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Introduction
The B7/CD28/CTLA4 pathway plays a critical role in the
regulation of T-cell activation and has great potential as
a therapeutic target in transplant rejection and autoim-
munity. B7-1 (CD80) and B7-2 (CD86) provide a critical
costimulatory signal to T cells by binding to CD28 (1)
and inhibit T-cell activation by binding to CTLA4 (2).

Much has been learned about T-cell costimulation
from the analysis of mice deficient in CD28 or 
B7-1/B7-2 molecules. Since B7-1 and B7-2 are the only
known ligands for CD28 (3), it might have been expect-
ed that the defects in T-cell activation would be similar
in these two mouse strains. However, dramatic differ-
ences are observed in the immune responses of the
CD28-deficient (CD28–/–) and B7-1/B7-2–/– mice. While
CD28–/– mice reject cardiac allografts almost as quick-
ly as wild-type recipients (4), B7-1/B7-2–/– mice allow
long-term survival (5). This result suggests that B7 cos-
timulation of T cells can occur through a receptor that
is distinct from CD28. To determine whether there is
B7-dependent costimulation of T cells in the absence
of CD28 and CTLA4, we have generated a novel mouse
strain lacking both CD28 and CTLA4.

Our in vitro studies demonstrate that either B7
blockade or the use of B7-deficient antigen-presenting

cells (APCs) significantly reduces the proliferation of
CD28/CTLA4–/– T cells. Furthermore, B7-1 and B7-2
Chinese hamster ovary (CHO) cell transfectants can
stimulate proliferation of CD28/CTLA4–/– T cells. In
vivo, we find that administration of CTLA4-Ig to
CD28/CTLA4–/– cardiac allograft recipients significant-
ly prolongs graft survival. Together, these data support
the existence of an additional receptor for B7 molecules
that is neither CD28 nor CTLA4.

Methods
Generation of mice lacking CD28 and CTLA4. To generate
CD28/CTLA4–/– mice we used a CD28 targeting vector to
retarget a J1 embryonic stem (ES) cell clone (T5) that was
heterozygous for the CTLA4 mutation and known to
give rise to CTLA4-deficient mice exhibiting a lympho-
proliferative phenotype (6). Because the T5 clone was
neomycin resistant, the CD28 targeting vector carried
the hygromycin-resistance gene as an alternative selec-
tion marker. The targeting vector (Figure 1a) was gener-
ated by replacing a 3-kb region encompassing a portion
of the IgV-like exon 2 and a portion of transmembrane
exon 3 with hygromycin driven by the mouse phospho-
glycerol kinase (PGK) promoter and linked to PGK
poly(A) sequences. To select against random insertional
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events, a thymidine kinase gene (TK) under the regula-
tion of the MC1 promoter was incorporated at the 5′ end
of the targeting vector. The targeting vector contains 2
kb of homology upstream and 4 kb of homology down-
stream of the PGK-hygro gene. After electroporation,
hygromycin- and FIAU-resistant ES cells were selected
and screened by Southern blot analysis. Genomic DNA
was digested with EcoRV and hybridized with a 0.9-kb
probe outside the construct. A DNA fragment of 12 kb
corresponded to the wild-type allele, and a fragment of
5 kb indicated homologous recombination at the CD28
locus. Single integration events were scored using a
probe derived from the hygromycin gene. Three distinct
ES cell lines heterozygous for the CD28 mutation were
microinjected into blastocysts and gave rise to germline
transmission of the CD28 mutation. Using the
neomycin and hygromycin drug-resistance genes as
markers for the individual targeting events, we selected
for progeny in which these markers cosegregated, indi-
cating both mutations were on the same chromosome.
Offspring carrying both the neomycin- and hygromycin-
resistance genes were identified and interbred. Progeny
were determined by Southern blot analysis and PCR of
tail DNA. The PCR primers used were: mCD28 5′AACAA-
GATTTTGGTAAAGCAG; mCD28 3′ GAACTCAATTTTGCA-
GAAGTA; Hygro 5′ GACCTGCCTGAAACCGAACT; Hygro 3′
ACCAATGCGGAGCATATACG; mCTLA4 5′ TGGTGTTG-
GCTAGCAGCCATG; mCTLA4 3′ TTGGATGGTGAG-
GTTCACTC; Neo 5′ ATTGAACAAGATGGATTGCAC; Neo 3′
CGTCCAGATCATCCTGATC.

Mice. Wild-type and CD28–/– mice on the BALB/c and
C57BL/6 (B6) backgrounds were obtained from the
Jackson Laboratory (Bar Harbor, Maine, USA).
CD28/CTLA4–/– mice were used for flow cytometry and
proliferation assays after back-crossing for at least five
generations onto the BALB/c background. The
BALB/c B7-1–/–, B7-2–/–, and B7-1/B7-2–/– mice (7) were
back-crossed for ten generations. Brigham and
Women’s Hospital and Harvard Medical School are
accredited by the American Association of Accredita-
tion of Laboratory Animal Care (AALAC), and mice
were cared for in accordance with institutional guide-
lines in a pathogen-free animal facility.

Flow cytometry. CD28 expression was determined by
staining freshly isolated lymph node cells with Ab’s to
CD4 and CD28 (or isotype control). To determine
CTLA4 expression, CD4+ T cells were purified from
peripheral lymph nodes using magnetic beads (MACS)
from Miltenyi Biotec (Auburn, California, USA) and
stimulated with anti-CD3 and APCs for 3 days. Cells
were stained for CD4, and intracellular CTLA4 expres-
sion was determined after treating cells with 0.5%
saponin in 0.5% BSA. To assess T-cell activation, fresh-
ly isolated spleen and lymph node cells were stained for
CD4 and the activation markers CD69 or CD62L. All
Ab’s were directly conjugated and were obtained from
PharMingen (San Diego, California, USA).

Proliferation assays. All in vitro assays were performed
using mice on the BALB/c background. CD4+ T cells
were purified by MACS, with purity greater than 95%

882 The Journal of Clinical Investigation | April 2001 | Volume 107 | Number 7

Figure 1
Generation of mice lacking both CD28 and CTLA4. (a) Structure of the CD28 targeting construct. The hygromycin-resistance gene is flanked
by small parts of exon 2 and 3. The thymidine kinase gene (TK) lies external to the 5′ genomic fragment. The intron-exon organization of the
genomic clone is shown. Exons coding for the extracellular, transmembrane, and intracellular domain of CD28 are depicted as filled rectangles.
The 0.9-kb cDNA probe used for Southern blot analysis is indicated as a thin bar and is located in exon 4, external to the genomic DNA frag-
ment used in the targeting construct. Gene targeting in ES cells by homologous recombination results in the replacement of part of exon 2, the
intron between exon 2 and 3, and part of exon 3 by the hygromycin gene. Southern blot analysis uses the acquisition of an additional EcoRV site
in the hygromycin gene (shown in bold) to distinguish genomic and targeted DNA. (b) Southern blot analysis of the CD28 locus. Tail DNA from
wild-type (+/+), heterozygotes (+/–), and CD28/CTLA4 double-knockout (–/–) littermates were digested with EcoRV and hybridized with the
probe indicated in Figure 1a, demonstrating the two bands indicative of the endogenous (12 kb) or targeted (5 kb) configuration. (c) Analysis
of CD28 and CTLA4 expression. Cell-surface staining of CD28 is assayed on naive CD4 T cells; CTLA4 is stained intracellularly in activated CD4
cells. Thick lines depict staining with anti-CD28 or anti–CTLA4; thin lines depict staining with the isotype-matched hamster IgG control Ab.



confirmed by flow cytometry. T cells were plated in flat-
bottom wells at 5 × 104 cells/well in RPMI medium as
described previously (3). APCs from T-depleted spleno-
cytes (previously described; ref. 8) were stimulated
overnight with 5 µg/ml of the anti-CD40 Ab 3/23, then
treated with mitomycin C (50 µg/ml for 40 minutes at
37°C) and plated at 5 × 105 cells/well. B7 transfectants
of CHO cells (9, 10) were mitomycin C treated (50
µg/ml overnight) and plated at 2 × 104 cells/well. The
hybridoma for the 145-2C11 Ab to CD3 was obtained
from the American Type Tissue Culture (Manassas, Vir-
ginia, USA), and Ab was used either as a high-titer
supernatant or purified. Purified CTLA4-Ig was kindly
provided by Genetics Institute (Cambridge, Massachu-
setts, USA). Secondary stimulations were performed by
culturing freshly isolated CD4+ cells with APCs and
1:1000 dilution of anti-CD3 supernatant for 4 days,
resting overnight in 20 U/ml IL-2, and restimulating
equal T-cell numbers with APCs and the indicated con-
centration of anti-CD3 for 3 days.

Cytokine measurement. Supernatants from T-cell cul-
tures were analyzed for IL-2, IL-4, IL-10, and IFN-γ by
sandwich ELISA using Ab pairs and standards pur-
chased from PharMingen, according to the manufac-
turer’s instructions.

Heart transplantation. Allografts from male donors
were placed in male recipients as described previous-
ly (11). Graft function was assessed daily by palpation,
with rejection defined as the absence of detectable
beating. Allografts failing or graft recipients dying
within 48 hours of surgery were considered technical
failures and were excluded from the analysis. Donor
hearts from wild-type C57BL/6 (H-2b) mice were
transplanted to either BALB/c (H-2d) wild-type,
CD28–/–, or CD28/CTLA4–/– mice. Donor hearts from
wild-type BALB/c mice were transplanted to wild-type
recipients on either a B6 background or a mixed
129/B6 background or CD28/CTLA4–/– recipients on
a mixed 129/B6 background.

Results
Generation of mice lacking CD28 and CTLA4. Because
CD28 and CTLA4 are closely linked on mouse chro-
mosome 1, we chose to target the CD28 gene in ES
clones heterozygous for the CTLA4 mutation, which
were used to generate the CTLA4-deficient mice that
we have characterized previously (6). Our targeting vec-
tor (Figure 1a) replaced sequences encoding the IgV-
like exon 2 and a portion of the transmembrane exon 3
of CD28 with the hygromycin-resistance gene, which
should effectively destroy CD28 binding to B7-1 and
B7-2. Germline-transmitting progeny from targeted ES
cell clones were bred to wild-type BALB/c or C57BL/6
mice. Progeny heterozygous for both the CD28 and
CTLA4 mutation were interbred and gave rise to viable
mice carrying both mutations with the expected fre-
quency, as determined by Southern blot analysis (Fig-
ure 1b). The absence of CD28 and CTLA4 expression
was confirmed by flow cytometry (Figure 1c).

CD28/CTLA4–/– mice do not exhibit the lymphoproliferative
phenotype of CTLA4–/– mice. CD28/CTLA4–/– mice have a
life span similar to wild-type littermates, in contrast to
CTLA4–/– mice, which die at 3 weeks of age (6, 12, 13).
In addition, the CD28/CTLA4–/– mice do not develop
the splenomegaly, lymphadenopathy, and lymphocyt-
ic infiltrates observed in the CTLA4–/– mice. Also unlike
the CTLA4–/– mice, T cells in CD28/CTLA4–/– mice are
not activated, as determined by flow cytometry. In
freshly isolated lymph node or spleen cells, the propor-
tion of CD4+ T cells from CD28–/– and CD28/CTLA4–/–

mice expressing the activation marker CD69 is similar
and is approximately 50% lower than in T cells from
wild-type mice (Figure 2). T cells from CD28–/– and
CD28/CTLA4–/– mice also show similar increases in
CD62L expression, reflecting decreased activation as
compared with wild-type mice (data not shown). In
contrast, freshly isolated lymph node T cells from
CTLA4–/– mice show dramatic increases in markers of
activation as compared with wild-type mice (3, 6).
Staining of CD28/CTLA4–/– cells from thymus, spleen,
and lymph node for CD4, CD8, and B220 suggest that
T-cell and B-cell development is unchanged from wild-
type (data not shown).

In vitro proliferation of CD28/CTLA4–/– T cells is reduced
and is associated with production of Th1 cytokines. Primary
stimulation of CD4+ T cells from wild-type, CD28–/–
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Figure 2
T-cell activation in naive mice. Freshly isolated lymph node cells from
the indicated strains were stained for CD4 and CD69 and analyzed
by flow cytometry. The percentages to the right of the dot plots are
the proportion of CD4+ cells that are CD69+. This experiment is rep-
resentative of five mice of each strain.



and CD28/CTLA4–/– mice using wild-type APCs and
anti-CD3 is shown in Figure 3a. CD4+ cells from the
CD28–/– and CD28/CTLA4–/– mice proliferate less than
wild-type CD4+ cells, but no significant difference is
observed between CD28–/– and CD28/CTLA4–/– cells.
Upon secondary stimulation, no significant differences
in proliferation of CD4+ T cells from the three strains
were observed (Figure 3b). Culture supernatants from
both primary and secondary stimulations were assayed
for IL-2, IL-4, IL-10, and IFN-γ using ELISA. In primary
stimulation cultures, IL-2 production was reduced by
approximately 50% in the CD28–/– and CD28/CTLA4–/–

mice, as compared with wild-type, and other cytokine
levels were relatively low in all mice (data not shown).
In the secondary stimulation, supernatants from
CD28/CTLA4–/– T cells showed a deviation to a Th1 pat-
tern of cytokines, with increased production of IFN-γ,
and decreased IL-4 and IL-10, as compared with wild-
type mice (Figure 4). These findings are consistent with
previous studies demonstrating the role of CD28 in the
production of IL-2 (14) and the importance of CD28
for Th2 differentiation (15).

CD28/CTLA4–/– T-cell proliferation is dependent on B7
molecules. To determine whether the activation of T cells
lacking both CD28 and CTLA4 is dependent on B7
molecules, we used two complementary approaches.
First, we compared proliferative responses of BALB/c
wild-type, CD28–/–, and CD28/CTLA4–/– T cells to anti-
CD3 in the presence of syngeneic APCs from either
wild-type, B7-1–/–, B7-2–/–, or B7-1/B7-2–/– mice. As

expected, proliferation of wild-type CD4+ cells in the
presence of wild-type APCs is significantly reduced by
the addition of CTLA4-Ig, which blocks B7-1 and B7-2
(Figure 5). Strikingly, proliferation of CD4+ T cells
from CD28/CTLA4–/– mice, as well as CD28–/– mice, is
also inhibited by CTLA4-Ig. Similarly, proliferation of
T cells from all three responder strains is greatly
reduced in the presence of B7-1/B7-2–/– APCs, but is not
impaired with B7-1–/– or B7-2–/– APCs (data not shown).
In addition, inhibition of B7 costimulation by using
either CTLA4-Ig or B7-1/B7-2–/– APCs completely
blocked production of IL-2, IL-4, IL-10, and IFN-γ in
the primary cultures of wild-type, CD28–/–, and
CD28/CTLA4–/– T cells (data not shown). These data
demonstrate that B7-dependent costimulation is pres-
ent in both CD28–/– and CD28/CTLA4–/– T cells.

We used CHO cell transfectants to further examine
the B7 dependence of CD28/CTLA4–/– T-cell prolifera-
tion. CHO cells were transfected with I-Ad or with I-Ad

plus B7-1, B7-2, or B7-1/B7-2. As shown in Figure 6,
CHO cells expressing either B7-1 or B7-2 costimulate
the proliferation of CD28/CTLA4–/–, CD28–/–, and wild-
type CD4+ T cells. These results suggest that either 
B7-1 or B7-2 can stimulate T cells in vitro through a
receptor that is neither CD28 nor CTLA4.

Rejection of cardiac allografts by CD28/CTLA4–/– mice is
dependent on B7. To determine whether CD28/CTLA4–/–

T cells are dependent on B7 costimulation in vivo as
well as in vitro, we used a model of heterotopic cardiac
transplantation between fully MHC mismatched
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Figure 3
Proliferation of CD4+ T cells from wild-type (WT),
CD28–/–, and CD28/CTLA4–/– mice in the presence
of wild-type APCs. (a) Primary stimulation of CD4+

T cells with the indicated dilutions of anti-CD3. Pro-
liferation on day 3 is shown. Data are representative
of five experiments. (b) Secondary stimulation of
CD4+ T cells with the indicated dilutions of anti-CD3.
Proliferation on day 2 is shown. Data are represen-
tative of three experiments.

Figure 4
Cytokine production on day 2 after secondary stimulation of wild-type and CD28/CTLA4–/– CD4+ T cells with the indicated dilutions of
anti-CD3. Data are representative of four experiments.



mouse strains. As shown in Figure 7a, when wild-type
BALB/c (H-2d) hearts were transplanted to B6 (H-2b)
wild-type or CD28/CTLA4–/– recipients, allograft sur-
vival was slightly prolonged in CD28/CTLA4–/– recipi-
ents (mean survival time [MST] 15.5 days, n = 10) as
compared with wild-type recipients (MST 9.4 days, 
n = 5), but this did not reach statistical significance.
Importantly, CTLA4-Ig treatment prolonged graft sur-
vival in CD28/CTLA4–/– recipients significantly (MST
31.5 days, n = 11; P ≤ 0.05) compared with nontreated
CD28/CTLA4–/– recipients, albeit less than occurred in
CTLA4-Ig–treated wild-type cardiac allograft recipients
(MST ≥ 90 days, n = 3; P ≤ 0.02). These results demon-
strate B7-dependent costimulation in CD28/CTLA4–/–

mice in vivo. The finding that CTLA4-Ig was less effec-
tive in the CD28/CTLA4–/– as compared with wild-type
recipients is consistent with the our previous observa-
tions (16) showing that an intact CTLA4 signaling
pathway is required for induction of long-term allo-
graft survival by CTLA4-Ig.

Allograft survival by CD28–/– and CD28/CTLA4–/– recip-
ients. To compare cardiac allograft survival in mice
lacking CD28 with mice lacking CD28 and CTLA4,

we analyzed the survival of allografts from wild-type
C57BL/6 (H-2b) mice transplanted into BALB/c (H-2d)
wild-type, CD28–/–, and CD28/CTLA4–/– recipients
(Figure 7b). Allograft survival in BALB/c CD28–/–

recipients was significantly prolonged (MST 22.6
days, n = 5; P ≤ 0.001) as compared with BALB/c wild-
type recipients (MST 9.0 days, n = 7), but the CD28–/–

recipients did reject the cardiac allografts, consistent
with previous studies (4). Allograft survival was sig-
nificantly shorter in BALB/c CD28/CTLA4–/– recipi-
ents (MST 10.3 days, n = 6; P ≤ 0.002) as compared
with CD28–/– recipients and similar to wild-type
BALB/c recipients (MST 9.0 days, n = 7). The more
rapid rejection of cardiac allografts in CD28/CTLA4–/–

as compared with CD28–/– recipients is consistent with
the absence of negative signaling through CTLA4 and
is comparable to the accelerated rejection observed
when a blocking anti-CTLA4 mAb was administered
to CD28–/– allograft recipients (4).

Discussion
In this report, we have used a newly generated mouse
strain lacking CD28 and CTLA4 to examine B7-
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Figure 5
Proliferation of CD4+ T cells from wild-type, CD28–/–, and CD28/CTLA4–/– mice in the presence of syngeneic APCs. T cells from the indicat-
ed strains were stimulated in the presence of wild-type APCs with or without CTLA4-Ig or in the presence of B7-deficient APCs. Proliferation
on day 3 is shown. Data are representative of five experiments.

Figure 6
Proliferation of CD4+ T cells from wild-type, CD28–/–, and CD28/CTLA4–/– mice in the presence of the indicated concentration of anti-CD3 and
CHO cells transfected with I-Ad or I-Ad plus the indicated B7 molecules. Proliferation on day 3 is shown. Data are representative of three experiments.



dependent costimulation in the absence of the two
known receptors for B7. The phenotype of this mouse
more closely resembles the CD28–/– mouse (17) than the
CTLA4–/– mouse. In particular, we have no evidence of
the lymphoproliferative disease seen in CTLA4–/– mice.
T cells from the CD28–/– and CD28/CTLA4–/– mice show
similarly impaired activation ex vivo (Figure 2) and
reduced CD4+ T-cell proliferative responses in vitro
(Figure 3). These findings are consistent with the
requirement for CD28 to produce the uncontrolled
lymphocyte proliferation of the CTLA4–/– mouse. Strik-
ingly, we find that T cells lacking both CD28 and
CTLA4 exhibit B7-dependent proliferation, suggesting
the existence of a third receptor for B7-1 and B7-2.

The putative third receptor for B7 provides a costim-
ulatory signal to T cells that is strong enough to medi-
ate allograft rejection, although it does not lead to a
lymphoproliferative phenotype in vivo. There are sev-
eral potential mechanisms by which the new B7 recep-
tor may not lead to the lymphoproliferative phenotype

that has been seen in CTLA4–/– mice in vivo (6, 12).
First, it is possible that the new receptor is inducible
and thus gets upregulated in response to immune stim-
uli (such as allograft rejection, an autoimmune
response, or response to a pathogen). Second, other
negative regulatory pathways, such as the PD-1:PD-L
pathway (18), may prevent T-cell activation by the third
receptor in the CD28/CTLA4–/– mouse. Recent studies
indicate that that the PD-L:PD-1 pathway can inhibit
T-cell receptor–mediated (TCR-mediated) proliferation
and cytokine production by CD4+ T cells. PD-1:PD-L
interactions also can antagonize TCR/CD28 signals,
depending on the strength of the TCR signal. The 
PD-1:PD-L pathway could similarly inhibit costimula-
tion by the new B7 receptor.

Previous studies failed to demonstrate B7-depend-
ent costimulation in CD28–/– T cells (19). However,
using three different in vitro approaches, we demon-
strate that T cells from both the CD28–/– and
CD28/CTLA4–/– mice can be costimulated by B7 (Fig-
ures 5 and 6). Blockade of B7 using CTLA4-Ig or using
B7-1/B7-2–/– APCs decreases CD4+ T-cell proliferation
in both mouse strains. In addition, CHO cells trans-
fected with B7-1 or B7-2 increase the proliferation of
both CD28–/– and CD28/CTLA4–/– T cells. It is possible
that previous studies in CD28–/– mice did not elicit B7-
dependent stimulatory signals because the mouse
strains or experimental conditions favored B7-CTLA4
interactions. In fact, we found that the effect of B7
blockade or B7-1/B7-2–/– APCs in vitro was less dra-
matic when T cells were from mice on a C57BL/6,
rather than a BALB/c background. Furthermore, we
demonstrated the effect of B7 costimulation using
CHO transfectants expressing high levels of B7 or
APCs that were preincubated with anti-CD40 so that
B7 is upregulated from the start of the T-cell cultures.

We have demonstrated previously that cardiac allo-
graft survival depends only on the expression of B7
molecules in graft recipients and that B7 expression
on donor cells does not affect survival (3). Therefore,
our finding that B7-1/B7-2 molecules can costimulate
T cells through a third receptor potentially explains
the difference in allograft survival in B7-1/B7-2–/– ver-
sus CD28–/– recipients. Only in the B7-1/B7-2–/– recipi-
ent is B7-dependent costimulation completely absent.
In contrast, in the CD28–/– mouse, B7 can costimulate
through a third receptor. Similarly, B7 costimulation
in CD28/CTLA4–/– mice can mediate allograft rejec-
tion, and B7 blockade prolongs graft survival. Our
data also provide an alternative explanation for previ-
ous studies in CD28–/– mice that suggested that B7-
dependent costimulation occurs through CTLA4 (20),
since this costimulation may, in fact, occur through a
third receptor for B7.

The relative impact of B7 interactions with CTLA4
versus the third receptor appears to depend significant-
ly on experimental conditions. For example, CTLA4-Ig
blockade of B7 in CD28–/– mice decreases CD4+ T cell
proliferation in our in vitro system, but it accelerates
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Figure 7
Cardiac transplantation studies. (a) BALB/c (H-2d) hearts were trans-
planted to B6 (H-2b) wild-type or CD28/CTLA4–/– recipients with or
without CTLA4-Ig treatment. Graft survival was slightly prolonged in
CD28/CTLA4–/– recipients (MST 15.5 days, n = 10), but there was no
statistical significance compared with wild-type recipients (MST 9.4
days, n = 5; P = NS). CTLA4-Ig treatment in wild-type recipients pro-
longed graft survival significantly (MST > 90 days, n = 3; P < 0.02)
compared with nontreated wild-type recipients. CTLA4-Ig treatment
also prolonged graft survival in CD28/CTLA4–/– recipients significantly
(MST 31.5 days, n = 11; P < 0.05) compared with nontreated
CD28/CTLA4–/– recipients; however, that prolongation was much less
than in wild-type recipients (P < 0.005). (b) Vascularized B6 (H-2b)
hearts were transplanted to BALB/c (H-2d) wild-type, CD28–/–, or
CD28/CTLA4–/– recipients. The graft survival in CD28–/– recipients
was prolonged (MST 22.6 days, n = 5) compared with both wild-type
(MST 9.0 days, n = 7; P < 0.001) and CD28/CTLA4–/– recipients (MST
10.3 days, n = 6; P < 0.002). CD28/CTLA4–/– recipients rejected B6
heart grafts at the same tempo as wild-type recipients.



cardiac allograft rejection in CD28–/– recipients (4). In
CD28/CTLA4–/– mice, CTLA4-Ig blocks a stimulatory
signal, because these mice lack CTLA4 molecules to
compete for B7 binding. It may be that the avidity of B7
molecules is greater for CTLA4 than for the third recep-
tor for B7. A higher avidity of B7 molecules for CTLA4
would explain why B7 blockade with CTLA4-Ig reduces
allograft survival in CD28–/– recipients, while prolong-
ing survival in CD28/CTLA4–/– recipients.

Our results suggest that there are still more mem-
bers of the growing B7 and CD28 families of costimu-
latory molecules (21). The recently reported ICOS
(inducible costimulator) molecule (22), which is
homologous to CD28, was shown to bind the B7h
molecule (also called B7RP-1), which is homologous
to B7-1 and B7-2 (23), and stimulate T-cell activation.
However, the ICOS-B7h pathway does not explain the
costimulation from B7-1/B7-2 produced in the
absence of CD28 and CTLA4, since B7-1 and B7-2 do
not bind ICOS (24). The presence of a third B7 recep-
tor on T cells demonstrates an additional level of com-
plexity in T-cell costimulation and has fundamental
implications for the manipulation of costimulatory
pathways for therapeutic purposes in immune-medi-
ated diseases. In that regard, it is important to under-
stand these complex interactions not only in rodent
models but also in primates and humans for the pur-
pose of developing novel immunomodulatory strate-
gies that can be successfully translated to the clinic.
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