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Among members of the tumor necrosis factor receptor
(TNFR) superfamily, 4-1BB, CD27, and glucocorticoid-
induced tumor necrosis factor receptor family-related
gene (GITR) share a striking homology in the cytoplas-
mic domain. Here we report the identification of a new
member, activation-inducible TNFR family member
(AITR), which belongs to this subfamily, and its ligand.
The receptor is expressed in lymph node and peripheral
blood leukocytes, and its expression is up-regulated in
human peripheral mononuclear cells mainly after stim-
ulation with anti-CD3/CD28 monoclonal antibodies or
phorbol 12-myristate 13-acetate/ionomycin. AITR asso-
ciates with TRAF1 (TNF receptor-associated factor 1),
TRAF2, and TRAF3, and induces nuclear factor (NF)-kB
activation via TRAF2. The ligand for AITR (AITRL) was
found to be an undescribed member of the TNF family,
which is expressed in endothelial cells. Thus, AITR and
AITRL seem to be important for interactions between
activated T lymphocytes and endothelial cells.

Members of the TNFR1 superfamily share similar multiple
cysteine-rich pseudorepeats of the extracellular domain, each
containing 30–45 amino acids with six cysteines (1). Except for
the death domain-containing family, which includes TNFR1
(2), Fas (3–5), DR3 (6–9), DR4 (10–12), DR5 (13–17), and decoy
TNF-related apoptosis-inducing ligand (TRAIL) receptors (18–
21), no remarkable similarity is found within the intracellular
domain of these molecules. However, there is a striking homol-
ogy in the cytoplasmic domains of murine and human 4-1BB,

CD27, and murine GITR within TNFR superfamily members
(22–24). Acidic amino acids are especially highly conserved in
the cytoplasmic domain of this subfamily. Like other TNFR
superfamily members (1), this subfamily is implicated in di-
verse biological functions. First of all, 4-1BB and CD27 mole-
cules provide strong co-stimulatory signals for T cell prolifera-
tion when ligated with their respective ligands or with
agonistic antibodies (1, 25). In addition to functioning as an
accessory molecule, CD27 induces apoptosis, which is mediated
by a death domain-containing molecule called Siva (26). Re-
cently identified murine GITR is shown to inhibit T cell recep-
tor-induced apoptosis (24).

Although the immunological functions of subfamily members
have been relatively well defined, insights into their signal
transduction pathway have only recently been revealed (27–
30). Two groups (27, 28) have provided data indicating that
association of 4-1BB with TRAF2 molecules initiates a signal
cascade leading to activation of NF-kB. In the CD27 signaling
pathway, both TRAF2 and TRAF5 mediate NF-kB and SAPK/
JNK (stress-activated protein kinase/c-Jun N-terminal kinase)
activation, and NIK (NF-kB-inducing kinase) is a common
downstream kinase of TRAF2 and TRAF5 (30).

Because the number of TNFR members is rapidly expanding,
we expected that even more numbers of the superfamily would
exist. By searching an EST (expressed sequence tag) data base,
we identified a new member of the TNFR and its ligand. Here
we give an initial characterization of the receptor and its
ligand.

EXPERIMENTAL PROCEDURES

cDNA Cloning—A data base containing more than 2 million ESTs
obtained from over 750 different cDNA libraries was generated by
Human Genome Sciences, Inc., using high throughput automated DNA
sequence analysis of randomly selected human cDNA clones. A specific
homology and motif search using the known amino acid sequence and
motif of TNFR members against this data base revealed several ESTs
with a translated sequence 35–55% homologous to that of the TNFR
family. Several clones were identified from cDNA libraries of PHA-
activated T cells, T helper cells, leukocytes, a healing abdomen wound,
primary dendritic cells, and adipose tissue. A full-length AITR cDNA
clone encoding an intact N-terminal signal peptide was obtained from a
human activated T cell library and selected for further investigation.
The complete cDNA sequence of both strands of this clone was deter-
mined, and its homology to TNFR members was confirmed. Similarly,
TL6 (TNF ligand 6) was identified through a systematic comparison of
sequence homology with TNF ligand family members. Partial TL6
sequences, which were 25% homologous to that of TNF ligand family
members, were identified from endothelial, HUVEC (human umbilical
vein endothelial cell), brain, and fetal liver cDNA libraries. A full-length
cDNA clone was obtained from a human brain cDNA library.

Expression Vectors—Full-length and HA (hemagglutinin A epitope)-
tagged AITR encoding the putative entire AITR protein (amino acids 26–
234) were amplified by PCR using sense (59-CTAGCTAGCTAGV-
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VVAGCGCCCCACCGGGGGTCCC-39, and 59-CTAGCTAGCTAGCTATC-
CATATGATGTTCCAGATTATGCTCAGCGCCCCACCGGGGGTCCC-39,
respectively) and antisense (59-AAGGAAAAAAGC GGGCCGCTCACACC-
CACAGGTCTCCCAG-39) primers, cut with NheI/NotI, and fused in-frame
downstream of a CD5 leader sequence (28) into the pcDNA3.1
(pcDNA3.1/CD5L-AITR) and pcDNA3 (pcDNA3/CD5L-AITR), respectively.
Full-length TL6 was amplified by PCR (sense, 59-AGACCCAAGCTTTT
GAAAATGA TATGAGACGC-39; antisense, 59-AGACGGGATCCTCCTCC-
TATAG TAAGAAGGC-39), cut with HindIII/BamHI, and inserted into
pcDNA3.1 (pcDNA3.1/TL6) and pCEP4 (Invitrogen, Carlsbad, CA;
pCEP4/TL6). pRK5-based expression vectors encoding Flag-tagged full-
length TRAF1, TRAF2, TRAF3, TRAF5, TRAF6, NIK, dominant negative
TRAF2 (dnTRAF2), or dnNIK have been described (28, 31–36). The NF-kB-
dependent E-selectin-luciferase reporter gene (pELAM-Luc) and pRSV-b-
galactosidase (pRSV-b-gal) plasmids were also described elsewhere (31, 37).

Northern Blot and RT (Reverse Transcriptase)-PCR Analysis—For
Northern blot analysis, cDNA probes were labeled with 32P using the
Rediprime DNA labeling system (Amersham Pharmacia Biotech), ac-
cording to the manufacturer’s instructions. Unincorporated nucleotide
was removed from the labeled probe using CHROMA SPIN-100 (CLON-
TECH). Two human multiple tissue poly(A) RNA blots containing ap-
proximately 2 mg of poly(A) RNA per lane from various human tissues
were purchased from CLONTECH. In addition, two cell line blots con-
taining 20 mg of total RNA from different cell lines were used. Northern
blotting was performed with the Expressed Hybridization Solution
(CLONTECH) according to the manufacturer’s manual. For RT-PCR
analysis, total RNA was isolated from human PBMC after stimulation
with dexamethasone, PMA/ionomycin, or anti-CD3/CD28 mAbs and
from unstimulated or LPS-stimulated HUVEC cells. RT-PCR was per-
formed under standard conditions.

Interaction of AITR with TRAFs—pcDNA3/CD5L-AITR-HA plasmid
(5 mg/10 cm-plate) was co-transfected into HEK293 EBNA cells (2 3 106

cells/plate) by the standard calcium phosphate precipitation method
with pRK/TRAF1, -2, -3, -5, or -6-Flag vector (5 mg/plate). Twenty four

hours after transfection, cells were lysed with 1 ml of lysis buffer (50 mM

HEPES (pH 7.4), 250 mM NaCl, 0.1% Nonidet P-40, 5 mM EDTA, 10%
glycerol, and protease inhibitors). For immunoprecipitation, lysates
were incubated with anti-Flag M2 (Eastman Kodak Co.) or control
murine IgG1 mAb at 4 °C for 1 h, followed by incubation with 20 ml of
a 1:1 slurry of protein G-Sepharose (PharMingen, San Diego, CA) for
another hour. Precipitates were thoroughly washed with lysis buffer,
then fractionated on a 10% SDS-polyacrylamide gel before transfer to
polyvinylidene difluoride membrane (Millipore). Western blot analysis
was performed with anti-HA mAb coupled with horseradish peroxidase
(Boehringer Mannheim) and visualized using the enhanced chemilumi-
nescence Western blotting detection system (Amersham Pharmacia
Biotech).

Analysis of NF-kB by Reporter Assay—Approximately 0.5 3 106

HEK293 EBNA cells/well were seeded on 6-well plates. After 24 h, cells
were transfected by the standard calcium phosphate precipitation
method using various combinations of pcDNA3.1/CD5L-AITR plus
pRK5 plasmids encoding TRAFs, dnTRAF2, NIK, or dnNIK. The total
amount of plasmid was adjusted to 2.0 mg by adding empty vector.
Twenty-four hours after transfection, cells were lysed in 200 ml of
reporter lysis buffer (Promega, Madison, WI). Luciferase activity was
measured using 20 ml of cell extract. 5 ml of cell extract was used to
assay b-galactosidase activity as an internal control, and luminescence
values were normalized by individual b-galactosidase activity.

Recombinant Protein Production and Purification—AITR-Fc fusion
protein was used for ligand screening and cell-binding experiments. A
fragment encoding the predicted extracellular domain of AITR (amino
acids 26–139) was amplified using a sense primer flanked by an NheI
site (59-AGACCCAAGCTTGTGGGCTCTTGAAA CCCGGCATG-39) and
an antisense primer flanked by a BglII site (59-GAAAGATCT GGGCT-
CTGCCGGCGGGGACCCTGGGAC-39). The amplified fragment was
cut with NheI/BglII and cloned into mammalian vector pCEP4, in-
frame with CD5L at the 59 end and with the Fc portion of human IgG1
at the 39 end (pCEP4/CD5L-AITR-Fc). pCEP4/CD5L-AITR-Fc was

FIG. 1. Sequence and expression
analysis of AITR. A, deduced amino acid
sequence of AITR. The potential signal
sequence is underlined. The putative gly-
cosylation site is indicated as bold char-
acters, and the transmembrane region is
indicated in boxes. B, comparison of the
amino acid sequence of AITR with murine
GITR. Bold letter cs within three cysteine
pseudorepeat motifs indicate conserved
cysteine residues found in the extracellu-
lar domain of TNFR superfamily mem-
bers. Conserved acidic amino acid clus-
ters of the cytoplasmic domain are
indicated in boxes. C, expression of AITR:
Northern blot analysis in various tissues
and cancer cell lines (left panels) and RT-
PCR analysis in human PBMC (right
panels). Northern blots of poly(A) RNA
from human tissues and cancer cell lines
were analyzed by hybridization to a 32P-
labeled cDNA probe containing the entire
AITR coding regions. For RT-PCR, 2.0 3
106 human PBMC were activated by
treatment with different stimuli (dexa-
methasone (Dex), PMA/ionomycin (P/I),
or aCD3/aCD28 mAbs) for 24 and 48 h.
Total RNA was extracted using TriZOL. 1
mg of total RNA was used for reverse tran-
scriptase and PCR reaction. b-Actin was
amplified as an internal control.
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transfected into HEK293 EBNA cells. AITR-Fc fusion protein was pu-
rified from pCEP4/CD5L-AITR-Fc-transfected HEK293 EBNA cell su-
pernatants using the protein G column. To generate a Flag-tagged
soluble form of TL6 protein (amino acids 39–169), the Flag-tagged TL6
expression vector (pCEP4/CD5L-TL6-Flag) was constructed by PCR
amplification of TL6 coding sequences using sense (59-CTAGCTAGCC-
CAGCGCCCCGACTACAAGGA CGACGATGACAAGGAGACT GCTA-
AGGAGCCC-39) and antisense (59-CCGCTC GAGCTATAGTAAGAAG-
GCTCC-39) primers, digesting the product with NheI/XhoI, and cloning
into pCEP4, in-frame with the CD5L sequence. The construct was
expressed in HEK293 EBNA cells. Transfected cell supernatants con-
taining secreted TL6-Flag were harvested and used for binding assays.
For some experiments, TL6-Flag protein was purified from harvested
supernatants, using anti-Flag gel (Sigma) according to the manufactur-
er’s instructions.

Binding Assay—Protein binding assays were done essentially as
described (12). For cell-binding assays, HEK293 EBNA cells were trans-
fected using pcDNA3.1/CD5L-AITR or pcDNA3.1, as described above.
Forty-eight hours after transfection, cells were harvested and incubated
consecutively with TL6-Flag-containing supernatant, anti-Flag anti-
body, and FITC-conjugated anti-mouse IgG antibody (Southern Bio-
technology, Birmingham, AL). Flow cytometry analysis was performed
using the Becton Dickinson FACScan (San Jose, CA). Jurkat T cells
were stably transfected by electroporation using linearized
pcDNA3.1/CD5L-AITR and selected in the presence of Zeocin (Invitro-
gen). A binding assay for this cell line was performed as described
above. To test the ability of AITR-Fc fusion protein to bind membrane-
bound TL6, pCEP4/TL6 was stably transfected into HEK293 EBNA
cells. After selection in the presence of hygromycin, TL6-expressing
cells were harvested and incubated with AITR-Fc protein, followed by
FITC-conjugated anti-human IgG1 antibody (Southern Biotechnology).
The Becton Dickinson FACScan was used for flow cytometry analysis.

RESULTS AND DISCUSSION

AITR was identified by searching an EST data base. A full-
length cDNA of a clone from a human activated T-cell cDNA
library, which is tentatively named AITR (for activation-induc-
ible TNFR family member), encodes a 234-amino acid type I
transmembrane protein with a calculated molecular mass of 25
kDa (Fig. 1A). The receptor has a signal peptide (the first 25
amino acids) and a single transmembrane region (amino acids
140–158). When compared with the extracellular domain of
other TNFR family members, AITR displays three cysteine-
rich pseudorepeats corresponding to the second, third, and
fourth TNFR motif, respectively. The first cysteine pseu-
dorepeat contains eight cysteine residues and lacks C4. There-
fore, it is unlikely that the canonical pattern of C1-C2, C3-C5,
and C4-C6 disulfide bridges exist in this motif. The second
pseudorepeat shows some features of the third TNFR motif, but
it is atypical in that C5 is not present even though it contains
7 cysteine residues. The third pseudorepeat shows extensive
homologies with the fourth pseudorepeat of 4-1BB. The cyto-
plasmic domain contains acidic amino acids that are highly
conserved in the cytoplasmic domains of 4-1BB, CD27, and
GITR. Overall, AITR exhibits a high homology (55% identity) to
murine GITR (Fig. 1B), but there is a mismatch in the first
cysteine-rich pseudorepeat between GITR and AITR, because
the first pseudorepeat of GITR corresponds to the first TNFR
cysteine-rich motif (24).

We investigated expression of AITR mRNA in multiple hu-
man tissues by Northern blot hybridization (Fig. 1C). 1.25-
kilobase mRNA was detected in lymph node, peripheral blood
leukocytes, and, weakly, in spleen. We also tested a variety of
tumor cell lines for expression of AITR mRNA (Fig. 1C). A
1.25-kilobase message was detected only in the colorectal ade-
nocarcinoma cell line, SW480, among the cell lines tested. The
expression of virtually all members of the TNFR superfamily is
enhanced by antigen stimulation/lymphocyte activation (1).
Consistent with this idea, AITR expression was up-regulated in
PBMC after stimulation. No AITR message was detectable in

unstimulated PBMC when we used a sensitive RT-PCR method
(Fig. 1C). AITR expression was clearly induced within 24 h by
typical PBMC stimulation such as treatment with PMA plus
ionomycin or soluble anti-CD3 plus anti-CD28 mAbs. FACS
analysis for AITR expression, however, showed that a small
population of activated PBMC expressed AITR on the cell sur-
face at 48 h after stimulation, suggesting that a prolonged
period of stimulation is required for maximum expression of

FIG. 2. AITR associates TRAF1, TRAF2, and TRAF3 and in-
duces NF-kB activation through TRAF2. A, interaction of AITR
with TRAF1, TRAF2, and TRAF3. HEK293 EBNA cells (2 3 106) were
transfected with expression vector for HA-tagged AITR plus Flag-
tagged TRAF1, TRAF2, TRAF3, TRAF5, or TRAF6. After 24 h, cell
lysates were immunoprecipitated with murine control IgG1 (c) or anti-
Flag (aF) mAb. Co-precipitated HA-tagged AITR protein was detected
by immunoblot analysis with anti-HA mAb. B, overexpression of
dnTRAF2 or dnNIK abrogates NF-kB activation induced by AITR.
HEK293 EBNA cells were transfected with pELAM-Luc reporter plas-
mid, pRSV-b-gal, and indicated combinations of expression vectors for
AITR, TRAF2, dnTRAF2, NIK, dnNIK, or an empty vector. Luciferase
activities were measured after 24 h and normalized on the basis of b-galac-
tosidase activity levels. Values are presented as mean 6 S.E. C, TRAF1 and
TRAF3 play a down-modulatory role in NF-kB activation induced by AITR.
Experiments were performed in the same conditions described above. Each
experiment was done in triplicate, and the data presented are representa-
tive of three or more independent experiments.
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AITR.2 Expression of AITR was not induced by treatment with
dexamethasone. This property was different from that of GITR
(24).

Recently it has been shown that 4-1BB molecules associate
with TRAF1, TRAF2, and TRAF3 (27–29). Because the cyto-
plasmic domain of AITR is similar to that of 4-1BB, we tested
its ability to co-precipitate five of the six known TRAFs that
were overexpressed in HEK293 EBNA cells. We observed an
interaction of AITR with TRAF1, TRAF2, and TRAF3 but not
with TRAF5 and TRAF6 (Fig. 2A). The association of AITR

with TRAF2 suggested that, like other members of the TNFR
superfamily (27, 28, 30, 31, 39–41), AITR might mediate
NF-kB activation through TRAF2. To test this possibility, we
used an NF-kB reporter system in HEK293 EBNA cells (31).
Co-transfection with the AITR expression vector typically in-
duced greater than 3-fold higher luciferase activity when com-
pared with the vector transfection control (Fig. 2, B and C).
When co-expressed with TRAF2, AITR induced greater lucifer-
ase activity than did TRAF2 alone (Fig. 2, B and C). More
importantly, overexpression of dominant-negative TRAF2,
which lacked the RING and zinc finger motifs (31), abrogated
the luciferase activity induced by AITR (Fig. 2B). This indicates2 B. Kwon, unpublished data.

FIG. 3. TL6 is the ligand for AITR. A, the extracellular domain of AITR selectively bound TL6. AITR-Fc protein was incubated with
supernatants containing TL3-, LIGHT-, TL6-, TL7-, or 4-1BBL-Flag protein (DNA sequences of TL3 and TL7 not published). AITR-Fczligand
complexes were precipitated with protein G-Sepharose and resolved on a 10% SDS-polyacrylamide gel. Bound ligand was identified by immunoblot.
B, FACS analysis of AITR-TL6 interactions. Upper panel, HEK293 EBNA cells were transfected with pcDNA3/CD5L-AITR or an empty vector
using the calcium phosphate method. Forty-eight hours after transfection, cells were harvested with 10 mM EDTA in phosphate-buffered saline,
incubated with supernatant containing TL6-Flag, and stained with anti-Flag antibody, followed by FITC-conjugated secondary antibody. Middle
panel, AITR-transfected and parental Jurkat cells were similarly stained as described above. AITR mRNA was detected in transfectant (AITR) but
not in parental (P) cells by RT-PCR (inset). Lower panel, HEK293 EBNA cells were transfected with pCEP4/TL6 or an empty vector using the
calcium phosphate method. After selection in the presence of hygromycin, cells were harvested with 10 mM EDTA in phosphate-buffered saline,
incubated with AITR-Fc fusion protein, and stained with FITC-conjugated anti-human IgG1 antibody. Expression of TL6 mRNA was confirmed
in transfectant cells (inset). C, AITR/TL6-mediated NF-kB activation. HEK293 EBNA cells, which were stably transfected with an empty vector
(pCEP4), a full-length TL6 (pCEP4/TL6), or a Flag-tagged AITR extracellular domain construct (pCEP4/CD5L-AITR-Flag) were transfected with
the pELAM-Luc reporter plasmid, pRSV-b-gal, and indicated combinations of expression vectors for AITR or an empty vector. Luciferase activities
were measured after 24 h and normalized on the basis of b-galactosidase activity levels. Values are presented as mean 6 S.E. Each experiment
was done in triplicate, and the data presented are representative of three independent experiments.
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