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ABSTRACT 

Biliverdin, a product of heme oxygenase-1 (HO-1) enzymatic action, is converted into bilirubin, 
which has been considered a waste product in the past. We now show that administration of 
biliverdin has a salutary effect in organ transplantation. A brief course of treatment with 
biliverdin leads to long-term survival of H-2 incompatible heart allografts. Furthermore, those 
recipients harboring long-surviving (>100 days) allografts were tolerant to donor antigens 
indicated by the acceptance of second donor strain hearts but not third-party grafts. Treatment 
with biliverdin decreased intragraft leukocyte infiltration and inhibited T cell proliferation. 
Likely related to tolerance induction, biliverdin interferes with T cell signaling by inhibiting 
activation of nuclear factor of activated T cells (NFAT) and nuclear factor κB (NF-κB), two 
transcription factors involved in interleukin-2 (IL-2) transcription and T cell proliferation, as 
well as suppressing Th1 interferon-γ (IFN-γ) production in vitro. These findings support the 
potential use of biliverdin, a natural product, in transplantation and other T cell mediated 
immune disorders. 
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ilirubin has been considered a natural waste product of the body. However, several 
epidemiological studies have shown that individuals with slightly above normal levels of 
serum bilirubin have a lesser incidence of heart disease than those with low levels (1�3), 

suggesting that bilirubin may have beneficial effects, possibly related to its potent anti-oxidant 
properties (4). Most recently, it has been shown that, although biliverdin is converted to bilirubin 
by biliverdin reductase, the bilirubin can be re-cycled to biliverdin, providing a powerful redox 
cycle (5) and that biliverdin reductase may play a greater role in mediating protection than 
simply converting biliverdin to bilirubin (6). These findings are in concert with observations that 
bilirubin suppresses both ischemia-reperfusion injury (7, 8) and expression of adhesion 
molecules in rodents (9). 
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Biliverdin, a precursor of bilirubin, is one of the three products (the other two are carbon 
monoxide and free iron) of heme degradation by heme oxygenase-1 (HO-1; 10). HO-1 is a 
stress-inducible enzyme, which exerts anti-inflammatory effects (11) as well as modulating 
apoptosis (12, 13) and, in some cells, proliferation (14). HO-1 plays a crucial role in maintaining 
a state of cellular homeostasis (15). We have shown previously that transplanted organs can 
express a series of �protective genes�, including HO-1 (16), and further have demonstrated that 
HO-1 can be critical for the indefinite survival of mouse cardiac xenografts in rats (12, 17). 
Others have suggested that induction of HO-1 results in modulation of T cell mediated immune 
responses (18), although its mechanism of action has not been elucidated. In the present study, 
we tested the hypothesis that biliverdin has a salutary effect in terms of suppressing T cell 
mediated alloimmune responses and prolonging cardiac allograft survival and that it does so, at 
least in part, by modulating transcription factor activation, perhaps by its anti-oxidant properties. 

MATERIALS AND METHODS 

Animals and cells 

Male DBA/2 (H-2d), B6AF1 (H-2k/d,b), and FVB (H-2q) mice (Jackson Laboratory, Bar Harbor, 
ME) were used at age 6�10 weeks. Animals were treated according to the institutional guidelines 
of animal care. Murine leukocytes were isolated from the spleen followed by osmotic lysis of red 
blood cells. T cells were purified (>95% purity) using the MACS Pan T cell isolation kit 
(Miltenyi Biotec, Auburn, CA) according to the manufacturer�s instructions. Cells were 
maintained in RPMI 1640 supplemented with 2 mM 1-glutamine, 100 U/ml penicillin, 100 µg/ml 
streptomycin, 2-ME (50 µM), and 10% fetal calf serum and were cultured at 37°C, 95% air with 
5% CO2. 

Reagents 

Biliverdin dihydrochloride (ICN Biomedicals, Aurora, OH) was dissolved in 0.2N NaOH, 
neutralized with 1N HCl, adjusted to 10 mM with distilled water, and sterilized by filtration. 
Cyclosporin A (CsA; Novartis Pharma, Basel, Switzerland) was adjusted to 2 mg/ml with 0.9% 
saline. Monoclonal antibodies (mAbs) against mouse CD3 (17A2, and 145-2C11), CD4 
(H129.19), CD8a (5.3�6.7), CD25 (7D4), and CD28 (37.51) were purchased from BD 
PharMingen (San Diego, CA). Recombinant IL-2 was obtained from R&D Systems 
(Minneapolis, MN). 

Cardiac transplantation 

Heterotopic abdominal heart transplantation was performed with Corry and Russell�s procedure 
(19). In brief, the heart was excised from donor mice after ligation of the pulmonary vein and the 
inferior and superior vena cavas. Under a microscope, the graft aorta and pulmonary artery were 
anastomosed to the recipient�s abdominal aorta and inferior vena cava, respectively. Secondary 
heart grafting into the neck was performed by anastomosing the graft aorta and pulmonary artery 
to the recipient�s right common carotid artery and jugular vein, respectively, using a cuff 
technique (20). Graft beating was monitored by daily palpation, and its strength of contractions 
was scored +1 to +4. Graft rejection was defined as cessation of beating and was confirmed by 
direct inspection and histological examination. 



 

 

Treatment protocol 

Biliverdin was administered once, twice, or three times daily at a dose of 50 µmol/kg to donor 
for 2 days, starting from 2 days before transplantation (Day �2 and Day �1), and to recipient 
from Day �1 to Day 13 post-grafting. CsA was given to recipient for 2 weeks from Day 0. 
Reagents were administered by intraperitoneal (i.p.) injection. Recipients received no further 
treatment. 

Histology and immunohistochemistry 

Heart specimens were fixed in 10% buffered formalin and embedded in paraffin. Paraffin 
sections were stained with hematoxylin and eosin (H&E) or rat anti-mouse Ki-67 Ab (TEC-3; 
DAKO, Carpinteria, CA). Graft frozen sections were stained with a series of antibodies by 
avidin-biotin complex method as described previously (21). 

In vitro proliferation assay 

B6AF1 leukocytes (2.5×105/well) were stimulated with either concanavalin A (ConA, 1 µg/ml; 
Fisher Scientific, Pittsburgh, PA) or anti-CD3 mAb (1 µg/ml) and were cultured in a 96-well 
round-bottom plates. Purified T cells (5×104/well) were cultured in anti-CD3 mAb (10 µg/ml) 
coated 96-well flat-bottom plates with anti-CD28 mAb (1 µg/ml). Cells were cultured with or 
without biliverdin for 48 h. For mixed lymphocyte culture (MLC), B6AF1 and irradiated (25Gy, 
137Cs) DBA/2 splenocytes (both at 5×105/well) were co-cultured with or without biliverdin for 4 
days. When using responder cells from cardiac recipients, cells were cultured 3 days without 
further in vitro treatment. Cells were pulsed with 3H-thymidine (1 µCi/well) 16 h before culture 
termination, and 3H-thymidine incorporation was measured by using a β-counter. 

In vivo proliferation assay 

B6AF1 spleen and lymph node leukocytes (50�70×106) were labeled with 5-(and 6-)-
carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular probes, Portland, OR; 22) and 
injected intravenously into irradiated (10 Gy, 137Cs) DBA/2 mouse. After 3 days, splenocytes 
were stained with anti-CD4 mAb, and proliferation of CFSE+CD4+ T cells was analyzed in 
FACSort with Cellquest software (BD Biosciences, Palo Alto, CA). 

Cytokine assays 

B6AF1 leukocytes (2.5×105 cells/well) were stimulated by anti-CD3 mAb (1 µg/ml) with or 
without biliverdin. Culture supernatant (100 µl) was collected 48 h later, and IL-2, IL-4, IL-10, 
and interferon-gamma (IFN-γ) levels were measured in duplicate by using the enzyme-linked 
immunosorbent assay (ELISA) kit (Quantikine M, R&D Systems). 

Bilirubin assay 

Blood was drawn from B6AF1 mice at various time points after biliverdin injection (50 µmol/kg, 
i.p.). Serum total bilirubin concentration was measured in duplicate by using the total bilirubin 
assay kit (Sigma Aldrich, St. Louis, MO). 



 

 

CD25 expression analysis 

B6AF1 leukocytes (5×105 cells/well) were stimulated with anti-CD3 mAb (1 µg/ml) and 
cultured with or without biliverdin (100 µM). Six and 24 h after stimulation, cells were stained 
with anti-CD4 and anti-CD25 mAbs, and analyzed by flow cytometry. 

Nuclear protein extraction and electrophoretic mobility shift assay (EMSA) 

Purified B6AF1 T cells (40×106: mouse T cell enrichment column from R&D Systems) were stimulated 
with 10 µg/ml CD3 (plate bound) and 10 µg/ml CD28 mAbs (both PharMingen) with or without 
biliverdin (100 µM). After 0 and 4 h of stimulation, nuclear extracts were prepared according to a 
modified Shapiro�s method (23). Protein concentrations were determined by Bradford assay. The 
following gel-purified oligonucleotides (Oligos Etc., Wilsonville, OR) were labeled with 32P ATP and 
used for EMSA: NFAT, (coding) 5′-GCCCACAGAGGAAAATTTGTTTCATACAG-3′, (non-coding) 
5′-CTGTATGAAACAAATTTTCCTCTGTCCGC-3′; NF-κB, (coding) 5′-
AGCTTAGAGGGGACTTTCCGAGAGGA-3′, (non-coding) 5′-
TCCTCTCGGAAAGTCCCCTCTAAGCT-3′. EMSA reactions were assembled as described 
previously (24). 

Statistics 

Graft survivals were plotted by a Kaplan-Meier method and compared by using a log-rank test. 
All data (unless specified) are expressed as mean ± SEM and are statistically analyzed by one-
way ANOVA using Fisher�s PSLD post-hoc test. 

RESULTS 

Biliverdin administration prolongs cardiac allograft survival and induces donor-specific 
tolerance 

We first asked whether biliverdin has a beneficial effect in transplantation. Untreated control 
B6AF1 (H-2k/d,b) mouse recipients rejected DBA/2 (H-2d) cardiac allografts in a median of 11.5 
days (n=6; Fig. 1a). In contrast, administration of biliverdin at a daily dose of 50 µmol/kg to the 
donor (Day �2 and Day �1) and to the recipient (Day -1 to Day 13) significantly prolonged graft 
survival to 20.5 days (n=6; P<0.01 vs. control). To determine the kinetics with which biliverdin 
is converted to bilirubin in vivo, and to assess the half-life of the bilirubin, we measured its 
serum levels after a single 50 µmol/kg injection of biliverdin (n=4). Basal serum bilirubin 
concentration in the untreated mice was 6.3±2.8 µM. Upon biliverdin administration, serum 
bilirubin peaked rapidly to reach a maximal level of 50.2±7.4 µM at 5 min, gradually decreased 
to 16.8±2.5 µM after 2 h, and returned to the basal levels of 6.0±3.0 µM after 6 h. Given these 
findings, we tested the effects of administering biliverdin two (every 12 h) or three (every 8 h) 
times per day at 50 µmol/kg/dose (n=6 per group). These two treatment schedules significantly 
increased graft survival, with 4 of 6 (66.7%) grafts in each group surviving for more than 200 
days (both P<0.001 vs. control, Fig. 1a). 

Given that mice harboring cardiac allografts over 200 days had not received further treatments 
after 2 weeks post-transplantation, we tested whether they were tolerant to the donor-antigens. 
The animals were thus challenged with second heart grafts. Strikingly, these animals accepted 



 

 

donor strain DBA/2 hearts for more than 100 days (n=3), whereas promptly rejecting third-party 
FVB (H-2q) grafts within 11 days (n=3; Fig. 1b). This FVB graft survival time was not 
significantly different from that in naïve B6AF1 recipients (data not shown). Microscopic 
examination revealed that the architecture of donor strain second grafts (inspected at 60 days 
after transplantation) was well preserved, whereas that of the rejected third-party grafts showed 
destruction and severe cellular infiltration at the time of rejection (Fig. 1c). These data show that 
treatment with biliverdin induces donor-specific tolerance in a major histocompatibility complex 
(MHC) class I (H-2K) plus class II (H-2I) mismatched heart transplantation model. 

Biliverdin administration suppresses graft cellular infiltration and alloimmune response in 
vivo 

To understand the events associated with graft survival prolongation and tolerance induced by 
biliverdin, we examined histology of grafts 5 days after transplantation. A moderate degree of 
cellular infiltration with endothelialitis in some of the graft vessels was present in the grafts of 
control animals (Fig. 2a). These histological features presumably represented ongoing acute 
rejection of the hearts. The infiltrating cells were predominantly CD8+ T cells and to a lesser 
extent CD4+ T cells (Fig. 2a). In contrast, treatment with biliverdin reduced both CD4+ and 
CD8+ T cell infiltrates in the grafts compared with the controls (Fig. 2a). There were fewer 
proliferating cells (Ki67+) in the biliverdin-treated animals than in the control group (Fig. 2a). 
We also examined the in vivo immune response of recipients against donor (DBA/2) antigens. 
Splenocytes were taken from the recipient after transplantation and assessed for their 
proliferative activity in MLC. This response was significantly suppressed in recipients receiving 
biliverdin when compared with the control (P<0.01; Fig. 2b). These data show that the 
significant prolongation of cardiac graft survival induced by biliverdin is associated with reduced 
graft T cell infiltrates and suppressed immune responses. 

Biliverdin suppresses T cell proliferation in vitro 

To understand further the suppression of the immune response seen in vivo, we studied the 
effects of biliverdin on T cells in vitro. Naïve B6AF1 splenocytes were stimulated with ConA, 
anti-CD3 mAb or irradiated DBA/2 splenocytes, with or without biliverdin. Biliverdin 
suppressed leukocyte proliferation in a dose-dependent manner in all cases (Fig. 3a�c). The 
suppressive effect was not related to cytoxicity of biliverdin: culture of unprimed B6AF1 
leukocytes with biliverdin (1 to 100 µM) did not affect cell viability over 6 h as evaluated by the 
MTT assay (25; data not shown). The biliverdin appeared to act directly on T cells: proliferation 
of purified B6AF1 T cells in response to anti-CD3 mAb plus anti-CD28 mAb co-stimulation, 
which stimulates T cells in an antigen-presenting cell independent manner, was also significantly 
suppressed (Fig. 3d). 

Biliverdin suppresses IL-2 production through inhibition of NF-AT and NF-κB activation 

To elucidate the mechanisms underlying T cell suppression by biliverdin, we examined cytokine 
secretion in anti-CD3 mAb activated splenocytes. Both IL-2 (Fig. 4a) and IFN-γ (Fig. 4b) 
production was significantly suppressed by biliverdin in a dose-dependent manner. However, 
biliverdin treatment did not significantly alter the secretion of IL-4 and IL-10 (data not shown). 
In addition, biliverdin (100 µM) did not alter the expression level of the IL-2 receptor α-chain 
(IL-2Rα, CD25) on CD4+ T cells following anti-CD3 mAb stimulation (Fig. 4c). Furthermore, 



 

 

addition of recombinant IL-2 (50 U/ml) 6 or 24 h after biliverdin treatment overcame the 
suppression mediated by biliverdin (Fig. 4d). These data suggest that biliverdin inhibits T cell 
proliferation directly by interfering with the signal transduction pathway leading to IL-2 
synthesis, and not by down-regulating IL-2Rα expression nor by blocking the signaling 
pathways involved in IL-2 driven proliferation. These findings are consistent with our 
observation that biliverdin arrests T cells at the G0/G1 phase (data not shown). The data are also 
compatible with the idea that biliverdin may promote the generation of anergic cells, although 
further studies are needed in that respect. 

We thus hypothesized that these effects of biliverdin related to suppression of transcription 
factors involved in IL-2 production, that is, NF-κB and NFAT. To test this hypothesis, we 
stimulated mouse primary T cells with anti-CD3 and CD28 mAbs; nuclear NF-κB and NFAT 
protein levels were studied by measuring the DNA binding activity of nuclear extracts in EMSA. 
Anti-CD3 plus CD28 mAbs induced activation of NF-κB and NFAT nuclear translocation and 
DNA binding as assessed 4 h after stimulation (Fig. 4e, f). Biliverdin inhibited DNA binding of 
both NF-κB (Fig. 4e), and NFAT (Fig. 4f), suggesting that biliverdin suppresses IL-2 production 
via inhibition of NFAT and NF-κB activation. 

The immunosuppressive potency of biliverdin is comparable with that of CsA in vivo 

To evaluate whether the inhibitory effects of biliverdin seen in vitro would also be reflected by 
inhibition of CD4+ T cell proliferation in vivo, we studied the effects of biliverdin on 
proliferation of CFSE labeled B6AF1 cells in irradiated DBA/2 mice. This is an established 
model to study division kinetics and differentiation and to quantify responses of alloreactive T 
cells (26). In the experiment, we also compared the effect of biliverdin with those of CsA, a well-
known immunosuppressant that inhibits IL-2 production and T cell proliferation via blockade of 
calcineurin/NFAT. Inhibition of proliferation was seen in both cases, with biliverdin inhibiting 
proliferation as much as, or somewhat more than, CsA when given at a daily dose of 10 mg/kg 
(Fig. 5a, b). 

DISCUSSION 

In this study we demonstrated that biliverdin can suppress alloimmune responses and prolong 
cardiac allograft survival. In the setting of xenotransplantation, we have shown previously that 
HO-1 acts as a protective molecule (16) in that it allows and is essential for survival when the 
recipient is treated with CsA and cobra venom factor (12, 17). Carbon monoxide (CO), a product 
of heme degradation by HO-1, can also mediate this protective effect (21). In our DBA/2-to-
B6AF1 heart transplantation model, HO-1 induction by cobalt-protoporphyrin significantly 
prolonged median graft survival time (MST) to 29 days (P<0.005 vs. control) and allowed long-
term graft survival in 33.3% (2/6) of cases (Yamashita, et. al., manuscript in preparation). 
Treatment with biliverdin (one dose per day) prolonged MST to 20.5 days (Fig. 1a; P<0.01), 
whereas CO inhalation (at 400 ppm) did not significantly prolong graft survival (MST: 12.5 
days, data not shown). Because others have shown that using a CO-releasing molecule can 
prolong allograft survival (27), we do not exclude that CO could have salutary effects under 
other conditions. In contrast, when both biliverdin and CO were administered simultaneously, 
the combined treatment led to MST of over 43 days (n=5, data not shown) at the time of this 
writing. This prolongation was significant compared with that of using biliverdin (once per day; 
P<0.05) or CO treatment (P<0.005) alone, which indicates that biliverdin and CO have an 



 

 

additive or synergistic effect. These results suggest that biliverdin, another product generated by 
HO-1 action on heme, predominantly contributes to the immunomodulatory effects of HO-1 
expression in allotransplantation. 

Previous studies have suggested that bilirubin has suppressive effects on human peripheral blood 
mononuclear cell proliferation in vitro. However, the mechanisms of action were ambiguous: 
bilirubin suppressed IL-2 production upon PHA stimulation (28), although it inhibited 
proliferation in MLC by down-regulation of IL-2Rα without affecting IL-2 production (29). We 
have shown here that biliverdin suppresses IL-2 production and T cell proliferation (Fig. 3 and 
4a) and further demonstrated that biliverdin inhibits nuclear translocation of NFAT and NF-κB 
(Fig. 4e, f). Based on the established role of these transcription factors in the regulation of IL-2 
production, these effects of biliverdin are likely a major part of the mechanism by which this 
molecule suppresses T cell proliferation. Because bilirubin has been shown to inhibit several 
kinases, such as protein kinase A and C (30, 31), it is possible that biliverdin down-regulates NF-
κB and activator protein-1 (AP-1, c-fos) activation via this pathway. The known anti-oxidant 
activities of biliverdin and bilirubin may relate to the suppression of transcription factors, such as 
NF-κB, a main stimulus for the activation of which are hydroxyl radicals. Further studies are 
necessary to elucidate the upstream signaling molecules involved in this action of biliverdin 
including the possible action on the Ca2+/calcineurin pathways. The findings presented here are 
the first to demonstrate a molecular basis for the action of biliverdin or bilirubin. 

We have shown that the suppressive effect of biliverdin on T cells was not related to its by 
assessing the viability (mentioned in the text). There is also supportive evidence that biliverdin 
was not acting by killing the T cells. CD25 expression level was not affected by biliverdin 
treatment (at 100 µM) following 6 h (Fig. 4c) and 24 h (data not shown) of anti-CD3 mAb 
stimulation. Further, the proliferative activity of cultured leukocytes suppressed by biliverdin 
treatment was restored by IL-2 supplementation (Fig. 4d). 

Biliverdin induced long-term acceptance of allografts accompanied with suppression of 
alloreactive T cell responses (Fig. 2a, b). Based on the present findings that biliverdin suppresses 
NFAT activation, we examined whether the blockade of NFAT activation by CsA would lead to 
a similar long-term acceptance of allografts in our mouse transplantation model. We inhibited 
NFAT with CsA at a dose (10 mg/kg/day) at which the immunosuppressive potency in vivo in 
terms of T cell proliferation was comparable with biliverdin (Fig. 5a, b). The continued survival 
of the DBA/2 cardiac allografts for more than 100 days in B6AF1 recipients after 2 weeks� 
treatment with CsA (n=5, data not shown) is consistent with the hypothesis that suppression of 
alloreactive T cell proliferation via suppression of NFAT activation is a key factor in the present 
model in achieving long-term graft survival. Inhibition of NF-κB activation by biliverdin could 
also contribute to allograft acceptance. Indeed, abrogation of NF-κB activation has been shown 
to suppress T cell activation and induce permanent acceptance of cardiac allografts by using 
inhibitory NF-κB (IκB) mutant transgenic mice (32). 

It is unclear whether the effect of biliverdin on induction of tolerance seen in our model is 
dependent on the strain combination. Heart transplantation from C57BL/6 (H-2b) to BALB/c (H�
2d) mice, a stringent full MHC mismatch combination, when biliverdin is given twice per day 
significantly, albeit modestly, prolonged graft survival (MST: 11 days, n=5, data not shown) as 
compared with non-treatment control (MST: 9 days, n=6, P<0.05, data not shown). This dosage 
of biliverdin is identical to that which led to 4 of 6 DBA/2 hearts undergoing long-term survival 



 

 

in B6AF1 recipients (Fig. 1a). This is also true for the effect of CsA at a dose of 10 mg/kg/day 
on heart graft survival prolongation in using C57BL/6 and BALB/c combination (33), although 
this same dose allows long-term (>100 days) acceptance of heart grafts in our DBA/2-to-B6AF1 
combination (n=5, data not shown). The C57BL/6 to BALB/c combination is a stronger 
immunogenetic disparity than the DBA/2 to B6AF1 combination. It is thus not surprising that 
both biliverdin and CsA are less effective in the more difficult combination. Whether a higher 
dose or different dosing schedule of biliverdin would allow long-term survival in combinations, 
such as C57BL/6 to BALB/c, or whether biliverdin will only yield long-term surviving organs in 
combinations with weaker immunogenetic disparities will require further studies. 

Mechanisms that underlie tolerance induction are diverse and highly dependent on the model. 
For example, CsA has profound but paradoxical effects on the induction of transplantation 
tolerance. Transient CsA treatment appears to favor the induction of suppressor cells and 
tolerance to rat heart transplants (34, 35). However, CsA inhibits activation induced cell death of 
alloreactive T cells and abrogates tolerance induction by co-stimulation blockade in mice (22). 
The suppression of alloaggressive T cells, reducing the size of those clones, is an important 
component of tolerance induction when the mechanism depends on the balance of alloaggressive 
vs. regulatory T cells (36). We have shown here that biliverdin may act in this manner by 
suppressing the alloreactive T cells. Because biliverdin treatment predominantly suppresses IL-2 
and IFN-γ (Fig. 4a, b) but does not lead to significant suppression of IL-4 and IL-10 secretion, it 
is also possible that a change in Th1/Th2 balance (decreased Th1 activity with no change in Th2) 
among the alloreactive T cell phenotypes may contribute to the induction of tolerance achieved 
by biliverdin. Also in our study, biliverdin mediated suppression of T cell proliferation was 
abolished by supplying recombinant IL-2 to the culture wells (Fig. 4d). This finding is consistent 
with the possibility that biliverdin treatment causes anergy in alloreactive T cells, which could 
also play a role in tolerance induction. Further studies are required to address these questions. 

In conclusion, we have demonstrated that biliverdin, one of the products of HO-1 action on 
heme, can suppress T cell proliferation and induce tolerance to cardiac allografts in mice. Our 
findings provide new insights into the mechanism of HO-1 mediated immunomodulation in the 
context of organ transplantation. The present results also encourage a potential therapeutic 
evaluation of biliverdin/bilirubin for clinical organ transplantation and other T cell mediated 
immune disorders. 
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Fig. 1 
 

 
 
                              
Figure 1. Exogenous biliverdin administration induces donor-specific tolerance to cardiac allografts. a) Kaplan-
Meier plotting of the DBA/2 cardiac allograft survival in B6AF1 mouse. Donor and recipient animals received non-
treatment (x) or biliverdin (at 50 µmol/kg, i.p.) once (�), twice (�), or three times (�) daily (n=6 per each group). All 
treatments were terminated at 2 weeks after transplantation. P<0.01, control vs. biliverdin (once per day), and P<0.001, 
control vs. biliverdin (both twice and three times per day). b) Kaplan-Meier plotting of the second cardiac allograft 
survival. Long-term heart graft accepting B6AF1 recipients by biliverdin treatments (twice or three times per day) accepted 
second heart grafts from theDBA/2 (donor strain; �) but not from FVB (third party; �) mice (n=3 per each group). 
P<0.05, DBA/2 vs. FVB. c) Microscopic appearance of the second heart allografts. DBA/2 and FVB grafts were examined 
on 60 and 11 days after the transplantation, respectively. Hematoxylin and eosin (H&E) staining (magnification, ×20). 



Fig. 2 
 

                    
 
Figure 2. Administration of biliverdin suppresses alloimmune responses in the transplant recipients. a) 
Immunohistochemistry of heart allografts 5 days after transplantation showing that biliverdin treatment reduces graft 
cellular infiltrates, including CD4+, CD8+ T cells, and Ki67+ proliferating cells. Photos are representative of 4 grafts per 
group for each stainings (magnification, ×40). b) Proliferation of splenocytes from B6AF1 cardiac recipients against donor 
antigens. Splenocytes obtained from the recipients 5 days after transplantation were co-cultured with the irradiated DBA/2 
splenocytes for 3 days, and 3H-thymidine incorporation was measured. Values are expressed as mean ± SEM of 4 
experiments; *P<0.05 and **P<0.01 compared with control. 


