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Abstract
Cell death through apoptosis plays a critical role in regulating
cellular homeostasis. Whether the disposal of apoptotic cells
through phagocytosis can actively induce immune tolerance
in vivo, however, remains controversial. Here, we report in a
rat model that without using immunosuppressants, transfu-
sion of apoptotic splenocytes from the donor strain prior to
transplant dramatically prolonged survival of heart allografts.
Histological analysis verified that rejection signs were
significantly ameliorated. Splenocytes from rats transfused
with donor apoptotic cells showed a dramatically decreased
response to donor lymphocyte stimulation. Most importantly,
blockade of phagocytosis in vivo, either with gadolinium
chloride to disrupt phagocyte function or with annexin V to
block binding of exposed phosphotidylserine to its receptor
on phagocytes, abolished the beneficial effect of transfused
apoptotic cells on heart allograft survival. Our results
demonstrate that donor apoptotic cells promote specific
allograft acceptance and that phagocytosis of apoptotic cells
in vivo plays a crucial role in maintaining immune tolerance.
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Introduction

Cell death by apoptosis is an evolutionarily conserved
biological process that occurs both physiologically and

pathologically.1 In vivo, apoptotic cells are hardly detectable
as they are rapidly removed by phagocytic cells, thus
preventing the release of intracellular contents that would
cause local inflammation.2 This phagocytic process is also
highly conserved; similar mechanisms operate in Caenorhab-
ditis elegans as well as in mammalian species.3–6 Several cell
types have been shown capable of phagocytosing apoptotic
cells. Among them, tissue macrophages and dendritic cells
(DC) play a major role in apoptotic cell clearance.7–10 They
possess receptors for molecules specifically present on the
surface of apoptotic cells including phosphatidylserine (PS),
which is exposed on the outer leaflet of the cell membrane
early in apoptosis.2,10 Significantly, there is evidence that
phagocytes secrete immunosuppressive cytokines upon
phagocytosing apoptotic cells.11,12 Since these same phago-
cytes are the main antigen-presenting cells, phagocytosis of
apoptotic cells may provide immunosuppressive signals to T
cells.
The concept that apoptotic cells have an immunoregulatory

role comes from early clinical observations in blood transfu-
sion. It was found that blood transfusion after surgical
operation or trauma was often accompanied by immunosup-
pression and opportunistic infection.13,14 In addition, blood
transfusion was reported to reduce autoimmune disease
severity and to prolong survival of allografts.13,14 Apoptotic
granulocytes and lymphocytes have been detected in blood
stored for clinical transfusion15,16 and it has been shown that
leukocytes are important for the immunoregulatory property of
transfused blood, since depletion of these cells abolishes
immunosuppression.13,14,17 Recent studies have shown that
apoptotic cells do indeed transmit immunosuppressive
signals. Cells undergoing apoptosis secrete immunosuppres-
sive cytokines, such as IL-10 and TGF-b, and also inhibit the
secretion of proinflammatory cytokines by macrophages.18 In
fact, apoptotic cells greatly increase the susceptibility and
mortality of animals to infections.19 Normal apoptosis has also
been demonstrated to be crucial for the establishment of
immune privilege in the anterior chamber of the eye, while
disruption of apoptotic mechanisms in mice deficient in Fas
or Fas ligand (FasL) breaks tolerance and leads to inflam-
mation.20

Apoptotic cells must be cleared at an early stage to prevent
them from undergoing secondary necrosis that would deliver
‘danger signals’ to activate the immune system.21 Therefore, it
has been proposed that prompt clearance of apoptotic cells is
crucial for the maintenance of self-tolerance, while their
delayed removal promotes autoimmune disease.22–25 In fact,
accumulating evidence shows that apoptotic cells play an
important role in autoimmune disease pathogenesis. Recent
studies revealed that complement C1q and C-reactive protein
are important molecules in mediating the phagocytosis of
apoptotic cells. C1q specifically binds to membrane blebs of
apoptotic cells, promoting phagocytosis.26–27 In systemic
lupus erythematosus (SLE) patients, both these molecules
are decreased. Also, C1q-deficient mice have impaired
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monocyte/macrophage phagocytosis of apoptotic cells and
display increased numbers of apoptotic cells in the kidneys,
with nephritis-like changes.27 Finally, in diabetic BB rats or
NOD mice, increased numbers of apoptotic islet b-cells are
found to be accompanied by macrophage abnormalities,
including decreased cell number and a deficiency in the
recognition or phagocytosis of apoptotic cells, which may play
a role in the pathogenesis of autoimmune diabetes.28,29

These data clearly indicate that apoptotic cells are actively
immunoregulatory. However, the mechanisms by which
apoptotic cells mediate immunosuppression, especially in
vivo, remain elusive.
Attempts have been made with in vitro systems to examine

the influence of apoptotic cells on immune responses.11,12We
have reported that apoptotic cells inhibit Con A-stimulated
expression of CD69, an early marker of T-cell activation,
demonstrating that apoptotic cells do actively suppress T-cell
activation.30 As most such investigations have used in vitro
systems, the physiologic role of this apoptotic cell-mediated
immune regulation (AMIR) is yet to be established in vivo. To
determine whether apoptotic cells regulate immune re-
sponses in vivo, we employed a rat allogeneic whole-heart
transplant model, in which donor heart blood vessels are
anastomatized to those of the recipient. We found that
administration of apoptotic donor cells 7 days before
transplantation specifically prolonged cardiac graft survival.
Furthermore, we also demonstrated that, both in vitro and in
vivo, phagocytosis of apoptotic cells plays a crucial role in their
ability to induce transplant tolerance induction. These findings
indicate that transfused allogeneic apoptotic cells transmit
immunoregulatory signals to phagocytes, an effect which
plays a crucial role in the induction of allograft tolerance.

Results

Transfusion of donor apoptotic cells prolongs
allograft survival

To test whether apoptotic cells from a transplant donor can
prolong allograft survival, we employed ultraviolet (UV)- or g-
irradiation to induce apoptosis in freshly isolated splenocytes
from a donor strain animal before transfusion into the
recipient. Such physical methods are more advantageous
than either chemical or biological means, as cells so treated
do not have to bewashed and thus there is no loss of apoptotic
cells or apoptotic bodies. We also found that UV- or g-
irradiation are more effective in apoptosis induction and
minimize the occurrence of necrotic cells in the resultant cell
preparation, which otherwise would provide danger signals
and generate an immune response upon transfusion.31 Our
UV-based protocol typically generates around 50% apoptotic
cells with less than 3% necrotic cells, as detected by staining
with annexin V and propidium iodide (PI).
Splenocytes from Wistar rats were thus induced by UV to

undergo apoptosis and 5� 107 cells were injected intrave-
nously (i.v.) into each intended Sprague–Dawley (SD)
recipient. Heterotopic donor heart transplantation was per-
formed 1 week later. As shown in Figure 1a, the median graft
survival time (MST) of rat cardiac allografts was 7 days in
control recipients injected with saline alone. Strikingly,

transfusion with apoptotic donor splenocytes 7 days before
transplantation resulted in significant prolongation of graft
survival (MST¼ 53 days,Po0.01 versus control group), while
transfusion of live or necrotic donor splenocytes resulted in
survival patterns similar to those of untreated animals
(MST¼ 8 and 10 days, respectively). Therefore, transfusion
of apoptotic cells prolongs the survival of allografts.
For determining the optimal preoperative induction period

for graft acceptance, apoptotic cell transfusion was carried out
14, 7 or 3 days before transplantation and the effect on heart
allograft survival time was measured. As shown in Figure 1b,
an induction period of 7 days was themost effective: apoptotic
cell transfusion on day�7 resulted in an MST of more than 50
days, which was significantly longer (Po0.01) than that
induced by transfusion on day�3 (MST¼ 8 days) or day�14
(MST¼ 10.5 days). Histological analysis of grafts 1 week after
transplantation further revealed obviously attenuated rejec-
tion signs in grafts from apoptotic cell-transfused recipients,
as evidenced by greatly reduced lymphocyte infiltration and
less destruction of cardiac cells (Figure 1c).
In order to knowwhether the effect of apoptotic cells on graft

survival depends on the method of apoptosis induction, we
next employed g-irradiation to induce apoptosis. A similar
prolongation of graft survival occured (data not shown).
Furthermore, graft acceptance was also achieved using
another pair of inbred rat strains as donor and recipient: Dark
Agouti (DA, RTla) as donors and Lewis (RTll) as recipients
(Figure 2). Again, graft survival time in Lewis recipients
administrated with apoptotic DA donor cells was significantly
longer than that of a saline control group (MST¼ 35 versus 6
days, Po0.01). Thus, prolongation of heart allograft survival
by injection of apoptotic cells is neither dependent on the
method of apoptosis induction nor is it limited to only a
particular rat strain.

Prolongation of allograft survival by apoptotic cell
transfusion is donor specific

If the immunoregulation induced by apoptotic cells is antigen
specific, it should not prolong the survival of an allograft from a
third-party strain. To test this prediction, DA (RTla) apoptotic
splenocytes were injected into Lewis (RTll) recipients, as
above, but the latter then received a heart allograft fromBrown
Norway (BN, RTln ) 1 week later. This scenario resulted in
much shorter allograft survival as compared to that of the DA
grafts (MST¼ 11 versusMST¼ 35 days, Po0.01) (Figure 2).
Similarly, injection of Lewis apoptotic splenocytes did not
prolong survival of DA heart transplanted into Lewis recipients
(MST¼ 6 days) (Figure 2). These results clearly demonstrate
that the allograft-protective effect of transfused apoptotic cells
is donor specific.
In order to investigate whether apoptotic cells modulate the

response of lymphocytes in the recipient, we performed an ex
vivo lymphocyte proliferation assay. At 1 week after transfu-
sion of 5� 107 DA apoptotic cells (induced by 1.5Gy
g-radiation), splenocytes were isolated from Lewis rats and
challenged with DA splenocytes or Con A in vitro, as
described in Materials and Methods. Compared to cells from
untreated controls, splenocytes from recipients transfused

Apoptotic cells induce transplant tolerance
E Sun et al

1259

Cell Death and Differentiation



with donor apoptotic cells were much less responsive to
stimulation by donor cells, although the same splenocytes
responded briskly to Con A (Figure 3). These results further
demonstrate that apoptotic cell-induced downregulation of
lymphocyte responsiveness is donor antigen specific and is
not due to a general immunosuppression.

Blocking phagocytosis in vivo abolishes the
tolerogenic effect of apoptotic cell transfusion

Apoptotic cells are known to express specific molecules on
their surface that allow their recognition by phagocytes.2,7,10

Based on previous results, we propose that phagocytes in the
recipient animal are pivotal for engulfing and degrading
transfused donor apoptotic cells. Then, immunosuppressive
cytokines secreted by the phagocytes may tolerize T cells to
donor antigens derived from apoptotic cells. If so, blockade of
phagocytosis should abrogate the effect of apoptotic cells in
prolonging graft survival. To test this hypothesis, first we used
gadolinium, a rare metal that is able to block completely the
phagocytic activity of macrophages in vivo.32,33 Gadolinium
chloride (GdCl3) was administered for 2 days to the intended
transplant recipients before injection of donor apoptotic cells
and heart transplantation was performed 1 week later. As
shown in Figure 4, treatment with GdCl3 completely abolished
apoptotic cell-induced graft acceptance (MST¼ 6.5 days).
The effect of GdCl3 cannot be ascribed to toxicity for the
transplants, since grafts survived well in recipients treated
with GdCl3 plus cyclosporine (CsA) (Figure 5), a widely used
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Figure 2 Prolongation of allograft survival by apoptotic cell transfusion is donor
specific. DA (RTa), Lewis (RTl) and BN (RTn) rats were used as donor, recipient
and third-party control, respectively. Apoptosis was induced in donor splenocytes
by g-radiation (1.5 Gy) followed by incubation in RPMI-1640 medium at 371C for
16 h, at which time approximately 54% of cells were apoptotic as detected by PI/
annexin V staining. Apoptotic splenocytes from DA (Apo DA SpC) or Lewis (Apo
Lewis SpC) rats were transfused into Lewis recipients (as described in Figure 1),
which then received DA or BN heart allografts. As shown, transfusion of live DA
splenocytes (Live DA SpC) promoted accelerated acute rejection (MST¼ 4.5
days), as compared with saline controls (MST¼ 6 days, Po0.05). Transfusion
of apoptotic DA splenocytes dramatically prolonged allograft survival (Apo DA
SpCþDA heart, MST¼ 35 days, Po0.01 versus saline control group), while
only slightly extending the survival of grafts from an irrelevant strain, BN (Apo DA
SpCþ BN heart) (MST¼ 11 days, Po 0.01 versus saline control group or Apo
DA SpC group). Apoptotic cells from the same strain as the recipient (Apo Lewis
SpCþDA heart) did not prolong the survival of grafts from DA donors (MST¼ 6
days)

Figure 1 Donor apoptotic splenocytes prolong heart allograft survival. (a) Isolated splenocytes (SpC) from Wistar donor rats were resuspended in RPMI-1640 medium.
They were exposed to either a 40 W UV source (312 nm, 10 min) at a distance of 40 cm to induce apoptosis (Apo SpC) or a hot water bath (561C, for 60 min) to induce
necrosis (Necro SpC). Control splenocytes were without any treatment (Live SpC). After incubation at 371C in 5% CO2 for 8 h, 5� 107 donor splenocytes were injected
i.v. into SD recipients. Saline injection served as a negative control. After 7 days, donor hearts were transplanted into the SD recipients and allograft survival scored as
the day when palpable allograft heartbeat ceased. As shown, transfusion of UV-induced apoptotic cells significantly extended heart allograft median survival time
(MST¼ 53 days) compared to all other treatments (MST for saline, Live SpC and Necro SpC were 7, 8 and 7 days, respectively) (Po0.01). (b) In a similar experiment,
intervals between transfusion of apoptotic cells and heart transplantation were 14, 7 and 3 days, and the effect on allograft survival was determined. Graft survival for the
7-day interval (MST¼ 53 days) was much higher than that for 14- or 3-day intervals (MST¼ 10.5 and 8 days, respectively) (Po0.01). (c) Histological analysis 1 week
after transplantation. Heart isograft (left), allograft (center) or allograft from recipient transfused with donor apoptotic cells (right) were procured. Hematoxylin and eosin
staining of paraffin-embedded sections revealed massive lymphocyte infiltration and myocyte destruction in control allografts, while apoptotic donor splenocyte
transfusion caused significantly reduced lymphocyte infiltration and preserved cardiomyocyte morphology
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clinical immunosuppressant (MST440 days, Po0.01 versus
GdCl3-only group). These findings demonstrate that normal
phagocytic function in the recipient is essential for the
immunoregulatory property of transfused donor apoptotic
cells in vivo, suggesting that phagocytosis of these cells is
required to induce donor antigen tolerance. Furthermore,
unlike studies carried out in vitro, these results demonstrate
that any factors produced by apoptotic cells themselves are
not important in their immunosuppressive effect.
Since GdCl3 influences several functions of phagocytic

cells, experiments with GdCl3 alone cannot rule out the
possibility that other functions of these cells besides phago-
cytosis are critical for AMIR.34,35 In order to further elucidate
the role of phagocytosis, we employed annexin V to block
phagocytosis of apoptotic cells specifically. Annexin V is well
known for its high binding affinity for PS, a phospholipid
normally situated on the inner leaflet of the cytoplasmic
membrane. Early in apoptosis, PS flips to the outer leaflet
where it serves as a crucial mediator of phagocytosis.
Blocking PS with annexin V prevents binding to its receptor,
thereby blocking phagocytosis of apoptotic cells.4,36 Thus, the
advantage of employing annexin V is that there is no influence
on other cellular activities of phagocytes. To determine if
blocking PS-mediated phagocytosis causes diminished apop-
totic cell-induced graft tolerance, apoptotic donor splenocytes
were coated with annexin V in vitro, transfused and allogeneic
heart transplantation was performed 7 days later. As
expected, annexin V pretreatment significantly attenuated
allograft survival as compared to non-annexin V-treated
controls (MST¼ 10 days, Po0.05 versus apoptotic cell
transfusion-only group) (Figure 5). These results further
demonstrate that phagocytosis of transfused donor apoptotic
cells is pivotal in the induction of allograft acceptance.
Interestingly, unlike GdCl3, which completely blocked the

effect of apoptotic cells, the effect of annexin V was
incomplete as graft survival was significantly longer than that
of the saline-treated group (Po0.05).

Discussion

Recent progress in developing effective immunosuppres-
sants has made transplantation the ultimate treatment for
organ failure. However, the incidence of opportunistic infec-
tions, toxic side effects and high cost associated with long-
term application of these drugs remain the main obstacles
for general adaptation of organ transplantation in clinical
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Figure 4 GdCl3 abrogates prolongation of allograft survival induced by donor
apoptotic splenocytes. Lewis rats were injected with GdCl3 (10 mg/kg/day i.v.) for
2 days and DA apoptotic splenocytes transfused on the 3rd day. After another 7
days, DA hearts were transplanted and graft survival monitored as in Figure 1.
MSTs are as shown, while GdCl3 alone had no effect on allograft survival
(MST¼ 6.5 versus 6 days for saline control group, P40.05), it completely
blocked the graft prolonging effect of donor apoptotic splenocytes (Apo DA
SpCþGdCl3, MST¼ 6.5 versus 35 days for Apo DA SpC, Po0.01). To rule out
the possible toxicity of GdCl3 to allografts, its effect on CsA-induced graft
prolongation was tested, where Lewis rats were treated with GdCl3 for two days,
8 days later DA heart was transplanted and CsA administrated (10 mg/kg/day) by
gavages starting 1 day before transplant and stopping at 40 days after operation.
GdCl3 did not affect CsA-induced allograft survival (GdþCsA, MST440 versus
6 days for saline control, or 6.5 days for GdCl3 alone, Po0.01)
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Figure 3 Transfusion of donor apoptotic splenocytes inhibits ex vivo MLR.
Lewis rats received transfusion of apoptotic splenocytes from DA rats as in
Figure 2. After 7 days, splenocytes (3� 106/ml) from treated Lewis rats were
isolated and cultured in vitro for 96 h with irradiated (16 Gy) DA splenocytes
(3� 106/ml) to induce MLR or with Con A (1 mg/ml) to induce nonspecific T-cell
activation. Cultures were pulsed with [3H]thymidine for 4 h, harvested and
[3H]thymidine incorporation assessed by liquid scintillation counting. MLR was
inhibited by transfusion of apoptotic cells (*Po0.05), while the Con A-induced
response was not

0 25 50 75 100
0

20

40

60

80

100 Saline

An-V
Apo-DA-SPC

Apo-DA-SPC+An-V

Time (days)

S
u

rv
iv

al
 p

er
ce

n
ta

g
e

Figure 5 Annexin V abrogates the prolongation of allograft survival induced by
donor apoptotic splenocytes. To determine whether specifically blocking PS-
mediated phagocytosis prevents apoptotic cell-generated allograft protection, an
experiment like that described in Figure 4 was carried out, but apoptotic cells
were coated with purified recombinant annexin V (An-V, 100mg in 600ml RPMI-
1640 medium) before transfusion. Precoating donor apoptotic splenocytes with
annexin V significantly reduced their allograft prolonging effect (Apo SpCþ An-
V, MST¼ 10 days) compared to controls receiving non An-V-treated cells (Apo
SpC, MST¼ 35 days for, Po0.05). An-V without apoptotic splenocytes had no
effect on graft survival (MST¼ 6 days)
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practice.37,38 Furthermore, when genetically modified xeno-
grafts become available, the challenge of having the immune
system properly regulated will be a major hurdle. Therefore,
various attempts have been made to find more specific ways
to induce transplant tolerance. Thus, administration of donor
antigens and concurrent short-term administration of various
immunosuppressants either to inhibit specifically T-cell
activation or block costimulation signals are being tested to
induce tolerance. The finding that apoptotic cells are not only
rapidly scavenged by phagocytes but also actively transmit
immunoregulatory signals to phagocytes suggests the un-
iqueness of apoptotic cells in transplantation tolerance
induction. Since phagocytes devouring apoptotic cells secrete
immunoregulatory cytokines, there is a strong possibility that
antigens derived from apoptotic cells are presented to
cognate T cells within the context of local immune regulatory
factors. In this investigation, we employed the rat whole-heart
transplantation model and found that a single injection of
donor apoptotic cells into the recipient significantly prolonged
the survival of alloheart transplants. In addition, the recipient’s
phagocytes play a critical role in inducing organ transplant
tolerance. Therefore, our studies not only provide in vivo
evidence that apoptotic cells can induce immune tolerance but
also reveal a potentially novel strategy to maintain organ
transplant tolerance in clinical practice.
In the present study, we demonstrated that i.v. administra-

tion of apoptotic cells of donor origin significantly prolongs the
survival of allograft, while apoptotic cells from the recipient or
unrelated strains have no effect. This seems to be incon-
sistent with previous studies showing that apoptotic cells
inhibit xenogeneic T-cell activation in vitro and promote third-
party or xenogeneic bone marrow engraftment.39 However,
this discrepancy may reflect temporal and spatial differences.
In the studies performed by Bittencourt et al.,39 graft cells are
directly mixed with apoptotic cells. We believe that, in addition
to the secretion of immunosuppressive cytokines, other
mechanisms such as local antigen presentation are more
prominent in such experimental setting. Since our experi-
ments involve a solid organ, active antigen-specific immune
tolerance is more important. Indeed, as shown in Figure 1, we
have seen that a 7-day priming with apoptotic cells is required
for generating immune tolerance. As heart transplantation
between DA rats and Lewis rats represents a strong allograft
rejection model, our results reflect a potent influence of
apoptotic cells on immune regulation. The cells transfused in
these experiments contain various types of cells. While it is
possible that antigen-presenting cells such as DCs in the
splenocyte mixture may undergo changes and acquire
immune modulatory function, this is unlikely since we have
shown that treatment with GdCl3 24 h prior to transfusion of
apoptotic cells completely abolishes the tolerogenic effect. As
the half-life of GdCl3 in rats is only 15min,40 by 24 h
postinjection, any remaining GdCl3 is minimal, and would
not be expected to affect the function of transfused antigen-
presenting cells. In addition, we found that donor splenocytes
treated with dexamethasone significantly prolong donor heart
allograft survival and, most interestingly, indefinitely prolong
liver allograft survival (data not shown). Although apoptotic
cells have been shown previously to promote bone marrow
engraftment in irradiated recipients, our experiments demon-

strate for the first time that transplantation tolerance can be
induced in adult animals in the absence of any systemic
immunosuppression.
Apoptotic cells are normally rapidly phagocytosed and

cleared to prevent secondary necrosis that would usually
cause local inflammation. Interestingly, apoptotic cells have
also been demonstrated to play a crucial role in maintaining
immune tolerance, while abnormal delay in their clearance
often leads to autoimmune diseases. Apoptotic cells express
specific molecules such as phosphotidylserine on their cell
membrane, which play a critical role in the recognition by
phagocytes. Phagocytes devouring apoptotic cells secrete
large amounts of immunoregulatory cytokines, suggesting the
importance of phagocytosis in apoptotic cell-induced toler-
ance. In our experiment, depletion of phagocytes by GdCl3
completely blocked the effect of donor apoptotic cells in
tolerance induction demonstrating the pivotal role of recipient
phagocytes. CsA is a well-known immunosuppressant routi-
nely used in clinical practice. It has been shown that CsA can
effectively maintain a DA to Lewis heart transplant.41 As
shown in Figure 4, the attenuation of apoptotic cell-induced
graft survival is not due to direct toxicity of GdCl3 to the heart
allograft, because GdCl3 had no effect on CsA-induced heart
engraftment. In fact, GdCl3 has no toxicity for heart even at a
dose as high as 92mg/kg. Additionally, GdCl3 is quickly
eliminated with a half-life of about 15min.40,42 Therefore, we
believe that GdCl3 administrated 8 days before heart
transplantation should have minimal toxicity for the trans-
planted heart. The dependence on recipient phagocytes was
also verified by coating donor apoptotic splenocytes with PS-
specific annexin V. Therefore, the process of phagocytosis of
apoptotic cells is a critical step in the induction of immune
tolerance.
Although many studies have found that apoptotic cells and

their phagocytosis can mediate inhibitory effects on the
immune system, some investigations have paradoxically
shown that apoptotic cells may also be stimulatory.43–45 This
controversy might reflect the complexity of the status of
apoptotic cells while being administered. Cells in late stages
of apoptosis may enter secondary necrosis and deliver
stimulatory (danger) signals.9 Similarly, different apoptotic
inducers may also impact the outcome. For example, viral
inducers may themselves transmit stimulatory danger sig-
nals.43,45 We also found that inclusion of much higher
numbers of apoptotic cells in the culture resulted in
lymphocyte proliferation even greater than that without
apoptotic cells, suggesting that excessive apoptotic cells in
the culture are actually stimulatory for T cells (data not
shown). Our findings that immune regulation by apoptotic
cells depends on cell numbers in vitro and phagocytosis in
vivo support the concept that efficient phagocytosis is critical
for apoptotic cell-mediated immune regulation. Excessive
apoptotic cells surpassing the phagocytotic capacity could
have stimulatory effects.44

In conclusion, we believe that transfused apoptotic cells are
scavenged by recipient phagocytes, and that donor antigens,
including MHC-derived antigenic peptides, are then pre-
sented to recipient T cells. Concurrently, phagocytosis of
apoptotic cells renders phagocytes to deliver immunoregula-
tory signals and prevent unwarranted T-cell activation. Thus,
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T cells reactive to donor alloantigens are silenced and
allograft survival prolonged. Although the role of apoptotic
cells in themaintenance of tolerance has long been suspected
and some immunomodulatory effects have been observed in
vitro,18,23,46 it is striking that AMIR in our models is so effective
that only a single injection of apoptotic cells is sufficient to
prolong allograft survival in non-immunosuppressed recipi-
ents. Our findings also explain the clinical observation that
blood transfusion can prolong graft survival.47,48 In fact, we
have found that, like splenocytes, whole blood treated with
g-irradiation also prolongs allograft survival (data not shown).
The powerful immunoregulatory effect of apoptotic cells on
immune responses in vivo supports the notion that apoptotic
cells play a paramount physiologic role in preserving self-
tolerance. More studies are needed to further evaluate the
mechanisms and significance of this new strategy of tolerance
induction, to explore more reliable models and protocols to
direct apoptotic cell initiated immune regulation, and to pave
the way to clinical applications.

Materials and Methods

Animals and reagents

Male SD (RT1b) and Wistar (RT1k) rats (8–10 weeks old) were purchased
from the Experimental Animal Center, Zhongshan Medical University, and
maintained in the animal facilities of Zhujiang Hospital. DA (RTla) and
Lewis (RTll) rats were purchased from Harlan Corp. (Indianapolis, IN,
USA) and maintained in the Vivarium of Robert Wood Johnson Medical
School. In transplantation studies, Wistar or DA rats served as donors,
while SD or Lewis rats were recipients. AnnexinV–PI apoptosis detection
kits and purified recombinant annexin V were purchased from BD
Biosciences (San Diego, CA, USA). GdCl3 was from Aldrich Chemical
Company, Inc. (Milwaukee, WI, USA). CsA Neoral solution was from
Norvartis Corp.

Apoptosis induction and detection

Single-cell suspensions of rat splenocytes were prepared by mincing the
spleen and filtering the cells through a nylon mesh. To induce apoptosis,
3� 106 splenocytes were resuspended in 6 ml phenol red-free Hank’s
solution, transferred to a six-well plate and exposed to a 40 W UV source
(320 nm) at a distance of 40 cm for 10 min. Alternatively, cells were treated
with 1.50 Gy g-irradiation from a Cobalt-60 source. After irradiation, cells
were resuspended in RPMI-1640 medium and cultured at 371C in 5% CO2

for 8 or 16 h, for UV- or g-irradiated cells, respectively. Necrotic cells were
generated by incubation in a hot water bath (561C) for 60 min. Cell death
resulting from these treatments was analyzed by flow cytometry after
staining with annexin V and PI; annexin V�/PI�, annexin Vþ /PI� and
annexin Vþ /PIþ cells were identified as live, apoptotic and necrotic cells,
respectively. To block surface PS, 3� 108 DA apoptotic splenocytes were
incubated with 100mg purified recombinant annexin V in 600 ml RPMI-
1640 medium at room temperature for 20 min.

Animal treatment and heart transplantation

Apoptotic, necrotic or untreated rat splenocytes (50� 106) were injected
via the penile vein on days �14, �7 and �3 (the day of heart transplant
was designated as day 0). In some instances, GdCl3 (10 mg/kg) was
injected via the penile vein on days �9 and �8, and apoptotic splenocytes

administered on day �7. CsA was administrated by gavage from day �1
to day þ 40. Heterotopic heart transplantation was performed using a
modified technique of Ono and Lindsey,49 with donor aorta and pulmonary
artery anastomosed end-to-side to the recipient’s abdominal aorta and
inferior vena cava, respectively. Graft heartbeat was checked daily by
palpation and rejection scored when the graft stopped beating. All animal
studies were approved by the Institutional Animal Care and Use
Committee of Robert Wood Johnson Medical School.

Lymphocyte proliferation

For the mixed lymphocyte reaction (MLR), equal numbers (3� 105) of
responder splenocytes and irradiated stimulator splenocytes (16 Gy) were
cocultured in 200 ml in a 96-well plate. For the Con A response,
splenocytes were cultured with 1 mg/ml Con A. In some experiments,
apoptotic DA splenocytes were also added to the culture. After incubation
at 371C in 5% CO2 for 96 h, cells were pulsed with 1 mCi [3H]thymidine per
well for 4 h, harvested and [3H]thymidine incorporation was measured by
liquid scintillation counting in a Microbeta (Perkin-Elmer).

Histology

Heart allografts were removed 1 week after transplantation, fixed in 10%
phosphate-buffered formalin and embedded in paraffin. Thin sections
(4 mM) were stained with hematoxylin and eosin, and representative areas
photographed by light microscopy.

Statistics

All data were analyzed with Prism Software (Graphpad Software Inc., San
Diego, CA, USA). Comparisons of lymphocyte proliferation were made by
unpaired Student’s t-test. Graft survival was analyzed using the log-rank
test and survival curves plotted by the Kaplan–Meier method.
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