agents for both the augmentation of immu-
nity to microbes and tumor antigens and
the inhibition of immune responses during
transplantation and autoimmunity.

Note added in proof: The GL1 mAb reacts

with the murine homolog of B7-2 (14).
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Cloning of B7-2: A CTLA-4 Counter-Receptor That
Costimulates Human T Cell Proliferation

Gordon J. Freeman,* Johri 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 B7-1 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 B7-2. 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. Itis 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 (I, 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).
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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,
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Fig. 1. B7-2 binds CTLA4Ig but not B7-1 mAb
or B7-3 mAb. COS cells were transfected with
cDNAs encoding B7-1 or B7-2 (clone 29) or
with pCDNAI vector alone. Transfectants were
stained with mAb 133 (9), mAb BB1 (10),
control IgM mAb, recombinant CTLA4Ig (12),
or control |g fusion protein (12).

termed B7-2, was isolated by cDNA expres-
sion cloning with CTLA4lg 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 BBI (Fig. 1). In con-
trast, COS cells transfected with B7-1
bound to CTLA4lg, 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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Three mRNA transcripts of 1.35, 1.65,
and 3.0 kb hybridized to B7-2 cDNA. RNA
blot analysis demonstrated that B7-2 mRNA
was expressed in unstimulated human sple-
nic B cells and increased fourfold after acti-
vation (Fig. 3). In contrast, B7-1 mRNA
was not expressed in unstimulated B cells

Fig. 2. Predicted protein se- hB7-1 1
quence of B7-2 and comparison hB7-2 1
with B7-1. A cDNA library was 87 1
prepared in the pCDM8 expres-

sion vector with polyadenylated hB7-1 47
RNA from human splenic B cells hB7-2 37
activated by antibody to Ig (anti- ., s1
Ig) (10 min to 96 hours). COS

cells were transfected with the hB7-1 92
activated B cell cDNA library DNA hB7-2 87
by DEAE dextran transfection (8). nB7 96
Cells were harvested after 47

hours and incubated with hB7-1 142
CTLA4Ig (10 pg/ml) and CD28-Ig, hB7-2 136
and binding cells were isolated 7 145
by panning on plates coated with

goat antibody to human IgG (8). hB7-1 187
Episomal DNA was isolated, hB7-2 186
transformed into Escherichia coli w87 190
DH10B/P3, and the plasmid DNA

re-introduced into COS cells by hB7-1 234
means of spheroplast fusion. .. . ..
Cells expressing B7-1 were re- w239
moved by incubation with B7-1

mAbs [133 and B1.1 (6)] and nB7-1 283
immunomagnetic bead depletion.

Transfectants were selected by ne7-2 281
panning with CTLA4Ig and CD28- ~ ™7 286
Ig as described above. A third hB7-2 328

round of selection, identical to the

and was transiently expressed after activa-
tion (8). Thus, B7-1 and B7-2 expression
appears to be differentially regulated.

COS cells transfected with either B7-1
or B7-2 costimulated equivalent amounts of
IL-2 production and T cell proliferation
when tested at various stimulator to re-
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second round, was done. Four of 48 isolated plasmids contained a 1.2-kb cDNA insert. COS cells
transfected with these plasmids bound CTLA4lg but not control Ig fusion protein. The deduced
amino acid sequence of B7-2 is shown and compared with murine and human B7-1. The nucleotide
sequence was deposited in GenBank (accession number 1L25259). Vertical lines show identical
amino acids between human B7-2 and human B7-1 or human B7-2 and murine B7.

Fig. 3 (top). RNA blot analysis of B7-2 expres-
sion in unstimulated and activated human B
cells. Human splenic B cells were isolated and
activated with anti-lg beads, and RNA was pre-
pared at the indicated times (9). Equal amounts
of RNA (20 pg) were electrophoresed on an
agarose gel, blotted, and hybridized to 32P-
labeled B7-2 cDNA. RNA blot analyses of un-
stimulated and anti-lg—activated human splenic
B cells and of Raji cell line (B cell Burkitt's
lymphoma) are shown. Fig. 4 (bottom).
B7-1 and B7-2 COS transfectants costimulate T
cell proliferation and IL-2 production. Human
CD28* T cells were isolated (7). B7-1—, B7-2—,
and vector-transfected COS cells were harvest-
ed 72 hours after transfection, incubated with
mitomycin C (25 wg/ml) for 1 hour, and then
extensively washed. We incubated CD28* T
cells (10%) with PMA (1 ng/ml) and the indicated
number of COS transfectants. (A) Proliferation
was measured by [®H]thymidine (1 wCi) incor-
poration for the last 12 hours of a 72-hour
incubation. (B) IL-2 production was measured
by enzyme-linked immunosorbent assay (Bio-
source, Camarillo, California) with supernatants
harvested 24 hours after the initiation of culture.
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sponder ratios (Fig. 4). In contrast, vector-
transfected COS cells did not costimulate.
B7-2 effectively costimulated with either
phorbol 12-myristate 13-acetate (PMA) or
CD3 mADb as a first signal. To distinguish
B7-2 from B7-1 and B7-3, we used mAbs to
B7-1 and B7-3 to inhibit proliferation and
IL-2 production of submitogenically acti-
vated human CD28" T cells (Fig. 5). The
mAbs 133 (9) and BB1 (7, 10) completely
inhibited proliferation and IL-2 secretion
induced by B7-1 but had no effect on
costimulation by B7-2. Isotype-matched
control mAb, B5, had no effect. To deter-
mine whether B7-2 signals by means of the
CD28 pathway, we tested anti-CD28 Fab
and CTLAA4lg fusion protein to determine
whether they inhibited B7-2 costimulation.
Both anti-CD28 Fab and CTLA4lg inhib-
ited proliferation and IL-2 production in-
duced by either B7-1 or B7-2 COS trans-
fectants, whereas control Ig had no effect.
The CTLA4lg inhibited B7-2 costimula-
tion of proliferation by more than 90%.
None of the blocking agents inhibited T
cell proliferation or IL-2 production in-
duced by the combination of PMA and
phytohemagglutinin (11).

Like B7-1, B7-2 is a counter-receptor for
the CD28 and CTLA-4 T cell surface mol-
ecules. Both proteins (i) are expressed on

IL-2
(pg/mi)

<30
875
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BB1

CD28 Fab

CTLA4Ig

Control Ig
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[H]Thymidine incorporation (103 cpm)

Fig. 5. B7-2 costimulation is not blocked by B7-1
and B7-3 mAbs but is blocked by CTLA4Ig and
anti-CD28 Fab. Human CD28* T cells and B7-
1-, B7-2-, and vector-transfected COS cells
were prepared as described in Fig. 4. CD28* T
cells (10%) were incubated with PMA (1 ng/ml)
and 2 x 10* COS transfectants. Blocking agents
(10 pg/ml) are indicated. Proliferation and IL-2
production were measured as in Fig. 4.



the surface of APCs, (ii) are structurally
related to the Ig supergene family with an Ig
V- and Ig C-like domain, and (iii) costim-
ulate T cells to produce IL-2 and prolifer-
ate. However, B7-1 and B7-2 differ in that
B7-2 mRNA is constitutively expressed in
unstimulated B cells, whereas B7-1 mRNA
does not appear until 4 hours and cell
surface protein is not detected until 24
hours (8, 9). Unstimulated human B cells
do not express CTLA-4 counter-receptors
on the cell surface and do not costimulate T
cell proliferation (7). Therefore, expression of
B7-2 mRNA in unstimulated B cells would
allow rapid expression of B7-2 protein on the
cell surface after activation, presumably from
stored mRNA or protein. Expression of B7-1
and B7-2 in cell lines and human B cell
neoplasms differ (I11), suggesting they may
have biologically distinct functions.

The functional necessity for multiple
CD28 and CTLA-4 counter-receptors is un-
known. Indeed, whereas CD28 can clearly
transduce a costimulatory signal, the signaling
function of CTLA-4 is currently unknown. A
T cell, which has received a first signal from
the TCR, must commit within 12 to 24 hours
to either activation or anergy (12-15). Al-
though B7-1 (12, 13) or cross-linking by
CD28 mAb (15) can provide a costimulatory
signal that prevents the induction of anergy in
vitro, the late appearance (between 24 and 48
hours) of B7-1 on B cells (9) and macrophages
(16) after activation suggests that B7-1 is not
the critical costimulatory molecule that regu-
lates whether a T cell becomes activated or
anergic. We postulate that the earlier appear-
ance of B7-2 provides this critical costimula-
tory signal (17, 18). If confirmed, then B7-1
costimulation is more likely to provide a signal
that results in T cell clonal expansion. Iden-
tification and characterization of B7-2 will
enable further manipulation of the CD28
pathway, potentially leading to therapeutic
strategies for the control of autoimmunity,
transplantation tolerance, and the stimula-
tion of viral and tumor immunity.
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Gene Replacement in Toxoplasma gondii
with Chloramphenicol Acetyltransferase
as Selectable Marker

Kami Kim, Dominique Soldati, John C. Boothroyd*

A system for stable transformation of Toxoplasma gondii tachyzoites was developed that
exploited the susceptibility of Toxoplasma to chloramphenicol. Introduction of the chior-
amphenicol acetyltransferase (CAT) gene fused to Toxoplasma flanking sequences fol-
lowed by chloramphenicol selection resulted in parasites stably expressing CAT. A con-
struct incorporating the tandemly repeated gene, B1, targeted efficiently to its homologous
chromosomal locus. Knockout of the single-copy gene, ROP1, was also successful. Stable
transformation should permit the identification and analysis of Toxoplasma genes impor-
tant in the interaction of this opportunistic parasite with its host.

Toxoplasma gondii is an obligate intracellu-
lar parasite that can infect most warm-
blooded vertebrates. In humans, infection
can result in severe congenital defects and
Jife-threatening infection in immunocom-
promised hosts. Recently, the parasite has
received increased attention as an opportu-
nistic pathogen affecting up to 25% of
patients with acquired immunodeficiency
syndrome (AIDS) (I). Detailed study of the
basic biology of the host-parasite interac-
tion has been hampered by the absence of a
methodology to introduce and stably ex-
press or knockout genes in this organism.
Despite intensive efforts, transfection of in-
tracellular eukaryotic parasites was unsuc-
cessful until recently when transient CAT
expression driven by the upstream regions of
three Toxoplasma genes was achieved (2).

Efforts to stably transform Toxoplasma
were complicated by the inability of these
parasites to replicate outside host cells.
Neomycin and hygromycin, drugs com-
monly used for selection of stable trans-
formants in systems such as protozoan par-
asites from the kinetoplastida order (3-5),
kill host cells as efficiently as they kill
parasites. We have developed an alterna-
tive system in which CAT is used as an
efficient and easily detectable selectable
marker in Toxoplasma.

Chloramphenicol and other antibiotics
that inhibit prokaryotic translation have po-
tent effects against Plasmodium and are cur-
rently used for malaria chemotherapy. It has
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ford University School of Medicine, Stanford, CA
94305.

*To whom correspondence should be addressed.

SCIENCE ¢ VOL. 262 * 5 NOVEMBER 1993

been thought that Toxoplasma tachyzoites
are not susceptible to chloramphenicol in
vitro. We have found, however, that chlor-
amphenicol, like the mechanistically similar
antibiotic. clindamycin (6), has a potent
parasiticidal effect, but one that is delayed in
onset: Parasites complete two to three cycles
of host cell lysis (approximately 7 days or 20
to 25 divisions) before any effect of drug is
evident. Daily visual inspection of cultures
indicated that 10 pM chloramphenicol
killed more than 90% of parasites, but had
no obvious effects on the host monolayer.
These results indicate that Toxoplasma gondii
has a highly specific susceptibility to drugs
inhibiting prokaryotic translation. This may
reflect a unique target for chemotherapy in
these coccidian parasites, for example, tar-
gets in mitochondria or other organelles as
suggested for Plasmodium (7, 8).

Our initial constructs (Fig. 1A) utilized
the upstream and downstream regions of a
gene, SAGI, that encodes the major sur-
face antigen p30. These sequences have
been previously shown to drive efficient
CAT expression (2). Stable transfection, if
by means of homologous recombination
with replacement of SAGI, seemed likely
to be a deleterious event given that Toxo-
plasma tachyzoites are haploid and SAGI is
single-copy. [Indeed, Sagl™ mutants are
impaired in virulence and intracellular
growth (9, 10).] We therefore added to the
construct a segment of Bl, a gene of un-
known function that is tandemly reiterated
approximately 35 times within the genome
(11). In transient transfection, this BI-
containing construct induced CAT activity
similar to that induced by a construct lack-
ing Bl (12).
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