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SUMMARY: B7 on antigen presenting cells is a costimulatory ligand necessary for full
activation of T cell. Receptors for B7 have been known as CD28 or CTLA4. We here
show that in addition to B7 mRNA, an alternatively spliced mRNA (designated as MB7-2
mRNA), that immunoglobulin (Ig)C-like domain coded by exon3 has been spliced out, is
found in activated murine splenic B cells by reverse transcriptase-polymerase chain
reaction analysis. Chinese hamster ovary (CHO) cells transfected with MB7-2 bound
CTLA4Ig less well than those expressing B7, but bound CD28Ig to a similar extent,
indicating that IgV-like domain contains the complete binding site for CD28. In addition,
IgC-like domain may participate in an increase in the affinity for CTLA4. Thus, MB7-2
represents a new form of the murine B7 with different receptor binding properties. ¢ 1904

Academic Press, Inc.

Although occupancy of the T cell receptor (TcR) complex by antigen in conjunction with
the MHC is necessary for the initiation of T cell activation, several lines of evidence
suggest that a costimulatory signal by antigen presenting cells is essential for the induction
of optimal proliferation and ly mphokine secretion (1,2). The occupancy of TcR in the
absence of appropriate costimulatory signal results in nonresponsiveness, T cell anergy
(3). Several recent studies provided compelling evidence that B7 and B70 (or B7-2) can
provide such costimulatory signals (4-9). B7, a member of the immunoglobulin (Ig)
superfamily, is a ligand for the T cell surface molecules, CD28 (10) and CTLA4 (11). The
B7 molecule consists of a V-like domain (amino acids 38-143) and a C-like domain
(amino acids 194-237) in its extracellular domain and has al0 to 20-fold higher affinity for
CTLA4 than for CD28 (11,12). CD28 and CTLA4 are also members of Ig superfamily
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(10,11). Suboptimal activation of T cells with anti-CD3 or phorbol ester, together with
crosslinking of CD28 by anti-CD28 antibodies or B7 ligand results in enhanced T cell
proliferation and greatly augments synthesis and secretion of lymphokines (5,13,14). The
blocking of B7/CD28 interaction and subsequent CD28 signalling by a soluble form of
CTLA4 inhibit a variety of immunological responses (11,15-17) and prevents allo- or
xenogeneic transplant rejection, and induces long term, antigen-specific unresponsiveness
in vivo (17,18). Thus, it appears that an interaction between B7 and CD28 or CTLA4
provides a costimulatory signal important for various T cell responses. In this regard, the
analysis of molecular and structural basis for the interaction between B7 and CD28 or
CTLA4 is important.

In this study, we provide an evidence for the existence of an additional ligand for CD28
and CTLA4. CHO cells were transfected by an alternative spliced form of murine B7
(MB7-2) gene and wild type B7 gene. By using those transfectants, we analyzed the
binding capacity and binding affinity of CD28Ig and CTLA4Ig to B7 and MB7-2. The
results indicate that Ig V-like domain of B7 and MB7-2 provide the binding site for CD28,
whereas [gC-like domain of B7 participate in an increase in the binding affinity for CTLA4
but not for CD28.

MATERIALS AND METHODS

Mice. C57BL/6 mice were obtained from Japan CLEA Inc., Tokyo, Japan and housed in
a specific pathogen-free animal facility at Institute of Immunological Science, Hokkaido
University.

Monoclonal antibody (mAb). Anti-murine B7(3A12) mAb was kindly supplied by
Dr. Y. Liu, Department of Pathology and Kaplan Comprehensive Cancer Center, New
York University Medical Center, NY (18).

Oligonucleotides for polymerase chain reaction (PCR). Oligonucleotides used
in this study were synthesized based on published murine B7 cDNA sequence (12); sense
primer, 5'CTAAGCTCCATTG-GCTCTAGATTC3' (nucleotide numbers-60 to -40);
antisense primer, 5'CTCATGAGCCACATAATACCATGT3' (complementary to 944 to
967). Primers for beta actin (19) were also used to assess the integrity of RNA
preparations.

Reverse transcriptase (RT)-PCR. Total cellular RNAs were prepared from
lipopolysaccharide (LPS)-stimulated spleen cells by the method of Chomczynski and
Sacchi (20). RT-PCR was performed as described by Saiki et al. (19). Briefly, 3 yg of
total RN A were transcribed in a 60 g | reaction mixture containing 1X RT buffer (GIBCO
BRL, Gaithersburg, MD), 60 units of RNase inhibitor (Promega Corp., Madison, WI),
300 units of Mo-MLV reverse transcriptase (GIBCO BRL), 1 mM of each dNTP
(Pharmacia, Uppsala, Sweden) and 5 ¢ M of random primer (Takara Shuzo Co., Ltd.,
Kyoto, Japan). An 0.4 1 aliquot of cDNA was mixed with 19.6 x1 of PCR mixture
containing 1X PCR buffer (Promega), 200 ¢ M of each dNTP, 1 1M of each primer, 1
unit Taq DNA polymerase (Promega). PCR was performed using a programmed
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temperature control system PC-700 (ASTEC, Fukuoka, Japan) set for 30 cycles under a
condition as follows: denaturation at 94 °C for 1 min; annealing at 60 °C for 1 min;
extension at 72 °C for 2 min. An 10 g1 aliquot of each reaction mixture was analyzed by
electrophoresis on a 1.5% agarose gel (Nippon Gene, Tokyo, Japan).

Isolation and sequencing of PCR products. PCR products were isolated from
agarose gel by using a GENECLEAN kit (BIO 101, La Jolla, CA) and was directly
subcloned into pCR II vector (Invitrogen, San Diego, CA). The nucleotide sequence of
the subcloned DN A was determined by the chain termination method (21) using Sequenase
ver. 2.0 DNA sequencing kit (USB, Cleveland, OH) and M13 reverse primer and M13
forward primer (Takara Shuzo Co. Ltd., Tokyo, Japan).

Cell culture and transfectants. B7 as well as MB7-2 ¢cDNA were obtained from
EcoRI digested pCR Il vector described above, and subcloned into pcDLSR a 296
expression vector (the plasmids were designated as B7-SRa and MB7-2-SRa,
respectively). One million CHO cells were cotransfected with a mixture of 15 yg of
expression plasmid clone B7-SRa or MB7-2-SRa and 1 y g of pAdD26S VA#3 carrying
a dihydrofolate reductase (DHFR) gene using a Lipofectin reagent (Bethesda Research
Laboratories, Gaithersburg, MD) following the methods supplied by vender (4). CHO cell
clones expressing murine B7 or MB7-2 were seclected by multiple rounds of fluorescence-
activated cell sorting following immunostaining with a soluble form of CTLA-4 and are
referred to as B7-CHO and MB7-2-CHO, respectively.

Recombinant proteins. A fusion protein consisting of the extracellular domain of
human CTLA4 or CD28 and Ig Cy1 domain was produced in CHO or COS cells,
respectively and purified as previously described (4, 15). These proteins were referred to
as CTLAA4Ig and CD28Ig, respectively.

Immunostaining and FACS analysis. Transfected cells were analyzed by indirect
immunostaining. Before staining, cells were removed from their culture flasks by
incubation in PBS containing 0.5 mM EDTA. Cells were first incubated with mAb or Ig
fusion protein in PBS for 1-2 h at 4° C followed by PE- or FITC-conjugated goat anti-
human Ig Cy 1 serum (Tago Corp., Burlingame, CA) or F(ab)'2 fragment of FITC-
conjugated goat anti-hamster 1g (CALTAG Laboratories Inc., South San Francisco, CA).
Fluorescence on a total of 10,000 cells was then analyzed by FACScan (Becton Dickinson
& Co., Mountain View, CA).

RESULTS

RT-PCR analysis of B7 and MB7-2 gene expression in LPS-stimulated
spleen cells. RT-PCR was carried out to analyze B7 gene expression in LPS-
stimulated spleen cells using a pair of primers shown in Materials and Methods. As
reported in a previous publication (12), we consistently obtained wild type B7 ¢cDNA
(1030 base pairs;bp) in LPS-stimulated spleen cells from C57BL/6 mice.  An additional
PCR band (which is designated as MB7-2 hereafter) of approximately 280 bp shorter than

B7 band was detected in LPS-stimulated spleen cells. MB7-2 gene expression was not

detected in non-stimulated spleen cells. However, B7 genc expression was occasionally

detected in non-stimulated spleen cells. Representative results are depicted in Figure 1A
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Fig. 1. (A) Detection of B7 as well as MB7-2 gene expression in LPS-stimulated B cells
by RT-PCR. Spleen cells were cultured with 25 g g/ml LPS for indicated times. RNA
was obtained from LPS-stimulated cells and BW5147 cells (as a negative controt). (B)
Nucleotide sequence of the MB7-2 and B7 PCR products at a spliced point. The upper line
gives the sequence for B7, while the lower line gives that of MB7-2 PCR products. (C)
Proposed structure of MB7-2. An arrow indicates the position where [gC-like domain is
spliced out. Number indicates the corresponding position of amino acid of wild type B7.

¢ indicate the position of possible glycosylation. (D) Genomic organization of murine
B7. SP; signal peptide. Ex; ecxon. V; V-like domain. C; C-like domain. TM;
transmembranc domain. CP; cytoplasmic domain.

Cloning and sequencing of MB7-2. We isolated PCR products amplified from
LPS-stimulated B cell cDNA of C57BL/6 mice, subcloned into pCR Il vector and
sequenced. The PCR band of normal size was found to correspond to the wild-type B7
cDNA. The sequencing of cDNA indeed exhibited complete identity to B7 cDNA (data not
shown). The PCR band of smaller size (MB7-2) is an alternatively spliced form of B7 in
which the C-like domain (from No. 144 amino acid to No. 237 amino acid) in its
extracellular domain is spliced out (Fig. 1B). Thus amino acid No. 143 is fused to No.
238 amino acid in MB7-2 as shown in Fig. 1C. According to the genomic organization
of murine B7 gene (22), the exon 3 of murine B7 is spliced out in MB7-2 (Fig. 1D). The
signal peptide, transmembrane, and cytoplasmic domains of MB7-2 are identical to that of
B7. Ig hinge like sequence is conserved in MB7-2. There are seven possible N-linked
glycosylation sites at amino acids 94, 100, 150, 156, 190, 211, and 215 in the
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Fig. 2. (A) Binding of anti-B7 mAb to B7-CHO and MB7-2-CHO cells. Cells (1 x 10%)
were stained by saturating concentrations of anti-B7 mAb (3A12) followed by FITC-
labeled second antibody. Samples were analyzed by flow cytometry. [JAnd B indicate
the positive staining and control staining with first mAb omitted, respectively. (B) Binding
of CTLA4lg and CD28lg to B7- and MB7-2-CHO cells. Cells were  (1x 10°) first
stained by various concentrations of CTL.A4Ig or CD28Ig followed by PE-labeled second
antibody. B7-CHO, CD28lg (—&—); B7-CHO, CTLA4Ig (—e—); MB7-2-CHO, CD28lg
(-O-); MB7-2-CHO, CTLA4Ig ( -0- ). The data are representative of four experiments
with similar results.

extracellular domain of B7, whereas there are only two possible N-linked glycosylation
sites at amino acids 94 and 100 in the extracellular domain of MB7-2.

Binding activity of CTLA4Ig and CD28Ig to B7- and MB7-2- transfected
cells. Two transfectants were used in this study. As shown in Fig. 2A, anti-murine B7
mAb (3A12) bound to B7-CHO and MB7-2-CHO transfectants to a similar extent. We
also used anti-B7 mAb (1G10; Pharmingen, San Diego, CA) and found that 1G10 at
saturating concentrations bound to B7-CHO < 1.5 fold greater than MB7-2-CHO in terms
of mean fluorescence intensity (data not shown). These findings suggest that the number
of B7 and MB7-2 molecules on the transfected CHO cells are comparable. The binding of
purified CTLA4lg and CD28Ig to B7-CHO and MB7-2-CHO cells were compared in the
experiment shown in Fig. 2B. Transfected CHO cells were incubated with increasing
concentrations of CD28Ig or CTLA4lg, and binding was detected by flow cytometry. The
number of CTLA4Ig molecules bound to B7-CHO was > 10 fold greater than that bound
to MB7-2-CHO cells as judged by the intensity of fluorescence. The difference between
B7-CHO and MB7-2-CHO in the binding of CTLA4Ig was maintained when aliquots of
the cells were incubated with serial dilutions of the fusion protein. In contrast, the
binding of CD28Ig to MB7-2-CHO and B7-CHO cells was comparable. It should be
noted that CTLA4Ig has higher affinity than CD28lg for MB7-2-CHO.
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DISCUSSION

It was previously shown that interaction between B7 on antigen presenting cells and
CD28 or CTLA4 on T cells provides a costimulatory signal for various T cell responses in
vitro and in vivo (5,10-12,13-17). The extracellular portion of B7 consists of a Ig V-like
domain and a Ig C-like domain, whereas that of CD28 and CTLA4 consists of a single Ig
like domain. However, the molecular and structural basis for the interaction between B7
and CD28 or CTLA4 by Ig-like domains remains unclear.

By using a RT-PCR, we have analyzed B7 gene expression in mice. The important
finding is that in addition to full length B7 mRNA, an additional PCR band (designated as
MB7-2 mRNA) is found in activated murine B cells. MB7-2 is an alternatively spliced
form of B7 in which the C-like domain is completely spliced out. Thus, MB7-2 possesses
a single IgV-like domain in its extracellular portion and the transmembrane as well as
cytoplasmic portions are identical to those of B7. The analysis of binding capacity of
MB7-2 to CD28 and CTLA4 facilitates the understanding of role of [gV-like domain of B7
and MB7-2. The major finding is that the Ig V-like domain of MB7-2 and B7 contains the
binding site for CD28, and the lack of IgC-like domain does not significantly influence the
binding affinity for CD28. It is known that B7 has a 10 to 20-fold higher affinity for
CTLA4 than for CD28 (11). The results of the present study demonstrate that MB7-2 also
has a significantly higher affinity for CTLA4 than for CD28 (Fig. 2). It appears that IgV-
like domain of B7 and MB7-2 has higher affinity for CTLA4 than for CD28. More
importantly, IgC-like domain of B7 may participate in an increase in the affinity for
CTLA4, but not for CD28 since CTLLA4 had substantially higher affinity for B7 than for
MB7-2.

Thus, MB7-2 represents a new form of the murine B7 molecule with different binding

properties to their ligands.
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