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SUMMARY

 

The interaction of T cell CD28/CTLA-4 receptors with B7 on antigen-presenting cells (APCs) repre-
sents an important co-stimulatory pathway in T cell activation or anergy. Our previous study indicated
that recipients immunized with allogenic donor immature dendritic cells (DCs) or resting B cells could
induce specific immune tolerance and prolong allograft survival. A possible mechanism for this obser-
vation is that the expression of B7 molecules is either at a low level or lacking on these cells. The present
study investigates whether blockade of B7 molecules on donor splenocytes with a B7 antisense peptide
(B7AP), i.e. a peptide analogue of the CD28-binding region, could induce specific immune tolerance
and prolong allograft survival in the recipients. Both the lymphocyte proliferation reaction and the mice
pinna cardiac allograft experiment were performed to evaluate the role of B7AP in inducing specific
immune tolerance in recipients 

 

in vitro

 

 and 

 

in vivo

 

. The results showed that 56·65% and 20·52% of
C57BL/6 splenocytes expressed B7.1 and B7.2 molecules, respectively, on their cell surface. There were
no significant changes of the B7 expression on such splenocytes after being treated by the B7AP
(53·28% and 19·06%, respectively). B7AP inhibited the mixed lymphocyte reaction by up to 38·4% and
a dose-response correlation was observed for inhibition. The recipients (BALB/c) immunized with
B7AP-pretreated C57BL/6 splenocytes induced a specific immune hypo-response (43% 

 

versus

 

 control)
and notably prolonged survival of the C57BL/6 cardiac allograft by up to 20·3 days. In contrast to the
normal saline group (average: 8·6 days) and FTD

 

10

 

 control peptide group (

 

<

 

4 days), the cardiac allograft
survival of the test group was extended for an additional 11·7 days. These results strongly support the
notion that immunization with donor splenocytes, which had been pretreated with B7AP, induced spe-
cific immune tolerance and prolonged allograft survival in the recipients.
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INTRODUCTION

 

The B7–CD28/CTLA4 co-stimulatory pathway plays a crucial
role in the regulation of T cell activation. Two B7 molecules, B7.1
(CD80) and B7.2 (CD86), are expressed on the surface of antigen-
presenting cells (APCs) and provide a critical co-stimulatory sig-
nal to T cells by engaging CD28. B7 molecules can also provide a
negative regulatory signal to T cells by binding to CTLA4
(CD152) [1–4]. Blockade of the B7–CD28 interaction 

 

in vitro

 

 can
generate antigen-specific anergy [5–7]. Administration of mono-
clonal antibodies (MoAbs) against B7 or CTLA4–Ig fusion pro-
tein to block B7 has been shown to be promising as a treatment

for allograft rejection [8–10]. Thus, the critical role of B7–CD28/
CTLA4 interaction in determining the fate of immune responses
(activation 

 

versus

 

 anergy) makes it an attractive target for thera-
peutic immunomodulations [11–13].

It has been reported that the recipients immunized with donor
resting B cells or immature dendritic cells (DCs) could induce
specific immune tolerance and prolong allograft survival. This
effect has been attributed to low-level or no B7 molecule expres-
sion on these cells [14,15]. In recent years, there has been an
increasing interest in the development of non-immunogenic pep-
tide as an antagonist for protein–protein interaction in immuno-
modulatory therapeutics [16,17]. Progress in antisense technology
and molecular modelling over the past decade has made molec-
ular recognition study possible [18–20]. Antisense peptides are
short peptide sequences that specifically constitute one side of the
binding sites of complementary protein pairs [21]. In this study,
we designed a mini peptide (termed B7AP) to block B7–CD28
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interactions and tested the effect of its function on induction of
allograft tolerance 

 

in vivo

 

 and 

 

in vitro

 

.

 

MATERIALS AND METHODS

 

Synthesis and purification of the antisense peptide against B7

 

It has been reported that the MYPPPY motif is the core of the
CD28 binding sites to its ligand B7. Several different peptides con-
taining the motif were screened with the computer programs

 

BIOPOLYMER

 

 and 

 

BINDING

 

 

 

SITE

 

 

 

ANALYSIS

 

 on the 

 

INSIGHT

 

 

 

II

MOLECULAR

 

 

 

MODELLING

 

 software package, and the B7AP was
obtained with the sequence EFMYPPPYLD (data not shown).
The peptide was synthesized on a solid phase peptide synthesizer
(Multiple Peptide Synthesizer; Genemed Synthesis, Inc., CA,
USA). The crude peptide was purified by the Varian Prostar high
performance liquid chromatography (HPLC) system using a C8
column (Varian Prostar HPLC system, CA, USA). Analytical
HPLC was performed through a Varian C8 analytical column using
a linear gradient of 0–100% acetonitrile in water containing 0·1%
trifluoroacetic acid over a period of 20 min. The identity of the pep-
tide was confirmed by mass spectrometry (Voyager Elite model,
Perseptive Biosystem, Applied Biosystems, WA, USA). The purity
of the peptide (higher than 95%) was examined by HPLC analysis.
Peptide was lyophilized and stored at 

 

-

 

20

 

∞

 

C until use.

 

Mice

 

Female BALB/c (H-2K

 

d

 

), C57BL/6(H-2K

 

b

 

) and C3H/HeJ (H-
2K

 

k

 

) mice (6–8 weeks old) were obtained from the Department of
Laboratory Animal Science of Fudan University. Neonatal mice
were also obtained from the same department and used within
24 h after birth.

 

FACS assay

 

C57BL/6 splenocytes were incubated for 30 min in PE-labelled
antibody against H-2K

 

b

 

 (anti-H-2K

 

b

 

–PE) or fluorescein isothio-
cyanate (FITC)-conjugated antimouse B7.1 and B7.2 antibody
(anti-B7.1-FITC, anti-B7.2-FITC) and their own negative isotype
control antibodies (mouse BALB/c IgG2, Armenian hamster
IgG2, rat louvain IgG2a, respectively) (all the antibodies were
purchased from PharMingen). The splenocytes were finally
washed twice in Dulbecco’s phosphate buffered saline (DPBS)/
fetal calf serum (FCS) and analysed by FACS assay. The major
histocompatibility complex (MHC) and B7 molecules were cal-
culated from 10000 events collected.

 

Proliferation assay

 

Splenocytes were isolated from freshly harvested minced spleens
of BALB/c or C57BL/6 mice by passing through a nylon mesh fol-
lowed by lysis of the red blood cell. The C57BL/6 stimulator sple-
nocytes were irradiated with 30 Gy 

 

g

 

-

 

ray and washed once with
phosphate buffered saline (PBS). The irradiated splenocytes were
incubated with various concentrations of the B7AP at 37

 

∞

 

C for
90 min. A total of 2·5 

 

¥

 

10

 

5

 

 splenocytes were aliquoted into each
well of a 96-well round-bottomed plate (Corning Glass Works,
Corning, NY, USA). Freshly isolated responder BALB/c spleno-
cytes were washed twice with serum-free RPMI, resuspended in
complete RPMI medium and a total of 5 

 

¥

 

10

 

5

 

 responder spleno-
cytes in 100 

 

m

 

l volume were added into each well with stimulators.
The cells were incubated for 5 days at 37

 

∞

 

C and then pulsed with
[

 

3

 

H]methylthymidine (0·5 

 

m

 

Ci/well) during the last 18 h of culture.
The cells were harvested onto glass fibre filters and assessed by
liquid scintigraphy for thymidine incorporation. Triplicate sam-

ples were determined and the means of the results were expressed
as counts per minute (cpm). The dose–response curves for the
B7AP were consistently inhibitory in multiple experiments.

 

Induction of allo-hyporesponse in recipients

 

Single cell suspensions of donor C57BL/6 splenocytes (5 

 

¥

 

 10

 

6

 

/
50 

 

m

 

l) in serum-free RPMI-1640 were irradiated with 30 Gy 

 

g

 

-ray
and incubated with 7·8 

 

m

 

M

 

 B7AP at 37

 

∞

 

C for 90 min. The treated
cells were injected intravenously into 6–8-week-old BALB/c mice
via the tail vein. Normal saline and C57BL/6 splenocytes without
B7AP treatment were included as controls. Three days later, the
splenocytes from the immunized BALB/c mice were collected as
responder cells. Irradiated splenocytes from normal C57BL/6 and
C3H/HeJ mice were used as stimulator cells. Mixed lymphocyte
reaction (MLR) was performed as described above.

 

Mice pinna cardiac transplantation

 

Split-heart neonatal cardiac grafts were transplanted into the ear
pinna of mice. Allografts from donors were placed in female
recipients in a pinna location as described previously [22]. Graft
function was assessed daily by anatomic microscopic observation
and electrocardiographic monitoring. Rejection was defined as
the absence of detectable electrocardiogram (ECG) of allograft.
Allograft failures or death of recipients within 48 h of surgery
were considered technical failures and were excluded from the
analysis.

 

Statistical analysis

 

The statistical analysis was performed using the 

 

SPSS

 

 10·0 software
package. For 

 

in vitro

 

 proliferation assay, Tukey’s test in the one-
way 

 

ANOVA

 

 module was used to determine the statistical signifi-
cance of cpm, and the log-rank test was performed to analyse the
survival time of cardiac allograft among groups. Quadratic equa-
tion was used to describe the dose–response relationship between
cpm and the concentration of B7AP.

 

RESULTS

 

Expression of B7 and MHC-I on C57BL/6 mice splenocytes

 

Flow cytometric analysis revealed that the MHC-I (H-2K

 

b

 

) mol-
ecule is expressed on the cell surface of 99% of splenocytes of
C57BL/6 mice. By contrast, the results showed that 56·65% and
20·52% of C57BL/6 splenocytes expressed B7.1 and B7.2 mole-
cules respectively on their cell surface. There were no significant
changes in B7 expression on the splenocytes after treatment with
B7AP (53·28% and 19·06%, respectively) (Fig. 1).

 

Inhibition of MLR by B7AP

 

Based on our molecular modelling results and previous studies
[23], we have identified a short peptide that corresponds to the
B7-binding site of CD28, EFMYPPPYLD, as a potential B7AP. It
was predicted to bind B7 molecules when used as a soluble pep-
tide. Hence, we synthesized and purified this antisense peptide
(Materials and methods) and tested whether it could indeed block
CD28–B7 interaction and measured its effect on T cell activation.
We first performed a mixed lymphocyte reaction to determine
whether this peptide could inhibit CD28–B7 interaction 

 

in vitro

 

.
As shown in Fig. 2, BALB/c T cell proliferation was significantly
inhibited when stimulator C57BL/6 splenocytes were treated with
B7AP. The inhibitory effect of B7AP was 37·4% compared to the
positive control. When the concentrations of B7AP rose to
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7·8 

 

m

 

M

 

, the B7AP did not provide significant additional inhibition
in the mice MLR. For example, the percentage of inhibition was
38·4% at 78 

 

m

 

M

 

. Therefore, 7·8 

 

m

 

M

 

 was chosen to be the working
concentration in the following experiments. To test the specificity
of the inhibitory effect of B7AP, a control peptide (FTD

 

10

 

) was
synthesized and the MLR was performed at the same concentra-
tion of the peptides (7·8 

 

m

 

M

 

). The result is shown in Fig. 2b. All
groups have significant differences compared to the B7AP group.
The inhibitory effect of MYPPPY was only 13·2% and the FTD

 

10

 

control groups showed no significant difference compared to the
normal saline (NS) group (

 

t

 

-test 

 

P

 

 

 

>

 

 0·05). The data suggested
that the inhibitory effect of B7AP was specific (MYPPPY: relative
peptide; FTD

 

10

 

 control group: FTDSVRDPKT).

 

Induction of allo-hyporesponse by donor splenocytes pretreated 
with B7AP

 

In order to test whether the recipient (BALB/c) could be induced
to have reduced allo-responses after immunization with donor
(C57BL/6) splenocytes pretreated with B7AP, three days after
immunization with the pretreated C57BL/6 splenocytes, the sple-
nocytes of the immunized BALB/c mice were obtained (as
responder cells) and cultured with irradiated C57BL/6 or C3H/
HeJ splenocytes as stimulator cells. On day 5, proliferation of
BALB/c responder splenocytes was significantly decreased with
C57BL/6 splenocyte stimulation. The average percentage of inhi-
bition by C57BL/6 splenocytes stimulation was 43% 

 

versus

 

 con-
trols (Fig. 3). Interestingly, the proliferation of the responder cells
was not affected when they were stimulated with C3H/HeJ sple-
nocytes. Based on the results, it was concluded that an allo-
hyporesponse could be achieved with B7AP 

 

in vivo

 

.

 

Prolongation of allograft survival induced by donor splenocytes 
pretreated with B7AP

 

We next tried to determine whether immunizing the recipient
(BALB/c) with donor (C57BL/6) splenocytes pretreated with the

B7AP could prolong allograft survival. On the third day after
immunization with the B7AP pretreated splenocytes, the split car-
diac allografts obtained from neonatal C57BL/6 mice were trans-
planted into the ear pinna of the preimmunized BALB/c mice.
C57BL/6 splenocytes treated with adriblastine group (positive
control), FTD

 

10

 

 group (negative control) and untreated C57BL/6
splenocytes (B7AP

 

–

 

) (self-control) were included in the experi-
ment as controls. As shown in Fig. 4, cardiac allograft survival in
recipients immunized with donor splenocytes pretreated with
B7AP was up to 20·3 days. The maximal survival period was
22 days. Compared to the normal saline group (average 

 

=

 

 8·6
days), the survival of cardiac allograft of the B7AP group was
extended for an additional 11·7 days (log-rank test, 

 

P

 

 

 

<

 

 0·001,

 

n

 

 

 

=

 

 6). The survival times in the adriblastine, the C57BL/6 sple-
nocytes and the FTD

 

10

 

 groups were 17 days, 

 

<

 

4 days and 

 

<

 

4 days,
respectively, which was consistent with previous reports [24].
These results indicated that immunizing recipients with donor
splenocytes pretreated with B7AP could prolong the survival of
allograft.

 

DISCUSSION

 

Besides the interaction of the TCR and MHC-antigen
complex, a productive immune response and maintainance of
T cell homeostasis is determined largely by co-stimulation pro-
vided by the interacting B7–CD28/CTLA4 molecules [25]. It is
generally believed that B7–CD28 interaction up-regulates T
cell activation, whereas B7–CTLA4 interaction plays an inhibi-
tory role in T cell activation. A unique feature of the B7–
CD28/CTLA4 interaction that can be exploited for selective
blockade of CD28 signalling is the differential kinetics of bind-
ing with CTLA4, exhibiting a faster on–off rate and higher
affinity for B7 ligands than CD28 [26]. It was also reported
that CTLA4 binds B7.1 and B7.2 with 

 

>

 

500-fold higher avid-
ity than does CD28 [27].

 

Fig. 1.

 

Expression of B7 and MHC-I (H-2K

 

b

 

) molecules on C57BL/6 splenocytes. (a) C57BL/6 splenocytes; (b) C57BL/6 splenocytes after
B7AP treating. Freshly prepared C57BL/6 spleen cells were stained with either anti-H-2K

 

b

 

-PE, anti-B7.1-FITC or anti-B7.2-FITC (a). The
irradiated C57BL/6 spleen cells were treated with B7AP as above and then the expression of B7 and MHC-I (H-2K

 

b

 

) molecules was
detected in the same way. The expression of B7 or MHC-I by the indicated cell fractions is represented by filled histograms. The open
histograms represent control staining with an isotype control antibody. One representative of three independent experiments is shown.
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Previous studies targeting the B7–CD28/CTLA4 pathway for
immunotherapeutic modulation of T cell responses have pro-
duced variable outcomes [28–30]. Treatment with CTLA4-Ig, a
fusion protein that blocks both B7.1 and B7.2, has been shown to
either alleviate or exacerbate the clinical signs of EAE, depend-
ing on the timing of administration [31,32]. These opposing results
have been attributed to unintended simultaneous inhibition of
B7–CTLA4 interaction, which down-regulates T cell activation.
Therefore, selective blockade of B7–CD28 interaction alone
while sparing the B7–CTLA4 interaction would be an attractive
approach for achieving intended maximal inhibitory effects or
therapeutic modulations.

In the present study, we hypothesized that an analogue of the
ligand-binding region of CD28 could selectively block B7–CD28

interactions by blocking CD28 for binding to B7 ligands. By con-
trast, CTLA4 could theoretically overcome this competition due
to its higher affinity for B7 ligands. Based on previous reports and
our results of molecular modelling using the 

 

INSIGHT

 

 

 

II

 

 

 

MOLEC-

ULAR

 

 

 

MODELLING

 

 software package, we have chosen EFMYPP-
PYLD as the B7AP. The expression of MHC-I, B7.1 and B7.2
molecules on C57BL/6 splenocytes were 99·00%, 56·65% and
20·52%, respectively (Fig. 1). The spleen cells showed high levels

 

Fig. 2.

 

B7AP inhibited the mixed lymphocyte reaction (MLR). Irradiated
C57BL/6 splenocytes (stimulators) were pretreated with B7AP of serial
dilutions. Stimulator cells (2·5 

 

¥

 

 10

 

5

 

) were combined with responder cells
(BALB/c splenocytes) (5 

 

¥

 

 10

 

5

 

) in the absence or presence of B7AP and
tested in MLRs. Cells were incubated for 5 days at 37

 

∞

 

C and pulsed with
[

 

3

 

H]methylthymidine (0·5 

 

m

 

Ci/well) for the last 18 h. Data are representa-
tive of nine different concentrations. Experiments were performed in trip-
licate cultures. Final peptide concentrations are indicated on the 

 

x

 

-axis;
numbers 1–9 represent 7·8 

 

¥

 

 10

 

-

 

6

 

, 7·8 

 

¥ 

 

10

 

-

 

5

 

, 7·8 

 

¥ 

 

10

 

-

 

4

 

, 7·8 

 

¥ 

 

10

 

-

 

3

 

, 7·8 

 

¥ 

 

10

 

-

 

2

 

,
7·8 

 

¥ 

 

10

 

-

 

1

 

, 7·8, 78, 156 

 

m

 

M

 

, respectively; 

 

y

 

-axis indicates proliferation of the
responder cells in cpm. R refers to responder cells alone, S refers to
stimulator cells alone and 0 refers to the group whose stimulator cells had
not been pretreated with the B7AP. The irradiated C57BL/6 splenocytes
(stimulators) were pretreated by the B7AP and control  peptide at the
same  concentration  (7·8  

 

m

 

M

 

),  and  the  MLR  was performed as described
above (Fig. 2b). NS: normal saline group, MYPPPY group (relative pep-
tide), negative control group: FTD10 (FTDSVRDPKT).
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Fig. 3.

 

Immunization with donor splenocytes, which had been pretreated
with B7AP induced allograft hyporesponsiveness. Responder cells refer to
the BALB/c splenocytes that had been preimmunized with the following
materials 3 days before: NS, normal saline (negative control); B7AP

 

–

 

group, irradiated C57BL/6 splenocytes (positive control); B7AP

 

+

 

 group,
irradiated C57BL/6 splenocytes pretreated with B7AP (experimental
group). Stimulator cells refer to irradiated C57BL/6 and C3H/HeJ spleno-
cytes. Stimulator cells (2·5 

 

¥

 

 10

 

5

 

) were mixed with responder cells (5 ¥ 105)
and tested in MLRs as described in Materials and methods. Cells were
incubated for 5 days at 37∞C and pulsed with [3H]methyl-thymidine
(0·5 mCi/well) for the last 18 h.
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Fig. 4. Immunization with donor splenocytes preblocked with B7AP
induced prolonged allograft survival. Single cell suspension of donor
C57BL/6 spleen cells (5 ¥ 106/50 ml) in serum-free RPMI-1640 were
irradiated with 30 Gy gamma-ray and precultured with 7·8 mM B7AP
at 37∞C for 90 min. These cells were then injected i.v. via the tail vein
into 6–8-week-old BALB/c mice: B7AP+ (�). The controls were the
normal saline group: NS (�), adriblastine group: Adr (�), negative
control FTD10 group (�) and untreated C57BL/6 splenocytes: B7AP–

(¥). Three days later, neonatal C57BL/6 split-heart cardiac grafts were
transplanted into the ear pinna of these preimmunized BALB/c mice.
Graft survival was assessed daily by anatomic microscope observation
and electrocardiographic monitoring with rejection defined as the
absence of a detectable beat.
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of MHC-I molecules, and the expression of B7 and especially B7.1
within this cell population. By contrast, the B7.2 was at a rela-
tively low level and was only 20·52%. To test whether, instead,
loading of the B7 molecules with the peptide is simply causing
increased internalization and therefore reduced surface levels of
protein, Fig. 1 also shows that there are no significant changes of
B7 molecule expression after B7AP treatment.

The results in Fig. 2a show that the B7AP could block the
expansion of T cells in MLRs in a dose-dependent manner. The
result suggested that the B7AP could bind efficiently to B7, block
the interaction of CD28–B7 and reduce the allo-response in vitro.
The specificity of the inhibitory effect of B7AP was shown in
Fig. 2b. The degree of inhibition of MLR could be up to 37·4%
(7·8 mM) in our experiment. Collectively, Fig. 2a manifested that
the B7AP could partially suppress B7–CD28 interactions even if
the concentration of the peptide is increased in the culture sys-
tem. This suggests that, in addition to B7–CD28 interaction, other
co-stimulatory pathways such as CD40–CD40L could also con-
tribute to this process [33]. It is conceivable that competition
between B7AP and CD28 for binding to the B7 ligands may result
in a quantitative reduction in CD28 receptor occupancy, therefore
decreasing the probability of CD28 signalling. This is consistent
with previous observations that a reduction in the expansion of
allo-reactive T cells was detected following blockade of CD28 by
anti-CD80 antibody or CTLA4-Ig.

Our laboratory has reported previously that immunization
with donor resting B cells or immature DCs could induce specific
immune tolerance and prolong allograft survival. An increasing
body of literature supports the possible mechanism that induced
immune tolerance is due to the low-level or no B7 expression on
resting B cells and immature DCs. Immunization with these cells
induced a specific allograft tolerance [34]. Because the B7AP
derived from the ligand-binding region of CD28 could block B7
on APCs, we also addressed the question of whether immunizing
the recipient with allogenic donor splenocytes pretreated with
B7AP could also induce allograft tolerance, as observed with rest-
ing B cells and immature DCs. Splenocytes from mice immunized
with allogenic donor splenocytes pretreated with B7AP showed a
reduced allo-response in vitro (Fig. 3). The level of allo-specific
inhibition was 43% compared to control group. Furthermore, in
parallel cardiac allograft experiments, the survival period of car-
diac allograft was 11·6 days longer compared with the self-control
group (n = 6, P < 0·001) (Fig. 3). Thus, immunization with allo-
genic donor splenocytes pretreated with B7AP could not only
induce specific immune tolerance but also prolong cardiac
allograft survival in the recipients.

Current strategies for immunomodulation of allo-reactive T
cell responses include the use of monoclonal antibodies to block
the critical molecules in T cell activation including B7–CD28.
However, as effective therapeutic agents, antibodies are limited
by virtue of their inherent immunogenicity. In contrast, small pep-
tide-based therapy is less likely to be immunogenic and can be
used over a longer period of time [35]. Furthermore, peptides
have substantially lower molecular weight and can cross tissue
barriers into the target organ such as the kidney more easily.
Because the donor splenocytes can be obtained more readily than
the donor resting B cells and immature DCs, which require time-
consuming culture, the strategy of treating donor splenocytes with
B7AP can potentially be used in clinical transplantation. In addi-
tion to providing a novel approach to developing new therapeutic
agents, bioactive peptides designed to mimic the surface epitopes

involved in protein–protein interaction offers a powerful tool for
characterizing the mechanisms involved in immune responses.
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