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Uncovering of Functional Alternative CTW-4 gether (6). TO generate mice lacking B7, 

Counter-Receptor in B7-Deficient Mice we designed a targeting vector (Fig. 1A) 
that revlaces the B7 Ie V-like exon with - 
the neomycin resistance gene (neo) (7). 

Gordon J. Freeman, Frank Borriello, Richard J. Hodes, The Ig V-like exon was deleted because all 
antibodies blocking costimulation bind to 

Hans Reiser, Karen S. Hathcock, Gloria Laszlo, the Ig V-like domain (8). Linearized B7 
Andrew J. McKnight, Jinny Kim, Lina Du, David B. Lombard, targeting vectors were transfected into the 

Gary S. Gray, Lee M. Nadler, Arlene H. Sharpe* J1 embryonic stem (ES) cell line (9). We 
analvzed G418- and FIAU-resistant ES 

87  delivers a costimulatory signal through CD28, resulting in interleukin-2 secretion and clones by DNA blot hybridization to iden- 
T cell proliferation. Blockade of this pathway results in T cell anergy. The in vivo role of tify clones in which the targeted homolo- 
87 was evaluated with B7-deficient mice. These mice had a 70 percent decrease in gous recombination event occurred. Hy- 
costimulation of the response to alloantigen. Despite lacking B7 expression, activated bridization of Barn HI-digested DNA with 
B cells from these mice bound CTU-4  and GL1 monoclonal antibody, demonstrating an external probe showed a 12-kb fragment 
that alternative C T U - 4  ligand or ligands exist. These receptors are functionally impor- from the wild-type locus and a 5.6-kb frag- 
tant because the residual allogenic mixed lymphocyte responses were blocked by ment from the targeted locus (Fig. 1). 
CTLA41g. Characterization of these CTLA-4 ligands should lead to strategies for ma- Homologous recombination occurred at a 
nipulating the immune response. high frequency. Hybridization with a neo 

probe indicated that 95% of the clones were 
the result of a single integration event. ES 
clones carrying the B7 mutation were in- 

I n  vitro and in vivo studies of T cell mains, a transmembrane region, and a short jected into BALBIc or C57BLI6J blastocysts 
activation demonstrate that costimulatory cytoplasmic tail (3). Analysis of mB7 ge- (1 0) and were found to give germline trans- 
signals delivered by antigen-presenting cells nomic DNA has identified five exons orga- mission. 
(APCs) are critical because their absence nized 5' to 3': 5' untranslated plus signal Interbreeding of B7 heterozygotes re- 
results in an abortive immune response (I). sequence, Ig V, Ig C, transmembrane, then vealed that mice homozygous for the B7 
Although B7-transfected cells provide a cytoplasmic plus 3' untranslated region to- mutation were viable. We examined organs 
potent costimulatory signal to T cells in 
vitro (2 -4 ) ,  the importance of B7 for reg- 
'lating in viva responses has been Fig. 1. (A) Schematic representation of the A 
inferred studies with CTLA41g fusion gene-targeting construct used to disrupt the 87 B E B pvut 
protein (5).  Blocking costimulation with gene. Black boxes represent exons, and re- 

1 I 

I '  6 hb I - 1  3.8kblTK 
CTLA4Ig ~rolongs graft survival. To  eval- striction sites are indicated. A targeting vector 

! x 5,WIt x B E  , uate the significance of B7, we generated a that allowed positive and negative selection (7, m87wc 
B7-deficient (-I-) mouse strain. 15) was generated by insertion of the neogene cBam HI- l 2  kb)l I I I 

mB7-V Exm mB7-C Exon 

Murine B7 (rnB7) is a 50- to 60-kD driven by the mouse phosphoglycerol kinase 
glycoprotein consisting of immunoglobulin (PGK) Promoter (16) into the Pvu 11 site in the lg 

E' + 
E B BE 

v v) -  and c-like extracellular do- V-like exon. A 1.6-kb region (from Eco Rl to Pvu ' I wo 1 I 1 
11) 5' of the neo insertion was subsequently (Barn HI. 5.6 kb) I -5.6 kb- 

5' External Dmbe 1 
G. J. Freeman, D. B. Lombard, L. M. Nadler, Division excised, deleting the 5' portion of the lg V-like 
of Hematologic Malignancies, Dana-Farber Cancer exon. The MC1 promoter-driven herpes thymi- B c 
Institute, and Department of Medicine, Haward Med- dine kinase (TK) gene was incorporated at the +I+ +I+ +/+ +/- -/ 
ical School, Boston. MA 021 15. 3' end of the targeting vector to select against &rrHalJ -12 w 
F. Borriello. A. J. McKnight. J. Kim. L. Du, A. H. random insertion events (7), ~h~ targeting vet- Sharpe, Immunology Research Division. Department 
of Pathology, Brigham and Womengs Hospital and tor was linearized at a Pvu I site and transfected -5.6 kb 

Haward Medical School. Boston, MA 02115. into the ES cell line J1 (9). (3418' and FIAUr ES 
R. J. Hcdes. K. S. Hathcock. G. Laszlo. Experimental cell colonies were selected as described (9). - N ~ O  
l ~ m ~ n o l ~ g y  Branch, National Cancer Institute and FIAU, 1-[2-deoxy, 2-fluoro-~-~-arabinofurano- - m B N  
National Institute on Aging. National Institutes of syl~-5 iodouracil ( ~ l i   ill^), (6) H~~~~~~~~~ re- 
Health, Bethesda, MD 20892. 
H, Reiser, Division of Lymphocyte Biology, Dana- combination at the 87 locus. Genomic DNA 

1 2 3 4  1 2 3 4  
Farber Cancer Institute, and Department of Pathology, Was prepared from G418' and FIAUr ES clones 
Haward Medical School. Boston, MA 02115. and analyzed by Southern (DNA) blot with Bam HI and a 167-base pair (bp) 3' end external probe. Sizes 
G. S. Gray. Repligen Corporation, Cambridge. MA are indicated at the right. (C) Viable 87-I- homozygotes. PCR analysis of tail DNA utilized primers for the 
02139. neo gene (ATTGAACAAGATGGATTGCAC and CGTCCAGATCATCCTGATC) and primers specific 
'To whom correspondence should be addressed. for the 87 lg V-like exon (GTTGATGAACAACTGTCC and TTTGATGGACAACTTTACTA). 
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and lymphocytes obtained from wild-type 
(+/+) and mutant (-I-) mice for B7 
expression at the RNA and protein levels. 
RNA expression was analyzed by reverse 
transcriptase-polymerase chain reaction 
(RT-PCR) with RNA prepared from thy- 
mus and lipopolysaccharide (LPS)-stimulat- 
ed B cells of B7+/+ and B7-/- animals. 
Analysis by RT-PCR and then nested PCR 
demonstrated the absence of B7 transcripts 
in B7-/- mouse-derived tissues and cells 

(Fig. 2A). When LPS and dextran sulfate- 
stimulated B cells from B7+/+ and B7-/- 
mice were analyzed for B7 expression with 
B7 monoclonal antibody (mAb) , expres- 
sion was only observed in B7+/+ cells (Fig. 
2B), confirming a lack of B7 expression in 
the B7-/- mice. However, there was 
equivalent staining with CTLA4Ig on 
B7+/+- and B7-/--activated B cells, dem- 
onstrating that additional ligand or ligands 
exist for CTLA-4 (Fig. 2C). The GL1 

Fig. 2. (A) Analysis of 87 mRNA expression in 87-I- mice. 
Isolated splenic B cells were stimulated in vitro with LPS (10 
kglml) for 3 days (4). RNA was prepared from spleen, thymus. 
and stimulated B cells with RNA-Stat60 (Tel-Test "B." Friends- 
wood, Texas). Random hexamer-primed reverse transcription 
was done. Nested PCR amplifications were done on the region 
spanning the signal sequence exon to the cytoplasmic domain 
exon. The primer sequences were CTGAGCTATGGCTTG- 
CAATT and AATACCATGTATCCCACATGG for the primary 
PCR and ACAAGTGTCTTCAGATGTTGAT and CCAGGT- 
GAAGTCCTCTGACA for the secondary PCR. Additional PCR 
studies confirmed the lack of intact B7 mRNA transcripts. T, 
thymus; B. LPS-stimulated B cells; controls, mB7 cDNA plas- 
mid (+) and mock sample lacking RNA (-). (6 through D) 
Fluorescence-activated cell sorting (FACS) analyses of B cells 
from 87-I- mice. Splenic B cells were stimulated in vitro with 
LPS (10 kglml) and dextran sulfate (20 kglml) and examined 
for B7 expression at 3 days poststimulation (4). Staining of 
LPS-stimulated B cells from a B7 (+I+) and (-I-) mouse are 
shown in the upper and lower panels, respectively. (B) Un- 
shaded peak represents isotype-matched control mAb, ham- 
ster antibody to interferon-y (H22) (17), and shaded peak 
represents staining of 87 with mAb 16-10A1 (4). (C) Unshaded 
peak shows staining with a control chimeric human lg fusion 
protein (2), and shaded peak shows staining with human 
CTL441g fusion protein (2). (D) Unshaded peak represents 
control rat IgG2a, and shaded peak represents staining with 
GL1 mAb (11). 

+/+ -/- Controls 

Unstim. LPS Slim. 

-- 
0 1  2 3 0 1 2 3 4  

log[Fluorescence intensity] 

Fig. 3. Capacity of B cells from 87-I- mice to stimulate 1 
an allogenic MLR. CD4+ T cells and B cells were purified 5 
as described (18). B cells were stimulated for 5 days in ; 1 

culture with LPS (10 kglml) and dextran sulfate (20 
pglml). Mice used as a source of B cells were typed for 3 
major histocompatibility complex by PCR and /-Abb .: * 
mice were chosen. The deletion in E a  of H-Zb mice g$ results in a 155-bp PCR product, whereas a 780-bp PCR E 
product is generated in H-Zd mice (PCR primer se- P 
quences: Ea5', 5'AGTCTTCCCAGCCTTCACACTCA- 5 
GAGGTAC, Ea3', S'CATAGCCCAAATGTCTGACCTCT- 
GGAGAG; and k5', S'CATGGGCATAGAAAGGGCA- Mouse 1081 , 1080 1271 , 
GTCTlTGAACT). FACS analyses demonstrated that the +/+ -1- 
experimental B7 (+I+) and (-I-) mice had comparable 
concentrations of IAb. Responder T cells were from BALBIc (H-2d) mice. Data from a representative 
experiment are shown. Six B7+/+ and six 87-1- mice were used as a source of stimulators in three 
independent experiments. Microcultures were set up in duplicate in 96-well plates with lo5 CD4+ 
T cells and mitomycin C-treated LPSdextran sulfate-activated B cells. An experiment with 5 x lo5 
B cells per well is shown. Comparable differences in MLR were seen with 0.6 x lo5 to 5 x lo5 B 
cells per well. CTLA41g (5 kglml) or a control chimeric human fusion protein (5 kglml) was 
preincubated with B cells before the addition of CD4+ T cells. Proliferation was measured by 
[3H]thymidine incorporation for the last 6 hours of a 5-day assay. 

mAb stained B7-/--activated B cells (1 1) 
(Fig. 2D). 

Initial immunologic analyses of B7-defi- 
cient mice reveal normal numbers of thy- 
mocytes with normal maturation; normal 
numbers of splenic and lymph node CD3 + , 
B220+, CD4+, and CD8+ cells; similar 
concentrations of serum immunoglobulins; 
and comparable responses of spleen cells to 
the B cell mitogen, LPS, and the T cell 
mitogen, concanavalin A (6 ) .  

Stimulatory activity of LPS- and dextran 
sulfate-stimulated B cells in an allogenic 
mixed lymphocyte response (MLR) is par- 
tially sensitive to mB7 mAb (12). To assess 
the stimulatory capacity of B7-I- APCs, 
we used B7-I- B cells that had been stim- 
ulated with LPS and dextran sulfate to 
stimulate an allogenic MLR. The MLR was 
reduced 70% compared with the response 
to B7+/+ mice (P < 0.025, Student's t 
test). Addition of CTLA4Ig inhibited the 
MLR in both B7+/+ and B7-/- mice, 
whereas control Ig had no effect (Fig. 3).  
These results indicate that additional 
CTLA-4 counter-receptor or -receptors are 
functional. 

Characterization of the B7-I- mouse 
suggests that the absence of the B7 gene 
results only in a partial defect in the im- 
mune response. Nafve B7-I- mice have 
normal numbers of B and T cells and 
normal concentrations of serum immuno- 
globulins and respond normally to mito- 
gens. Analysis of the B7-deficient mouse 
revealed a 70% reduction of costimulation 
of the response to alloantigen. The lack of 
a more dramatic phenotype can be ex- 
plained by the existence of additional 
CTLA-4 counter-receptors. Inhibition of re- 
sidual proliferation in the allogenic MLR by 
CTLA4Ig demonstrates that one (or more) 
of these ligands is functional. The expression 
of the GL1 molecule on activated B7-I- B 
cells suggests that GL1 is likely to be func- 
tionally important in vivo. Administration 
of GL1 mAb in vivo has inhibitory effects 
(1 I) in B7+/+ mice. In addition, we have 
molecularly cloned a human, non-B7, 
CTLA-4-binding counter-receptor, termed 
B7-2 (13). This molecule costimulates T 
cells to secrete interleukin-2 and proliferate. 
The murine homolog of B7-2 is likely to 
account, at least in part, for costimulation 
observed in the B7-deficient mouse. 

The biological relevance of additional 
CTLA-4 counter-receptors can only be de- 
fined in vivo. Further characterization of 
the B7-deficient mouse will enable us to 
determine the contribution of B7 to immu- 
nity and whether B7 functions to amplify, 
rather than initiate, a T cell immune re- 
sponse. Definitive understanding of non-B7 
CTLA-4 counter-receptors awaits their mo- 
lecular cloning and deletion in vivo. These 
results provide potential strategies and re- 
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agents for both the augmentation of immu- 8.  G. Freeman, unpublished results. 

nity to microbes and tumor antigens and 9.  E. Li, T. H. Bestor, R. Jaenisch, Cell 69, 915 
(1 992). 

the inhibition of immune responses during 10, A, Bradley, in Teratocarcinomas and Embryonic 
trans~lantation and autoimmunitv. Stem Cells: A Practical Approach, E. J. Robert- 

~ b t e  added in proof: The GLl &Ab reacts son, Ed. (IRL, Oxford, 198'7), pp. 113-152. 

with the murine homolog of B7-2 (14). 11. K.  S. Hathcock et a/., Science 262, 905 (1993) 
12. Z. Razi-Wolf, F. Galvin, G. Grav, H. Reiser, Proc. 
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Cloning of 87-2: A CTLA-4 Counter-Receptor That 
Costimulates Human T Cell Proliferation 

Gordon J. Freeman,* John G. Gribben, Vassiliki A. Boussiotis, 
Judy W. Ng, Vincent A. Restivo Jr., Lisa A. Lombard, 

Gary S. Gray, Lee M. Nadler 
Although presentation of antigen to the T cell receptor is necessary for the initiation of an 
immune response, additional molecules expressed on antigen-presenting cells deliver 
essential costimulatory signals. T cell activation, in the absence of costimulation, results 
in T cell anergy. The 87-1 protein is a costimulator molecule that regulates interleukin-2 
(IL-2) secretion by signaling through the pathway that uses CD28 and CTLA-4 (hereafter 
referred to as the CD28 pathway). We have cloned a counter-receptor of CD28 and 
CTLA-4, termed 87-2. Although only 26 percent identical to B7-1, B7-2 also costimulates 
IL-2 production and T cell proliferation. Unlike B7-1, B7-2 messenger RNA is constitutively 
expressed in unstimulated B cells. It is likely that B7-2 provides a critical early costimulatory 
signal determining if the T cell will contribute to an immune response or become anergic. 

After T cells receive a signal through the T 
cell receptor (TCR), the ligation of the 
CD28 and CTLA-4 receptors by the induc- 
ible counter-receptor B7-1 (originally 
termed B7) on antigen-presenting cells 
(APCs) results in IL-2 production and T 
cell proliferation (1, 2).  Because B7-1 has 
20 times the affinity for CTLA-4 as it has 
for CD28, CTLA4Ig fusion protein is the 
most effective reagent for inhibiting the 
B7-1 CD28 costimulatory pathway (3-5). 

G. J. Freeman, J. G. Gribben, V. A. Boussiotis, J. W. 
Ng, V. A. Restivo Jr., L. A. Lombard, L. M. Nadler, 
Division of Hematologic Malignancies, Dana-Farber 
Cancer Institute, and Department of Medicine, Har- 
vard Medical School, Boston, MA 021 15. 
G. S. Gray, Repligen Corporation, Cambridge, MA 
02139. 

*To whom correspondence should be addressed. 

There is evidence for additional CTLA-4 
counter-receptors (6, 7). Activated human 
B lymphocytes express at least three distinct 
CTLA-4 counter-receptors, termed B7- 1, 
B7-2, and B7-3 (7). Within 24 hours after 
activation, human B cells express a CTLA-4 
counter-receptor (B7-2) that induces T cell 
proliferation (7). At 48 hours, two addition- 
al CTLA-4 counter-receptors are expressed 
including the original B7-1 identified by two 
monoclonal antibodies (mAbs) 133 (8, 9) 
and BB1 (10) and a third CTLA-4 counter- 
receptor, B7-3, identified only by monoclo- 
nal antibody (mAb) BB1. These observa- 
tions suggest that multiple CTLA-4 counter- 
receptors exist and costimulate T cells at 
different times after B cell activation. 

A complementary DNA (cDNA) en- 
coding a second CTLA-4 counter-receptor, 

BBI 

Control lg 

uuu 
0 1 2 3 0 1 2 3 0 1 2 3  

log [Fluorescence intensity] 

Fig. 1. 87-2 binds CTLA41g but not 87-1 mAb 
or 87-3 rnAb. COS cells were transfected with 
cDNAs encoding B7-1 or 87-2 (clone 29) or 
with pCDNAl vector alone. Transfectants were 
stained with rnAb 133 (9),  rnAb BB1 ( lo ) ,  
control IgM mAb, recombinant CTLA41g (12), 
or control lg fusion protein (12). 

termed B7-2, was isolated by cDNA expres- 
sion cloning with CTLA4Ig selection from 
an activated human B cell cDNA library. 
COS cells transfected with B7-2 cDNA 
bound CTLA4Ig but did not bind to con- 
trol immunoglobulin (Ig) fusion protein, 
mAb 133, or mAb BB1 (Fig. 1). In con- 
trast, COS cells transfected with B7-1 
bound to CTLA4Ig, mAb 133, and mAb 
BB1. Vector-transfected COS cells bound 
none of the above. This demonstrates that 
B7-2 encodes a CTLA-4 counter-receptor 
distinct from B7-1 and B7-3. 

The B7-2 cDNA comprised 1120 nucle- 
otides (GenBank accession number 
L25259) with a single, large open reading 
frame of 987 nucleotides. The NH,-termi- 
nus of the B7-2 protein is a secretory signal 
peptide with a predicted cleavage between 
the alanines at positions 23 and 24. Pro- 
cessing at this site would result in a 34-kD 
membrane protein of 306 amino acids be- 
fore modification. This protein would con- 
sist of a 220-amino acid extracellular region 
containing Ig superfamily V- and C-like 
domains, a hydrophobic transmembrane 
domain of 23 amino acids, and a cytoplas- 
mic tail of 60 amino acids. The B7-2 
extracellular domain contains eight poten- 
tial N-linked glycosylation sites and, like 
B7-1, is probably heavily glycosylated. 
Comparison of both nucleotide and amino 
acid sequences of B7-2 with the GenBank 
and European Molecular Biology Laborato- 
ry databases has shown that only the human 
and murine B7-1 proteins are related. 
Alignment of the three B7 protein se- 
quences shows that B7-2 has 26% identity 
with human B7-1 (Fig. 2). Because human 
B7-1, human B7-2, and murine B7-1 all 
bind to human CTLA-4 and CD28, con- 
served amino acids probably represent those 
necessary to form a CTLA-4 or CD28 
binding site. 
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