factor/nerve growth factor receptor
(TNF/NGFR) family is relevant in that these molecules can
either activate or inhibit cell death, as well as regulate other
cellular functions such as proliferation and differentiation
(2-5). TNF/NGFR family members include two TNF recep-
tors (TNFR I and TNFR 1II), the lymphotoxin a,f receptor
(LTBR), the low-affinity NGF receptor (NGFR), the lym-
phoid molecules (CD40, CD27, CD30, OX40, and 4-1BB),
and the apoptosis receptors (Fas and DR3) (2-6). All mem-
bers of this family represent type I transmembrane proteins
characterized by a variable number (3-5) of cysteine-rich
motifs, of ~40 amino acids, in their extracellular domain (7).
The average homology among the extracellular domains of
TNF/NGFR family members is ~25%, whereas similarity at
the intracellular domains may or may not exist (5). In partic-
ular, TNFR 1, Fas, and DR3 share a similar intracellular
“death domain” and apoptosis signaling pathway, and TNFR
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IT and LTBR have a distinct intracellular domain and distinct
cytoplasmic receptor-binding mediators (4, 6, 8-10). This
suggests that the activation of different TNF/NGF receptors
may signal apoptosis through distinct intracellular pathways.

Upon the recognition of their respective soluble or cell-
surface-bounded ligands, these receptors can transduce signals
for heterogeneous functions (5). For instance, TNFRs and
NGFR regulate cell proliferation; 0X40, 4—-1BB, CD27, and
CD30 can function as accessory molecules in lymphocyte
activation, proliferation and differentiation; and TNFRs and
Fas can initiate, whereas NGFR and CD40 can inhibit cell
death (1-5, 11, 12).

As part of a research program aimed at identifying genes
induced by glucocorticoids and modulating apoptosis in T
cells, we report the identification of a gene, GITR (for
glucocorticoid-induced TNFR family-related gene), coding for
a novel member of the TNF/NGFR family. Our results
indicate that the GITR gene is induced in T cells by dexa-
methasone (DEX), as well as by other cell-activating stimuli.
Furthermore, we show that GITR expression protects T cells
from apoptosis induced by treatment with anti-CD3 mAbs but
not by treatment with other apoptotic agents.

MATERIALS AND METHODS

Cell Line and Animals. A spontaneously dividing CD3",
CD4*, CD2*, CD44* line of the ovalbumin-specific hybrid-
oma T cell line 3DO (13) was used for the experiments. To
have a viability higher than 90% also in DEX-treated groups,
dead cells were removed by Ficoll treatment.

Thymocytes, and spleen and lymph node T lymphocytes,
from 4- to 6-week-old C3H/HeN mice, were enriched by
passing cells twice through nylon columns. For T cell activa-
tion, 10° cells per ml plus the activating compound (precoated
anti-CD3 mAb, 10 pg/ml; Con A, 10 ug/ml; phorbol 12-
myristate 13-acetate plus the Ca ionophore A23187, 1 nM and
200 nM, respectively) were plated in 96-microwell plates.

Differential Display Technique. RNA was isolated by using
the TRIzol LS reagent (GIBCO/BRL, Life Technologies), by
the manufacturer’s instructions. DNA-free RNA (0.1 pg) were
retrotranscribed (Moloney murine leukemia virus reverse
transcriptase from GIBCO/BRL) by using an anchored
primer (T1;AC) (14). Forty cycles of PCR were performed by
using T13AC and the OPA 5'-CGCGGAGGTG-3'. Three
independent samples of untreated 3DO cells were compared
with three samples of 3-h and 24-h DEX-treated 3DO cells, by
PAGE. The radioactive bands present in each of the short- or
long-term treated samples and absent in each of the untreated
cells were cloned by using TA-cloning kit (Invitrogen) and

Abbreviations: TNF/NGFR, tumor necrosis factor/nerve growth
factor receptor; GITR, glucocorticoid-induced TNFR family-related
gene; DEX, dexamethasone; RT-PCR, reverse transcription—-PCR;
TCR, T cell receptor; TNFR, TNF receptor; RACE, rapid amplifi-
cation of cDNA ends.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. U82534).
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considered for further research. The cloned DNA correspond-
ing to GITR cDNA was about 400 bp long.

Northern Blot Analysis. DNA probes were >?P-labeled with
the nick translation kit from Boehringer-Mannheim Italia
(Milan, Italy). Filters (Scheicher & Schuell) obtained from
gel-run RNA (20 pg) samples were hybridized with probes
overnight, washed, and exposed for autoradiography.

Reverse Transcription-PCR (RT-PCR) Analysis. For the
reverse transcriptase reaction (4 h at 37°C), 1 ug of RNA and
1 ul of avian myeloblastosis virus reverse transcriptase (Pro-
mega) were used. Then 0.6 ul of the product reaction was used
for the PCR (final volume of 20 ul) with the standard reagents,
0.1 ul of Tag Gold (Perkin—-Elmer) and 2 ul of the competitor
(100-1 fM). B-Actin amplification was used as positive control.
DNA oligonucleotide primers were synthesized in an Oligo-
1000 DNA synthesizer (Beckman).

In Vitro Translation. Transcription/translation was per-
formed with the Promega TNT kit. GITR plasmid at 1 ug was
added with translation system and 40 uCi of [**S]methionine
(Amersham; 1 Ci = 37 GBq) and translation was allowed to
proceed for 90 min at 30°C according to manufacturer’s
instruction. The product was electrophoresed, transferred to
nitrocellulose (Bioblot NK, Costar), and exposed for autora-
diography.

Transcriptional “Run-On” Assay. Nuclei were isolated
from untreated or DEX-treated 3DO cells for transcriptional
analysis as reported (15). Briefly, RNA transcription by iso-
lated nuclei (50 X 10° nuclei) was carried out at 30°C for 30 min
and stopped by a 10-min incubation at 30°C with 45 ug of
RNase-free DNase I (GIBCO/BRL). The labeled RNA
(10-20 million counts per ml) was hybridized to nitrocellulose
filters onto which denatured plasmids had been dot-blotted
with a manifold apparatus (Bio-Rad). After hybridization for
36 h at 65°C, filters were washed and exposed for autoradiog-
raphy (4 days, B-actin; 8 days, GITR).

Library Screening, 5’ Rapid Amplification of cDNA Ends
(RACE) Procedure, and Sequencing. A primary and second-
ary screening of a mouse T cell (M30, CD4%) cDNA library
(Stratagene) cloned unidirectionally in the Uni-ZAP XR
vector was performed by standard procedures (16). The 18
positive phages were in vivo-excised through the ExAssist/
SORL system, by the manufacturer’s instructions. Positive
bacterial clones were PCR-screened and three of the longest
inserts were chosen for sequencing.

The 5 RACE procedure was performed by using the
5'-AmpliFINDER RACE kit by the manufacturer’s instruc-
tions (CLONTECH) and using cDNA from 48-h Con A-acti-
vated thymocytes.

GITR sequence was obtained by using Quick denature
Sequenase kit (United States Biochemical).

Transfection and Evaluation of the Transfected Clones. The
979-bp DNA coding for GITR in the sense and antisense
(RTIG) orientation was cloned in the pCR3 plasmid (Invitro-
gen) and also in a pCR3 plasmid to which the portion coding
for the resistance to Geneticin has been removed (pCR3/G—).
3DO cells were cotransfected with 5 ug of pCR3 and 15 ug of
pCR3/G~—. 3DO cells were electroporated at 300 mA and 960
wF in the presence of the plasmid and cultured for 48 h in
standard medium. Then Geneticin (0.5 mg/ml) was added to
cell culture and 200 ul of cell suspension was plated in 96-well
plates (three for each transfection). After 10-15 days, no more
than 15% of the wells contained alive growing cells. These cells
were considered clones and PCR-screened for the expression
of exogenous GITR or RTIG. The six best clones were
considered for functional studies.

Evaluation of Apoptosis in Treated Clones. To evaluate T
cell receptor (TCR)-induced cell death, cells were cultured
for 24 h in 96-well plates (5 X 103 cells per ml) coated
overnight with anti-mouse CD3e mAbs (PharMingen; 10
pg/ml). To evaluate Fas-mediated killing, cells were incu-
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bated at room temperature for 30 min with Fas antibody (10
pg/ml, hamster anti-mouse, clone Jo2; PharMingen),
washed, and cultured for 24 h in wells coated with an
antibody to hamster IgG (5 mg per well; clone UC8-4B3,
PharMingen). To evaluate DEX-induced apoptosis, cells
were cultured for 24 h with 1077 M DEX. To evaluate
UV-induced apoptosis, cells were cultured in 24-well plates
and UV-irradiated (200 J/m?) from a UV Stratalinker
(model 1800; Stratagene).

Apoptosis was measured by flow cytometry as described
elsewhere (17). Student’s ¢ test was adopted for statistical
evaluation.
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Fic. 1. Modulation of GITR mRNA of 3DO cells after DEX
treatment (10~7 M), analyzed by Northern blotting (4) and compet-
itive RT-PCR (B). (4) A B-actin probe was hybridized to the same
filter as the internal control. (B) The expected length of the PCR
products were 120 bp for GITR and 180 bp for the competitor. (C)
Modulation of GITR gene expression investigated by run-on assay.
The densitometric analysis of the film is reported in the histogram:
after normalization with B-actin, a significant (P < 0.01) 6-fold
increase was observed in the 24-h DEX-treated cells.
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‘ signal peptide ‘

-19 MGAWAMLYGV SMLCVLDLG

cysteine pseudorepeat number 1
QPSVVEEPGC GPGKVQNGSG NNTRCCSLYA PGKEDCPKER CICVTPEYHC
1 * * 23 5 1

X

cysteine pseudorepeat number 2 cysteine
GDPQCKICKH YPCQPGQRVE SQGDIVFGFR CVACAMGTFS AGRDGHCRLW
x 2 4 6 1 2

51

pseudorepeat number 3 transmembrane

TNCSQFGFLT MFPGNKTHNA VCIPEPLPTE QYGHLTVIFL VMAACIFFLT
*4 * 6

101

TVQLGLHIWQ LRRQHMCPRE TQPFAEVQLS AEDACSFQFP EEERGEQTEE
#

201 KCHLGGRWP

F1G. 2. Protein putatively coded by GITR. Potential glycosylation
(*) and phosphorylation (#) sites are reported. The cysteine pseu-
dorepeats and the respective cysteine position into the repeats (from
1to 6 for cysteines from the first to the sixth position, and x for the extra
cysteines, as referred to the canonical repeat) are also reported.

RESULTS

Isolation of the GITR c¢DNA. To study the role of glucocor-
ticoid hormones in the regulation of lymphocyte apoptosis, we
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attempted the isolation of mRNA species induced by short-
term (3 h) or long-term (24 h) treatment with the synthetic
glucocorticoid hormone DEX (10~7 M), in a hybridoma T cell
line.

By comparing the cDNAs from untreated and DEX-treated
(24 h) cells with the differential display technique, we identi-
fied some cDNAs detectable only in the treated cells. Upon
studying these cDNAs for their pattern of expression, one of
them, GITR, displayed a pattern consistent with DEX-
mediated regulation (Fig. 1). An increase in GITR mRNA was
clearly detectable in 3DO cells at 24 h of DEX treatment by
Northern blotting (Fig. 14) and by RT-PCR (Fig. 1B). Fur-
thermore, run-on analysis indicated that the increase in GITR
gene expression was due to regulation at the transcriptional
level (Fig. 1C).

The Protein Coded by GITR Is a Type I Transmembrane
Protein Belonging to the TNF/NGFR Family. To determine
the GITR protein product, we isolated a full-length GITR
c¢DNA from a T lymphocyte cDNA library. Several clones were
isolated and three of them were 1005 bp long and displayed the
same sequence. Since Northern blot analysis (Fig. 14) sug-
gested that GITR mRNA was about 1.1 kb long, these clones
were thought to represent full-length cDNAs. This was con-
firmed by cloning the 5" end of the cDNA by the 5" RACE
procedure, which lead to the isolation of PCR products with
the same 5’ sequence present in the cDNA clones.

Nucleotide sequencing of the three cDNA clones showed the
presence of a single 684-bp ORF, beginning at nucleotide
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murine members of TNF/NGFR family (the

nontruncated only). After the name of the protein, the position of the pseudorepeat is reported (with respect to the other pseudorepeats of the
protein and with respect to the position of the residues in the native protein giving the pseudorepeat). Amino acids identical or with similar function
(R, K,H; D,E,N,Q; V,L, I, M; S, T; A, G) in more than 50% of the proteins were considered to be consensus and shaded; the identical are
in boldface type. The respective cysteine positions in the repeats are also reported (see Fig. 2). (B) Homology among the cytoplasmic domains of
murine and human CD27 and 4-1BB and of GITR. Charge (") of the amino acid residues present in at least two chains belonging to different

receptors is indicated.
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position 46 and extending to a TGA termination codon at
position 730. The putative initiation codon, at position 46, is
surrounded by a sequence (AGCACTATGG) in good agree-
ment with the consensus sequence for initiation of translation
in eukaryotes (Kozak) (18). The termination codon is followed
by a 3’ untranslated region of 276 bp. A canonical polyade-
nylylation signal is present 18 bp 5’ to the poly(A) tail.

The protein putatively encoded by the GITR mRNA is a
cysteine-rich protein of 228 amino acid (Fig. 2). Two hydro-
phobic regions are present in the protein, probably represent-
ing the signal peptide and the transmembrane domain. A
cleavage site for the signal peptide can be found between Gly
(at position —1) and GlIn (at position 1) despite the unusual
presence of Asp at position —3. The transmembrane domain
is located between positions 135 and 157 of the mature protein.
Based on these features, GITR can be classified as a type I
membrane protein. The molecular weight of the predicted
native protein is 25,334, consistent with that obtained by in
vitro translation of the cloned cDNA (data not shown). The
predicted molecular weight of the putative mature protein,
before further post-translation modifications, is 23,321.

The GITR amino acid sequence displays significant homol-
ogies with the 4-1BB receptor, a member of the TNF/NGFR
family (5, 10, 19). The extracellular domain of the molecules
belonging to the TNF/NGFR family is characterized by cys-
teine pseudorepeats whose functional properties have been
defined (7). The canonical cysteine pseudorepeat consists of
six disulfide-bridged cysteines (C): C1-C2, C3-C5, and C4-C6.
On the basis of the homology with the other TNF/NGFR
members, three cysteine pseudorepeats can be identified in
GITR similar to TNFR I pseudorepeats 1, 3, and 4, respectively
(Fig. 34). The first pseudorepeat has some features of the first
TNF/NGFR family pseudorepeat. It is atypical because C4 is
not present, and therefore, C6 is unlikely to form a disulfide
bridge. The structure of the second pseudorepeat is that of the
third TNF/NGFR family pseudorepeat with two cysteine
residues (x) that should form an extra disulfide bridge (7). The
third cysteine pseudorepeat shows extensive homologies with
the fourth TNF/NGFR family pseudorepeat.

Despite the presence of common cysteine-rich motifs in the
extracellular domains, molecules of the TNF/NGFR family
can have different cytoplasmic domains. The GITR cytoplas-
mic domain spans amino acids 158-209 of the mature protein.
It has a striking homology with the cytoplasmic domains of
murine and human 4-1BB and CD27 (Fig. 3B) but does not
show any significant homology with other members of the
TNF/NGFR family (19, 20). This similarity defines a new
intracellular motif that could identify a subfamily of the
TNF/NGFR family including GITR, 4-1BB, and CD27.

GITR Expression in Tissues: Induction During T Lympho-
cyte Activation. Northern blot experiments aimed at defining
GITR expression in different tissues indicated that GITR
mRNA was not detectable in the T cell hybridoma 3DO, fresh
lymphoid tissues (including thymocytes, spleen, and lymph
node T lymphocytes), liver, kidney, and brain (Fig. 44).
However, low levels of GITR mRNA were detected by com-
petitive RT-PCR in T cell hybridoma (Fig. 1B), thymocytes,
spleen, and lymph node T lymphocytes (Fig. 4B).

Since the expression of all members of the TNF/NGFR
family is increased after antigen stimulation and/or lympho-
cyte activation, we also investigated whether GITR expression
was modulated in activated lymphocytes. GITR expression was
clearly increased (4- to 8-fold) by typical T cell activation
treatments, including treatment with immobilized anti-CD3
mAb, or Con A, or phorbol 12-myristate 13-acetate plus Ca
ionophore (Fig. 4 C-E), suggesting that the low constitutive
expression can be increased by lymphocyte activation. How-
ever, the induction kinetic was slow (no increase before 6 h;
data not shown), suggesting an indirect mechanism.

Proc. Natl. Acad. Sci. USA 94 (1997) 6219
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in lymphocytes from thymus (C), spleen (D), and lymph nodes (E)
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GITR Expression Confers Resistance to TCR-CD3-Induced
Apoptosis in Transfected T Cells. To test the effects of GITR
expression on apoptosis, we transfected hybridoma T cells with
an expression vector in which the GITR cDNA is expressed
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under the control of the cytomegalovirus promoter. As con-
trols, we also transfected the empty vector (clones pCR3/1-6)
or the same vector expressing the same GITR sequence but in
the antisense direction (clones RTIG/1-6). After selection
with G418 antibiotic, cell clones were screened for GITR or
RTIG expression by RT-PCR (Fig. 5 4 and B). For each
transfection, six clones were tested and used for functional
characterization (Figs. 5C and 6). In addition, six normal
untransfected clones (nuc/1-6) were tested as further control.

The results (Fig. SC) showed that cell clones overexpressing
GITR (clones GITR/1-6) were all resistant to anti-CD3
mAb-induced apoptosis (apoptosis between 5 and 10% as
compared with 50-60% of pCR3 control clones: pCR3/1-6;
P < 0.01). On the contrary, clones expressing antisense GITR
RNA (clones RTIG/1-6) were more sensitive to anti-CD3-
induced apoptosis (apoptosis between 80 and 93% as com-
pared with 50-60% of pCR3 control clones; P < 0.01),
suggesting that antisense expression may have inhibited the
low levels of endogenous GITR expression. No significant
differences between pCR3 clones and normal untransfected
clones (nuc/1-6, apoptosis between 45 and 55%, with P > 0.05
comparing pCR3 clones with nuc) were detectable. These
results suggest that GITR can modulate T cell apoptosis
triggered by the TCR-CD3 complex.

GITR-Transfected Clones Are Not Resistant to Other Apo-
ptotic Agents. It has been suggested that CD3-TCR-induced
cell death is also dependent on Fas—Fas-L interaction (21). We
verified whether the GITR transfection could modulate apo-
ptosis induced by direct stimulation of Fas. The results (Fig.
6A) demonstrate that cell clones overexpressing GITR (clones
GITR/1-6) and those expressing antisense GITR are as
sensitive as the control clones to apoptosis induced by an
agonist anti-Fas mAb. Thus, GITR can modulate T cell
apoptosis induced by anti-CD3 mAb but not by Fas triggering.

The same clones were also tested to verify whether they were
protected against other apoptotic agents (Fig. 6 B and C).
DEX-induced and UV-induced apoptosis is similar in trans-
fected and untransfected clones. Thus, modulation of GITR
expression seems not to modify sensitivity to apoptotic stimuli
other than TCR triggering.

DISCUSSION

The data we report describe the isolation of a new member of
the TNF/NGFR family, GITR, and have implications for the
evolution and function of the TNF/NGFR family as well as for
the mechanism of control of apoptosis in T cells.

The putative GITR protein has good homology with all the
other members of this family in the extracellular portion where
cysteine-rich repeats are present. Moreover, a significant
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expressing clones was not significantly different from that of control
clones (P > 0.05).

homology of the intracellular domain is also evident with
4-1BB and CD27, two T cell-specific molecules of the TNF/
NGFR family (11, 12, 19, 20). Because of this homology,
GITR, 4-1BB, and CD27 could represent a subfamily of
TNF/NGFR receptors, distinct from the one characterized by
the death domain. These two subfamilies may reflect distinct
transduction pathways involved in induction and inhibition of
apoptosis.

The GITR mRNA is expressed at low levels in T cells, such
as a T cell hybridoma, thymocytes, and peripheral T lympho-
cytes (from spleen or lymph nodes), but its expression can be
increased during T lymphocyte activation and by treatment
with DEX.

Although these results may suggest that GITR gene is
specifically expressed in T lymphocytes, the expression in other
tissues (including those in which we have found no mRNA
expression: liver, brain, and kidney) cannot be excluded based
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Fi6. 5. Expression of exogenous GITR (A4) and antisense GITR (RTIG) (B) in transfected 3DO cells as evaluated by competitive RT-PCR.
The expected length of the PCR products was 1074 bp for GITR and RTIG and 851 bp for the competitor. (C) Anti-CD3-induced apoptosis of
GITR or RTIG overexpressing clones in comparison to apoptosis of untransfected (nuc) and pCR3-transfected clones. The expression of TCR-CD3

was similar in transfected and untransfected clones (data not shown).
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on our present data. For instance, GITR gene induction may
occur as a result of inflammatory processes and tissue regen-
eration or in the presence of tissue-specific signals.

The kinetic results indicate that the GITR induction upon T
cell activation or DEX treatment is slow, suggesting that the
GITR induction is an indirect mechanism. Similar results were
obtained when 4-1BB expression was evaluated in T cells
activated by Con A and anti-CD3 mAb (22).

The increase of GITR expression, after T cell activation,
suggests that this gene may be involved in lymphocyte protec-
tion against activation-induced cell death. Thus, T lymphocyte
activation could result in the induction of expression of
molecules of the TNF/NGFR family that can either activate
(such as with Fas and TNFR) or inhibit (such as with GITR)
apoptosis. The balance between activating and inhibiting re-
ceptors may represent a multireceptor network involved in the
control of T cell survival.

The results of the transfection experiments indicate that
GITR gene is able to inhibit T cell apoptosis induced by
treatment with anti-CD3 mAb. Presently, we do not know how
GITR overexpression inhibits TCR-induced apoptosis. One
possibility is that the GITR-ligand, presently unknown, is
constitutively expressed in transfected cells and activates
GITR. Alternatively, GITR overexpression could per se induce
the signaling pathway(s) as reported with other receptors such
as, for example, DR3, CD40, NGFR, interleukin 3 receptor,
and ErbB-2 (6, 23-25).

The data on the antiapoptotic effect of GITR should be
considered with caution since it has been shown that a variety
of agents and stimuli can either induce or inhibit apoptosis,
depending on the experimental system adopted (26, 27). In our
experimental model, the protection from TCR-induced apo-
ptosis is not due to a modulation of Fas, since sensitivity to
Fas-induced apoptosis was similar in GITR-transfected and
control clones. Moreover, the apoptosis protection is specific
for TCR triggering, since no significant modulation of cell
death of GITR-overexpressing clones was measured after
treatment with other apoptotic agents such as DEX and UV.

Further studies, to isolate the GITR ligand and to identify
the intracellular signals activated by GITR, should provide new
information on the actual role of GITR in regulation of
apoptosis and cell growth in T cells and other tissues.
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