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Heme Oxygenase-1 As a Target for the Design of Gene and Pharmaceuti-
cal Therapies for Autoimmune Diseases

Juan Pablo Mackern-Oberti', Sebastian A. Riquelmel’4, Carolina Llanos'?, Camila B. Schmidt',
Thomas Simon®, Ignacio Anegon®, Evelyn Jara', Claudia A. Riedel’, Susan M. Bueno' and

Alexis M. Kalergis'*>**

'Millennium Institute of Immunology and Immunotherapy, Departamento de Genética Molecular y Microbiologia, Fac-
ultad de Ciencias Biolbgicas. Pontificia Universidad Catélica de Chile, Santiago, Chile; *Departamento de Inmunologia
Clinica y Reumatologia, Escuela de Medicina. Pontificia Universidad Catélica de Chile, Santiago, Chile; > Millennium
Institute of Immunology and Immunotherapy, Facultad de Ciencias Bioldgicas y Facultad de Medicina, Universidad
Andrés Bello, Santiago, Chile; *INSERM, UMR 1064, Nantes, France

Abstract: One of the major goals in the research of autoimmune diseases is to develop specific therapies to regulate the
expression and function of gene products that could contribute to restoring tolerance to self-constituents and replace con-
ventional systemic immunosuppression, which is associated with important undesired side effects. Although significant
progress has been made on the understanding of the pathogenesis of autoimmunity, therapies for these ailments have not
seen a change. During the last decade, different strategies such as pharmacologic or gene therapy modulation of heme
oxygenase-1 (HO-1) and the administration of its metabolic product, carbon monoxide (CO), have been shown to display
beneficial immunoregulatory and cytoprotective properties. In different experimental autoimmune conditions, such as Ex-
perimental autoimmune encephalomyelitis, type-1 diabetes and systemic lupus erythematosus, genetic or pharmacological
modulation of HO-1, as well as delivery of CO have shown to ameliorate disease progression. Furthermore, it has been
demonstrated that dendritic cell and monocyte function can be modulated by HO-1 and/or CO. In this article, recent data
related to the immunoregulatory properties of HO-1/CO will be discussed, focusing on their potential therapeutic use to

treat autoimmune diseases.

Keywords: Heme oxygenase-1, carbon monoxide, autoimmunity, tolerance, therapy.

1. INTRODUCTION

The development of autoimmunity is characterized by an
auto-reactive immune response capable of injuring healthy
host cells and tissues. The etiology of autoimmune diseases
is unknown and associated with a confluence of genetic pre-
disposition and environmental exposure [1]. During the last
decade, important progress has been made in the characteri-
zation of the molecular mechanisms responsible for the onset
and progression of autoimmunity, such as the involvement of
Th17 related cytokines in multiple sclerosis [2, 3] and type I
interferons in systemic lupus erythematosus (SLE) [4, 5].
Although this knowledge has promoted the development of
anti-inflammatory drugs and biological agents to interfere
with the immunepathogenesis, the current autoimmune
therapies have not changed much in clinical practice with the
advance of immunology. Thus, there is an urgent need for
therapy improvement in terms of efficacy, adverse effects
and specificity. Because cell-destruction and tissue damage
during autoimmunity are mainly caused by immune cell-
mediated inflammation [6-8], new therapies should be
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designed to target these inflammatory processes and suppress
the damaging consequences of autoimmunity.

Heme oxygenase-1 (HO-1) is a powerful anti-
inflammatory enzyme, which plays a critical role in stress
conditions such as organ transplantation and hypertension [9-
12]. We have previously reported that the restoration of HO-
1 levels and administration of HO-1-derived metabolic pro-
duct decreases inflammation in a mouse model of SLE [13].
Further, treatment with inducers of the HO-1/CO axis has
also been shown to be effective at promoting tolerance in
other pathologic conditions such as type 1 diabetes [14, 15]
and neuroinflammation [16, 17]. We have recently described
that patients with SLE, as well as lupus prone mice, show
decreased levels of HO-1 in peripheral blood monocytes [13,
18]. In this context, HO-1 induction arises as a promising
treatment to decrease inflammation in autoimmune diseases.

In this review, we highlight and discuss current knowl-
edge about HO-1 as a potential target for the treatment of
autoimmune diseases. In addition, we address recent in vitro
results showing the decrease of inflammation mediated by
myeloid immune cells caused by metabolic products derived
from heme degradation by HO-1.

2. HO-1 BIOLOGY AND TISSUE EXPRESSION

Hemeoxygenases or haemoxygenases (HO) are enzymes
that regulate cellular levels of the heme group [19]. A large

© 2014 Bentham Science Publishers


wasim
Final


2 Current Gene Therapy, 2014, Vol. 14, No. 3

proportion of heme transport and utilization is carried out by
macrophages, either by defective erythrocyte phagocytosis or
upon CD163-mediated uptake of hemoglobin—haptoglobin
complexes [20]. These processes mainly occur in tissues
enriched in macrophages, such as spleen and liver [19, 21].
The HO enzyme catabolyzes heme degradation into Fe®,
biliverdin and carbon monoxide (CO) and is the rate-limiting
enzyme in heme compounds degradation. Biliverdin is sub-
sequently converted into bilirubin in a reaction catalyzed by
the biliverdin reductase enzyme [22]. HO can modulate the
function of some hemeproteins including nitric oxide syn-
thase, soluble guanylatecyclase, cytochrome P450, peroxi-
dase and catalase through the degradation of the heme group
and CO release, which binds to this group, thereby inhibiting
hemeproteins activity [19].

There are three isoenzymes of HO: an inducible isoform
designated HO-1 and two constitutively expressed isoforms,
known as HO-2 and HO-3 [23]. There is great diversity in
the tissue distribution of HO-1 and HO-2 isoforms [22]. HO-
1 is a heat shock and a stress protein induced by oxidative
agents [24, 25], which is constitutively expressed in testis,
brain, placenta and the vascular system [26-30]. On the other
hand, HO-2 is highly expressed in epidermal cells, germ
cells and neural tissues, playing a relevant role in the normal
function of these organs [31, 32]. Moreover, HO-2 may pro-
tect neural tissues from oxidative stress by reducing lipid
peroxidation through the catabolism of free heme [33]. In
addition, it has been recently shown in mouse models that
HO-2 is capable of protecting from renovascular hyperten-
sion and cardiac hypertrophy [29]. Thus, HO-2 is an impor-
tant component of cells that constitutively participate in the
regulation of physiological processes. In contrast, studies
focusing on HO-3 enzyme are still rather limited [34].

The HO-1 isoform is mainly induced by heme, oxidative
or free radical molecules during inflammatory conditions [9,
24, 25]. HO-1 is expressed in different cell types, such as
hepatocytes [35], endothelial cells [36], myeloid cells [37,
38] and cells from the respiratory tract [39]. HO-1 expres-
sion can be induced through the activation of different sig-
naling  pathways, including cyclic  adenosine-5'-
monophosphate (cAMP)-dependent mechanisms [40], pro-
tein kinase C (PKC), phospholipase A2 (PLA2) [41] and by
mitogen-activated protein kinases (ERK and P38) [42, 43].
In addition, fine tuning of HO-1 mRNA and protein levels is
achieved by the activity of transcription factors Nrf2 and
Bachl [44]. It is thought that a protein known as Keapl
keeps Nrf2 in the cytoplasm preventing nuclear transloca-
tion. In response to oxidative stress conditions, ROS can
react with Keapl sulfhydryl groups, which promotes Nrf2
release and translocation into the nucleus [45]. Nrf2 binds to
small Maf proteins to form heterodimers and transactivates
the antioxidant response elements (ARE), which induces the
expression of antioxidative gene products, such as HO-1,
NADPH-generating enzymes, glutathione biosynthesis en-
zymes, chaperone proteins and ubiquitin-proteasomes [45].
These ARE gene products react with ROS derived from en-
vironmental and intracellular sources, limiting cellular dam-
age. On the contrary, Bach1/2 with small Maf proteins binds
to Maf response elements (MARE), including ARE, to in-
hibit HO-1 gene transcription and allow HO-1 transcription
when heme-Bach1 interaction occurs (Fig. 1) [46, 47].
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Although the main function of HO-1 is to degrade free
heme, several immunoregulatory features have been attrib-
uted to this enzyme. The anti-inflammatory role of HO-1 is
thought to be mediated by the by-products generated after
heme group degradation, which will be discussed in the fol-
lowing sections.

3. HO-1 PROMOTES CELL VIABILITY
Antioxidant Capacity of HO-1

Heme group degradation plays an important role in cellu-
lar defense and survival. The HO-1 cytoprotective effects
may reduce pathogenesis during several oxidation-mediated
inflammatory diseases by limiting both, oxidative stress and
apoptosis. HO-1 contributes to regulate intracellular pro-
oxidant systems by degrading heme group and releasing CO
from hemeproteins and enzymes, such as iNOS, peroxidase
and catalase [19]. These reactions also promote the binding
of ferritin to the free iron released from HO-1 catalysis over
hemeproteins, which prevents free radical formation [48].
Moreover, it has been shown that cultured astrocytes from
rat forebrain increase HO-1 expression after hydrogen perox-
ide exposure, preventing oxidative stress-mediated injury
[33]. Further, in a mouse model of ischemic stroke with
middle cerebral artery occlusion, HO-1 overexpression pro-
tects from injury, showing an increased expression of fer-
ritin, decreased iron deposits and reduced lipid peroxidation
[49]. Likewise, in diabetic rats, HO-1 induction increases
superoxide dismutase and catalase activity, decreasing reac-
tive oxygen species(ROS) levels in aortic tissue [50].

Anti-apoptotic Properties of HO-1

The anti-apoptotic capacity of HO-1 has been demon-
strated at different levels. In primary cultures of cerebrovas-
cular endothelial cells from newborn pigs, the induction of
HO-1 inhibited caspase 3 activity after glutamate-induced
cell death [51]. After cerebral ischemia, transgenic mice that
overexpress HO-1 showed neuroprotection by enhancing the
expression of the antiapoptotic factor Bcl-2 [49]. Also, by
using an in vitro model of anoxia-reoxygenation with rat
pulmonary endothelial cells, it has been suggested that CO
released by HO-1 catalysis activates p38 MAPK signaling
pathway, limiting caspase-3 activity and inhibiting cell death
[52]. In human neutrophils, it has been shown that heme de-
creases Bad degradation -a proapoptotic Bcl-2 member- and
induces Bcl-xL expression, limiting the spontaneous mito-
chondrial apoptotic pathway [52, 53]. More importantly,
Kahlo et al. showed that human trophoblasts from spontane-
ous abortions expressed low levels of HO-1 which were as-
sociated with a decreased expression of the anti-apoptotic
molecule Bag-1 [54]. Furthermore, it has been shown that
HO-1 overexpression by gene transfer increased Bcl-2 and
Bag-1 levels in a model of liver transplantation [55]. In addi-
tion, HO-1 induction decreases cell death of PC12 epithelial
cells by preventing the depolarization of mitochondrial
transmembrane potential [56]. Furthermore, HO-1 induction
and CO administration to mice improve kidney function fol-
lowing ischemia and protect against treatment with cytostatic
drugs [57, 58]. Cisplatin is an anti-neoplastic drug, which
leads to severe impairment of renal function by oxidative
stress and caspase-mediated apoptosis. Interestingly, the
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Fig. (1). Bachl and Nrf2 transcription factors modulate HO-1 mRNA transcription. Under normal conditions, Keapl sequesters Nrf2 in
the cytoplasm and Bachl/2 with small Maf proteins bind to Maf response elements (MARE), including antioxidant response elements
(ARE), repressing HO-1 gene transcription and allowing HO-1 transcription when heme-Bach! interaction occurs. In human, a dinucleotide
guanine-thymidine repeat (GT)n;s.49 polymorphism at HO-1 promoter region may impact in determining the level of the transcription induc-
tion. In stress conditions, such as oxidative stress, ROS may react to Keapl releasing Nrf2 to translocate into the nucleus. Nrf2 forms het-
erodimers with small Maf proteins and binds to ARE to increase the expression of antioxidant enzymes such as HO-1 and glutathione bio-
synthesis enzymes. These antioxidant enzymes remove ROS derived from environmental and intracellular sources, limiting further oxidative
damaged. Heme (and classical HO-1 inducer such as CoPP) binds to Bach1, thus allowing Nrf2 to induce HO-1 transcription. HO-1 protein
degrades heme group producing CO, biliverdin and Fe?‘leading to cytoprotective, antiapoptotic and antiinflammatory effects. Mn-, Sn- and

Zn-PP inhibit HO-1 activity by competitive blocker of heme substrate.

anti-apoptotic effect mediated by HO-1 improves transplant
survival. In a recent study, it has been shown that HO-1 in-
duction by a retroviral vector suppresses TNF-a-induced cell
death [59]. Thus, HO-1 arises as a cell sentinel mediating
anti-apoptotic effects associated with inflammatory stimuli
that, if sustained are likely to cause release of intracellular
components that can support a positive feedback for inflam-
mation. HO-1 overexpression in the mitochondria or in the
vicinity of mitochondria membranes is associated with a
change in redox status of cells, which would prevent Cyto-
chrome C release and the activation of caspases, which
would contribute to prevent cell death [60, 61].

Cytoprotective Effects of HO-1 and its by-products

HO-1 may also have anti-proliferative properties that are
mediated by CO and biliverdin. While proliferation of vascu-
lar smooth muscle cells contributes to atherosclerosis patho-
genesis, it has been shown that CO and biliverdin can reduce
this process and induce cell cycle arrest by suppressing the
expression of cdk?2 activators and cyclin D1 [62-64].

CO, in conjunction with bilirubin, may exert different
functions, including the modulation of adiponectin levels,
which prevents adipogenesis, inflammation and myocardial
ischemia [65], the regulation of vascular function and stimu-

lation of ion channels [66] leading to vasorelaxant effects
[67]. Furthermore, CO inhibits cytochrome P450 activity,
leading to vasoconstriction inhibition [68]. In addition, it has
been suggested that CO could by itself contribute to cellular
signaling, mainly as an activator of guanylatecyclase [69].

4. PHARMACOLOGICAL AND GENETIC TOOLS TO
MODULATE HO-1 ACTIVITY

Pharmacologic Induction of HO-1 Activity

Given that HO-1 has cytoprotective properties, this en-
zyme has been postulated as a potential therapeutic target for
immune-mediated diseases where both, cell integrity and
balance, can be drastically compromised. Thus, up-
regulation of HO-1 activity could be of clinical interest for
these ailments. In experimental animal models, it has been
demonstrated that HO-1 activity is increased in whole tissues
after treatment with its natural substrate heme, as well as
various metals, xenobiotics, endocrine factors, synthetic
metalloporphyrins and stress factors [22]. Cobalt protopor-
phyrin IX (CoPP) has been reported as a classical inducer of
the HO-1 expression in different tissues and capable of in-
creasing significantly this enzyme activity (Fig. 1) [22].
However, it has been shown that CoPP could also act as a
competitive inhibitor of the activity of the HO system in in
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vitro assays [70, 71]. In addition, hemin has also been shown
to be a potent HO-1 inductor in vivo [22]. Interestingly, aspi-
rin, one of the most common anti-inflammatory drugs, also
induces HO-1 expression [72]. Moreover, there are some less
common molecules that act as HO-1 inducers, such as
AG1067, a probucol analog [73], probucol [22], paclitaxel
[22], rapamycin [22] and curcumin [74].

Biliverdin and bilirubin can be protective by preventing
oxidation-mediated cell death and contribute to endothelial
cell integrity by their antioxidant potential [75]. However,
due to the potentially detrimental effects that accumulation
of these molecules could cause in some tissues, their use in
the clinic remains uncertain. For instance, high levels biliru-
bin are harmful to the central nervous system [76]. However,
regulated biliverdin administration can be beneficial in sev-
eral experimental models of disease, as this molecule can
protect against lung injury due to lipopolysaccharide-induced
shock [77], it can prevent liver damage caused by ischemia
and reperfusion [78] and it can increase islet allograft due to
its immune-suppressive and antioxidant properties [79, 80].
Furthermore, weekly administration of non-toxic amounts of
CoPP in a mouse model for type 1 diabetes increased adi-
ponectin levels, which promotes resistance to oxidative
stress and reduces pathogenesis [81]. Moreover, it has been
demonstrated that hemin causes a strong induction of HO-1
expression in leukocytes, after administration in a single
intravenous dose, in a phase I clinical trial [82].

Importantly and together with HO-1 induction, continu-
ous administration of high amounts of CoPP as an HO-1
inducer may be toxic, mainly by consuming heme and there-
fore decreasing hemoproteins, such as cytochrome P450 [83-
85]. Thus, excessive or sustained administration of mole-
cules that induce HO-1 could be deleterious for the patient.

Although CO therapy may be beneficial in a wide spec-
trum of disorders such as multiple sclerosis, Type 1 Diabe-
tes, SLE and nephrotoxicity, exposure to high levels of CO
may be harmful [13, 17, 58, 86, 87]. In fact, CO binds heme-
proteins and blocks mitochondrial electron transport, result-
ing in a release of detrimental superoxide anions, elevated
titers of carboxyhemoglobin and reduction of oxygen trans-
port to different tissues [87, 88]. Different molecules that can
supply CO in solution and prolong its effects have been de-
veloped, such as CO-releasing molecules (CORMs) [89],
which are effective in vivo and in vitro [90-92].

Thus, rational administration of HO-1 inducers could
increase the activity of enzyme with a sustained delivery of
their products, such as CO and biliverdin/bilirubin that can
be of potential use for clinical application in several diseases,
such as hypertension, diabetes, cardiovascular disease and
immune-mediated diseases.

While most therapeutic approaches have focused on aug-
menting HO-1 activity, some pathologic conditions could be
tackled by inhibiting HO-1 activity. In 1990s, HO-1 blockade
using Sn-mesoporphyrin resolved the problem of progressive
jaundice in newborns at risk of brain damage due to uncon-
trolled hyperbilirubinemia [22, 75, 76]. Blocking HO-1 activ-
ity in neonates was one of the first clues of HO-1 benefits in a
clinical setting. It has also been described that treatment with
zinc-protoporphyrin (ZnPP) improves mouse survival in a
tumor-induced model mainly by making tumor cells more
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sensible to reactive oxygen species derived from the antitumor
response [93]. Besides ZnPP, metalloporphyrins such as Sn-
and Mn- protoporphyrin are potent competitive inhibitors of
the HO-1 enzymatic activity (Fig. 1) [22]. Although ZnPP is a
potent HO-1 inhibitor, it has also been reported in vitro that
ZnPP, at low concentrations, can produce a synergism of HO-
1 induction by heme [94]. In contrast to HO-1 induction, there
is no gene therapy related to HO-1 inhibition.

HO-1 Transcriptional Regulation by a Dinucleotide
Guanosine-thymine Repeat Polymorphism

Transcriptional activity of HO-1 coding gene (HMOX1)
can be regulated by a dinucleotide guanosine-thymine repeat
(GT)n polymorphism at the promoter region, which deter-
mines the expression level of this enzyme [95]. Polymor-
phisms with short (GT)n repeats (< 25) promote higher lev-
els of HO-1 expression as compared to long (GT)n repeats (n
> 25) [95]. It has been suggested that (GT)n microsatellite
length may influence the susceptibility to different diseases,
including inflammatory ailments [95]. Previous studies have
shown that short HMOX1 (GT)n polymorphisms associate
with susceptibility to childhood-onset SLE but not with Ju-
venile Rheumatoid arthritis (JRA) [96]. Furthermore, RA
patients carrying the short polymorphism showed a better
clinical prognosis than did those with the long polymorphism
[95]. Healthy individuals carrying the short polymorphism
showed a higher percentage of monocytes expressing HO-1
than did individuals with the long polymorphism [97]. Thus,
the short polymorphism displayed a significant protective
effect in RA susceptibility [97]. Furthermore, these short and
long polymorphisms have been associated with other patho-
logic conditions. For example, type 2 diabetes patients carry-
ing the long polymorphism showed higher lipid peroxidation
derived molecules in serum and higher frequencies of coro-
nary artery disease than did patients with the short polymor-
phism [98, 99] (Fig. 1). These observations suggest that
HMOXI1 polymorphism may impact on the HO-1 activity
modulating pathologic conditions, such as RA, coronary
artery disease and diabetes and may provide a novel target
for immune mediated diseases treatment.

Gene Therapy to Modulate HO-1 Expression

Genetic tools have recently been designed to promote
HO-1 induction in different tissues to promote cytoprotection
and cell survival. Viral vectors carrying HO-1 gene have
been used as treatment for different pathologic conditions
[10, 59, 100-103].

While much work has been done to evaluate HO-1 gene
therapy for transplant rejection and vascular diseases, there are
scarce reports testing the effectiveness of HO-1 gene delivery
in inflammatory diseases. In a muscular dystrophy model, it
was shown that HO-1 lentiviral infection of porcine myogenic
precursor cells can protect from staurosporine-induced apop-
tosis in vitro [104]. In addition, when these HO-1-transduced
myogenic precursors were transplanted in pig skeletal muscle,
a fivefold increase in cell survival was reported five days after
transplantation [104]. Further, microinjection of adenovirus
vector carrying human HO-1 gene (Ad-hHO-1) into the eye
produced a local increase in the enzymatic activity, which was
undetectable in peripheral tissues. This approach could be
considered as a potential therapy for oxidative stress-mediated
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ocular disease [105]. In contrast, when Ad-hHO-1 was deliv-
ered intravenously it resulted in expression of human HO-1
mRNA in several tissues including liver, kidney, heart, lung,
and brain, which may be considered as a potential therapy for
different conditions, such as tissue toxicity and hypertension
[106]. Further, transduction of bone marrow-derived macro-
phages with an adenovirus vector containing HO-1 gene re-
sults in overexpression of this enzyme with a consequent re-
duction of nitric oxide (NO) and TNFa release, augmenting
IL10 production after LPS stimulation [107]. In a model for
renal ischemia/reperfusion injury (IRI), Ad-hHO-1-transduced
macrophages injected intravenously localized preferentially
and rapidly at the injured kidney prevented local platelet and
fibrin aggregation and improved renal function [107]. Similar
results were obtained in a model of liver transplantation when
Ad-hHO-1-transduced macrophages transferred simultane-
ously with transplanted hepatocytes led to an extension in
animal survival due to a reduction in the expression of TLR-4,
as well as in the production of proinflammatory cytokines and
liver infiltration [108]. Intracardiac delivery of retroviral vec-
tors carrying HO-1 gene reduces the production of the vaso-
constrictor 20-hydroxyeicosatetraenoic acid (20-HETE) and
ameliorates hypertension in spontaneously hypertensive rats
[109]. In addition, it has been reported that the transfer of ade-
noviral vectors encoding for HO-1 to pregnant mice undergo-
ing abortion improved pregnancy outcome [110]. Authors
showed that HO-1 gene therapy reduced the pro-inflammatory
cytokine IFNy and increased 1L4 production in both spleen
and decidual lymphocytes, which is important in placental
tolerance [110, 111]. In a model of chronic allogeneic aorta
rejection in rats, it was shown that Ad-hHO-1-transduced aorta
overexpressed HO-1 after ten days of allogeneic transplanta-
tion, leading to a reduction of intima and adventitia layer infil-
tration by CD45" cells, macrophages and CD4' T cells, as well
as reduced expression of co-stimulatory molecules, which
results in a favorable graft outcome [102]. Further, it was
shown that Ad-hHO-1 transduction of pancreatic islets im-
proves allogenic transplantation survival by reducing leuko-
cyte infiltration and apoptosis [112].

Additionally, transgenic animals overexpressing HO-1
(tHO-1) have been generated showing similar results as ob-
tained by pharmacologic induction or by the transduction of
viral vectors encoding for HO-1 [113, 114]. tHO-1 mice
expressing HO-1 under the control of the neuron-specific
enolase promoter showed reduced stroke volumes and lim-
ited ischemic cerebral edema [114]. In a model of cardiac
allograft transplantation, tHO-1 heart graft donor into WT
recipient or WT heart graft donor into tHO-1 recipient im-
proved allograft survival. Moreover, WT hearts transplanted
into tHO-1 recipients displayed a decrease in CD4" T cell
infiltration and activation measured by CD25 expression,
prolonging graft survival [115]. Hearts transplanted into HO-
1 Tg recipients showed decreased CD4" lymphocyte infiltra-
tion and diminished immune activation, as determined by
CD25 expression [115]. All these results suggest that HO-1
gene therapy could be considered as a potential strategy to
improve therapies based on cell transfer or transplantation.

HO-1 Deficiency

The first reported patient with HO-1 deficiency occurred
in 1999 which showed growth retardation, hemolytic anemia,
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abnormal coagulation function, premature death, endothelial
damage and atherosclerotic changes in the vasculature, link-
ing HO-1 system with atherosclerosis [116]. Also, this pa-
tient showed major alterations in the immune system such as
leukocytosis and lymph node swelling.

Similarly to human HO-1 deficiency, HO-1 KO mice
showed splenomegaly and lymph node swelling, leukocyto-
sis, altered CD4" T cells ratio, and an elevated amount of
activated T cells [117]. Also, HO-1 KO mice showed in-
creased vulnerability and a decreased survival in response to
LPS-mediated challenge, a phenomenon that is thought to be
associated to the modulation of mitochondrial function by
HO-1 [117]. Furthermore, HO-1 KO mice showed an in-
crease in cytokine responses, such as IL-1, IL-6 and TNF-a
in LPS-stimulated splenocytes [118]. Similarly, when HO-1
KO splenocytes were stimulated with CD3/CD28 antibodies,
the production of IL-2, IFN-y and other cytokines was in-
creased [118]. The exacerbated immune responses shown by
HO-1 KO mice suggested that HO-1 activity may be closely
related to a regulatory role in the activation of myeloid and
lymphoid cells.

5. THE ROLE OF HO-1 IN IMMUNE CELLS

The Role of HO-1 in the Regulation of Dendritic Cells
Immunogenicity

Several inflammatory diseases, such as autoimmune dis-
eases, are caused by alteration in the function of T cells
[119-122]. The onset of this exacerbated response is trig-
gered when antigen presenting cells (APCs) capture self-
antigens, degrade and present them to self-reactive naive T
cells. The most important APCs with the capacity to prime
resting T cell are the DCs [123]. These cells mainly reside in
peripheral tissues where they constantly sense antigens and
danger signals [124-128], to transfer these to lymphoid or-
gans and present these antigens to naive and memory T cells
[123, 126], thus eliciting an antigen-specific adaptive im-
mune response. In response to danger-inflammatory signals,
DCs undergo a process known as maturation [126-128]. It
has been reported that in the absence of pro-maturation stim-
uli, DCs remain unable to successfully process and present
antigens to naive T cells [129, 130]. DC maturation is impor-
tant because it enhances the communication with T cells
during antigen presentation, which involves TCR binding to
MHC-peptide complexes, the expression of co-stimulatory
molecules and the release of pro-inflammatory cytokines,
such as IL-12 and IL-6 [123, 131-134]. In addition, DCs can
also secrete anti-inflammatory cytokines such as IL-10,
which regulate T cell priming by counteracting the inflam-
matory environment [135].

Recently, it has been reported that HO-1 induction by
CoPP in humans and rats impairs DC maturation during LPS-
mediated stimulus [38] (Fig. 2A). Interestingly, HO-1 induc-
tion was not only associated with the inhibition of maturation
markers, but also with the expression and secretion of anti-
inflammatory molecules. This was the case for IL-10, an anti-
inflammatory cytokine whose secretion by DCs was not al-
tered by the induction of HO-1 expression by CoPP, support-
ing the tolerogenic profile promoted by the activity of this
enzyme (Fig. 2A). Moreover, HO-1 induction can impair the
intracellular LPS-induced generation of ROS, which is a typi-
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cal process of the innate immune that contributes to antigen
processing [38, 136]. In this context, we have shown that
maturation of murine and human DCs can also be inhibited by
CO [92]. Thus, inhibition of DC maturation by HO-1 is attrib-
utable to CO with a reduced activation of IRF3 pathway, lead-
ing to a subsequent decrease in IL-12 levels [92] (Fig. 2A).
However, Mashreghi et al. reported that CoPP inhibition of
DCs maturation by LPS stimulation is independent of HO-1
and dependent on STAT3 [137]. Authors showed that CoPP
prevented maturation of DCs from both HO-1 deficient and
wild type mice while STAT3 inhibition reversed the anti-
inflammatory effects of CoPP on DCs [137].

As the main roles of DCs are the capture and presentation
of antigens (including autoantigens) to T cells, HO-1 induction
could promote the tolerogenic capacity of DCs and reduce the
activation of autoreactive T cells. It has been demonstrated
that plasmacytoid DCs from SLE patients release large
amounts of IFN-alpha (IFN-a), which induces the maturation
of conventional DCs, that in turn activates autoreactive T and
B cells [138, 139]. In this context, it has been shown that treat-
ing HO-1 induction in DCs or treatment with CO reduces an-
tigen presentation in both MHC-I and —I1I [140]. Interestingly,
only the presentation of small soluble antigens (proteins), but
not the presentation of antigens associated to large particles,
such as 3 pm latex beads in DCs was impaired by CO treat-
ment. Thus, it seems that antigen size is important for antigen
presentation inhibition by HO-1 activity. Along these lines, it
has been described that small antigens, such as ovalbumin
(OVA), can enter DCs by the mannose receptor (MR) or the
pinocytic route [141, 142]. Once intracellular, MR-driven cap-
ture of OVA leads antigens to Rab5" compartments where
proteasomal degradation takes place. Then, class I MHC pres-
entation is rapidly directed toward cells surface. OVA cap-
tured by pinocytosis follows the vesicular pathway, leading
antigens to a sequential fusion of endosomal compartments
that finally converge in the fusion of late endosome-containing
OVA with lysosomes [129, 141, 143, 144]. Thus, interference
with both MR and pinocytic routes can lead DCs to decrease
their capacity to target soluble antigens to degradative com-
partments and present them on MHC-I and —II molecules.
Consistent with this notion, we have recently shown that either
HO-1 induction or treatment of murine DCs with CO at low
doses impairs presentation of soluble antigens to T cells [140].
We observed that CO impairs the targeting of soluble OVA to
lysosomes by stalling this antigen in late endosomes. Despite
OVA was fully degraded in late endosomal compartment,
fusion of these vesicles with lysosomes did not take place,
preventing the loading of peptides on MHC-I and -II mole-
cules. No alterations were observed for the proteaso-
mal/degradative route, because both targeting of soluble anti-
gens to early endosomes (Rab5") and presentation of OVA as
an endogenous antigen were not impaired by CO. Thus, CO
produced by HO-1 decreased the capacity of DCs to present
soluble antigens by reducing the destination of these mole-
cules to lysosomal compartments and thus reducing the gen-
eration of pMHC complexes. Interestingly, we did not observe
any alteration in the capacity of DCs to present bead-bound
OVA. These large particles were captured by DCs trough
phagocytosis. It has been recently proposed that large particles
are captured by phagocytic cells by using, in part, the endo-
plasmic reticulum (ER) membrane [145]. The fusion of early
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phagosomes with ER produces a large vesicle known as the
Ergosome [145-147]. It has been shown that this compartment
is able to produce pMHC-I complexes even before fusing with
lysosomes [147]. Thus, despite CO impairs endosomal LPS-
driven soluble OVA processing, the mechanism by which
large phagosomes are processed within DCs renders them
resistant to HO-1 activity, because it seems that they do not
require fusion with lysosomes. However, recent findings have
proposed that large particles, which are captured by ER-
mediated phagocytosis, acquired both MHC-I and -II in con-
junction with other lysosomal and ERs proteins [148]. Thus, it
is proposed that large cargo rapidly fuses with compartments
that carry MHC-I and -II molecules and, after antigen degra-
dation, emerging peptides can be loaded on MHCs. These
peptides are derived from the phagosome-to-cytosol process
with  subsequent proteasomal degradation and re-
internalization of fragments into the vesicle using TAPs pro-
teins [146-148]. Also, antigens can be processed by phago-
luminal lysosomal proteases such as Cathepsin D [146-148].
Interestingly, despite it still remains controversial, phagosome
maturation inside APCs has been proposed as LPS-
independent [149, 150]. Thus, despite HO-1 activity, by
means of CO, is able to reduce LPS-dependent endosomal
pathways by causing a stalling in the soluble antigen traffick-
ing in DCs (Fig. 2B), CO is unable to block Ergosome matura-
tion and antigen presentation for large particles.

Capture of external soluble antigens is a conserved
mechanism by which DCs sense foreign and self-antigens to
promote either activation or tolerance by T cells [151]. Dur-
ing graft rejection, DCs play an important role in directing
the inflammatory response that finally leads to the destruc-
tion of the engrafted tissue [152, 153]. Disruption of new
grafts has been associated with the activation of T cells that
secrete elevated titers of pro-inflammatory cytokines that
impair cell-to-cell junctions together with activated cytotoxic
T CDS8" cells. Thus, reducing T cell activation is a promising
alternative to decrease graft rejection. However, as described
above, T cells become activated after receiving stimulus
from innate immune cells designed to present extracellular
antigens, such as DCs. In this context, it has been recently
proposed that targeting the function of these cells is a prom-
ising therapy to generate antigen-specific tolerance [153]. As
inflammation associated to graft rejection is similar in vari-
ous aspects to that observed for autoimmune diseases, it is
possible that we could learn about how to handle self-
inflammatory conditions by studying graft rejection models
and the tools used in this field by conferring tolerance to
certain antigens. It has been shown that transference of
tolerogenic DCs significantly reduces graft rejection [152-
154] and that induction of HO-1 in vivo protects against graft
rejection [101, 102, 155-157]. CO has been postulated as the
candidate molecule that mediates the tolerogenic profile that
supports graft acceptance in these studies [102]. Moreover,
CO exposure or HO-1 induction in donor organs reduced the
immunogenicity of DCs by decreasing MHCII and co-
stimulatory molecules thus improving graft survival [158].
Also, Schumacher et al. state that HO-1 expression on DCs
contributes to maintain pregnancy mainly by inducing an
immature phenotype and avoiding presentation of paternal
antigens to maternal T cells [159]. Consistent with this notion
is the observation that the transfer of hemagglutinin
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Fig. (2). HO-1 produces CO and impairs both the production of Fig. (3) inflammatory cytokines and the presentation of soluble antigens
in myeloid cells. A) After TLR4/MD2 engagement by LPS, three independent pathways are triggered (NFxB, p38/INK1/2 and IRF3). Alto-
gether, these pathways promote the production of either inflammatory or anti-inflammatory cytokines. After HO-1 induction, heme-group is
degraded and CO, Fe*" and biliverdin are produced. CO is able to inhibit the activation of (1) NFkB, (2) p38/INK1/2 and (3) IRF3 signaling
pathways. This leads to a decrease in the amount of inflammatory cytokines produced. Still remains unknown whether CO can block the traf-
fic of inflammatory cytokines toward the extracellular milieu (4). In addition, CO has been reported as unable to affect IL-10 production and
secretion (5). Inhibitory pathways are represented as gray lines. B) Dendritic cells capture soluble extracellular antigens and target these
molecules to early endosomes (Rab5"). Then, after TLR4/MD2-mediated stimulation of Rab7 -vesicles (interlinear arrow), these compart-
ments fuse with early endosomes forming late endosomes (Rab7'). Next, Lampl® lysosomes fuse with Rab7'-late endosomes in a
TLR4/MD2-dependent manner (interlinear arrow) to produce antigen degradation and loading of peptides over class I and II MHCs
(pPMHCs). pMHCs are transported to the surface of DCs to further prime T cells. After heme degradation and CO production by HO-1, CO
impairs the fusion of Rab7'-late endosomes with Lamp1*-lysosomes, thus reducing the target of the soluble antigen-derived peptides to
MHCs. As a consequence, antigens are stalled and degraded in Rab7 -vesicles but without chances to be loaded on MHCs molecules (dotted
arrow). Class I and II MHCs presentations are finally impaired by CO.

(HA)-specific CD8" T cells primed by CO-treated DCs
loaded with an HA-derived peptide to Tg mice expressing
HA in the pancreas did not induce diabetes. Instead diabetes
was developed when these mice were transferred with HA-
specific CD8" T cells primed by untreated DCs loaded with
HA. These observations support CO treatment as a promis-
ing new tool to induce tolerance in immune-mediated dis-
eases [15]. HA-specific CD8" T cells primed by CO-treated
DCs showed reduced B1 integrin and reduced ability to lyse
isolated pancreatic islets [15]. The generation of tolerogenic
DCs by pulsing them with CO gas, protected mice against an
immune system-mediated disease, such as typel diabetes.

Although much advance has been made in understanding
the effects of CO over DCs, the mechanism by which CO
causes tolerance and reduces T cell activation by DCs re-
mains unknown. As in autoimmune diseases, DCs may take
up self-antigens and present them to self-reactive T cells, CO
treatment could reduce intracellular antigen trafficking and
modulate DC maturation to reduce T cell activation, as dis-
cussed above [140].

Suppression of Macrophage Function by HO-1 and CO

Similar to DCs, HO-1 induction in macrophages might
revert inflammatory processes. It has been shown that

macrophages respond to TLR ligands, such as LPS, via the
TLR4/MD2 complex [160, 161]. After LPS recognition,
these cells secrete elevated amounts of inflammatory cytoki-
nes, including TNF-a, IL-6 and IL-12 [160, 161]. Also in
acute phases of infection by Gram-negative bacteria, where
LPS reaches abnormal levels in tissues, macrophages, sup-
ported by DCs activity, release inflammatory cytokines in an
uncontrolled manner [160-162] leading even to death [163].
Thus, down regulation of the inflammatory capacity of
macrophages is a promising approach to address bacteria-
driven sepsis.

It has been reported that in macrophages the response to
LPS challenge can be suppressed by CO upon HO-1 induc-
tion [164]. Interestingly, the authors of this work described
that CO has the capacity to decrease the secretion of TNF-a,
IL-1B and (MIP)-1B by macrophages after LPS challenge
(Fig. 2A). In contrast, CO administration increased the secre-
tion of the anti-inflammatory cytokine IL-10 by macro-
phages, which is similar to what was observed for DCs. In-
deed, authors reported that the mechanism underlying this
effect of CO involves the MAPK signaling pathway, because
mice lacking these kinases were unable to respond to CO
treatment [164]. Consistent with this notion is the observa-
tion that CO requires the activation of the JNK signaling
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pathway to reduce inflammation in a mouse model for sepsis
in mice [37]. Contrary to wild-type, mice lacking either Jnk/
or Jnk2 genes were unable to prevent inflammatory cytokine
production in response to LPS after CO administration. Wild
type animals drastically decreased the secretion of both IL-6
and IL-1pB in the presence of CO. However, Jnk knock-out
animals failed to respond to CO and cytokine secretion re-
mained unaltered. In vitro, this correlated with reduced se-
cretion of these cytokines by LPS-pulsed CO-treated macro-
phages. Thus, CO exerts its immune-modulatory mechanism
by interfering with the JNK signaling pathway [37].

It has been shown that CO induces IL-10 secretion and
that IL-10 has the capacity to induce HO-1 expression in
macrophages by activating the p38 signaling pathway [165],
which could be beneficial during inflammatory responses.
Indeed, in vivo administration of IL-10 protects mice from
LPS-mediated sepsis by inducing HO-1 expression. Al-
though there is no direct experimental evidence showing that
macrophages are the immune cells mediating this protective
effect during sepsis, it is likely that innate cells, such as
macrophages and DCs, could play an important role in these
events. In fact, although it has been shown that DCs are more
effective at secreting inflammatory mediators upon patho-
gen-associated molecular patterns (PAMPs) stimulation, the
role of macrophages during this process cannot be ruled out
[162, 166].

The mechanisms responsible for the capacity of HO-1 and
CO to reduce macrophage inflammatory response to LPS
remain obscure. It has been recently shown that macrophages
from mice with cystic fibrosis produce exacerbated amount of
inflammatory cytokines when challenged with LPS [167]. In
normal macrophages, LPS challenge induces a sustained acti-
vation of NF-kB/MAPK signaling pathway, which produces
pro-inflammatory cytokines and ROS. This leads to the
stress-induced expression of HO-1 and to the recruitment of
HO-1 to cell surface with caveolin-1, suppressing TLR4-
mediated signaling by CO production [167]. Interestingly,
macrophages from cystic fibrosis patients showed a decreased
expression of caveolin-1, which recruited less HO-1 to the
cell surface leading to sustained NF-kB/MAPK signaling and
production of ROS, altering macrophage homeostasis [167].
These data support the importance of HO-1 and CO as pro-
tective agents against inflammation and suggest that the
proper cellular localization of HO-1 is required to ensure an
effective anti-inflammatory response [167].

Interestingly, in models that use inflammation mediated
by both macrophages and pathogens in intestinal diseases,
HO-1 induction or CO administration enhanced the killing of
Gram negative bacteria, suggesting a different role for this
enzyme [168]. Other studies have reported that CO-treated
macrophages engulf elevated numbers of Gram-negative
bacteria [169] and that CO administration enhances forma-
tion of the phagolysosomes [170]. Thus, it is likely that in
macrophages, the capture, processing and presentation of
antigens could be different from DCs when exposed to CO
[140]. Further studies are required to clarify these apparent
discrepancies. Studies about the role of HO-1 and CO as
anti-inflammatory molecules need to be analyzed in depth
for DCs and macrophages, because these mechanisms can be
exploited to restrict inflammatory condition during patho-
gen-driven illness or autoimmune diseases.
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Suppression of T Cell Function by HO-1 and CO

It has been reported that both CD4'CD25 and CD4"
CD25" T cells express HO-1 and activation by CD3/CD28
antibodies induces the expression of this enzyme, suggesting
a possible direct role for HO-1 in T cell function [171]. It has
been shown that HO-1 induction as well as CO exposure
could abolish IL-2 production and T cell proliferation after
CD3/CD28 stimulation [172]. In activated T cells, CO
blocks upstream signaling cascades of MEK 1, thereby result-
ing in ERK inactivation and abolishing IL-2 secretion [172].
Thus, HO-1 activity could be associated with reduced T cell
activation. Also, pharmacological overexpression of HO-1 in
Jurkat T cells prevented Fas-mediated apoptosis triggered by
anti-Fas antibodies [173]. Interestingly, it has been shown
that HO-1 expression was dramatically increased in Foxp3-
transfected Jurkat cells and pharmacological blockade of
HO-1 activity abolished the suppressive function of
CD4'CD25" regulatory T cells, playing a critical role in
maintaining peripheral tolerance and modulating immune
responses [ 174].

HO-1 would be clinically important as a focal point in
the development of strategies to reverse the detrimental ef-
fects of T cell-mediated diseases. Also, it has been recently
demonstrated that a repressor of HO-1, Bach2, is highly ex-
pressed in T cells. Bach2 is up-regulated during T cell deve-
lopment as naive T cells express high Bach2 levels [175].
The endogenous HO-1 substrate heme, promotes Bach2 deg-
radation in B cells in conjunction with effector differentia-
tion to plasma cells [176]. Consistent with this notion, naive
murine Bach2”~ (CD62LhiCD44lo) T cells in spleen and
lymph node were decreased [175], suggesting that Bach2 is
required for the homeostasis of peripheral T cells and might
modulate effector memory-related genes and function in
naive and effector-memory T cells. Most importantly, Bach2”
" mice showed anti-nuclear and anti-double stranded DNA
autoantibodies, extensive perivascular and alveolar infiltra-
tion by lymphocytes and macrophages in lungs and mild
infiltration in gut and stomach [177]. Also, Bach2™” T cells
evidenced a bias to Th2 related cytokines, such as IL-4 and
IL-10 as well as Blimp-1 and Gata3 [175]. Other studies
have shown that Bach2 cDNA transfection into effector
memory T cells suppressed effector-memory T cell related
genes, suggesting that Bach2 expression contributes to the
maintenance of naive T cells. Also, previous work confirmed
that Bach2 binds to Hmox1 (HO-1 encoding element) [175]
and in Bach” T cells, HO-1 mRNA was increased. Further,
Bach2”" mice showed to be defective in immune responses in
vivo [175]. In addition, it has been reported that naive T cells
from Bach2”™ mice showed reduced numbers of FOXP3'
cells and an impaired ability to form FOXP3" induced-Treg
cells upon stimulation in the presence of TGF-f [177]. These
studies suggest that Bach2 represses genes associated with
effector cell differentiation. Bach2, which could be modu-
lated by heme groups, may limit immune activation, playing
a critical role in the maintenance of regulated immunity.

Suppression of B Cell Function by HO-1 and CO

Although there are few reports showing that HO-1 induc-
tion may modulate humoral immunity, the role of Bach2 in
B/plasma cell modulation has been studied in more detail.
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HO-1 KO mice show higher serum IgM levels as compared
to wild type mice, indicating that HO-1 ant its by- products,
or CO/heme levels, would be involved in modulating anti-
body production [118]. The transcription factor B lympho-
cyte-induced maturation protein 1 (Blimp-1), a master regu-
lator of plasma cells [178], was induced by heme stimulation
in B cell cultures, then promoting plasma cell differentiation
by inactivating Bach2, a repressor of Blimp-1 [176]. Also,
authors showed that the administration of heme concomi-
tantly with antigen, reduced the production of antigen-
specific IgM in vivo, suggesting that heme also modulates
the early phase of B-cell responses to antigen [176]. Fur-
thermore, it has been shown that Bach2 is required for class
switch recombination/somatic hypermutation of immuno-
globulin genes [179]. Heme binds to Bach2, inducing its
degradation and Bach1l/Bach2 redundantly represses the ex-
pression of HO-1 in B cells [176], supporting the notion that
HO-1/heme/CO are key modulators in humoral immunity.
Bach2”" mice also have reduced numbers of naive T and B
cells, which show a rapid differentiation to effector cells,
suggesting a major role of this transcription factor in naive
cells homeostasis [175].

6. INVOLVEMENT OF HO-1 IN AUTOIMMUNE DIS-
EASES

Systemic Lupus Erythematous (SLE)

Deregulated inflammation is a common feature of
chronic autoimmune disease as SLE. The autoimmune re-
sponse in SLE is mediated by both cells and humoral com-
ponents of the immune system [180]. SLE is characterized
by the presence of autoantibodies against dsDNA, nu-
cleosomes, ribonucleoproteins and other nuclear components
[181]. Systemic damage present in SLE is mainly due to
immune complexes deposition in blood vessels, followed by
granulocyte and complement activation, leading to a wide
spread inflammation and tissue injury [119, 120]. Lupus
symptoms are accompanied by alterations in the immune
system such as the presence of pathogenic B- and T- cells
that lead to autorreactive responses to nuclear self-antigens,
as well as an increase in inflammatory cytokines producing a
major inflammatory status [119, 120, 180]. Despite much
progress has been made in developing novel immunothera-
pies, this has not been the case for the treatment of lupus,
most probably due to its complexity, continuing with sys-
temic immunosuppressant agents such as corticosteroids,
azathioprine, mycophenolatemofetil and cyclophosphamide
[182, 183].

Recently, our group has reported that SLE patients
showed a decreased HO-1 expression in peripheral blood
monocytes [18]. Furthermore, mice lacking the FcyRIIb re-
ceptor, a spontaneous lupus murine model, also showed de-
creased levels of HO-1 in DCs, T CD4" cells and CD11b"
cells [13]. In this model, animals suffering lupus displayed
elevated numbers of monocytes/granulocyte population in
spleen. Here, when lupus prone mice were chronically
treated with gaseous CO, monocyte/granulocyte expansion
was limited [13]. Interestingly, FcyRIIb” mice in spleen con-
tained less numbers of regulatory TCD4" Foxp3" cells than
wild type mice, which was restored when animals received
CO as an inhalator gas. In addition, histone specific autoan-
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tibodies were also decreased after CO-treatment. CO treat-
ment, as well as HO-1 induction, were able to ameliorate the
development of proteinuria in this model [13] (Fig. 3A and
B). Thus, the inflammatory environment mediated by ele-
vated number of monocytes, neutrophils and self-antigen-
specific T cells can be controlled by the expansion of regula-
tory/anti-inflammatory T cells after administration of CO. In
addition, it has been shown that HO-1 induction by hemin
administration in other lupus prone mice, MRL/lpr, was able
to decrease autoantibodies (IgG anti DNA) production, ame-
liorate renal glomerulonephritis by decreasing immune com-
plex deposition, and decrease the levels of the proinflamma-
tory cytokine IFN-y in serum [184].

Rheumatoid Arthritis

The role of HO-1 in rheumatic diseases could be further
corroborated in the collagen induced arthritis model. In this
experimental model of rheumatoid arthritis, the administra-
tion of CO decreased serum anti-collagen antibodies, amelio-
rated disease activity, and showed lower inflammation and
cartilage erosion [185]. In other approach, when the role of
endogenous HO-1 level was evaluated in arthritis develop-
ment using HO-1 deficient mice, HO-1"" and HO-1"" mice
developed accelerated clinical symptoms of arthritis com-
pared with HO-1"" animals after intraperitoneal injection of
arthritic K/BxN mice serum (Fig. 3C) [186]. In this work,
the authors showed that HO-1"" mice evidenced more syno-
vial infiltration and accumulation of inflammatory cells in
joint spaces and proteoglycan depletion than WT mice. Also,
IL-6 and matrix metalloproteinase-3 (MMP-3) were in-
creased in ankles of HO-1"" and HO-1"" arthritic mice com-
pared to HO-1"" group [186]. Complementary, in mice
treated with arthritogenic anti-type II collagen antibody plus
LPS mixture, the CO exposure ameliorates clinical outcome
of arthritis in footpads with a decrease in IL1-p and MCP-1
mRNA expression in the hind paws (Fig. 3D) [187]. All this
data in HO-1 deficient mice highlights HO-1 as a potential
target for autoimmune disease therapy as well as a biological
disease marker.

In the human disease, serum HO-1 levels were increased
in systemic juvenile idiopathic arthritis during the active and
inactive phase of the disease and being higher than levels
observed in polyarticular juvenile idiopathic arthritis (p-JIA),
Kawasaki disease, SLE or mixed connective tissue disease,
promoting serum HO-1 levels as a useful marker for the dif-
ferential diagnosis of systemic juvenile idiopathic arthritis
[188, 189]. These data suggest that HO-1 modulation as well
as CO exposure would be a potential strategy for SLE treat-
ment.

Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disease of the
central nervous system (CNS) and is characterized by local
inflammation, demyelization, and axonal loss. MS has remit-
tent course leading to long-term disability. Although MS has
been extensively studied, its etiology remains unknown and
it is believed that immunological, environmental, genetic and
infectious factors contribute to disease development [190,
191]. Most of current knowledge of immunomodulatory ef-
fects of HO-1 in MS was obtained from studies over
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Fig. (3). HO-1/CO treatment reduces immune disorders in systemic autoimmune diseases. Systemic Lupus Erythematosus, A) Spleen
CD11c",CD11b" and CD4" T cells express HO-1 in wild-type (WT) mice. Anti-histone IgG levels in serum are low. In the spleen of FcyRIIb
" mice (suffering lupus, positive for anti-nuclear antibodies) there are decreased levels of HO-1 in CD11c’, CD11b" and T CD4" cells. In
addition, serum levels of anti-histone IgG are increased. B) Lupic FeyRIIb”" mice display in spleen an inflammatory syndrome associated to
increased amount of Gr1"CD11b" inflammatory monocytes, reduced amounts of regulatory T CD4Foxp3" cells and increased levels of anti-
histone IgG in serum. After chronic gaseous CO treatment, spleen levels of Grl1'CD11b"are reduced, regulatory CD4 Foxp3'T cells are in-
creased and the levels of anti-histone IgG in serum are re-established to normal values. Rheumatoid arthritis, C) Role of HO-1 level in arthri-
tis development using HO-1 deficient mice in the model of arthritic K/BxN mice serum transfer. HO-17"and HO-1""mice developed acceler-
ated clinical symptoms such as synovial inflammation and proinflammatory cytokines production in compared with HO-1"" animals after
K/BxN mice serum transfer. D) Arthritic mice induced by the administration of anti-type II collagen antibody plus LPS mixture improve
clinical outcome after CO exposure ameliorates inflammatory infiltrate in footpads with a decreased in IL1-f and MCP-1 expression.

experimental autoimmune encephalomyelitis (EAE) mice from EAE development, showing amelioration of clinical
model. Both, MS and EAE are characterized by the presence score, disease incidence and reduction in the infiltration of
of oxidative stress [192] and lipid oxidation [193]. During polymorphonuclear cells [17, 197].

acute phases of EAE, HO-1 expression was markedly in-
creased in microglia/macrophages and astrocytes. In CNS
lesions from MS patients, HO-1 was mainly expressed in
oligodendrocytes [194]. In contrast, it has been reported that
peripheral blood mononuclear cells (PBMCs) from MS pa-
tients showed a reduced expression of HO-1during disease
exacerbation, while corticosteroid treatment led to an in-
crease in HO-1 expression [195] (Fig. 4A). Interestingly,
HO-1 induction by hemin was able to limit EAE develop-
ment, while HO-1 inhibition by SnMP worsened the disease
[196]. The protective effect of HO-1 in EAE was associated
with inhibition of MHC class II expression by antigen pre-
senting cells and inhibition of Th1 IFN-y secretion, increas-
ing Treg, decreasing IL-2, and CD8" T cell accumulation,
proliferation, and function within the CNS (Fig. 4B). CO
acts on APC to inhibit the expression of MHC-II thus limit-
ing reactivation of pathogenic Th cells within the CNS. Ex-
ogenous CO mimicked these effects, suggesting that CO
contributes to the protective action of HO-1 [16]. Confirming
these results, pre-treatment with CORM-A1 also protects

In addition, HO-1 may have a partial role in maintaining
the integrity of the blood—spinal cord barrier, ameliorating
damage due to proinflammatory leukocytes infiltration [198].
Also, HO-1/CO treatment reduces neuroinflammation in
murine cerebral malaria, a disease that showed immune
mechanism similar to EAE, by maintaining blood brain bar-
rier integrity thus limiting T cell infiltration [199]. Moreover,
our group has shown that mice gestated under hypothyroid-
ism, and that in the adulthood have been induced with EAE
have higher EAE score, increased demyelination and greater
CD4" and CD8" infiltrating cells in the spinal cord compared
to mice gestated in euthyroidism [1]. Interestingly, the ex-
pression of HO-1 is reduced in these mice compared to mice
gestated in euthyroidism (data not published). Although the
mechanism of HO-1 protection from EAE remains to be un-
veiled, immunomodulation as well as cytoprotective proper-
ties on CNS may have a major role in preventing neuroin-
flammation disease. These data pose endogenous HO-1 as a
major protective factor in EAE, and that HO-1 modulation
could become a novel therapy for MS.
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Type 1 Diabetes

In type 1 diabetes, B cell damage and vascular injury are
partially caused by ROS generation, leading to apoptosis
[200-203]. Most of the knowledge about HO-1 protective
effects in diabetes is related to vascular and endothelial cell
function attributed to heme group degradation and the con-
comitant biliverdin and CO production. The protective effect
of HO-1 may be associated with a decreased infiltration of
dendritic cells in the pancreas [202]. HO-1 has a protective
effect in pancreatic cells and PB-cells by increasing anti-
apoptotic proteins such as Akt and Bcl-xL, by reducing the
pro-oxidant injury, and preventing the development of type 1
diabetes [81]. Hu et al. (2007) showed that HO-1 transduc-
tion ameliorated destructive insulitis and the incidence of
diabetes in mice [204]. This would be associated with a
lower T-helper cell (Thl)-mediated immune response, in
which IL-2 and IFN-y producing cells from spleen are de-
creased, as well as serum levels of these cytokines. Also,
HO-1 transduction decreased the CDIlc’ MHC-II" cell
population in spleen, suggesting that T cell priming is af-
fected [204] (Fig. 4C). Interestingly, Nikolic et al. showed
that CORM-A1 treatment delayed the onset and reduced
diabetes symptoms in NOD mice while reestablished insulin
levels [86]. Also, this study showed that CORM-ALI treat-
ment reduced both the expression of IFN-y and the prolifera-
tive capacity of lymph node cells. Most importantly, CORM-
Al treatment increased the proportion of Treg cells, reduced
the numbers of IL-17 and IFN-y producing cells while in-
creased IL-10 cytokine production [86]. In addition to the
anti-inflammatory functions, CORM-A1 prevented islet cells
apoptosis by downregulation of cytochrome ¢ expression and
suppression of caspase 3 activity [86].

Interestingly, HO-1 would be involved in different im-
muno-supressive signaling pathways. It has been reported
that HO-1 expression would be regulated by PPARs ago-
nists, which are known to improved diabetes in obese dia-
betic mice [205], consistent with the observed adiponectin
increase [65]. Thus, HO-1 could be induced by other mole-
cules that, in conjunction, can work together to decrease in-
flammation and produce a positive outcome for diabetic
mice. The therapeutic utility of inducing HO-1 or CO expo-
sure has yet to be tested in human diabetes.

Experimental Autoimmune Uveitis

Experimental models of autoimmune uveitis (EAU) have
been used to evaluate the therapeutic potential of HO-1 rele-
vant to immune mediated inflammatory diseases of the eye
such as Behcet's disease, sympathetic ophthalmia, ocular
sarcoidosis and Vogt-Koyanagi-Harada (VKH) disease [206-
208]. Jang et al. demonstrated that HO-1 induction by hemin
administration to rats immunized with interphotoreceptor
retinoid-binding protein (IRBP) showed a lower grade of
clinical inflammation than did the IRBP-control group exam-
ine with a biomicroscope [208]. Further, authors showed that
HO-1 inhibition by the administration of Sn-PP to EAU rats
accelerated the onset of clinical symptoms as well as worsen-
ing them [208]. Similarly, in an acute model of ocular in-
flammation, it was reported that hemin administration to
LPS-treated rats significantly decreased the number of infil-
trating polymorphonuclear cells in the anterior chamber of
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the eye [209]. In addition, HO-1 induction by hemin
administration reduced iNOS and IL-6 mRNA expression in
the iris-ciliary body after LPS injection. Most importantly,
authors demonstrated that hemin pretreatment reduced pro-
tein, NO, IL-6 and TNF-a levels in Aqueous humor from the
anterior chamber after LPS injection [209]. Similarly, Rossi
et al. showed that hemin administration reduced the amounts
of IL-1p and CXCLS in ciliary bodies in the endotoxin-
induced uveitis model under both normal and hyperglycemia
conditions highlighting the potential role of HO-1 induction
in the treatment of ocular diseases secondary to diabetes
[210].

Clinically important is the fact that PBMCs from patients
with active Behcet’s Disease (BD) expressed lower HO-1
mRNA levels than PBMCs from healthy controls [211].
TLR4 is involved in immune cells activation after ligation
with specific DAMPS associated with Behcet’s Disease such
as HSP60 [212]. Interestingly, Kirino et al. reported that
PBMCs from BD patients showed an increase in TLR4
mRNA levels as compared to those from healthy controls
[211]. Furthermore, the expression of TLR4 mRNA was
inversely correlated with HO-1 mRNA levels in PBMCs
from active BD patients [211].

7. INVOLVEMENT OF HO-1 IN INFLAMMATORY
DISEASES

Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is characterized by
recurrent and severe gastrointestinal inflammation. As ob-
served in EAE and type 1 diabetes models, CO-exposure
improved the clinical score of mice with IBD. It has been
demonstrated that CO administration or HO-1 induction
expression by heme/CoPP ameliorates tissue destruction
and inflammatory infiltrate in intestine of IL107 spontane-
ous IBD mice model compared with air-exposed mice in
model [213]. Furthermore, authors showed that CO admini-
stration and HO-1 induction in IL-107" mice showed less
weight loss and a reduction in IL12p40 and TNF secretion
by explants. Complementary to this studies, the same group
demonstrated that both CO treatment and HO-1 induction
in IBD TCRa”" mice reduced colitis, increased 1L-10 and
decreased IL-4 and IL-17 secretion by colonic cells com-
pared with air-exposed TCRa” mice [214]. Similar results
with CO/HO-1 were observed in dextran sulfate sodium-
induced (DSS) colitis mice [215, 216]. Authors demon-
strated that hemin significantly attenuated DSS induced
colitis as evidenced by reducing inflammatory cell infiltra-
tion, IL-6 and IL-17 production, epithelia apoptosis and
tissue destruction. In addition, HO-1 inhibition by SnPP
pretreatment enhanced DSS-induced colitis inflammation,
IL-6 production, mucosal bleeding and weight loss [215].
Also, hemin markedly increased Foxp3 " Treg cells popula-
tion in mesenteric lymph node of DSS-induced colitis mice.
Ulcerative colitis patients with active disease showed aug-
mented HO-1 levels than patients with quiescent disease or
healthy controls by immunohistochemical staining [217]. In
contrast, Crohn’s disease patients showed no difference in
HO-1 levels compared to healthy controls or patients dur-
ing inactive phase. All these data promote CO/HO-1 axis as
a potential tool for IBD treatment.
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Fig. (4). HO-1/CO treatment reduces immune disorders in organ-specific autoimmune diseases. Multiple Sclerosis, A) MS patients
showed a decreased HO-1 expression in PBMCs when disease is active. B) HO-1 induction as well as CO treatment in EAE mice ameliorates
disease by decreasing MHC-II expression on CD11c cells and modulating cytokine production by T cells such as IL-2. Type I Diabetes, C)
HO-1/CO treatment in NOD Type 1 diabetes mice block disease development by decreasing pro-inflammatory cytokines by T cells such as
IFNy and IL-2, insulitis and decreasing CD11c cells infiltration on B-islet areas.

Asthma and Allergy

Asthma is a chronic disease characterized by airflow ob-
struction airways inflammation, hyper-reactivity and remo-
deling. As most of immune mediated diseases, the etiology
of asthma is multifactorial, in which Th2 related cytokines
play a predominant role. In OVA-sensitized/challenged
mice, an allergic airway inflammation model, pretreatment
with hemin reduced inflammatory infiltration, including
eosinophil infiltration, in bronchoalveolar lavage fluid and
decreased levels of serum OVA-specific IgE, compared to
OVA mice [218]. Also, authors showed that the administra-
tion of hemin increased Foxp3 mRNA expression in the lung
and increased the percentage of CD4" CD25 high regulatory
T cells in blood compared with OVA mice, suggesting that
regulatory T cells play a role in hemin protection of allergic
airway inflammation [218, 219]. The protection of hemin in
the OVA allergic airway inflammation model was specifi-
cally prevented by the administration of HO-1 enzymatic
inhibitor SnPP [219]. Also, in the neutrophilic lung inflam-
mation model, transgenic mice for TCR specific for MHC-11
restricted OVA peptide exposed to OVA aerosols, hemin
administration reduced the total number of neutrophils and
lymphocytes with much less tissue injury [220]. In addition,
hemin reduced numbers of Th17 cells in spleen, IL-17 levels
in bronchoalveolar lavage fluid and Th17-related transcrip-
tion factor retinoic acid-related orphan receptor yt (RORyt)
mRNA expression in lung tissues, mediators that were en-
hanced by OVA challenge. In contrast to the effect of hemin
over Th17 profile, Th1 and Th2 profiles were not affected by
HO-1 induction [220].

A small study in nonsmoking adolescents with moderate
to severe asthma showed that HO-1 nasal epithelial mRNA
expression was inversely associated with upper and lower
airway clinical outcomes promoting HO-1 as a potential dis-
ease marker of airway severity [221].

Hepatitis and Liver Injury

A therapeutic potential for HO-1 induction in immune-
mediated liver injury models has also been suggested. Odaka
et al. showed that hemin treatment prevented the infiltration of
inflammatory cells around the liver central vein and hepato-

cyte necrosis in halothane—hypoxia model rats [222]. In addi-
tion, it has been reported that HO-1 inhibition by Sn-MP fur-
ther increases the proinflammatory cytokine TNF-a and NF-
kB activation in carbon tetrachloride-liver injury model rats
[223]. Similar cytoprotective effects of HO-1 induction were
observed in the acetaminophen-induced hepatotoxicity model
[224]. Sass et al. showed that HO-1 induction by CoPP re-
duced hepatocyte apoptosis in various models for liver injury,
such as anti-CD95 antibody treatment and LPS or TNF-a ad-
ministration in D-galactosamine sensitized mice, mainly by
inhibiting caspase-3 activity [225]. Further, overexpression of
HO-1 by adenoviral gene transfer (injected intravenously)
also reduced apoptosis and liver damage after anti-CD95 anti-
body treatment [225]. In addition, CO exposure prevented
liver apoptosis induced by anti-CD95 antibody treatment [225]
and CoPP administration reduced the expression of the proin-
flammatory cytokines TNF-o and IFN-y in LPS/D-
galactosamine treated mice [226]. Although several reports
have evaluated the therapeutic potential of HO-1 induction
during hepatic injury, the contribution of HO-1/CO for auto-
immune hepatitis remains unknown [222-225].

On the other hand, HO-1 inhibition has been shown to be
beneficial during excessive iron accumulation after bile duct
ligation in rats preventing fibrosis by decreasing TGF-B1,
TIMP-1 and MMP expression while HO-1 induction in-
creased liver fibrosis [227].

Most importantly, it has been shown that patients with
chronic liver disease due to non-alcoholic steatohepatitis,
chronic hepatitis C, and liver cirrhosis showed an increased
HO-1 mRNA expression than healthy controls [228, 229].
Further, HO-1 expression correlated with lipid peroxidation
end-product levels suggesting that HO-1 induction may be
part of the response against the oxidative damage resulting
critical in disease progression [228]. Thus, HO-1 induction
could be a novel therapeutic option for chronic liver disease
treatment.

8. ONGOING CLINICAL TRIALS

Heme has been proved for the treatment of human por-
phyria [230] and hemin has been approved as a therapeutic
agent by the U.S. Food and Drug Administration (FDA) for
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the treatment of acute porphyrias. Currently, some clinical
trials and preclinical toxicology tests suggest that doses of
CO gas or CORM taken from experimental mice model
therapies, surrounding 20% of COHb levels, showed no side
effects in healthy volunteers (ClinicalTrials.gov identifier:
NCT00094406). Some clinical trials using CO exposure
therapy are initiating and are mainly focused on preventing
lung inflammation (ClinicalTrials.gov identifier: NCTO000
94406; ClinicalTrials.gov Identifier: NCT00122694) and
transplants rejection (ClinicalTrials.gov Identifier: NCTO00
531856). In the next years, results of these studies will de-
monstrate if the CO therapy is a feasible tool for use in rou-
tine medical practice and more precisely in autoimmune dis-
ease treatment.

9. CONCLUDING REMARKS

The multiple effects of HO-1 modulation, HO-1 gene
therapy as well as CO gas/CORM exposure occur at different
points of cellular and molecular biology such as cell activa-
tion, proliferation, apoptosis, cytokine response with a major
role in redox balance. The efficiency of HO-1/CO axis in
modulate proinflammatory response has been proven in dif-
ferent pathological conditions. Although further research
must be done to evaluate the effectiveness of HO-1 gene
therapy in immune mediated diseases, this strategy may have
major clinical impact. The use of CORMs has significantly
increased actual knowledge of the anti-inflammatory proper-
ties of HO-1 activity, neglecting side effects of hypoxia sec-
ondary to inhaled CO gas. Although, HO-1/CO is able to
abrogate immune mediated disease in different experimental
mice models, translating its efficacy in human autoimmune
disease treatment such as SLE, MS and type 1 diabetes is a
worthy challenge.
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