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Figure 2Co-stimulatory functions of 8- O&-stimulation of T-cell proliferation.antibody MOPC-21 (stippled columns). Supernatants were collected at the indicated ti
Peripheral-blood CD4ells were cultured in the presence of monoclonal antitaftyr Stitfiulation and assayed for various cytokines using enzyme-linked immunosort
3 (dilutions of ascites), and monoclonal antibodies 9.3 (open circles), F44 (RbadaysiEd)| BAS) (Biosource). Results of a representative experiment out|of six are sk
isotype-control MOPC-21 (triangles) (see Methods). Top, proliferation of Tgedllpregslation of the cell-surface molecule CD154 (also known as CD40 ligand and
determined by additiomeZiffH]thymidine for the last 16 h of the 72 h culture pER@®). Peripheral blootl TElls were suboptimally stimulated (1:5,000 dilution of
The shaded area shows the experimental point at which maximal co-stimulaD&T\8itsE#ds) in the presence of control monoclonal antibody MOPC-21 or monoclc
was observed. In ten experiments, co-stimulation through ICOS enhanced jantitfeditsrd# or 9.3, and CD154 expression was determined by “ow cytometry with
T cells by 60- to 80-fold (range 14- to 135-fold) over the background stimulatiéiiiiddabetied antibody, TRAP1 @eEfi&dt of T-cell co-stimulation through ICOS on
with OKT 3 alone. Bottom, the percentage of T cells induced to express ICOSmahtuawglidusin synthesis by tonsillar B cells. Peripheraldoteiis @B

dilutions of OKT 3 ascites in cultures with co-crosslinked F44 at 24 h after sticwitatied wta tonsillar B cells in microtitre plates precoated with monoclonal antibody C
time point of maximal ICOS expris€iorstimulation of lymphokine secretion ®¥1:5,000 dilution of ascites) and MOPC-21, F44 or 9.3. IgM and IgG levels in the cultt
primary T cells. Peripheral-blobd&@B4vere stimulated by optimal CD3-crosslswkiegnatants were determined by ELISA on day 8. Error bars indicate the s.d. from
(1:1,000 dilution of OKT 3 ascites) in the presence of co-stimulating monoclopaidmiiodie cultures. Results from a representative experiment out of six are show
9.3 (white columns) or F44 (black columns), or in the presence of the control monoclonal

antibody F44 de®ned the ICOS antigen as a disulphide-linkpdsition 141 of CD28, also found in CTLA-4, is apparently involyed
dimer, with an apparent relative molecular mass of 55K+60# forming the disulphide bridge between the homodimeric chajns
composed of a 27K and a 29K chain (Fig. 1b). We enriched IC@$&these proteins, and is also found in ICOS (position 136). The
protein from lysates of the ICOS-expressing T-cell line MOLT-4V hyotif MYPPPY (positions 117+122 in CD28), required in its intact
large-scale af®nity chromatography using F44, and further puri@fedm for the binding of CD28 and CTLA-4 to their counter-
the protein by two-dimensional preparative SDS*polyacrylamideceptors B7-1 and B7-2 (refs 11, 12), is not conserved in |
gel electrophoresis (PAGE) (Fig. 1b). The 27K and 29K ICOmdicating that ICOS may interact with a different receptor.

open reading frame of ICOS mRNA encodes a new protein of 1804 T cells under these experimental conditions (shaded area in
amino acids with a predicted relative molecular mass of 22.6K. Thwver panel of Fig. 2a), whereas CD28 continued to be expressed on
ICOS amino-acid sequence shares 24% (17%) identity and 39%arly all CD4 T cells. At higher dilutions of the CD3-speci
(39%) similarity with CD28 (Fig. 1d) (and CTLA-4 (ref. 10)). Themonoclonal antibody OKT 3, the co-stimulatory effect of mono-
predicted mature ICOS is a type-I transmembrane molecule (typelonal antibody F44 could no longer be achieved, because the signal
transmembrane proteins have their carboxy termini in the cytosothrough the TCR complex was insuf®cient to induce the expression
that consists of a single immunoglobulin (Ig)V-like domain (stabilizedf the ICOS molecule on the T-cell surface (Fig. 2a, lower panel).
by conserved cysteine residues at positions 42 and 109; Fig. 1d),@nly a small amount of most lymphokines is secreted from
transmembrane region of£23 amino acids, and a cytoplasmic tailprimary CD4 T cells after optimal triggering of the CD3/TC
of 35 amino acids, and it shows a close structural resemblancectamplex alon¥. One characteristic of co-stimulation of CDZ
CD28 (Fig. 1d) and CTLA-4 (ref. 10). The cysteine residue locatedcatls by CD28 is the enhancement of cytokine secretion
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Figure Expression of ICOS on tonsillard] Tefisillar T lymphocytes were analysedoclonal antibodies from Immunotech). Data shown are representativ
by three-colour “ow cytometry on a FACSCalibur (Becton Dickin8otlY)T cetdbi@ined from 20 tonbjlsocalization of IC@is in the apical light zone of ger

e of matel
minal

were gated with a CD3-speci®c monoclonal antibody (UCHT1-CyChrome cBhtrasjrget@termined from histochemical stains of frozen human tonsillar sections

and expression of ICOS (monoclonal antibody F44+phycoerythrin) was cormelatetioitalthatibody F44 using the APAAPRechrlighezone; DZ, dark zone
expression of CD28 (CD28.2+FITC), CD45R0O (UCHL1+FITC), or CD57 (Madtd-¥bBegbriginal magni®&ajon

MZ,

particular the “superinduction’ of interleukin (IL)-2 (Fig. 2b andprovide effective help for B cells to synthesize IgM and IgG (Fig. 2d).

refs 1, 3, 4, 14). Surprisingly, co-stimulation by ICOS failed t®n a per-cell basis, co-stimulation through ICOS was as effecti
signi®cantly upregulate IL-2 at any time point (Fig. 2b). Howeverp-stimulation through CD28 in upregulating the expression
co-stimulation by ICOS upregulated the secretion of IL-4, IL-5ell-surface receptors by T cells or IgG synthesis by B cells.

interferong, tumour-necrosis factoe and granulocyte/macro- To determine the function of ICO$ vivg we stained tissue

phage-colony-stimulating factor to 50+70% of the levels achieveections of various lymphoid organs with monoclonal antibg

eas
of

dy

with co-stimulation by CD28 (Fig. 2b and data not shown). ICO%44. In the adult thymus and spleen, ICOS expression was almost

and CD28 had markedly different co-stimulatory effects on theompletely con®ned to the few small germinal centres that
secretion of IL-10. In contrast to the modest stimulatory capacityresent in these tissues (data not shown). In tonsils, a substa

are
ntial

of CD28, co-stimulation by ICOS routinely induced several-foltiumber of cells stained positively for ICOS and we therefore

higher secretion of IL-10 (Fig. 2b); northern blot analysis concharacterized tonsillar cells extensively by “ow cytometry.
®rmed the upregulation of expression of IL-10 (data not shownfhese tonsillar T cells, 50+£70% expressed high levels of |

of
COS

As the proportion of ICOS T cells in the lymphokine-co- (Fig. 3a); all other tonsillar cell populations did not express ICOS
stimulation system did not exceed 50% (Fig. 2a, lower pane(flata not shown). The expression of ICOS was associated with the

on a per-cell basis ICOS matched the ability of CD28 to amplifyresence of CD28 on the T-cell surface (Fig. 3a). Nearly all fQOS

the secretion of many lymphokines (except for IL-2), and wasells also expressed CD45RO (Fig. 3a), indicating that T cells
superior to CD28 in co-inducing IL-10. bearing high levels of ICOS may be in a late phase of activation;
T cells communicate with other cells of the immune systerddy ICOS T cells had the phenotype of resting cells (data not shown).

novoexpression of cell-surface molecules, as well as by generakingally, almost all T cells positive for CD57, a marker for
lymphokines. Co-stimulation of T cells through ICOS or CD2&ubpopulation of T cells that are located in germinal centres
markedly upregulated expression of CD154 (also known as CD¥@nphoid tissue$’, co-expressed ICOS (Fig. 3a). Detailed imn

a
of
u_

ligand or TRAP), a molecule required for the crosstalk of T cells withohistological studies showed that ICOS is predominantly

B cell$® (Fig. 2c), and also other early T-cell-activation antigensxpressed on germinal-centre T cells located in the apical pa
such as CD69, CD25 or CD71 (data not shown). Next, we testdte germinal-centre light zone (Fig. 3b), a site in which T cells
whether the ICOS-induced expression of a variety of lymphokin&aown to induce terminal differentiation of B cells into antibody

and cell-surface receptors was suf®cient for the complex comnsecreting plasma cells or memory céfis We also identi®ed a

nication of T cells with tonsillar B lymphocytes. Unstimulated Tsmaller but signi®cant proportion of ICO8ells in the T-cell zone
cells, or T cells that had only been preactivated through the TC&jrrounding germinal centres (Fig. 3b).
could not induce immunoglobulin synthesis by B cells (Fig. 2d). Onthe basis of its structure, its T-cell-restricted expression an
Only co-stimulation through ICOS or CD28 enabled T cells tdunction, we conclude that ICOS is closely related to CD28,
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important molecule in the immune systé#i'®1” However, despite microsequencing, was used to derive the two degenerate oligonucleotides

their overall similarity, ICOS and CD28 differ profoundly in severdf!CNCTSACNGAYGTNAC (512 permutations) and MGNYTDACNGAYGTNAC (1,0
’ e%Irlmutations) for screening of the generated cDNA library by hybridization in 3M

. . . 9]
aspects. In humans, CD28 is ConStltUtlvely expressed at hlgh.IeY §nethyl ammonium chlorid@. Several positive clones were sequenced using the
on almost all CD4 and on 50% of CD8T cells, whereas EXPressIorsigbye Terminator Cycle Sequencing Kit (Applied Biosystems). One of the cDNA cl
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ones

of ICOS must be inducede novoBoth CD28 and ICOS co-induce encoded the above peptide sequence (XRLTDVT) and was used to isolate a full-length

the synthesis of several lymphokines, but only CD28 superindué@8/ clone.
IL-2, whereas ICOS is more effective in superinducing IL-10. It i&ceived 11 September; accepted 2 December 1998.
Ilkely that.th.e |nteractlpn of CD28 with its counter-regeptors B7"&. Hara, T, Fu, S. M. & Hansen, J. A. Human T cell activation. Il. A new activation pathway used
and B7-2is important in the early phases of cooperation between Tmajor T cell population via a disul®de-bonded dimer of a 44 kilodalton polypeptide (9.3 antiye
cellsand B cells. At later time points, CTLA-4 counteracts the signal$xp. Med161,1513+1524 (1985). . . . .
provided by CD28 (refs 6, 9, 18, 19) and thUS terminates tﬁe zsgfrélg;néget(fgl,g;ferennal T cell costimulatory requirements in CD28-de®cient nfiméence
prodqctlon of ”—'2; IL-2 is known to drive t_he _expansmn of the3_ Lucas, P. J., Negishi, |., Nakayama, K., Fields, L. E. & Loh, D. Y. Naive CD28-de®cient T cell
germlnal-centre B celig0! ICOS, probably blndlng to receptor(s) initiate but not sustain arin vitro antigen-speci®c immune respondelmmunol154,5757+5768
on B cells other than B7-1 and B7-2 (see above), may become }hf}g%)r} D3 Waluas T L & B L A COBET T ool costimtatorn

: : : enschow, D. J., Walunas, T. L. & Bluestone, J. A. system of T cell costi iorRev.
domman; S|gnal for T cel!s in the later phases of.T-.ceIItB-ceII Immunol 14, 2334258 (1996),
cooperation in the IymphOId system. Such a scenario is probamechambers, C. A. &Allison, J. P. Co-stimulation in T cell respoi@es. Opin. Immunol9, 396+404
because IL-10 can induce the terminal differentiation of B cells into (1997).
memory cells and antibody-secreting p|asma %?éﬁ“sthis takes 6. Walunas, T. Let al CTLA-4 can function as a negative regulator of T cell activatramunity 1,405+

place in the apical light zone of the germinal cetftté the major 413 (1994)

Tivol, E.et al Loss of CTLA-4 leads to massive lymphoproliferation and fatal multiorgan tissue

site of ICOS expression. O destruction, revealing a critical negative regulatory role of CTLWa#unity 3, 541+547 (1995).
8. Waterhouse, Rt al Lymphoproliferative disorders with early lethality in mice de®cient in Ctla-4.
Methods Sciencg70,985+988 (1995).

. ) ) . . . 9. Thompson, C. B. & Allison, J. P. The emerging role of CTLA-4 as an immune atteninataunity 7,
Cell preparation, T-cell activation and generation of monoclonal antibodies 445450 (1997).

Peripheral-blood CD4(96% pure) and CD8(92% pure) cells were negatively puri®ed 10. Brunet, J. et al A new member of the immunoglobulin superfamilyD CTLA-Mature328,267+

can

from buffy coats using nylon wool adherence and magnetobead-coupled (Dynal) 270 (1987).
monoclonal antibodies speci®c for CD19, CD11b, major histocompatibility complex 11. Peach, R. 8t al Complementarity determining region 1 (CDR1)- and CDR3-analogous regions in
(MHC) Il molecules, and CD8 or CD4. Peripheral-blood CDet CD8' T cells (13 1¢in CTLA-4 and CD28 determine the binding to B7<L.Exp. Med180,2049+2058 (1994).
200m) were activated using the anti-CD3 monoclonal antibody OKT 3 (ATCC; ascited 2. Truneh, Aet al Differential recognition by CD28 of its cognate counter receptors CD80 (B7.1) and
diluted as indicated in Fig. 2a), and were co-stimulated with monoclonal antibody 9.3  B70 (B7.2): analysis by site directed mutagenifi.iImmunol.33,321+334 (1996).
(anti-CD28; 1:3,000 dilution of ascites), F44 (ami—lCOSg‘mfl) or MOPC-21 (IgG1 13. Nunes, Xkt al CD28 mAbs with distinct binding properties differ in their ability to induce T cell
isotype control; 4rg mrl) all of these antibodies were solid-phase-bound through activation: analysis of early and late activation evéntsimmunol.5, 311+315 (1993).

ed

precoating of the 96-well round-bottomed microtitre plates with rabbit anti-mouse serum® lTh°’2p:_°”’ ? EEL?I C;ZB al\cl“"lafO"dpz;lh_wag:gl“;:?f;gz;’ri‘;‘;;‘io" of multiple T-cell-deri
(1Orrgml'1, Sigma). lymphokines/cytokinesProc. Natl Acad. Sci. s + ( ).
To assay cooperation between T and B cells, peripheral-blood Tpélls (50,000 per @i ith h LM (HIGM1)T | Revi38 39+59 (1904
well) treated with mitomycin C were co-cultured with tonsillar B cells (25,000 per well) in clency with yper-ig _( yImmunol. Rev138,39:59 ( )
. . . . - 16. MacLennan, I. C. Germinal centefginu. Rev. Immunoll2,117+139 (1994).
96-well round-bottomed microtitre plates. Tonsils, obtained from individuals (aged 3 - - ; :
. n N . 17..Tsiagbe, V. K., Inghirami, G. & Thorbecke, G. J. The physiology of germinal c€rierRev.
18yr) undergoing tonsillectomy, were mechanically dispersed and T cells (80+90% pure}mmunol 16,3814421 (1996)
were isolated using Ficoll+Hypaque gradient centrifugation followed by nylon-wool e Al : : — )
. . . . . 18. Krummel, M. F. & Allison, J. P. CTLA-4 engagement inhibits IL-2 accumulation and cell cycle
adherence. Tonsillar B cells were isolated by rosetting tonsillar cells with sheep red bloo rogression upon activation of resting T cellsExp. Med183,2533+2540 (1996)
cells that had been treated with 2-aminoethyl isothiourea. ' o
Monoclonal antibodies were generated by fusing spleen cells of BALB/c mice that had, . tion . Exp. Med183,2541+ 2550 (1996).

been immunized with activated human T cells to myeloma P3X63Ag8.653 (ATCC). TE@. Nakanishi, Ket al Both interleukin 2 and a second T cell-derived factor in EL-4 supernatant have

hybridoma secreting the ICOS-speci®c monoclonal antibody F44 (IgG1) was obtained bhﬁvhy as differentiation factors in IgM syntheslsExp. MedL60,1605+ 1621 (1984).

19. Walunas, T. L., Bakker, C. Y. & Bluestone, J. A. CTLA-4 ligation blocks CD28-dependent T cel

15. Kroczek, R. Aet al Defective expression of CD40 ligand on T cells causes ““X-linked immunode-

subcloning of hybridoma 8F4. 21. Jung, L. K., Hara, T. & Fu, S. M. Detection and functional studies of p60-65 (Tac antigen) on activated
human B cellsJ. Exp. Medl60,1597+1602 (1984).

Protein puri®cation and sequencing 22. Rousset, [t al Interleukin 10 is a potent growth and differentiation factor for activated human|B

MOLT-4V cells (a variant of MOLT-4; ATCC) were lysed in 50 mM Tris-HCI, pH 8.0, __ lymphocytesProc. Natl Acad. Sci. USA, 18901893 (1992).

150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulphonyl Uoride (PMSF) and 1% 23. Kindler, V. & Zubler, R. H. Memory, but not naive, peripheral blood B lymphocytes differentiate |nto

Nonidet P-40 &NP—40) at ﬂCVfor 1h (L ml buffer per 2 16 cells). Nuclei and insoluble Ig-secreting cells after CD40 ligation and costimulation with IL-4 and the differentiation factors IL-2,

IL-10, and IL-3.J. Immunol159,2085+2090 (1997).

material were removed by centrifugation at 1,§@@d 100,008 respectively. The lysate 3 - o . )
24. Choe, J. & Choi, Y. S. IL-10 interrupts memory B cell expansion in the germinal center by ind

was preabsorbed with unspeci®c monoclonal antibody coupled to CnBr-activated - L
. N . . differentiation into plasma cell€ur. J. Immunol28,508+515 (1998).
Sepharose (Pharmacia) and incubated & 4or 4 h with monoclonal antibody F44 ) )
R N . . 25. Schneider, C., Newman, R. A., Sutherland, D. R., Asser, U. & Greaves, M. F. A one-step puri®c;

coupled to protein G+Sepharose (Pharmacia) according to ref. 25. The F44 matrix was ) ) ) ) ) o

. X . membrane proteins using a high ef®ciency immunomatiBiol. Chen257,10766+10769 (1982)
washed in a column with several volumes of buffer 1 (50 mM Tris-HCI, pH 8.0, 300 ml\éle Rosenfeld, J., Capdevielle, J., Guillemot, J. C. & Ferrara, P. In-gel digestion of proteins for int
NaCl, 1mM EDTA, 1 mM PMSF and 0.5% NP-40), buffer 2 (50 mM Tris-HCI, pH 8.0, sequence analysis after one- or two-dimensional gel electrophdkasis Biochen03,173+179
150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 0.5% NP-40 and 0.1% SDS), and buffer 3 (1992)
(0.2M glycine, pH 4'0_* and 0.5% CHAPS)D' and the bound protein was eluted with wo, Jacobs, K. At al The thermal stability of oligonucleotide duplexes is sequence independent i
volumes qf 0.2M eg_cme, pH 2.5,_ and 0.5% CH_APS. The eluate was conce_ntrateq by tetraalkylammonium salt solutions: application to identifying recombinant DNA cloNesleic
ultra®ltration (Centricon 10, Amicon) and subjected to preparative two-dimensional s Req 6. 4637+4650 (1988).
non—redumng/re_dumng gel glectro.phoreﬁs @ad cell equ!valents per gel). Aﬁer 28. Aruffo, A. & Seed, B. Molecular cloning of a CD28 cDNA by a high-ef®ciency COS cell expre,
electrophoresis in the ®rst dimension, the gel area containing the ICOS protein was cut OUtystemPproc. Natl Acad. Sci. US4, 85738577 (1987).
and subjected to reducing conditions in 5.3 M urea, 0.5 M Tris-HCI, pH 8.0, 1% SDS, 1§_ wiliams, A. F. & Barclay, A. N. The immunoglobulin superfamilyDdomains for cell surface
b-mercaptoethanol (58C for 1 h). Free cysteines were subsequently alkylated by addition recognition.Annu. Rev. Immunob, 381405 (1988).
of 10mM iodoacetamide'(s"zj for 30 min). After equilibration in 1 SDS+PAGE sample 30. Cordell, J. Let al Inmunoenzymatic labeling of monoclonal antibodies using immune complexe
buffer (30 min), the gel piece was mounted onto a SDS+PAGE slab gel (12% polyacry- alkaline phosphatase and monoclonal anti-alkaline phosphatase (APAAP complektisjochem.
lamide gel). Following electrophoresis, Coomassie-blue-stained spots corresponding to Cytocherr32, 219+229 (1984).
the ICOS protein (Fig. 2b) were cut out. Protein material from ®ve gels was poo#ily  31. Prediction of transmembrane helices in proteins [online] (cited 01 Decwd@).cbs.dtu.dk/services
digested with trypsiff, fractionated by reverse-phase HPLC on a microRPC C2/C18 SC TMHMM-1.0/) (1998).
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
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Poly(A)" MOLT-4V RNAwas converted to cDNA using oligo-dT primers and Superscrip€orrespondence and requests for material should be addressed to R.A.K. (e-mail:
Il reverse transcriptase (Gibco), and the cDNAwas cloned id®Pl1l vector (Stratagene) kroczek@rki.de). The ICOS amino-acid sequence has been deposited at the PIR d:
according to the manufacturer's instructions. Peptide XRLTDVT, obtained from proteinnder accession number S78540.
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