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1. ABSTRACT

Cells have a plethora of defense mechanisms that
are activated upon exposure to oxidative stress. These aim
at limiting the deleterious effects of oxidative stress and
re-establishing homeostasis. In the particular context of
organ transplantation, these defense mechanisms contribute
to sustain graft survival via at least two interrelated
mechanisms. First, cytoprotection per se should support
survival and function of cells within a transplanted organ.
Second, cytoprotection could reduce immunogenicity of the
graft and modulate the activation of the recipient’s immune
system to promote regulatory (suppressive) responses that
sustain graft survival. Others and we have gathered
evidence, to suggest that the stress-responsive enzyme
Heme Oxygenase-1 (HO-1 encoded by the gene HmoxI)
acts in such a manner. Upon organ transplantation, HO-1 is
ubiquitously expressed in a transplanted organ, becoming
the rate-limiting enzyme in the catabolism of heme into
carbon monoxide (CO), iron (Fe) and biliverdin (1). There
is accumulating evidence to support the notion that HO-1
expression in a graft and in the recipient can prevent
rejection and promote immune tolerance. We will argue
that these effects are mediated to a large extent by limiting
the deleterious effects of free heme as well as by the
inherent cytoprotective and/or anti-inflammatory effects of
the end-products generated via heme catabolism.
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2. PROTECTIVE RESPONSES IN
TRANSPLANTED ORGAN: ACCOMMODATION

A

The notion that when expressed in a transplanted
organ a given gene or set of genes may be important in
sustaining its survival was based on findings of several
investigators in the 1980s including Slapak, Alexandre and
Bannett, who successfully transplanted kidneys between
ABO blood group incompatible individuals, an approach
that ordinarily led to hyperacute rejection of those kidneys
(2, 3). As hyperacute rejection was known to originate from
the deposition of anti-blood group antibodies and complement
activation on the vascular endothelium of the transplanted
organ, these investigators thought to deplete those circulating
antibodies (and complement) from the recipient, using multiple
plasmaphereses. The ABO blood group incompatible kidney
grafts were then transplanted under immunosuppression and
repetition of the plasmaphereses for a few days after
transplantation (2, 3). This insured that the levels of circulating
antibodies and complement remained at low levels for those
very few days that followed transplantation. These
investigators noticed however, that when anti-blood group
antibodies returned to normal levels days after transplantation,
there was no rejection (2, 3).

The conceptual model to explain this
phenomenon was provided by one of us (FHB) who
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suggested that these ABO incompatible kidney grafts might
survive because endothelial cells (EC) in the graft, instead
of being “activated” and promoting a pro-inflammatory
response leading to hyperacute rejection, up-regulated the
expression of one or several “protective genes” during the
first days after transplantation (4, 5). Presumably these
protective genes prevented the pro-inflammatory response
associated with EC activation, thus suppressing hyperacute
rejection (4, 5). The survival of a transplanted organ in the
presence of anti-EC antibodies and complement, that would
otherwise lead to the rejection of a naive graft, was referred
to as “accommodation” (4) (reviewed in (6)) and several
groups of investigators, including ourselves, became
interested in explaining the cellular and molecular basis of
this phenomenon.

That accommodation could be established
experimentally was first suggested using porcine to primate
kidney xenografts and thereafter using a more “easy to
handle” hamster to rat cardiac xenograft model (7, 8). We
adopted the second experimental model and used it
extensively to confirm initially that xenografts did
accommodate (9) and that the mechanism leading to
accommodation was associated with i) slow return of anti-
graft antibodies to the circulation after an initial period of
depletion (10) and ii) expression in the graft of putative
protective genes, including heme oxygenase-1 (HO-1
encoded by Hmox1), the zinc finger protein A20 and bcl-X
(11). Thereafter, low levels of anti-EC antibodies were
shown to induce the expression of some of these protective
genes (12, 13), thus establishing a casual link between the
kinetics of return of anti-graft antibodies to the circulation
and the expression of protective genes in accommodated
xenografts (reviewed in (6)).

3. A MOLECULAR BASIS FOR
ACCOMMODATION: EXPRESSION OF HEME
OXYGENASE-1

While useful to raise the notion that “protective
genes” might counter the rejection of a transplanted organ,
the technical inability to manipulate the graft (hamster)
genome made it impossible at the time to assess which, if
any, of these putative “protective genes” was involved in
sustaining graft survival. To test this hypothesis
experimentally, an alternative experimental model was
set-up by Nozomi Koyamada and Tsukasa Myatake
working with us. Briefly, these investigators found that in a
manner similar to hamster to rat transplants, mouse to rat
cardiac xenografts also accommodated when transplanted
into cobra venom factor (CVF) plus cyclosporine A (CsA)
treated rats (14). This experimental system, i.e. using the
mouse as a graft donor, had a significant advantage in that
it allowed for genetic deletion of putative protective genes
in the graft (mouse), enabling us to assess their role in the
establishment of accommodation (11, 14, 15). We were
aware at this time of the seminal work from Rex Tyrrel (16,
17), Karl Nath (18), Gyorgy and Jozsef Balla (19) as well
as that of Dean Willis (20) and colleagues, suggesting that
HO-1 acted in a protective manner in a variety of
situations. We decided, based largely on these data, to test
the putative role of HO-1 in graft accommodation, by
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making use of a mouse strain generated by Kenneth Poss in
which the HmoxI gene had been deleted by homologous
recombination (21, 22). Yuan Lin, a surgeon and transplant
immunobiologist who joined our laboratory at that time,
compared the ability of cardiac transplants harvested from
wild type (HmoxI1™") versus HmoxI deficient (HmoxI™)
mice to accommodate when transplanted into CVF plus
CyA treated rats. Contrary to grafts from HmoxI™" mice
that accommodated, those from HmoxI"" did not (15). This
simple observation demonstrated unequivocally that
expression of a single protective gene in a transplanted
organ, namely HO-1, could be absolutely critical to its
survival (6)(reviewed in 23). These observations also
brought back something first suggested by George Snell
more than 50 years ago that never gained traction in the
clinic: that manipulation of the donor organ could be used
to promote graft survival. Our studies focused the attention
on one single gene, i.e. HmoxI that could be of absolutely
critical importance in organ transplantation. The next
question become why was this one gene so critical to
sustain graft survival?

We initially asked whether the mechanism(s)
underlying the protective effects of HO-1 would involve
the end-products generated via heme catabolism, i.e. CO,
biliverdin (which is rapidly converted to bilirubin) and Fe
(which up-regulates ferritin). We decided to test CO, based
on unpublished preliminary data made available to us at the
time by Leo Otterbein and Augustine Choi, demonstrating
that this gas exerted potent anti-inflammatory effects in
monocyte/macrophages (24). By that time, these
investigators had also shown that CO inhalation prevented
the lethal effect of lung hyperoxia in mice (25). It became
apparent from their data that it was technically feasible to
apply CO in vivo and eventually test its putative role in
preventing the rejection of transplanted organs and/or
promoting accommodation. Koichiro Sato a post-doctoral
fellow with us did these experiments and demonstrated that
CO inhalation could act elsewhere than in the lung (a gas
exchange surface) to afford potent protective effects, i.e.
replace HO-1 and sustain the accommodation of mouse to
rat cardiac transplants (26). While critical in establishing
that CO generated by HO-1 could sustain graft survival, we
felt that there were at least two main questions that should
be addressed. First, could these findings be applied to
experimental settings that mimicked more closely what
occurs clinically when organs are transplanted and second,
why was the enzymatic reaction catalyzed by HO-1 and in
particular the gas CO so efficient in preventing the
rejection of transplanted organs?

4. EXPRESSION OF HO-1 PREVENTS
ISCHEMIA-REPERFUSION INJURY, THE INITIAL
PHASE OF GRAFT REJECTION

There is now ample evidence that induced
expression of HO-1 will ameliorate the damage done by
ischemia-reperfusion (IRI), an event inherent to all
transplanted organs to varying extents and critically
involved in their survival (reviewed in (27, 28)). The great
majority of the experimental work to support this notion
has been done in rodents (29-32) (reviewed in (28, 33)),
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with the original observation being provided by the group
of Jerzy W. Kupiec-Weglinski  showing  that
over-expression of HO-1 in the liver prevented IRI
associated with prolonged ischemia (24h, 4°C), as
measured by survival rate after transplantation into
syngeneic recipients (34). Presumably IRI in this
experimental model occurs independently of the recipient’s
adaptive immune response, given that the graft does not
express mismatched histocompatibility antigens that can be
recognized by the recipient’s T and B cell antigen
receptors. Therefore, the finding that HO-1 overexpression
could override IRI suggested that it prevented tissue injury
that occurs independently of B and/or T cells. This finding
also supported our original observation that HO-1
prevented xenograft rejection under conditions where CsA
suppressed T cell activation (15).

It is now well-established that innate immune
responses are critically involved in the pathogenesis of IRI.
This notion emerged from the finding that a given number
of germline encoded innate receptors, i.e. Toll like
receptors (TLR) are required to trigger IRI in transplanted
organs (35, 36). As HO-1 suppresses IRI, one possibility
would be that HO-1 would interfere with the ability of TLR
to trigger IRI. The observation that pharmacological
inhibition of HO activity increased TLR expression in
organs subjected to IRI and that in the absence of one
single TLR, i.e. TLR4, HO-1 was no longer required to
prevent IRI (37) supported this notion. The molecular basis
for this phenomenon has been recently provided by a set of
observations made by the group of Augustine Choi. These
investigators have shown that over-expression of HO-1 in a
mouse monocytic cell line (RAW264.7) interferes with
TLR cellular localization into lipid rafts, an event shown to
be required to support TLR signaling (38). This
phenomenon was demonstrated for several TLR, including
TLR2 and TLR4 (38), the two TLR shown to be
functionally involved in the pathogenesis of IRI (35, 36).
As discussed in more detail below, this effect relies on the
ability of HO-1 to dampen the generation of reactive
oxygen species (ROS).

Ischemia involves more than just keeping the
organ in low concentrations of O,, it also involves
temperature changes and other factors. After removal from
the donor, the organ to be transplanted is stored in a
preservation solution that has been developed to maintain
function in the organ. Following a number of hours of
storage (to mimic the clinical situation in which organs
from brain dead donors are used) the organ is transplanted
to the recipient and is reperfused in the recipient when
blood flow is re-established. This leads to the abrupt
delivery of O, to the graft. Because these organs have been
previously exposed to ischemia, O, cannot readily be used
by the mitochondrial electron transport chain, becoming
available to oxidative enzymes, e.g. NADPH oxidase, that
can promote the generation of ROS, i.e. superoxide (O),
hydrogen peroxide (H,O,) and hydroxyl ions (OH’) (39).
These ROS can trigger lipid peroxidation, oxidative
modifications of proteins as well as protein unfolding and
DNA damage, all of which are highly cytotoxic events
(40).
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To prevent the deleterious effects of ROS, cells
can up-regulate the expression of several anti-oxidant genes
(41, 42). However, the net anti-oxidant capacity afforded
by these genes is probably not sufficient per se to counter
the exceedingly high levels of ROS generated during
ischemia and reperfusion. Therefore ROS do accumulate
and pass a threshold level beyond which cytotoxicity
becomes irreversible, causing cells to undergo necrosis or
apoptosis, one of the main features associated with IRI
(43). So, the question becomes: how can HO-1 counter
these events?

It is likely that both experimental and clinical IRI
are associated with a certain level of hemolysis, leading to
hemoglobin (Hb) release into the extra-cellular space. In
the presence of ROS, ferrous (Fe'") Hb is rapidly oxidized
into methemoglobin (MetHb) (Fe™™) that in contrast with
ferrous Hb releases heme (reviewed in (44)), a hydrophobic
molecule that can intercalate in cytoplasmic membranes.
Seminal work by Balla and colleagues has demonstrated
that free heme derived from Hb does act in a deleterious
manner in EC (19, 45). Because the graft endothelium is
the physical interface between the recipient’s blood and the
parenchyma of the graft itself, it is reasonable to assume
that the cytotoxic effects of free heme may be exerted
primarily on the graft endothelium. While the exact
mechanism via which this occurs is not entirely clear, the
deleterious effects of free heme are most probably due to
the capacity of Fe in its inner core to act as a Fenton reactor
and in this manner promote the generation of ROS
(reviewed in (44)) (46) (47). Based on the well-established
role of ROS in the pathogenesis of IR, it is also likely that
mechanisms that would prevent free heme from
accumulating should have salutary effects in preventing EC
injury and therefore in suppressing IRI. As it turns out, HO-
1 does exactly that, i.e. it degrades heme (1). It thus seems
reasonable that heme degradation would be one of the
mechanisms via which HO-1 prevents IRI. However, this
effect is probably not sufficient by itself to afford
protection against IRI.

In the process of heme degradation, HO-1
generates potentially deleterious free Fe, which promotes
the generation of ROS via the Fenton reaction (47). Others
have referred to this as the HO-1 “Trojan Horse” effect
(48). However, one needs to consider that the Fe released
from heme degradation induces post-transcriptionally (thus
very rapidly) the expression of heavy chain (H) ferritin
(49), which forms a multimeric protein complex with light
chain ferritin that “scavenges” free cellular Fe and preclude
it from promoting the generation of ROS (50). This
process, originally shown by Balla and colleagues to afford
cytoprotection in EC (19) should in principle mitigate IRI.

Pascal Berberat in our laboratory collaborating
with Masamichi Katori from Jerzy W. Kupiec-Weglinski's
laboratory tested this hypothesis and confirmed that indeed
H-ferritin is anti-apoptotic in EC, showing in addition that
it prevents IRI when transduced into rat livers transplanted
into syngeneic recipients after a prolonged (24 hours)
period of cold ischemia (51). Presumably, this protective
effect occurs via the ability of H-ferritin to negate the
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participation of free Fe in the generation of ROS, an event
that promotes apoptosis via a complex mechanism
involving sustained c-Jun NH (2)-terminal kinase (JNK)
activation (52-54). HO-1 and H-ferritin may have
additional effects that could contribute to suppress IRI as
well.

Based on the recent demonstration that HO-1
controls TLR-driven signaling via inhibition of ROS
generation (38), it is likely that H-ferritin, which suppresses
ROS by limiting the participation of free Fe in the Fenton
reaction (52), would also contribute to this effect. While
this remains to be tested experimentally, such an effect
would be consistent with the ability of HO-1 and/or
H-ferritin to suppress IRI via inhibition of TLR signaling.

In addition to their inherent cytotoxicity, ROS
can promote the expression of pro-inflammatory genes
associated with EC activation. These genes encode
vasoconstrictors  (e.g. endothelin-1), cytokines (e.g.
interleukin-1beta (IL-1B) and IL-6), chemokines (e.g.
IL-8 and monocyte chemotactic protein 1 (MCP-1)),
adhesion molecules (e.g. E&P-selectins, intracellular
adhesion molecule 1 (ICAM-1), vascular cellular
adhesion molecule-1 (VCAM-1)) as well as pro-
thrombotic molecules (e.g. tissue factor (TF)) (reviewed
in (55)). Expression of these pro-inflammatory genes is
directly responsible for the activation and recruitment of
circulating  leukocytes, e.g. neutrophils  and
monocyte/macrophages, into the graft, a central aspect
of IRI (reviewed in (55)).

Expression of most of the pro-inflammatory
genes associated with EC activation is under the control of
nuclear factor kappa B (NF-xB), a family of transcription
factors that belong to the metazoa Rel/Dorsal family and
share among other features a common Rel homology
domain (RHD) (reviewed in (56)). There are five NF-xB
family members in humans and mice, i.e. RelA, c-Rel,
RelB, p50 and p52. The predominant member in EC is
most probably RelA, a protein of molecular mass
ranging from 60-65KDa depending on several possible
post-translational modifications that include
phosphorylation at serines 276 (57), 311 (58) and 529
(59) as well as acetylation at lysines 122, 123, 218 , 221
and 310 (60-63).

NF-kB mediated gene transcription is triggered
upon degradation of the cytoplasmic NF-xB inhibitor
molecules, i.e. IkB (reviewed in (56)). This allows for rapid
nuclear translocation and NF-kB binding to DNA kB
binding motifs GGGRNNYYCC (where R is a purine (A or
QG), Y is a pyrimidine (C or T), and N is any base) in the
promoter region of NF-kB dependent genes. For many
years IkB degradation was thought to be the main
regulatory step in NF-kB activation. However, several
additional mechanisms have now been shown to be
essential in regulating NF-kB activity (reviewed in (64)).
These include, but are not restricted to the phosphorylation
of Ser205 (65), Ser276 (66-68), Ser281 (65) and Ser311 in
the N-terminal domain of RelA (58). Phosphorylation of

4935

these phosphoacceptors is under the control of several
protein kinases including protein kinase A, i.e. Ser276 (67),
mitogen and stress activated kinase-1 (MSK1), i.e. Ser276
(67) and protein kinase C zeta (PKC(), i.e. Ser276 (66) and
Ser311 (58). As recently shown by Josef Anrather and
colleagues the net phosphorylation status of these serines
control not only the overall transactivation activity of RelA
but also its specificity for different subsets of target genes
(65).

We found that HO-1 expression in EC
down-regulates the expression of pro-inflammatory genes
associated with EC activation (69). Subsequently, Mark
Seldon and Gabriela Silva and one of us (MS) showed that
this effect results from inhibition of NF-kB (69). In
collaboration with Josef Anrather we found that inhibition
of NF-«xB occurs through the down modulation of labile Fe,
an effect that targets specifically RelA Ser276 (Seldon et al,
submitted  for  publication). Inhibition of RelA
phopshorylation at Ser276 down regulates RelA
transcriptional activity (65, 66) thus inhibiting the
transcription/expression  of  pro-inflammatory  genes
associated with EC activation. Given that there are several
NF-«kB dependent pro-inflammatory genes that contribute
to the pathogenesis of IRI, it is reasonable to assume that
inhibition of their expression via the mechanism described
above should counter the pathogenesis of IRI.

We have argued that the control of NF-kB
activation, such as afforded by the expression of HO-1 in
EC, aims at a functional compromise in that it inhibits the
expression of pro-inflammatory genes associated with EC
activation while maintaining the expression of several
NF-kB dependent genes, required to support the
cytoprotective effect of HO-1 (70). It is worth noticing that
H-ferritin expression can be controlled at the transcriptional
level via activation of NF-xB (71), an effect that is strictly
required to prevent TNF mediated apoptosis (52).
Therefore it is likely that H-ferritin would be one of the
NF-kB dependent genes “spared” by HO-1, an effect that
would explain the requirement of NF-«B activation to
promote the cytoprotective effect of HO-1 in EC (70). This
notion is also supported by the additive effect of CO and H-
ferritin in preventing EC from undergoing TNF-mediated
apoptosis (51).

In addition to H-ferritin, other end-products of
heme degradation by HO-1, i.e. CO and biliverdin are also
protective in IRI. The first demonstration that CO affords
protection against IRI was probably provided by Tomoyuki
Fujita in the laboratory of David Pinsky (72), showing that
both HO-1 and inhaled CO were highly protective against
lung IRI (72).

Yorihiro Akamatsu, a post-doctoral fellow in our
laboratory followed this line of research and demonstrated
that the protective effects of HO-1 in cardiac IRI in rats
could also be mediated via CO (32). Similar effects were
also observed in other studies using different experimental
rodent models of IRI (73-77) and more recently porcine
(78) IRI models. Interestingly, the original studies of
Yorihiro Akamatsu demonstrated unequivocally that pre-
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treatment of only the donor or the organ itself with CO
afforded beneficial effects (32). In each case, there was
better survival of the organ after transplantation than
without CO treatment (32). One interpretation of these
observations is that there is continuing damage from the
time the organ is prepared for removal to the reperfusion in
the recipient. If this is the case, then CO may act in the
organ to suppress this type of damage, via a mechanism
that remains to be established in organs but may be known,
at least in part, for pancreatic islet transplantation.

Our collaborator in Boston, Hongjun Wang, has
shown that treatment of only the donor of islets with CO
(or bilirubin — see below) results in suppression of
inflammation in those islets after transplantation (79)).
Without treatment, there is strong expression in the
transplanted islets of several pro-inflammatory genes,
including TNF (79). With only treatment of the donor of
the islets, the expression of these pro-inflammatory genes is
very significantly suppressed (79). Based on the concept
that inflammation promotes the activation of adaptive
immune responses, these findings suggest that the adaptive
immune response leading to rejection of those islets may be
blunted due to the suppression of inflammation.

Based on the work of Sophie Brouard in our
laboratory in Boston we would argue that the protective
effect of CO during IRI is mediated to a large extent via its
cytoprotective effects (80). This notion is supported by the
original finding of Sophie Brouard that HO-1 derived CO
acts via the p38 mitogen activated protein kinase (MAPK)
signal transduction pathway to prevent EC from
undergoing apoptosis (80). While cytoprotective per se,
such an effect may also limit the overall
inflammation/immunogenicity of a transplanted organ,
based o the ability of endogenous TLR ligands to promote
inflammation (see next section).

The molecular mechanism(s) via which CO
affords cytoprotection is still not clear. The data obtained
recently by Gabriela Silva at the Instituto Gulbenkian de
Ciéncia would suggest that CO inhibits specifically the
expression of the pro-apoptotic p38a isoform, thus
directing signals emanating from upstream kinases towards
the cytoprotective p38f isoform (81). That p38p sustains
the anti-apoptotic effect of HO-1 is demonstrated by the
observation that the cytoprotective effect of HO-1 are
ablated once p38f expression is suppressed using siRNA
(81) or when p38p is deleted by homologous recombination
(82). Taken together these data would suggest that the
anti-apoptotic effect of CO requires not only the expression
of p38B (82) but also the inhibition of p38a expression
(81). That this effect acts in vivo to prevent IRI is likely to
be the case as the ability of CO to prevent liver IRI was
shown to involve the activation of the p38 MAPK signal
transduction pathway (29).

We will argue that most, if not all the signal
transduction exerted by CO is mediated via its binding to
divalent metals such as Fe'" in the heme prosthetic groups
of heme proteins (83). One of such heme proteins is
gp91™* 2 major component of the multimeric NADPH
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oxidase complex, involved in the generation of ROS by
activated monocyte/macrophages and neutrophils. Both HO-1
and CO have been shown to down modulate NADPH
expression/activity (38, 84), an effect that as discussed above
should contribute to suppress IRI.

In addition to CO, other end products of HO-1
activity, i.e. biliverdin/bilirubin, have salutary effects including
the suppression of IRI. Several studies have been done both
with testing of a heart on a Langendorff after the ischemic
period (85) and with transplantation of the organ. Livers, the
small intestine, kidney, and hearts have all been shown to be
beneficially affected by pre-treatment with either biliverdin or
bilirubin (86, 87). It is presumed, but not proven, that a large
part of the salutary effects of such treatments relates to the
anti-oxidant effects of bilirubin (88). There is also preliminary
evidence that biliverdin/bilirubin and CO can act in an additive
manner in terms of overcoming IRI (74, 89).

While CO and biliverdin have beneficial effects,
we found that these molecules act by modulating different
aspects of the pathogenesis of IRI. Using the small bowel
to study IRI, CO and biliverdin both suppressed injury (18).
However, the two products acted on different pathological
processes. For instance, while CO improved blood flow and
biliverdin did not, biliverdin suppressed the expression of
adhesion molecules associated with EC activation and
reduced cellular infiltration while CO did not (18)(69). We
shall return to a discussion of these different functions of
CO and biliverdin later.

5. PROTECTIVE EFFECT OF HO-1 IN ACUTE
GRAFT REJECTION

There is now considerable evidence to suggest
that tissues exert control over effector responses generated
by adaptive immunity (90, 91). The overall view is that
cytotoxicity is a highly pro-inflammatory event that
promotes the activation of antigen presenting cells, namely
dendritic cells (92). Key to understanding this phenomenon
is the notion that dendritic cells can “sense” cytotoxicity
via recognition of intracellular hydrophobic molecules
released during necrosis (93). Such molecules have been
shown to include among others, uric acid (94) and high
mobility group box 1 (HMGB1) (95).

Recognition of hydrophobic domains in these
molecules is thought to be mediated primarily via TLR (93)
and probably other innate recognition receptors such as
recently shown for the Nod-like protein 3 (NALP3), which
recognizes uric acid (96) as well as the receptor for
advanced glycation end products (RAGE) that recognizes
to at least some extent HMGB1 (97). These germline
encoded innate receptors can trigger DC activation, a
critical event in the process by which these professional
antigen presenting cells become immunogenic, i.e. can
trigger the activation of naive CD4" T helper (Ty) cells
(reviewed in (98)). Given the above, the cytoprotective
effects exerted in a graft via the expression of HO-1 are
likely to down-modulate DC activation, in a manner that
would inhibit the subsequent activation of Ty leading to
graft rejection. This hypothesis remains however, to be
tested experimentally.
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Our work relating to acute graft rejection has
focused initially on testing whether exogenous CO and/or
biliverdin would impact this type of rejection. We found
that CO did not do so, although we hesitate to draw a final
conclusion until more doses and schedules have been
tested.

That HO-1 modulates Ty cell activation and/or
proliferation was suggested initially by the observation that
HO-1-deficient mice (HmoxI"") have higher numbers of
circulating activated peripheral Ty cells, as compared to
wild type (HmoxI"") mice (21, 22). With Santiago Zelenay
and colleagues at the Instituto Gulbenkian de Ciéncia we
have confirmed this observation in BALB/c and C57BL/6
HmoxI”" mice. However, we have so far failed to detect
any significant changes in Ty cell proliferation whether Ty
cells are isolated from HmoxI" or HmoxI"" mice (99).
This would suggest that when expressed physiologically in
Ty cells, HO-1 does not regulate TCR signal transduction
leading to proliferation (99). Others, however, have shown
that Ty cell activation/proliferation is exacerbated in
HmoxI"" versus HmoxI1™" mice (100). The reasons for this
discrepancy are not clear but could be related to differences
in the genetic background of the mouse strains used.

HO-1 over-expression in Ty cells inhibits Ty cell
proliferation (101). While this observation may have
therapeutic value, it does not provide evidence that HO-1 is
a physiologic regulator of Ty cell activation/proliferation.
Our data suggesting that proliferation of Ty cells from
HmoxI”" mice is similar to that of Ty cells from HmoxI™"
mice would argue that expression of HO-1 in Ty cells is not
part of a physiologic response that regulates Ty cell
activation/proliferation (99). A caveat to this conclusion is
that expression of HO-1 might control Ty cell
activation/proliferation only under conditions of oxidative
stress, which has so far not been tested.

When applied exogenously, CO (101, 102) as
well as biliverdin (103) down-modulate Ty cell
proliferation. This would suggest that these end-products of
HO-1 activity limit Ty cell activation and/or proliferation, a
notion at first difficult to reconcile with the observation that
HO-1 expression in Ty cells does not seem to modulate Ty
cell proliferation (99). However, these effects may be
explained by the recent observation that pharmacological
induction of HO-1 in DC, using cobalt protoporphyrin IX,
can suppress Ty cell proliferation in response to those DC,
suggesting that HO-1 might regulate Ty cell
activation/proliferation via DC cells (104). Angelo Chora at
the Instituto Gulbenkian de Ciéncia has confirmed these
results and shown that induction of HO-1 in DC suppresses
the activation of self-reactive Ty cells (105).

How two of the end products of HO-1 activity,
i.e. CO and biliverdin, inhibit the rejection of transplanted
organs also remains to be elucidated (103, 106-108). James
McDaid in our laboratory in Boston showed that
pharmacological  induction of HO-1 by cobalt
protoporphyrin IX can trigger alloreactive Ty cells to
undergo activation induced cell death (AICD) (109), a
regulatory mechanism that controls the extent of Ty cell
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responses and appears to be involved in some mechanisms
by which tolerance can be induced (110-112). The
observation that CO promotes Fas/CD95 mediated AICD,
suggests that it can mediate the pro-apoptotic effect of HO-
1 in Ty cells (102).

It is at first intriguing that CO would act as an
anti-apoptotic molecule in EC (15, 80) while promoting
activated Ty cells to undergo apoptosis (102). However,
these effects may synergize to prevent the rejection of
transplanted organs (reviewed in (27)). As discussed above
it is likely that by protecting EC from undergoing
apoptosis, HO-1 would limit irreversible graft injury
associated with IRI while on the other hand, by promoting
Ty cells to undergo AICD, probably limiting additional
injury to the graft. This may help to explain how the
expression of HO-1 in a graft recipient affords protective
effects in terms of preventing acute graft rejection in
rodents (108, 113).

Kenichiro Yamashita in our laboratory found that
biliverdin has a profound impact on acute rejection (103),
probably explaining how expression of HO-1 achieves this
effect. Treatment of the donor for only 1-2 days and the
recipient for 14 days (from day —1 to day +13 with regard
to transplantation) with biliverdin (50 uM/kg given twice
per day) led to long-term survival (>100 days) in a majority
of heart grafts from DBA/2 to B6AF1 mice (103). This
combination differs by one class I antigen (H-2K) and a
class II antigen (H-2I), and thus is a weaker combination
than some that differ by both H-2K and H-2D as well as
H-21. The biliverdin was given twice or three times a day
because of the very short half-life of circulating bilirubin
(approximately 3 hours) that is generated very rapidly after
biliverdin administration (103). Recipients carrying a long-
term surviving first heart graft accepted grafts from the
same donor strain without further treatment, while third-
party grafts were rejected promptly (103). This finding,
demonstrates that biliverdin can induce donor specific
immune tolerance.

In an attempt to understand further the cellular
basis of this phenomenon, Kenichiro Yamashita and James
McDaid studied the effects of biliverdin on T cells in vitro.
Biliverdin exerted potent anti-proliferative effects,
impairing signaling originated via the TCR and leading to
IL-2 transcription, required for alloreactive Ty cell
activation and proliferation (103). Biliverdin blocks nuclear
translocation of transcription factors required for /-2
transcription, i.e. nuclear factor kappa B (NF-«B) and
nuclear factor of activated T cells (NF-AT) (103). Such an
effect is likely to suppress alloreactive T cell activation
involved in acute as well as chronic graft rejection.

Based on the immunoregulatory effects of HO-1,
we reasoned that when generated endogenously, CO and/or
biliverdin might promote donor specific tolerance of a
transplanted organ. To test this hypothesis Kenichiro
Yamashita, James McDaid and Robert Ollinger asked
whether HO-1 expression was required for the induction of
tolerance when hearts from C57BL/6 (H-2%) mice are
transplanted into BALB/c (H-2%) recipients treated with the
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tolerance-inducing regimen of anti-CD40L antibody (MR-
1) plus donor specific transfusion (DST). We reasoned that
if HO-1 was required for tolerance induction, then Hmox!
deletion should lead to graft rejection. We confirmed
initially that grafts from HmoxI'" C57BL/6 donors could
be tolerized when transplanted into HmoxI"* BALB/c
recipients receiving DST 7 days before transplantation plus
anti-CD40L. However, this was no longer the case when
these grafts were transplanted under the same regimen into
HmoxI” recipients (114). Similarly, tolerance was also
ablated when HO activity was blocked pharmacologically
using zinc protoporphyrin IX (114). These observations
suggest that expression of HO-1 in the recipient can be
critical to establish tolerance.

These co-workers followed up this line of
investigation by asking whether expression of HO-1 in the
graft was also required for the establishment of tolerance.
They found that grafts from Hmox!”~ BALB/c donors were
tolerized when transplanted under the same regimen into
HmoxI™ recipients, suggesting that expression of HO-1 in
a graft is not strictly required to support tolerance induction
against that graft (114).

Having established that expression of HO-1 in the
graft recipient can be critical for tolerance induction,

Kenichiro Yamashita went on to test whether
pharmacological modulation of HO-1 could be used
therapeutically to promote tolerance induction. As

previously established, DST alone (day 0, at the time of
transplantation) failed to prolong the survival of DBA/2
(H-2% hearts transplanted into B6AF1 (H-2*) recipients.
However, long-term survival and (dominant peripheral)
tolerance were readily induced when DST was combined
with pharmacological induction of HO-1 by cobalt
protoporphyrin IX (114). The tolerogenic effect of HO-1
plus DST was dependent on the presence of regulatory Ty
cells (Tregs), as suggested by adoptively transferring these
cells into irradiated recipients under various regimens
(114).

Santiago Zelenay and colleagues at the Instituto
Gulbenkian de Ciéncia explored the possibility that HO-1
expression might be required for Treg development and
function, a hypothesis driven initially by the apparent
overlap of Treg and HO-1 immuno-regulatory functions in
various  experimental  models including  organ
transplantation (115). Also supporting this hypothesis were
a series of previous studies suggesting that HO-1
expression was required for Treg function (116, 117).
However, we found no apparent abnormalities of Treg
development and/or function in HmoxI”" versus HmoxI""
mice, indicating that at least under homeostatic conditions
Treg development and maintenance are not dependent on
HO-1. Further, Treg isolated from Hmox-1"" mice inhibited
Ty cell proliferation equally well in vivo and in vitro as
compared to Tregs from wild type Hmox1"* mice, once
more suggesting that Treg development and function are
independent of HO-1 expression. These findings are
consistent with the observation that HmoxI deletion does
not result in severe systemic lymphoproliferation early in
life, as it occurs in mice in which genes critically involved
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in Treg development and/or function have been deleted
(reviewed in (118)).

It is still possible, however, that HO-1 expression
and Treg may interact functionally to exert
immunoregulatory functions, including in suppressing the
rejection of transplanted organs. One possible scenario
would be that HO-1 expression in tissues and/or in DC
might affect the activation and expansion of Treg. It is also
possible that Tregs may act at least partially via the up-
regulation of the expression of protective genes, e.g. HO-1
in tissues and/or DC, thus inducing a tolerogenic effect
against transplanted organs (119).

6. PROTECTIVE EFFECT OF HO-1 IN CHRONIC
GRAFT REJECTION

It is now well-established that induction of HO-1
suppresses chronic graft rejection, one of the major causes
of graft failure in clinical transplantation. This was first
suggested by the finding made by Wayne Hancock and
colleagues (107), showing that pharmacological induction
of HO-1 using cobalt protoporphyrin IX suppressed the
development of chronic graft rejection of rodent cardiac
transplants (107). In this experimental system, i.e. DST
plus CD40L blockade, HO-1 is required to promote
tolerance induction (114), and suppress chronic lesions in
the graft (107). Interestingly, immunosuppressive protocols
that fail to induce tolerance also fail to induce HO-1
expression and possibly for that reason lead to the
development of chronic graft lesions (107). In a similar
manner, others found that exogenous HO-1 over-expression
also suppresses the development of chronic graft rejection
(120, 121) and protective effects have also been observed
in experimental models of vascular remodeling driven by
either transplantation (122) or wire or balloon injury (123-
125).

CO at least partially seems to mediate the ability
of HO-1 to prevent the development of chronic graft
rejection. That work developed in our laboratory in Boston
by Manabu Haga, in collaboration with Brian Zuckerbraun
and Leo Otterbein, used as an experimental model the
transplantation of a segment of aorta between allogeneic rat
strains. CO suppressed chronic graft rejection, i.e.
administration of CO for the full 56 days of the experiment
suppressed the development of arteriosclerosis (123).

More recently, others have suggested that the
ability of interleukin (IL)-10 to suppress chronic rejection
in the same experimental model is mediated via HO-1
(126), a finding in keeping with the previous observation
that HO-1 expression mediates the anti-inflammatory
effects of IL-10 (127).

The cellular and molecular mechanisms by which
CO prevents the development of arteriosclerotic lesions
remain to be established but there is evidence that CO can
act at the level of the vasculature to inhibit leukocyte
infiltration/activation (24) as well as smooth muscle cell
proliferation (125). In vitro, CO suppresses the
proliferation of vascular smooth muscle cells, almost
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certainly one of the mechanisms contributing to the in vivo
action (123). Both these effects, i.e. inhibition of leukocyte
infiltration/activation and smooth muscle cell proliferation,
are likely to suppress neointima formation, a hallmark of
chronic graft rejection (125).

While we have not tested whether biliverdin
would suppress chronic graft rejection, Robert Ollinger in
our laboratory has shown that when administered
exogenously, biliverdin or bilirubin can suppress intimal
hyperplasia that arises after balloon injury and that
biliverdin or bilirubin suppresses vascular smooth muscle
cell proliferation in vitro, (128). Based on the original data
obtained by Robert Ollinger, other investigators have
reported similar effects (129). Given the above it seems not
unlikely that biliverdin/bilirubin will also suppress chronic
graft rejection, but this remains to be tested.

Both CO and Dbiliverdin suppress the
pro-inflammatory response of monocyte/macrophages in
vivo as well as in vitro and to varying extents boost the
production of the anti-inflammatory cytokine IL-10 (130).
As discussed above, the anti-inflammatory effects of IL-10
that suppress chronic graft rejection (126) act via a process
that is presumably due to the induction of HO-1 (126).
Based on these and other data (127), one of us (MPS)
suggested that HO-1 may act as an amplification positive
feed back loop that enforces regulatory mechanisms
limiting tissue injury and inflammation (131), such as
involved in the pathogenesis of chronic graft rejection.

It should be noted that while both CO and
biliverdin suppress smooth muscle cell proliferation, they
do so by somewhat different mechanisms, both involving
p38 MAPK. While CO induces p38 MAPK to inhibit
smooth muscle cell proliferation (125), biliverdin does so
by suppressing p38 MAPK (128). We believe that as
demonstrated for the anti-apoptotic effect of CO in EC
(81), the anti-proliferative effect of CO in smooth muscle
cells may also be exerted via the selective activation of the
p38P. This also remains to be tested experimentally.

7. THE PROTECTIVE EFFECTS
CLINICAL TRANSPLANTATION

OF HO-1 IN

Transplanted kidneys undergoing acute rejection
under a standard immunosuppressive regimen have 70 fold
greater HO-1 mRNA expression, as compared to naive
kidneys (132). There are at least two possible reasons why
these grafts undergo acute rejection despite the expression
of HO-1 (132). One, that given the aggressive host immune
response, physiological expression of HO-1 may not be
sufficient per se to suppress graft rejection (132).
Alternatively, or in addition, the HO-1 response, which
occurs after the stress stimulus, may not be able to
overcome an already ongoing rejection response. These two
explanations might be summarized as: too little, too late.

Shown to be relevant to chronic graft rejection
(133), is a guanine-thymine (GT)n length polymorphism in
the 5° regulatory region of the human HO-1 gene, which
dictates the extent of HO-1 transcriptional inducibility
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(134). Short (GT)n repeats are associated with high
expression of HO-1 while long (GT)n repeats are
associated with low levels of expression in response to a
given stimulus (reviewed in (135)). A significantly better
long-term survival is associated with the presence of high
levels of HO-1 expression in the graft (133), as compared
to grafts expressing low levels of HO-1 (133, 136). As the
length of ischemia became greater, so did the beneficial
effect of a stronger HO-1 response (133). These clinical
data, combined with experimental transplant models,
support the concept that expression by grafts of protective
genes can help prevent chronic graft rejection. While other
approaches should of course continue to be tested, we are
biased that use of the HO-1 system with its products should
be high on any list of approaches to deal with chronic
rejection. These are natural products that appear to be
involved physiologically in the normal protection against
arteriosclerosis.

Certain immunosuppressive drugs might interfere
with the action of HO-1. Glucocorticoids down-regulate
HO-1 expression (137, 138) and more recently,
nephrotoxicity associated to Cyclosporin A has been
associated with reduced HO-1 expression and to be
reverted when HO-1 was induced pharmacologically prior
to CsA treatment (139). Other immunosuppressive drugs,
however, such as Rapamycin can themselves up-regulate
HO-1 expression (140). The latter effect could contribute to
the salutary effects of such immunosuppressive drugs in
preventing chronic graft rejection (141). The allotrap
peptide RDP58, likewise, leads to up-regulation of HO-1
with the same potential benefits (142). Given the above and
considering the central role of HO-1 in controlling graft
survival, immunosuppressive drugs used in clinical
transplantation should be monitored more extensively for
their ability to modulate the expression of this gene.

8. SUMMARY AND PERSPECTIVES

Transplantation has served on more than one
occasion to allow insights that extend far beyond this one
clinically important procedure. Studies in the 60s and 70s
used models of transplantation that led to much of what we
have learned about cell-mediated immunity in general. The
complexity of the processes leading to graft rejection
involves several of the same pathological processes that
underlie a large number of diseases and disorders. It is of
note that the expression of HO-1 or the administration of
the products of HO-1, including CO and biliverdin, leads to
the very actions that contravene these major pathological
processes: inflammation, oxidative stress, apoptosis,
aggressive T cell responses and proliferation of vascular
smooth muscle cells. It is absolutely remarkable that a
single genetic system would not only itself have a
beneficial action (removal of cytotoxic free heme by HO-1)
but also lead to the generation of three products that are
each protective (the generation of ferritin in the case of Fe
and the inclusion of bilirubin generation for biliverdin). We
believe that the studies with HO-1 in transplantation may
be expanded to a multitude of other inflammatory diseases,
a notion supported by emerging data from other as well as
our laboratories (105, 143).
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There are now multiple threads of evidence that
protection of the donor organ is critical for the avoidance of
rejection. This is true for early non-function, as especially
seen with islets, but also in the studies showing that a
stronger HO-1 response in the donor organ leads to a lesser
incidence of IRI and subsequently of chronic rejection. We
hope that the transplantation community will focus more on
potential therapies such as expressing HO-1 in or
administering an HO-1 product to the donor.

9. ACKNOWLEDGEMENTS

Miguel P. Soares and Fritz H. Bach worked
together for about a decade largely focusing on the issues
of transplantation as reviewed here. As of 2003, MPS set
up his laboratory at the Instituto Gulbenkian de Ciéncia in
Ociras, Portugal. We mention in the text the names of
collaborators who worked with us in Boston or Oeiras.
Individuals that we acknowledge as being major
contributors to the data contained herein include (in
alphabetical order) Yorihiro Akamatsu Pascal Berberat,
Sophie Brouard, Yuan Lin, James McDaid, Tsukasa
Myatake, Robert Ollinger, Kenichiro Yamashita, Nozomi
Koymada, Koichiro Sato, and Neal Smith among many.
This work was partially supported by European
Community, 6th Framework Grant LSH-2005-1.2.5-1
(Xenome), Phillip Morris External Research Program,
POCTI/SAU-MNO/56066/2004 and POCTI/BIA-
BCM/56829/2004 by “Fundagao para a Ciencia e
Tecnologia”, Portugal to MPS as well as NIH (HL77721
and HL-58688) and the Julie Henry Fund of the
Department of Surgery, Beth Israel Deaconess Medical
Center, Boston, MA, USA to FHB.

10. REFERENCES

1. Tenhunen, R., H. S. Marver & R. Schmid: The
enzymatic conversion of heme to bilirubin by microsomal
heme oxygenase. Proceedings of the National Academy of
Sciences of the United States of America, 61, 748-55 (1968)
2. Alexandre, G. P., J. P. Squifflet, M. De Bruyere, D.
Latinne, R. Reding, P. Gianello, M. Carlier & Y. Pirson:
Present experiences in a series of 26 ABO-incompatible
living donor renal allografts. Transplantation Proceedings,
19, 4538-42 (1987)

3. Slapak, M., R. B. Naik & H. A. Lee: Renal transplant in
a patient with major donor-recipient blood group
incompatibility: reversal of acute rejection by the use of
modified plasmapheresis. Transplantation, 31, 4-7 (1981)

4. Bach, F. H., M. A. Turman, G. M. Vercellotti, J. L. Platt &
A. P. Dalmasso: Accommodation: a working paradigm for
progressing toward clinical ~discordant xenografting.
Transplantation Proceedings, 23,205-7 (1991)

5. Platt, J. L., G. M. Vercellotti, A. P. Dalmasso, A. J. Matas,
R. M. Bolman, J. S. Najarian & F. H. Bach: Transplantation of
discordant xenografts: a review of progress. Immunology
Today, 11, 450-6; discussion 456-7 (1990)

6. Soares, M. P., Y. Lin, K. Sato, K. M. Stuhlmeier & F.
H. Bach: Accommodation. Immunology Today, 20, 434-
437 (1999)

7. Hasan, R., Van, den, Bogaerde, Jb, J. Wallwork & D. J.
White: Evidence that long-term survival of concordant

4940

xenografts is achieved by inhibition of antispecies antibody
production. Transplantation, 54, 408-13 (1992)

8. Hasan, R., Van, den, Bogaerde, J, J. Forty, L. Wright, J.
Wallwork & D. J. White: Xenograft adaptation is
dependent on the presence of antispecies antibody, not
prolonged residence in the recipient. Transplantation
Proceedings, 24, 531-2 (1992)

9. Lin, Y., M. P. Soares, K. Sato, K. Takigami, E.
Csizmadia, N. Smith & F. H. Bach: Accommodated
xenografts survive in the presence of anti-donor antibodies
and complement that precipitate rejection of naive
xenografts. Journal of Immunology, 163, 2850-2857 (1999)
10. Lin, Y., M. P. Soares, K. Sato, E. Csizmadia, S. C.
Robson, N. Smith & F. H. Bach: Long-term survival of
hamster hearts in presensitized rats. Journal of
Immunology, 164, 4883-92 (2000)

11. Bach, F. H., C. Ferran, P. Hechenleitner, W. Mark, N.
Koyamada, T. Miyatake, H. Winkler, A. Badrichani, D.
Candinas & W. W. Hancock: Accommodation of
vascularized xenografts: expression of "protective genes"
by donor endothelial cells in a host Th2 cytokine
environment. Nature Medicine, 3, 196-204 (1997)

12. Dorling, A., A. Delikouras, M. Nohadani, J. Polak & R.
I. Lechler: In vitro accommodation of porcine endothelial
cells by low dose human anti-pig antibody: reduced binding
of human lymphocytes by accommodated cells associated
with increased nitric oxide production.
Xenotransplantation, 5, 84-92 (1998)

13. Wang, N., J. M. Lee, E. Tobiasch, E. Csizmadia, N. R.
Smith, B. Gollackes, S. C. Robson, F. H. Bach & Y. Lin:
Induction of xenograft accommodation by modulation of
elicited antibody responsesl 2. Transplantation, 74, 334-45
(2002)

14. Koyamada, N., T. Miyatake, D. Candinas, W. Mark, P.
Hechenleitner, W. W. Hancock, M. P. Soares & F. H.
Bach: Transient complement inhibition plus T-cell
immunosuppression induces long-term survival of mouse-
to-rat cardiac xenografts. Transplantation, 65, 1210-5
(1998)

15. Soares, M. P., Y. Lin, J. Anrather, E. Csizmadia, K.
Takigami, K. Sato, S. T. Grey, R. B. Colvin, A. M. Choi,
K. D. Poss & F. H. Bach: Expression of heme oxygenase-1
can determine cardiac xenograft survival. Nat Med, 4,
1073-7 (1998)

16. Keyse, S. M. & R. M. Tyrrell: Induction of the heme
oxygenase gene in human skin fibroblasts by hydrogen
peroxide and UVA (365 nm) radiation: evidence for the
involvement of the hydroxyl radical. Carcinogenesis, 11,
787-91 (1990)

17. Keyse, S. M. & R. M. Tyrrell: Heme oxygenase is the
major 32-kDa stress protein induced in human skin
fibroblasts by UVA radiation, hydrogen peroxide, and
sodium arsenite. Proc Natl Acad Sci U S A, 86, 99-103
(1989)

18. Nath, K. A., G. Balla, G. M. Vercellotti, J. Balla, H. S.
Jacob, M. D. Levitt & M. E. Rosenberg: Induction of heme
oxygenase is a rapid, protective response in thabdomyolysis in
the rat. Journal of Clinical Investigation, 90, 267-70 (1992)
19. Balla, G., H. S. Jacob, J. Balla, M. Rosenberg, K. Nath,
F. Apple, J. W. Eaton & G. M. Vercellotti: Ferritin: a
cytoprotective antioxidant strategem of endothelium.
Journal of Biological Chemistry, 267, 18148-53 (1992)



Heme oxygenase-1 in organ transplantation

20. Willis, D., A. R. Moore, R. Frederick & D. A.
Willoughby: Heme oxygenase: a novel target for the
modulation of the inflammatory response. Nature
Medicine, 2, 87-90 (1996)

21. Poss, K. D. & S. Tonegawa: Reduced stress defense in
heme oxygenase 1-deficient cells. Proceedings of the
National Academy of Sciences of the United States of
America, 94, 10925-30 (1997)

22. Poss, K. D. & S. Tonegawa: Heme oxygenase 1 is
required for mammalian iron reutilization. Proceedings of
the National Academy of Sciences of the United States of
America, 94, 10919-24 (1997)

23. Soares, M. P., S. Brouard, R. N. Smith & F. H. Bach:
Heme oxygenase-1, a protective gene that prevents the
rejection of transplanted organs. Immunological Reviews,
184, 275-285 (2001)

24. Otterbein, L. E., F. H. Bach, J. Alam, M. P. Soares, H.
L. Tao, M. Wysk, R. Davis, R. Flavell & A. M. K. Choi:
Carbon monoxide mediates anti-inflammatory effects via
the mitogen activated protein kinase pathway. Nature
Medicine, 6, 422-428 (2000)

25. Otterbein, L. E., L. L. Mantell & A. M. Choi: Carbon
monoxide provides protection against hyperoxic lung
injury. American Journal of Physiology, 276, L688-94
(1999)

26. Sato, K., J. Balla, L. Otterbein, N. R. Snith, S. Brouard,
Y. Lin, E. Czismadia, J. Sevigny, S. C. Robson, G.
Vercellotti, A. M. K. Choi, F. H. Bach & M. P. Soares:
Carbon monoxide generated by heme oxygenase-1
suppresses the rejection of mouse to rat cardiac transplants.
Journal of Immunology, 166, 4185-4194 (2001)

27. Camara, N. O. & M. P. Soares: Heme oxygenase-1
(HO-1), a protective gene that prevents chronic graft
dysfunction. Free Radic Biol Med, 38, 426-35 (2005)

28. Katori, M., R. W. Busuttil & J. W. Kupiec-Weglinski:
Heme oxygenase-1 system in organ transplantation.
Transplantation., 74, 905-12 (2002)

29. Amersi, F., X. D. Shen, D. Anselmo, J. Melinek, S.
Iyer, D. J. Southard, M. Katori, H. D. Volk, R. W. Busuttil,
R. Buelow & J. W. Kupiec-Weglinski: Ex vivo exposure to
carbon monoxide prevents hepatic ischemia/reperfusion
injury through p38 MAP kinase pathway. Hepatology., 35,
815-23 (2002)

30. Katori, M., R. Buelow, B. Ke, J. Ma, A. J. Coito, S.
Iyer, D. Southard, R. W. Busuttii & J. W. Kupiec-
Weglinski: Heme oxygenase-1 overexpression protects rat
hearts from cold ischemia/reperfusion injury via an
antiapoptotic pathway. Transplantation, 73, 287-292
(2002)

31. Tullius, S. G., M. Nieminen-Kelha, R. Buelow, A.
Reutzel-Selke, P. N. Martins, J. Pratschke, U. Bachmann,
M. Lehmann, D. Southard, S. Iyer, G. Schmidbauer, B.
Sawitzki, P. Reinke, P. Neuhaus & H. D. Volk: Inhibition
of ischemia/reperfusion injury and chronic graft
deterioration by a single-donor treatment with cobalt-
protoporphyrin for the induction of heme oxygenase-1.
Transplantation., 74, 591-8 (2002)

32. Akamatsu, Y., M. Haga, S. Tyagi, K. Yamashita, A. V.
Graca-Souza, R. Ollinger, E. Czismadia, G. A. May, E.
Ifedigbo, L. E. Otterbein, F. H. Bach & M. P. Soares:
Heme oxygenase-1-derived carbon monoxide protects

4941

hearts from transplant associated ischemia reperfusion
injury. Faseb J, 18, 771-2 (2004)

33. Tsuchihashi, S., C. Fondevila & J. W. Kupiec-
Weglinski: Heme oxygenase system in ischemia and
reperfusion injury. Ann Transplant, 9, 84-7 (2004)

34. Amersi, F., R. Buelow, H. Kato, B. Ke, A. Coito, X.
Shen, D. Zhao, J. Zaky, J. Melinek, C. Lassman, J. Kolls, J.
Alam, T. Ritter, H. Volk, D. Farmer, R. Ghobrial, R.
Busuttil & J. Kupiec-Weglinski: Upregulation of heme
oxygenase-1 protects genetically fat Zucker rat livers from
ischemia/reperfusion  injury. Journal of  Clinical
Investigation, 104, 1631-1639 (1999)

35. Zhai, Y., X. D. Shen, R. O'Connell, F. Gao, C.
Lassman, R. W. Busuttil, G. Cheng & J. W. Kupiec-
Weglinski: Cutting edge: TLR4 activation mediates liver
ischemia/reperfusion inflammatory response via IFN
regulatory factor 3-dependent MyD88-independent pathway. J
Immunol, 173, 7115-9 (2004)

36. Wu, H. S., L. Wang & O. Rotstein: [TLR4 is involved in
hepatic ischemia/reperfusion injury in mice]. Zhonghua Gan
Zang Bing Za Zhi, 11, 424-6 (2003)

37. Shen, X. D., B. Ke, Y. Zhai, F. Gao, R. W. Busuttil, G.
Cheng & J. W. Kupiec-Weglinski: Toll-like receptor and heme
oxygenase-1 signaling in hepatic ischemia/reperfusion injury.
Am J Transplant, 5, 1793-800 (2005)

38. Nakahira, K., H. P. Kim, X. H. Geng, A. Nakao, X.
Wang, N. Murase, P. F. Drain, X. Wang, M. Sasidhar, E.
G. Nabel, T. Takahashi, N. W. Lukacs, S. W. Ryter, K. Morita
& A. M. Choi: Carbon monoxide differentially inhibits TLR
signaling pathways by regulating ROS-induced trafficking of
TLRs to lipid rafts. J Exp Med, 203, 2377-89 (2006)

39. Jassem, W. & N. D. Heaton: The role of mitochondria in
ischemia/reperfusion injury in organ transplantation. Kidney
Int, 66, 514-7 (2004)

40. De Broe, M. E., J. V. Bonventre, B. A. Molitoris & H.
Haller: Evolving basic concepts in ischemic injury. Kidney Int,
66,479 (2004)

41. Schimke, 1., M. Schikora, R. Meyer, H. P. Dubel, D.
Modersohn, F. X. Kleber & G. Baumann: Oxidative stress in
the human heart is associated with changes in the
antioxidative defense as shown after heart transplantation. Mol
Cell Biochem, 204, 89-96 (2000)

42. MacMillan-Crow, L. A., D. L. Cruthirds, K. M. Ahki, P.
W. Sanders & J. A. Thompson: Mitochondrial tyrosine
nitration precedes chronic allograft nephropathy. Free Radic
Biol Med, 31, 1603-8 (2001)

43. Kaushal, G. P., A. G. Basnakian & S. V. Shah: Apoptotic
pathways in ischemic acute renal failure. Kidney Int, 66, 500-6
(2004)

44. Balla, J., G. M. Vercellotti, V. Jeney, A. Yachie, Z. Varga,
J. W. Eaton & G. Balla: Heme, heme oxygenase and ferritin in
vascular endothelial cell injury. Mol Nutr Food Res, 49,
1030-43 (2005)

45. Balla, J., H. S. Jacob, G. Balla, K. Nath, J. W. Eaton &
G. M. Vercellotti: Endothelial-cell heme uptake from heme
proteins: induction of sensitization and desensitization to
oxidant damage. Proceedings of the National Academy of
Sciences of the United States of America, 90, 9285-9 (1993)
46. Sadrzadeh, S. M., E. Graf, S. S. Panter, P. E. Hallaway
& J. W. Eaton: Hemoglobin. A biologic fenton reagent. J
Biol Chem, 259, 14354-6 (1984)



Heme oxygenase-1 in organ transplantation

47. Fenton, H. G. H. Journal of the Chemical society
(Lond.), 65, (1894)

48. Platt, J. L. & K. A. Nath: Heme oxygenase: Protective
gene or Trojan horse. Nature Medicine, 4, 1364-1365
(1998)

49. Eisenstein, R. S., M. D. Garcia, W. Pettingell & H. N.
Munro: Regulation of ferritin and heme oxygenase
synthesis in rat fibroblasts by different forms of iron.
Proceedings of the National Academy of Sciences of the
United States of America, 88, 688-92 (1991)

50. Harrison, P. M. & P. Arosio: Ferritins - Molecular
Properties, Iron Storage Function and Cellular Regulation.
Biochimica et Biophysica Acta - Bioenergetics, 1275, 161-
203 (1996)

51. Berberat, P. O., M. Katori, E. Kaczmarek, D. Anselmo,
C. Lassman, B. Ke, X. Shen, R. W. Busuttil, K. Yamashita,
E. Csizmadia, S. Tyagi, L. E. Otterbein, S. Brouard, E.
Tobiasch, F. H. Bach, J. W. Kupiec-Weglinski & M. P.
Soares: Heavy chain ferritin acts as an antiapoptotic gene
that protects livers from ischemia reperfusion injury.
FASEB Journal, 17, 1724-6 (2003)

52. Pham, C. G., C. Bubici, F. Zazzeroni, S. Papa, J. Jones,
K. Alvarez, S. Jayawardena, E. De Smaele, R. Cong, C.
Beaumont, F. M. Torti, S. V. Torti & G. Franzoso: Ferritin
heavy chain wupregulation by NF-kappaB inhibits
TNFalpha-induced apoptosis by suppressing reactive
oxygen species. Cell, 119, 529-42 (2004)

53. Cozzi, A., S. Levi, B. Corsi, P. Santambrogio, A.
Campanella, G. Gerardi & P. Arosio: Role of iron and
ferritin in TNFalpha-induced apoptosis in HeLa cells.
FEBS Lett, 537, 187-92 (2003)

54. Xie, C., N. Zhang, H. Zhou, J. Li, Q. Li, T. Zarubin, S.
C. Lin & J. Han: Distinct roles of basal steady-state and
induced H-ferritin in tumor necrosis factor-induced death in
L929 cells. Mol Cell Biol, 25, 6673-81 (2005)

55. Cines, D. B, E. S. Pollak, C. A. Buck, J. Loscalzo, G.
A. Zimmerman, R. P. McEver, J. S. Pober, T. M. Wick, B.
A. Konkle, B. S. Schwartz, E. S. Barnathan, K. R. McCrae,
B. A. Hug, A. M. Schmidt & D. M. Stern: Endothelial cells
in physiology and in the pathophysiology of vascular
disorders. Blood, 91, 3527-61 (1998)

56. Perkins, N. D.: Integrating cell-signalling pathways
with NF-kappaB and IKK function. Nat Rev Mol Cell Biol,
8, 49-62 (2007)

57. Zhong, H., H. SuYang, H. Erdjument-Bromage, P.
Tempst & S. Ghosh: The transcriptional activity of NF-kB
is regulated by the IkB-associated PKAc subunit through a
cyclic AMP-independent mechanism. Cell, 89, 413-24
(1997)

58. Duran, A., M. T. Diaz-Meco & J. Moscat: Essential
role of RelA Ser311 phosphorylation by zetaPKC in NF-
kappaB transcriptional activation. Embo J, 22, 3910-8
(2003)

59. Wang, D. & A. S. Baldwin, Jr.: Activation of nuclear
factor-kappaB-dependent transcription by tumor necrosis
factor-alpha is mediated through phosphorylation of
RelA/p65 on serine 529. J Biol Chem, 273, 29411-6 (1998)
60. Fischle, W., E. Verdin & W. C. Greene: Duration of
nuclear NF-kappaB action regulated by reversible
acetylation. Science, 293, 1653-7 (2001)

61. Kiernan, R., V. Bres, R. W. M. Ng, M.-P. Coudart, S.
El Messaoudi, C. Sardet, D.-Y. Jin, S. Emiliani & M.

4942

Benkirane: Post-activation turn-off of NF-kappa B-
dependent transcription is regulated by acetylation of p65. J
Biol Chem, 278 2758-66 (2003)

62. Yeung, F., J. E. Hoberg, C. S. Ramsey, M. D. Keller, D.
R. Jones, R. A. Frye & M. W. Mayo: Modulation of NF-
kappaB-dependent transcription and cell survival by the
SIRT! deacetylase. EMBO J, 23 2369-80 (2004)

63. Chen, L. F., Y. Mu & W. C. Greene: Acetylation of
RelA at discrete sites regulates distinct nuclear functions of
NF-kappaB. Embo J, 21, 6539-48 (2002)

64. Chen, L. F. & W. C. Greene: Shaping the nuclear action
of NF-kappaB. Nat Rev Mol Cell Biol, 5, 392-401 (2004)
65. Anrather, J., G. Racchumi & C. Iadecola: cis-acting,
element-specific transcriptional activity of differentially
phosphorylated nuclear factor-kappa B. J Biol Chem, 280,
244-52 (2005)

66. Anrather, J., V. Csizmadia, M. P. Soares & H. Winkler:
Regulation of NF-kB RelA phosphorylation and
transcriptional activity by p21 (ras) and protein kinase C
in primary endothelial cells. Journal of Biological Chemistry,
274, 13594-13603 (1999)

67. Zhong, H., H. SuYang, H. Erdjument-Bromage, P. Tempst
& S. Ghosh: The transcriptional activity of NF-kappaB is
regulated by the IkappaB-associated PKAc subunit through a
cyclic AMP-independent mechanism. Cell, 89, 413-24 (1997)
68. Vermeulen, L., G. De Wilde, P. Van Damme, W. Vanden
Berghe & G. Haegeman: Transcriptional activation of the NF-
kappaB p65 subunit by mitogen- and stress-activated protein
kinase-1 (MSK1). Embo J, 22, 1313-24 (2003)

69. Soares, M. P, M. P. Seldon, I. P. Gregoire, T.
Vassilevskaia, P. O. Berberat, J. Yu, T. Y. Tsui & F. H. Bach:
Heme oxygenase-1 modulates the expression of adhesion
molecules associated with endothelial cell activation. J
Immunol, 172, 3553-63 (2004)

70. Brouard, S., P. O. Berberat, E. Tobiasch, M. P. Seldon, F.
H. Bach & M. P. Soares: Heme oxygenase-1-derived carbon
monoxide requires the activation of transcription factor NF-
kappa B to protect endothelial cells from tumor necrosis factor-
alpha-mediated apoptosis. Journal of Biological Chemistry.,
277, 17950-61 (2002)

71.Kwak, E. L., D. A. Larochelle, C. Beaumont, S. V. Torti &
F. M. Torti: Role for NF-kappa B in the regulation of ferritin H
by tumor necrosis factor-alpha. Journal of Biological
Chemistry., 270, 15285-93 (1995)

72. Fuyjita, T., K. Todal, A. Karimoval, S. F. Yanl, Y. Nakal,
S. Yet & D. J. Pinsky: Paradoxical rescue from ischemic lung
injury by inhaled carbon monoxide driven by derepression of
fibrinolysis. Nature Medicine, 7, 598-604 (2001)

73. Nakao, A., K. Kimizuka, D. B. Stolz, J. Seda Neto, T.
Kaizu, A. M. Choi, T. Uchiyama, B. S. Zuckerbraun, A. J.
Bauer, M. A. Nalesnik, L. E. Otterbein, D. A. Geller & N.
Murase: Protective effect of carbon monoxide inhalation for
cold-preserved small intestinal grafts. Surgery, 134, 285-92
(2003)

74. Nakao, A., K. Kimizuka, D. B. Stolz, J. S. Neto, T. Kaizu,
A. M. Choi, T. Uchiyama, B. S. Zuckerbraun, M. A. Nalesnik,
L. E. Otterbein & N. Murase: Carbon monoxide inhalation
protects rat intestinal grafts from ischemia/reperfusion injury.
Am J Pathol, 163, 1587-98 (2003)

75. Bak, 1., L. Szendrei, T. Turoczi, G. Papp, F. Joo, D. K.
Das, J. de Leiris, P. Der, B. Juhasz, E. Varga, 1. Bacskay, J.
Balla, P. Kovacs & A. Tosaki: Heme oxygenase-1-related



Heme oxygenase-1 in organ transplantation

carbon monoxide production and ventricular fibrillation in
isolated ischemic/reperfused mouse myocardium. Faseb J,
17,2133-5 (2003)

76. Bak, 1., G. Papp, T. Turoczi, E. Varga, L. Szendrei, M.
Vecsernyes, F. Joo & A. Tosaki: The role of heme
oxygenase-related carbon monoxide and ventricular
fibrillation in ischemic/reperfused hearts. Free Radic Biol
Med, 33, 639-48 (2002)

77. Clark, J. E., P. Naughton, S. Shurey, C. J. Green, T. R.
Johnson, B. E. Mann, R. Foresti & R. Motterlini:
Cardioprotective actions by a water-soluble carbon
monoxide-releasing molecule. Circulation Research., 93,
¢2-8 (2003)

78. Lavitrano, M., R. T. Smolenski, A. Musumeci, M.
Maccherini, E. Slominska, E. Di Florio, A. Bracco, A.
Mancini, G. Stassi, M. Patti, R. Giovannoni, A. Froio, F.
Simeone, M. Forni, M. L. Bacci, G. D'Alise, E. Cozzi, L. E.
Otterbein, M. H. Yacoub, F. H. Bach & F. Calise: Carbon
monoxide improves cardiac energetics and safeguards the
heart during reperfusion after cardiopulmonary bypass in
pigs. Faseb J, 18, 1093-5 (2004)

79. Wang, H., S. S. Lee, W. Gao, E. Czismadia, J. McDaid,
R. Ollinger, M. P. Soares, K. Yamashita & F. H. Bach:
Donor treatment with carbon monoxide can yield islet
allograft survival and tolerance. Diabetes, 54, 1400-6
(2005)

80. Brouard, S., L. E. Otterbein, J. Anrather, E. Tobiasch,
F. H. Bach, A. M. Choi & M. P. Soares: Carbon monoxide
generated by heme oxygenase 1 suppresses endothelial cell
apoptosis. J Exp Med, 192, 1015-26 (2000)

81. Silva, G., A. Cunha, L. P. Gregoire, M. P. Seldon & M.
P. Soares: The Antiapoptotic Effect of Heme Oxygenase-1
in Endothelial Cells Involves the Degradation of
p38{alpha} MAPK Isoform. J Immunol, 177, 1894-903
(2006)

82. Kim, H. P, X. Wang, J. Zhang, G. Y. Suh, L. J.
Benjamin, S. W. Ryter & A. M. Choi: Heat shock protein-
70 mediates the cytoprotective effect of carbon monoxide:
involvement of p38beta MAPK and heat shock factor-1. J
Immunol, 175, 2622-9 (2005)

83. Verma, A., D. J. Hirsch, C. E. Glatt, G. V. Ronnett & S.
H. Snyder: Carbon monoxide: a putative neural messenger.
Science, 259, 381-4 (1993)

84. Taille, C., J. El-Benna, S. Lanone, M. C. Dang, E.
Ogier-Denis, M. Aubier & J. Boczkowski: Induction of
heme oxygenase-1 inhibits NAD (P)H oxidase activity by
down-regulating cytochrome bS58 expression via the
reduction of heme availability. J Biol Chem, 279, 28681-8
(2004)

85. Clark, J. E., R. Foresti, P. Sarathchandra, H. Kaur, C. J.
Green & R. Motterlini: Heme oxygenase-1-derived
bilirubin ameliorates postischemic myocardial dysfunction.
American Journal of Physiology - Heart & Circulatory
Physiology., 278, H643-51 (2000)

86. Nakao, A., J. S. Neto, S. Kanno, D. B. Stolz, K.
Kimizuka, F. Liu, F. H. Bach, T. R. Billiar, A. M. Choi, L.
E. Otterbein & N. Murase: Protection against
ischemia/reperfusion injury in cardiac and renal
transplantation with carbon monoxide, biliverdin and both.
Am J Transplant, 5, 282-91 (2005)

87. Fondevila, C., X. D. Shen, S. Tsuchiyashi, K.
Yamashita, E. Csizmadia, C. Lassman, R. W. Busuttil, J.

4943

W. Kupiec-Weglinski & F. H. Bach: Biliverdin therapy
protects rat livers from ischemia and reperfusion injury.
Hepatology, 40, 1333-41 (2004)

88. Stocker, R., Y. Yamamoto, A. F. McDonagh, A. N.
Glazer & B. N. Ames: Bilirubin is an antioxidant of
possible physiological importance. Science, 235, 1043-6
(1987)

89. Nakao, A., L. E. Otterbein, M. Overhaus, J. K. Sarady,
A. Tsung, K. Kimizuka, M. A. Nalesnik, T. Kaizu, T.
Uchiyama, F. Liu, N. Murase, A. J. Bauer & F. H. Bach:
Biliverdin protects the functional integrity of a transplanted
syngeneic small bowel. Gastroenterology, 127, 595-606
(2004)

90. Matzinger, P.: Tolerance, danger, and the extended
family. Annual Review of Immunology, 12, 991-1045
(1994)

91. Matzinger, P.: The danger model: a renewed sense of
self. Science, 296, 301-5 (2002)

92. Gallucci, S., M. Lolkema & P. Matzinger: Natural
adjuvants: endogenous activators of dendritic cells. Nat
Med, 5, 1249-55 (1999)

93. Seong, S. Y. & P. Matzinger: Hydrophobicity: an
ancient damage-associated molecular pattern that initiates
innate immune responses. Nat Rev Immunol, 4, 469-78
(2004)

94. Shi, Y., J. E. Evans & K. L. Rock: Molecular
identification of a danger signal that alerts the immune
system to dying cells. Nature, 425, 516-21 (2003)

95. Scaffidi, P., T. Misteli & M. E. Bianchi: Release of
chromatin protein HMGB1 by necrotic cells triggers
inflammation. Nature, 418, 191-5 (2002)

96. Martinon, F., V. Petrilli, A. Mayor, A. Tardivel & J.
Tschopp: Gout-associated uric acid crystals activate the
NALP3 inflammasome. Nature, 440, 237-41 (2006)

97. Bierhaus, A., P. M. Humpert, M. Morcos, T. Wendt, T.
Chavakis, B. Arnold, D. M. Stern & P. P. Nawroth:
Understanding RAGE, the receptor for advanced glycation end
products. J Mol Med, 83, 876-86 (2005)

98. Reis e Sousa, C.: Dendritic cells in a mature age. Nat Rev
Immunol, 6, 476-83 (2006)

99. Zelenay, S., A. Chora, M. P. Soares & J. Demengeot:
Heme oxygenase-1 is not required for mouse regulatory T cell
development and function. Int Immunol 19, 11-18 (2007)

100. Kapturczak, M. H., C. Wasserfall, T. Brusko, M.
Campbell-Thompson, T. M. Ellis, M. A. Atkinson & A.
Agarwal: Heme oxygenase-1 modulates early inflammatory
responses: evidence from the heme oxygenase-1-deficient
mouse. Am J Pathol, 165, 1045-53 (2004)

101. Pae, H. O., G. S. Oh, B. M. Choi, S. C. Chae, Y. M. Kim,
K. R. Chung & H. T. Chung: Carbon monoxide produced by
heme oxygenase-1 suppresses T cell proliferation via
inhibition of IL-2 production. J Immunol, 172, 4744-51 (2004)
102. Song, R., R. S. Mahidhara, Z. Zhou, R. A. Hoffman, D.
W. Seol, R. A. Flavell, T. R. Billiar, L. E. Otterbein & A. M.
Choi: Carbon monoxide inhibits T lymphocyte proliferation
via caspase-dependent pathway. J Immunol, 172, 1220-6
(2004)

103. Yamashita, K., J. McDaid, R. Ollinger, T. Y. Tsui, P. O.
Berberat, A. Usheva, E. Csizmadia, R. N. Smith, M. P. Soares
& F. H. Bach: Biliverdin, a natural product of heme
catabolism, induces tolerance to cardiac allografts. Faseb J,
18, 765-7 (2004)



Heme oxygenase-1 in organ transplantation

104. Chauveau, C., S. Remy, P. J. Royer, M. Hill, S.
Tanguy-Royer, F. X. Hubert, L. Tesson, R. Brion, G.
Beriou, M. Gregoire, R. Josien, M. C. Cuturi & 1. Anegon:
Heme oxygenase-1 expression inhibits dendritic cell
maturation and pro-inflammatory function but conserves
IL-10 expression. Blood, 106, 1694-702 (2005)

105. Chora, A. A., P. Fontoura, C. A., T. F. Pais, S.
Cardoso, P. P. Ho, L. Y. Lee, R. A. Sobel, L. Steinman &
M. P. Soares: Heme oxygenase—1 and carbon monoxide
suppress autoimmune neuroinflammation. Journal of
Clinical Investigation, 117, 438-447 (2007)

106. Cuturi, M. C., F. Christoph, J. Woo, S. Iyer, S.
Brouard, J. M. Heslan, P. Pignon, J. P. Soulillou & R.
Buelow: RDP1258, a new rationally designed
immunosuppressive peptide, prolongs allograft survival in
rats: analysis of its mechanism of action. Mol Med, 5, 820-
32 (1999)

107. Hancock, W. W., R. Buelow, M. H. Sayegh & L. A.
Turka: Antibody-induced transplant arteriosclerosis is
prevented by graft expression of anti-oxidant and anti-
apoptotic genes. Nature Medicine, 4, 1392-1396 (1998)
108. Araujo, J. A., L. Meng, A. D. Tward, W. W. Hancock,
Y. Zhai, A. Lee, K. Ishikawa, S. Iyer, R. Buelow, R. W.
Busuttil, D. M. Shih, A. J. Lusis & J. W. Kupiec-
Weglinski: Systemic rather than local heme oxygenase-1
overexpression improves cardiac allograft outcomes in a
new transgenic mouse. Journal of Immunology, 171, 1572-
80 (2003)

109. McDaid, J., K. Yamashita, A. Chora, R. Ollinger, T.
B. Strom, X. C. Li, F. H. Bach & M. P. Soares: Heme
oxygenase-1 modulates the allo-immune response by
promoting activation-induced cell death of T cells. Faseb J,
19, 458-60 (2005)

110. Van Parijs, L., A. Ibraghimov & A. K. Abbas: The
roles of costimulation and Fas in T cell apoptosis and
peripheral tolerance. Immunity, 4, 321-8 (1996)

111. Refaeli, Y., L. Van Parijs, C. A. London, J. Tschopp
& A. K. Abbas: Biochemical mechanisms of IL-2-regulated
Fas-mediated T cell apoptosis. Immunity, 8, 615-23 (1998)
112. Green, D. R., N. Droin & M. Pinkoski: Activation-
induced cell death in T cells. Immunol Rev, 193, 70-81
(2003)

113. Braudeau, C., D. Bouchet, L. Tesson, S. Iyer, S.
Remy, R. Buelow, I. Anegon & C. Chauveau: Induction of
long-term cardiac allograft survival by heme oxygenase-1
gene transfer. Gene Ther, 11, 701-10 (2004)

114. Yamashita, K., R. Ollinger, J. McDaid, H. Sakahama,
H. Wang, S. Tyagi, E. Csizmadia, N. R. Smith, M. P.
Soares & F. H. Bach: Heme oxygenase-1 is essential for
and promotes tolerance to transplanted organs. Faseb J
(2006)

115. Brusko, T. M., C. H. Wasserfall, A. Agarwal, M. H.
Kapturczak & M. A. Atkinson: An integral role for heme
oxygenase-1 and carbon monoxide in maintaining
peripheral tolerance by CD4+CD25+ regulatory T cells. J
Immunol, 174, 5181-6 (2005)

116. Pae, H. O., G. S. Oh, B. M. Choi, S. C. Chae & H. T.
Chung: Differential expressions of heme oxygenase-1 gene
in CD25- and CD25+ subsets of human CD4+ T cells.
Biochem Biophys Res Commun, 306, 701-5 (2003)

117. Choi, B. M., H. O. Pae, Y. R. Jeong, Y. M. Kim & H.
T. Chung: Critical role of heme oxygenase-1 in Foxp3-

4944

mediated immune suppression. Biochem Biophys Res
Commun, 327, 1066-71 (2005)

118. Sakaguchi, S.: Naturally arising CD4+ regulatory t
cells for immunologic self-tolerance and negative control
of immune responses. Annu Rev Immunol, 22, 531-62
(2004)

119. Oliveira, V., A. Agua-Doce, J. Duarte, M. P. Soares &
L. Graca: Regulatory T cell maintenance of dominant
tolerance: induction of tissue self-defense? Transpl
Immunol, 17, 7-10 (2006)

120. Tsui, T. Y., X. Wu, C. K. Lau, D. W. Ho, T. Xu, Y. T.
Siu & S. T. Fan: Prevention of chronic deterioration of
heart allograft by recombinant adeno-associated virus-
mediated heme oxygenase-1 gene transfer. Circulation,
107, 2623-9 (2003)

121. Bouche, D., C. Chauveau, J. C. Roussel, P. Mathieu, C.
Braudeau, L. Tesson, J. P. Soulillou, S. Iyer, R. Buelow & L.
Anegon: Inhibition of graft arteriosclerosis development in rat
aortas following heme oxygenase-1 gene transfer. Transplant
Immunology, 9, 235-8 (2002)

122. Chauveau, C., D. Bouchet, J. C. Roussel, P. Mathieu, C.
Braudeau, K. Renaudin, L. Tesson, J. P. Soulillou, S. Iyer, R.
Buelow & 1. Anegon: Gene transfer of heme oxygenase-1 and
carbon monoxide delivery inhibit chronic rejection. American
Journal of Transplantation, 2, 581-92 (2002)

123. Tulis, D. A., W. Durante, K. J. Peyton, A. J. Evans & A.
I. Schafer: Heme oxygenase-1 attenuates vascular remodeling
following balloon injury in rat carotid arteries. Atherosclerosis,
155, 113-22 (2001)

124. Duckers, H. J., M. Boehm, A. L. True, S. Yet, H. San, J.
L. R. Park, C. Webb, M. Lee, G. J. Nabel & E. G. Nabel:
Heme oxygenase-1 protects against vascular constriction and
proliferation. Nature Medicine, 7, 693-698 (2001)

125. Otterbein, L. E., B. S. Zuckerbraun, M. Haga, F. Liu, R.
Song, A. Usheva, C. Stachulak, N. Bodyak, R. N. Smith, E.
Csizmadia, S. Tyagi, Y. Akamatsu, R. J. Flavell, T. R. Billiar,
E. Tzeng, F. H. Bach, A. M. Choi & M. P. Soares: Carbon
monoxide suppresses arteriosclerotic lesions associated with
chronic graft rejection and with balloon injury. Nature
Medicine, 9, 183-90 (2003)

126. Chen, S., M. H. Kapturczak, C. Wasserfall, O. Y.
Glushakova, M. Campbell-Thompson, J. S. Deshane, R.
Joseph, P. E. Cruz, W. W. Hauswirth, K. M. Madsen, B. P.
Croker, K. I. Berns, M. A. Atkinson, T. R. Flotte, C. C. Tisher
& A. Agarwal: Interleukin 10 attenuates neointimal
proliferation and inflammation in aortic allografts by a heme
oxygenase-dependent pathway. Proc Natl Acad Sci U S A,
102, 7251-6 (2005)

127. Lee, T. S. & L. Y. Chau: Heme oxygenase-1 mediates the
anti-inflammatory effect of interleukin-10 in mice. Nature
Medicine., 8, 240-6 (2002)

128. Ollinger, R., M. Bilban, A. Erat, A. Froio, J. McDaid, S.
Tyagi, E. Csizmadia, A. V. Graca-Souza, A. Liloia, M. P.
Soares, L. E. Otterbein, A. Usheva, K. Yamashita & F. H.
Bach: Bilirubin: a natural inhibitor of vascular smooth muscle
cell proliferation. Circulation, 112, 1030-9 (2005)

129. Nakao, A., N. Murase, C. Ho, H. Toyokawa, T. R. Billiar
& S. Kanno: Biliverdin administration prevents the formation
of intimal hyperplasia induced by vascular injury. Circulation,
112, 587-91 (2005)

130. Sarady-Andrews, J. K., F. Liu, D. Gallo, A. Nakao, M.
Overhaus, R. Ollinger, A. M. Choi & L. E. Otterbein:



Heme oxygenase-1 in organ transplantation

Biliverdin administration protects against endotoxin-
induced acute lung injury in rats. Am J Physiol Lung Cell
Mol Physiol, 289, L1131-7 (2005)

131. Soares, M. P.: VEGF: Is it just an inducer of heme
oxygenase-1 expression. Blood, 103, 751 (2004)

132. Avihingsanon, Y., N. Ma, E. Csizmadia, C. Wang, M.
Pavlakis, M. Giraldo, T. B. Strom, M. P. Soares & C.
Ferran: Expression of protective genes in human renal
allografts: a regulatory response to injury associated with
graft rejection. Transplantation., 73, 1079-85 (2002)

133. Baan, C., A. Peeters, F. Lemos, A. Uitterlinden, 1.
Doxiadis, F. Claas, J. [jzermans, J. Roodnat & W. Weimar:
Fundamental role for HO-1 in the self-protection of renal
allografts. Am J Transplant, 4, 811-8 (2004)

134. Kimpara, T., A. Takeda, K. Watanabe, Y. Itoyama, S.
Ikawa, M. Watanabe, H. Arai, H. Sasaki, S. Higuchi, N.
Okita, S. Takase, H. Saito, K. Takahashi & S. Shibahara:
Microsatellite  polymorphism in the human heme
oxygenase-1 gene promoter and its application in
association studies with Alzheimer and Parkinson disease.
Human Genetics, 100, 145-7 (1997)

135. Exner, M., E. Minar, O. Wagner & M. Schillingery:
The role of heme oxygenase-1 promoter polynorphism on
human disease. Free Radical Biology & Medicine,
37,1097-104 (2004)

136. Exner, M., G. A. Bohmig, M. Schillinger, H. Regele,
B. Watschinger, W. H. Horl, M. Raith, C. Mannhalter & O.
F. Wagner: Donor heme oxygenase-1 genotype is
associated with renal allograft function. Transplantation,
77, 538-42 (2004)

137. Deramaudt, T. B., J. L. da Silva, P. Remy, A. Kappas
& N. G. Abraham: Negative regulation of human heme
oxygenase in microvessel endothelial cells by
dexamethasone. Proc Soc Exp Biol Med, 222, 185-93
(1999)

138. Lavrovsky, Y., G. S. Drummond & N. G. Abraham:
Downregulation of the human heme oxygenase gene by
glucocorticoids and identification of 56b regulatory
elements. Biochem Biophys Res Commun, 218, 759-65
(1996)

139. Goncalves, G. M., M. A. Cenedeze, C. Q. Feitoza, C.
B. de Paula, G. D. Macusso, H. S. Pinheiro, P. Teixeira
Vde, M. A. dos Reis, A. Pacheco-Silva & N. O. Camara:
Heme oxygenase 1 and renal ischemia and reperfusion
injury: the impact of immunosuppressive drug. Int
Immunopharmacol, 6, 1966-72 (2006)

140. Visner, G. A., F. Lu, H. Zhou, J. Liu, K. Kazemfar &
A. Agarwal: Rapamycin induces heme oxygenase-1 in
human pulmonary vascular cells: implications in the
antiproliferative response to rapamycin. Circulation., 107,
911-6 (2003)

141. Azuma, H. & N. L. Tilney: Chronic graft rejection.
Current Opinion in Immunology, 6, 770-6 (1994)

142. Li, W., S. Iyer, L. Lu, R. Buelow, J. J. Fung, A. S.
Rao, J. Woo & S. Qian: Attenuation of aortic graft
arteriosclerosis by systemic administration of Allotrap
peptide RDPSS. Transpl Int, 16, 849-56 (2003)

143. Silva, G., . P. Grégoire, L. Tokaji, A. Chora, M. P.
Seldon, M. C. Marinho & M. P. Soares: Heme Oxygenase-
1: A protective gene that regulates inflammation and
immunity (2004)

4945

Abbreviations: AICD: Activation induced cell death, CO:
carbon monoxide; CsA: Cyclosporine A, CVF: cobra
venom factor, DST: donor specific transfusion, EC:

endothelial cells, Hb: hemoglobin, HO-1: heme
oxygenase-1, IRI: Ischemia reperfusion injury, iNOS:
inducible nitric oxide synthase, Mae:

Monocyte/macrophages, MHC: major histocompatibility
complex, MHb: Methemoglobin, MAPK: mitogen
activated protein kinase, NF-kB: nuclear factor kappa B,
ROS: reactive oxygen species, TCR: T cell receptor, TNF:
tumor necrosis factor

Key Words: Heme, Oxygenase-1, Transplantation, cell
death, MHC, Major Histocompatibility Complex, Review

Send correspondence to: Miguel Soares, Ph.D, Instituto
Gulbenkian de Ciencia, Rua da Quinta Grande, 6, 2780-
156 Oeciras, Portugal, Tel: 351-214407900, Fax: 351-
214407970, E-mail: mpsoares@igc.gulbenkian.pt

http://www.bioscience.org/current/vol12.htm



