


antibody F44 de®ned the ICOS antigen as a disulphide-linked
dimer, with an apparent relative molecular mass of 55K±60K,
composed of a 27K and a 29K chain (Fig. 1b). We enriched ICOS
protein from lysates of the ICOS-expressing T-cell line MOLT-4V by
large-scale af®nity chromatography using F44, and further puri®ed
the protein by two-dimensional preparative SDS±polyacrylamide
gel electrophoresis (PAGE) (Fig. 1b). The 27K and 29K ICOS-
protein species yielded identical peptide sequences, indicating that
ICOS may be expressed on the cell surface as a homodimeric
protein, with the two chains differing only in their post-translational
modi®cation; this assumption was later con®rmed by transfection
experiments (data not shown).

Using the peptide sequence, we cloned full-length ICOS com-
plementary DNA (2,641 base pairs) from a MOLT-4V cDNA library.
Northern analysis revealed a single ICOS messenger RNA species of
,2.8 kilobases in length in activated human T cells (Fig. 1c). The
open reading frame of ICOS mRNA encodes a new protein of 199
amino acids with a predicted relative molecular mass of 22.6K. The
ICOS amino-acid sequence shares 24% (17%) identity and 39%
(39%) similarity with CD28 (Fig. 1d) (and CTLA-4 (ref. 10)). The
predicted mature ICOS is a type-I transmembrane molecule (type I
transmembrane proteins have their carboxy termini in the cytosol)
that consists of a single immunoglobulin (Ig)V-like domain (stabilized
by conserved cysteine residues at positions 42 and 109; Fig. 1d), a
transmembrane region of,23 amino acids, and a cytoplasmic tail
of 35 amino acids, and it shows a close structural resemblance to
CD28 (Fig. 1d) and CTLA-4 (ref. 10). The cysteine residue located at

position 141 of CD28, also found in CTLA-4, is apparently involved
in forming the disulphide bridge between the homodimeric chains
of these proteins, and is also found in ICOS (position 136). The
motif MYPPPY (positions 117±122 in CD28), required in its intact
form for the binding of CD28 and CTLA-4 to their counter-
receptors B7-1 and B7-2 (refs 11, 12), is not conserved in ICOS,
indicating that ICOS may interact with a different receptor.

In a series ofin vitroexperiments, we compared ICOS to the main
co-stimulatory effects of CD28 directly. We tested the ICOS-speci®c
monoclonal antibody F44 in parallel with monoclonal antibody 9.3,
one of the most potent CD28-speci®c reagents available1,13. When
human peripheral-blood CD4+ T cells were suboptimally activated
through the CD3 complex of the TCR, co-stimulation of T-cell
proliferation by ICOS was comparable in potency to signalling by
CD28 (shaded area in upper panel of Fig. 2a). This ®nding was
remarkable, given that ICOS was present on at most 30±40% of the
CD4+ T cells under these experimental conditions (shaded area in
lower panel of Fig. 2a), whereas CD28 continued to be expressed on
nearly all CD4+ T cells. At higher dilutions of the CD3-speci®c
monoclonal antibody OKT 3, the co-stimulatory effect of mono-
clonal antibody F44 could no longer be achieved, because the signal
through the TCR complex was insuf®cient to induce the expression
of the ICOS molecule on the T-cell surface (Fig. 2a, lower panel).

Only a small amount of most lymphokines is secreted from
primary CD4+ T cells after optimal triggering of the CD3/TCR
complex alone14. One characteristic of co-stimulation of CD4+ T
cells by CD28 is the enhancement of cytokine secretion, in
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Figure 2Co-stimulatory functions of ICOS.a, Co-stimulation of T-cell proliferation.
Peripheral-blood CD4+ T cells were cultured in the presence of monoclonal antibody OKT
3 (dilutions of ascites), and monoclonal antibodies 9.3 (open circles), F44 (®lled circles), or
isotype-control MOPC-21 (triangles) (see Methods). Top, proliferation of T cells was
determined by addition of 1mCi [3H]thymidine for the last 16 h of the 72 h culture period.
The shaded area shows the experimental point at which maximal co-stimulation with F44
was observed. In ten experiments, co-stimulation through ICOS enhanced proliferation of
T cells by 60- to 80-fold (range 14- to 135-fold) over the background stimulation observed
with OKT 3 alone. Bottom, the percentage of T cells induced to express ICOS at the various
dilutions of OKT 3 ascites in cultures with co-crosslinked F44 at 24 h after stimulation, the
time point of maximal ICOS expression.b, Co-stimulation of lymphokine secretion by
primary T cells. Peripheral-blood CD4+ cells were stimulated by optimal CD3-crosslinking
(1:1,000 dilution of OKT 3 ascites) in the presence of co-stimulating monoclonal antibody
9.3 (white columns) or F44 (black columns), or in the presence of the control monoclonal

antibody MOPC-21 (stippled columns). Supernatants were collected at the indicated times
after stimulation and assayed for various cytokines using enzyme-linked immunosorbent
assays (ELISAs) (Biosource). Results of a representative experiment out of six are shown.
c, Upregulation of the cell-surface molecule CD154 (also known as CD40 ligand and
TRAP). Peripheral blood CD4+ T cells were suboptimally stimulated (1:5,000 dilution of
OKT 3 ascites) in the presence of control monoclonal antibody MOPC-21 or monoclonal
antibodies F44 or 9.3, and CD154 expression was determined by ¯ow cytometry with an
FITC-labelled antibody, TRAP1 (ref. 15).d, Effect of T-cell co-stimulation through ICOS on
immunoglobulin synthesis by tonsillar B cells. Peripheral-blood CD4+ T cells were
cultured with tonsillar B cells in microtitre plates precoated with monoclonal antibody OKT
3 (1:5,000 dilution of ascites) and MOPC-21, F44 or 9.3. IgM and IgG levels in the culture
supernatants were determined by ELISA on day 8. Error bars indicate the s.d. from
quadruplicate cultures. Results from a representative experiment out of six are shown.



particular the `superinduction' of interleukin (IL)-2 (Fig. 2b and
refs 1, 3, 4, 14). Surprisingly, co-stimulation by ICOS failed to
signi®cantly upregulate IL-2 at any time point (Fig. 2b). However,
co-stimulation by ICOS upregulated the secretion of IL-4, IL-5,
interferon-g, tumour-necrosis factor-a and granulocyte/macro-
phage-colony-stimulating factor to 50±70% of the levels achieved
with co-stimulation by CD28 (Fig. 2b and data not shown). ICOS
and CD28 had markedly different co-stimulatory effects on the
secretion of IL-10. In contrast to the modest stimulatory capacity
of CD28, co-stimulation by ICOS routinely induced several-fold
higher secretion of IL-10 (Fig. 2b); northern blot analysis con-
®rmed the upregulation of expression of IL-10 (data not shown).
As the proportion of ICOS+ T cells in the lymphokine-co-
stimulation system did not exceed 50% (Fig. 2a, lower panel),
on a per-cell basis ICOS matched the ability of CD28 to amplify
the secretion of many lymphokines (except for IL-2), and was
superior to CD28 in co-inducing IL-10.

T cells communicate with other cells of the immune system byde
novoexpression of cell-surface molecules, as well as by generating
lymphokines. Co-stimulation of T cells through ICOS or CD28
markedly upregulated expression of CD154 (also known as CD40
ligand or TRAP), a molecule required for the crosstalk of T cells with
B cells15 (Fig. 2c), and also other early T-cell-activation antigens
such as CD69, CD25 or CD71 (data not shown). Next, we tested
whether the ICOS-induced expression of a variety of lymphokines
and cell-surface receptors was suf®cient for the complex commu-
nication of T cells with tonsillar B lymphocytes. Unstimulated T
cells, or T cells that had only been preactivated through the TCR,
could not induce immunoglobulin synthesis by B cells (Fig. 2d).
Only co-stimulation through ICOS or CD28 enabled T cells to

provide effective help for B cells to synthesize IgM and IgG (Fig. 2d).
On a per-cell basis, co-stimulation through ICOS was as effective as
co-stimulation through CD28 in upregulating the expression of
cell-surface receptors by T cells or IgG synthesis by B cells.

To determine the function of ICOSin vivo, we stained tissue
sections of various lymphoid organs with monoclonal antibody
F44. In the adult thymus and spleen, ICOS expression was almost
completely con®ned to the few small germinal centres that are
present in these tissues (data not shown). In tonsils, a substantial
number of cells stained positively for ICOS and we therefore
characterized tonsillar cells extensively by ¯ow cytometry. Of
these tonsillar T cells, 50±70% expressed high levels of ICOS
(Fig. 3a); all other tonsillar cell populations did not express ICOS
(data not shown). The expression of ICOS was associated with the
presence of CD28 on the T-cell surface (Fig. 3a). Nearly all ICOS+ T
cells also expressed CD45RO (Fig. 3a), indicating that T cells
bearing high levels of ICOS may be in a late phase of activation;
ICOS- T cells had the phenotype of resting cells (data not shown).
Finally, almost all T cells positive for CD57, a marker for a
subpopulation of T cells that are located in germinal centres of
lymphoid tissues16,17, co-expressed ICOS (Fig. 3a). Detailed immu-
nohistological studies showed that ICOS is predominantly
expressed on germinal-centre T cells located in the apical part of
the germinal-centre light zone (Fig. 3b), a site in which T cells are
known to induce terminal differentiation of B cells into antibody-
secreting plasma cells or memory cells16,17. We also identi®ed a
smaller but signi®cant proportion of ICOS+ cells in the T-cell zone
surrounding germinal centres (Fig. 3b).

On the basis of its structure, its T-cell-restricted expression and its
function, we conclude that ICOS is closely related to CD28, an
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Figure 3Expression of ICOS on tonsillar T cells.a, Tonsillar T lymphocytes were analysed
by three-colour ¯ow cytometry on a FACSCalibur (Becton Dickinson). T cells (53 104)
were gated with a CD3-speci®c monoclonal antibody (UCHT1-CyChrome, Pharmingen)
and expression of ICOS (monoclonal antibody F44±phycoerythrin) was correlated with the
expression of CD28 (CD28.2±FITC), CD45RO (UCHL1±FITC), or CD57 (NC1±FITC; all

monoclonal antibodies from Immunotech). Data shown are representative of material
obtained from 20 tonsils.b, Localization of ICOS+ cells in the apical light zone of germinal
centres, as determined from histochemical stains of frozen human tonsillar sections with
monoclonal antibody F44 using the APAAP technique30. LZ, light zone; DZ, dark zone; MZ,
mantle zone (original magni®cation´ 69).



important molecule in the immune system2±5,16,17. However, despite
their overall similarity, ICOS and CD28 differ profoundly in several
aspects. In humans, CD28 is constitutively expressed at high levels
on almost all CD4+ and on 50% of CD8+ T cells, whereas expression
of ICOS must be inducedde novo. Both CD28 and ICOS co-induce
the synthesis of several lymphokines, but only CD28 superinduces
IL-2, whereas ICOS is more effective in superinducing IL-10. It is
likely that the interaction of CD28 with its counter-receptors B7-1
and B7-2 is important in the early phases of cooperation between T
cells and B cells. At later time points, CTLA-4 counteracts the signals
provided by CD28 (refs 6, 9, 18, 19) and thus terminates the
production of IL-2; IL-2 is known to drive the expansion of the
germinal-centre B cells17,20,21. ICOS, probably binding to receptor(s)
on B cells other than B7-1 and B7-2 (see above), may become the
dominant signal for T cells in the later phases of T-cell±B-cell
cooperation in the lymphoid system. Such a scenario is probable,
because IL-10 can induce the terminal differentiation of B cells into
memory cells and antibody-secreting plasma cells22±24; this takes
place in the apical light zone of the germinal centre16,17, the major
site of ICOS expression. M

Methods
Cell preparation, T-cell activation and generation of monoclonal antibodies
Peripheral-blood CD4+ (96% pure) and CD8+ (92% pure) cells were negatively puri®ed
from buffy coats using nylon wool adherence and magnetobead-coupled (Dynal)
monoclonal antibodies speci®c for CD19, CD11b, major histocompatibility complex
(MHC) II molecules, and CD8 or CD4. Peripheral-blood CD4+ or CD8+ T cells (13 105 in
200ml) were activated using the anti-CD3 monoclonal antibody OKT 3 (ATCC; ascites
diluted as indicated in Fig. 2a), and were co-stimulated with monoclonal antibody 9.3
(anti-CD28; 1:3,000 dilution of ascites), F44 (anti-ICOS; 4mg ml- 1), or MOPC-21 (IgG1
isotype control; 4mg ml- 1) all of these antibodies were solid-phase-bound through
precoating of the 96-well round-bottomed microtitre plates with rabbit anti-mouse serum
(10mg ml- 1, Sigma).

To assay cooperation between T and B cells, peripheral-blood CD4+ T cells (50,000 per
well) treated with mitomycin C were co-cultured with tonsillar B cells (25,000 per well) in
96-well round-bottomed microtitre plates. Tonsils, obtained from individuals (aged 3±
18 yr) undergoing tonsillectomy, were mechanically dispersed and T cells (80±90% pure)
were isolated using Ficoll±Hypaque gradient centrifugation followed by nylon-wool
adherence. Tonsillar B cells were isolated by rosetting tonsillar cells with sheep red blood
cells that had been treated with 2-aminoethyl isothiourea.

Monoclonal antibodies were generated by fusing spleen cells of BALB/c mice that had
been immunized with activated human T cells to myeloma P3X63Ag8.653 (ATCC). The
hybridoma secreting the ICOS-speci®c monoclonal antibody F44 (IgG1) was obtained by
subcloning of hybridoma 8F4.

Protein puri®cation and sequencing
MOLT-4V cells (a variant of MOLT-4; ATCC) were lysed in 50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulphonyl ¯uoride (PMSF) and 1%
Nonidet P-40 (NP-40) at 48C for 1 h (1 ml buffer per 203 106 cells). Nuclei and insoluble
material were removed by centrifugation at 1,000gand 100,000g, respectively. The lysate
was preabsorbed with unspeci®c monoclonal antibody coupled to CnBr-activated
Sepharose (Pharmacia) and incubated at 48C for 4 h with monoclonal antibody F44
coupled to protein G±Sepharose (Pharmacia) according to ref. 25. The F44 matrix was
washed in a column with several volumes of buffer 1 (50 mM Tris-HCl, pH 8.0, 300 mM
NaCl, 1 mM EDTA, 1 mM PMSF and 0.5% NP-40), buffer 2 (50 mM Tris-HCl, pH 8.0,
150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 0.5% NP-40 and 0.1% SDS), and buffer 3
(0.2 M glycine, pH 4.0, and 0.5% CHAPS), and the bound protein was eluted with two
volumes of 0.2 M glycine, pH 2.5, and 0.5% CHAPS. The eluate was concentrated by
ultra®ltration (Centricon 10, Amicon) and subjected to preparative two-dimensional
non-reducing/reducing gel electrophoresis (203 109 cell equivalents per gel). After
electrophoresis in the ®rst dimension, the gel area containing the ICOS protein was cut out
and subjected to reducing conditions in 5.3 M urea, 0.5 M Tris-HCl, pH 8.0, 1% SDS, 1%
b-mercaptoethanol (508C for 1 h). Free cysteines were subsequently alkylated by addition
of 10 mM iodoacetamide (378C for 30 min). After equilibration in 1́ SDS±PAGE sample
buffer (30 min), the gel piece was mounted onto a SDS±PAGE slab gel (12% polyacry-
lamide gel). Following electrophoresis, Coomassie-blue-stained spots corresponding to
the ICOS protein (Fig. 2b) were cut out. Protein material from ®ve gels was pooled,in situ-
digested with trypsin26, fractionated by reverse-phase HPLC on a microRPC C2/C18 SC
column (Smart system, Pharmacia) using a linear gradient of acetonitrile and 0.1%
tri¯uoroacetic acid, and sequenced on a pulsed-liquid gas-phase sequencer (Applied
Biosystems).

cDNA cloning
Poly(A)+ MOLT-4V RNAwas converted to cDNA using oligo-dT primers and Superscript
II reverse transcriptase (Gibco), and the cDNAwas cloned intol ZAPII vector (Stratagene)
according to the manufacturer's instructions. Peptide XRLTDVT, obtained from protein

microsequencing, was used to derive the two degenerate oligonucleotides
MGNCTSACNGAYGTNAC (512 permutations) and MGNYTDACNGAYGTNAC (1,024
permutations) for screening of the generated cDNA library by hybridization in 3 M
tetramethyl ammonium chloride27. Several positive clones were sequenced using the
BigDye Terminator Cycle Sequencing Kit (Applied Biosystems). One of the cDNA clones
encoded the above peptide sequence (XRLTDVT) and was used to isolate a full-length
cDNA clone.
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