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Abstract

Significance: Heme oxygenase-1 (HO-1) is a potential therapeutic target in many diseases, especially those
mediated by oxidative stress and inflammation. HO-1 expression appears to regulate the homeostatic
activity and distribution of mononuclear phagocytes (MP) in lymphoid tissue under physiological condi-
tions. It also regulates the ability of MP to modulate the inflammatory response to tissue injury. Recent
Advances: The induction of HO-1 within MP—particularly macrophages and dendritic cells—modulates the
effector functions that they acquire after activation. These effector functions include cytokine production,
surface receptor expression, maturation state, and polarization toward a pro- or anti-inflammatory phe-
notype. The importance of HO-1 in MP is emphasized by their expression of specific receptors that pri-
marily function to ingest heme-containing substrate and deliver it to HO-1. Critical Issues: MP are the first
immunological responders to tissue damage. They critically affect the outcome of injury to many organ
systems, yet few therapies are currently available to specifically target MP during disease pathogenesis.
Elucidation of the role of HO-1 expression in MP may help to direct broadly applicable therapies to clinical
use that are based on the immunomodulatory capabilities of HO-1. Future Directions: Unraveling the
complexities of HO-1 expression specifically within MP will more completely define how HO-1 provides
cytoprotection in vivo. The use of models in which HO-1 expression is specifically modulated in bone
marrow-derived cells will allow for a more complete characterization of its immunoregulatory properties.
Antioxid. Redox Signal. 20, 1770–1788.

Introduction

Heme oxygenase-1 (HO-1) is an inducible enzyme that
degrades pro-oxidant heme into equimolar quantities of

carbon monoxide (CO), iron, and biliverdin (170, 192). Bili-
verdin is immediately converted to bilirubin by biliverdin
reductase (193). The byproducts of HO-1 enzymatic activity
are cytoprotective because of their antioxidant and anti-
inflammatory properties (83, 122, 130). The well-established
ability of HO-1 expression to prevent injury in a number of
disease models has been extensively reviewed elsewhere (13,
127, 130, 141, 159, 186). This review presents current evi-
dence and concepts on the involvement of HO-1 and heme on
mononuclear phagocytes (MP) with a particular emphasis on

macrophages and dendritic cells (DC). The interest in these
cell types stems from their central role in heme recycling, in-
nate immunity, and antigen presentation. We examine evi-
dence suggesting that HO-1 modulates the immune system
during homeostasis and disease by regulating the function
of MP.

The Mononuclear Phagocyte System

The mononuclear phagocyte system (MPS) consists of cells
derived from myeloid progenitors during hematopoiesis.
These cells include circulating monocytes in the blood, in
addition to tissue macrophages and DC, which are MP (69).
MP have specialized properties including high motility,
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phagocytosis, and the ability to generate a remarkable array
of soluble factors and surface molecules (156). They are
present throughout the body as resident populations in many
organs including the brain, skin, liver, lung, kidney, and
heart. They can also be recruited from the circulation to sites of
local injury. Tissue-resident MP are sentinels for disease,
serving as first responders to tissue insult (145). The pheno-
types of MP are heterogeneous and dependent on the mi-
croenvironment that they inhabit (15, 44, 62). There is
evidence that tissue homeostasis is subject to regulation by
tissue resident MP, and that multiple modes of communica-
tion exist between parenchymal cells and resident MP (64, 81,
82, 146, 181, 191). In the heart, for example, resident macro-
phages express high levels of HO-1 and CD163 and directly
interact with endothelial cells and cardiac myocytes (134).
Tissue-resident MP may integrate signals from the sur-
rounding tissue as part of a global network (37, 98).

The primary functions of MP arise from their ability to ingest
and process material from the extracellular environment: (i)
antigen presentation to cells of the adaptive immune system
and (ii) homeostatic or injury-induced clearance of senescent or
damaged cells, cellular debris, and pathogens. The former is
generally considered a functional hallmark of DC, which are
more motile than macrophages, and thus more commonly mi-
grate to regional lymphoid tissue where they present processed
antigen to the adaptive immune system (7, 185). Macrophages,
on the other hand, are less efficient at antigen presentation, but
are well suited for phagocytic clearance of cellular debris due to
their catabolic phenotype (117). Thus, although macrophages
and DC are both MP, and therefore unified in their ability to
ingest extracellular material, their role in the immune system
diverges thereafter. In accordance with the distinct functions of
the cells that comprise the MPS, the result of HO-1 expression in
these cells is complex and multifaceted.

Cellular damage or death results in the generation of
damage/danger-associated molecular patterns (DAMPs) (17,
78, 108). DAMPs bind to pattern recognition receptors (PRR)
on MP, resulting in the release of chemical mediators, such as
cytokines and chemokines (96, 106, 107). These mediators
activate resident inflammatory cells and attract circulating
MP to the site of damage (66). They also stimulate accelerated
hematopoietic generation of MP in the bone marrow. At the
site of injury, the resident and infiltrating MP remove dead or
dying cells and cellular debris. The composition of the mate-
rial ingested by MP is essential in determining the down-
stream inflammatory response (22, 108). For example,
infection activates MP when microbial peptides or polysac-
charide (also called pathogen-associated molecular patterns
[PAMPs]) are recognized by PRR on their surface. These PRR
include the toll-like receptor (TLR) family of innate immune
receptors (4). In organ transplantation, DAMPs formed as a
result of ischemia/reperfusion injury activate the innate im-
mune system (86, 94, 135). Thus, infection and transplantation
generate an inflammatory response by activating the MPS,
resulting in the production of cytokines and chemokines and
priming of the adaptive immune system (42). Recognition of
phosphatidylserines on apoptotic cells by MP PRRs is also
important during the process of development, but does not
result in an inflammatory response (28, 38).

Sterile inflammation is principally regulated at the level of
the MPS because MP integrate a variety of signals that shape
the evolution of an immune response (12). They express a

diverse repertoire of receptors on their cell surface. These re-
ceptors have broad ligand specificity (unlike antigen-specific
receptors on lymphocytes) and are linked to downstream
signaling pathways that regulate the differentiation and ef-
fector function(s) of MP (76). An immune response to sterile
tissue injury is dependent upon (i) the distribution of MP in
the injured organ, (ii) the nature of the injury stimulus and the
cell-associated antigens (i.e., MP receptor ligands) that are
generated by it, (iii) the ligand-receptor interaction on the MP
cell surface, and (iv) ligand processing and the activation of
downstream effector pathways in MP. In a number of disease
states, these events dictate whether the response to tissue injury
favors injury resolution or tolerance (an anti-inflammatory re-
sponse) or chronic inflammation and exaggerated tissue injury
(a pro-inflammatory response) (44, 156).

MP are remarkably heterogeneous. Macrophages, the most
broadly distributed and numerous members of the MPS, re-
spond to an extremely wide range of environmental cues that
can result in dramatic changes in their morphology and gene
expression (44). Macrophages orchestrate both the initiation
and resolution of inflammation and therefore can mediate
either pro- or anti-inflammatory immune responses. For
simplicity, we will refer to a classification scheme for macro-
phages with two broad categories, with the caveat that, in fact,
it is a simplified framework placed on a continuum of possible
functional states (116).

Classically activated macrophages, called M1, are impor-
tant immune effector cells involved in pro-inflammatory re-
sponses (60, 61). They are typically activated by two stimuli.
The first, IFN-c, is produced by a number of cell types in-
cluding NK cells and TH1 cells. The second stimulus typically
comes from ligation of one of the TLRs by molecules bearing
patterns associated with microbes (PAMPs; e.g., TLR4) or
damage (DAMPs; e.g., TLR3 and TLR9) (60). Alternatively
activated macrophages, also called M2, can be subdivided
into M2a-M2c based on their induction stimulus (M2a, in-
terleukin [IL]-4; M2b, immune complexes; M2c, IL-10/TGF-b)
and expression of a relatively distinct array of intracellular
and surface markers (60, 116, 196). M2 macrophages are
considered anti-inflammatory, with pro-angiogenic and tissue
remodeling properties that are associated with the resolution of
inflammation (56). The notion that the polarization of macro-
phages extends beyond a simple M1 versus M2 classification
system is supported by the recent identification of several novel
macrophage subsets. These include hemorrhage-specialist
macrophages (Mhem)/hemorrhage-associated macrophages
(HA-mac), macrophages generated with oxPAPC (Mox), and
M4 macrophages, which are discussed in detail below. It is
likely that additional macrophage subtypes will continue to be
identified.

Investigations of MP biology in the context of heme re-
cycling and HO-1 activity provide compelling evidence that
protection from oxidative damage is only one of the modes by
which HO-1 exerts functional effects on the immune response
(20, 24, 90, 174). The literature on the role of HO-1 in immune
signaling pathways is complex because of the variety of ex-
perimental systems used, the ability of nearly all cells to make
HO-1 under certain conditions, the dependence of certain
observations on substrate availability, and because pharma-
cologic modulators of HO-1 expression are not entirely spe-
cific (105). However, consistent themes have emerged
indicating a role for HO-1 in inflammatory responses.
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MP HO-1 in Tissue Homeostasis

A role for HO-1 in immunity became apparent during the
characterization of an HO-1-deficient patient (187) and HO-
1-deficient mice (8). Kapturczak and colleagues showed
that the proportions of T cells, B cells, and macrophages
were relatively normal in young HO-1-deficient mice, but
the mice produced abnormally high levels of immuno-
globulin in the circulation. Additionally, stimulation of
HO-1 - / - splenocytes with LPS resulted in significantly
elevated levels of tumor necrosis factor-alpha (TNF-a), IL-6,
IL-12, and IL-1 in comparison to splenocytes from wild-
type mice (83). These results suggest that HO-1 deficiency
potentiates the pro-inflammatory activation of stimulated
MP. In both humans (187) and mice (90), the cytoarchi-
tecture of the secondary lymphoid tissues is markedly ab-
normal. The two published reports of human HO-1
deficiency indicated that the patients were essentially as-
plenic (61, 187). Hmox1 - / - mice first exhibit splenomegaly,
but as they age the relative spleen size diminishes and the
red pulp is progressively replaced by fibrotic tissue result-
ing from progressive depletion of splenic macrophages.
Therefore, the asplenia observed in the HO-1-deficient hu-
man could have been secondary to heme-toxicity mediated
by ROS in the splenic microenvironment and depletion of
intra-splenic macrophages that recycle heme after phago-
cytosis of senescent red blood cells (90). Collectively, these
findings suggest that both the innate and adaptive immu-
nity are strongly affected by HO-1 deficiency.

The anti-inflammatory properties of HO-1 have been de-
scribed in many disease models (6, 10, 123, 129). HO-1 can
dampen the inflammatory response indirectly (i.e., extrinsic to
the MPS) by preventing tissue injury and necrotic cell death
(i.e., DAMP production). However, recent evidence has
shown that HO-1 expression within cells of the immune sys-
tem (i.e., intrinsic to the MPS) modulates the inflammatory
response directly by affecting differentiation pathways and
effector functions (11, 174, 183). Induction of HO-1 in human
peripheral blood monocytes inhibits their chemotactic activity
(115). MP infiltrating sites of tissue injury robustly express
HO-1 (48, 97). Further, HO-1 deficiency in vivo leads to chronic
inflammation, perturbed distribution and function of the
MPS, and exaggerated inflammatory responses in disease
models (65, 83, 90, 131).

The IL-10/HO-1 Axis in MP

Several lines of evidence suggest that some immunoreg-
ulatory properties of HO-1 are related to IL-10 and vice-versa
(Fig. 1). Chen and colleagues found that a single intramus-
cular injection of an adeno-associated viral vector encoding
IL-10 in recipient rats bearing abdominal aortic allografts
protected the grafts from neointimal proliferation. Inhibition
of HO activity with zinc protoporphyrin IX (ZnPP) abro-
gated the protection (40). Blocking HO activity with tin
protoporphyrin IX (SnPP) also abrogates or reduces the
protective effects of IL-10 in septic shock (95) and ethanol
toxicity (50). These findings are consistent with an earlier
report by Lee and Chau that IL-10 administration protected
mice treated with a lethal dose of lipopolysaccharide (LPS;
endotoxin), while pretreatment with ZnPP abrogated the
protection. Notably, they showed that IL-10 is a potent in-
ducer of HO-1 in primary macrophages and in the J774.1

macrophage cell line. IL-10 treatment suppressed LPS-acti-
vated production of TNF-a, and treatment with anti-sense
oligonucleotides complementary to HO-1 attenuated the
inhibitory effect of IL-10. These effects appeared to be related
to CO generation (95). Thus, IL-10 can suppress LPS-induced
immune responses in an HO-1-dependent manner. Al-
though IL-10 does appear to regulate HO-1 expression, the
effect on the downstream anti-inflammatory activity of IL-10
remains somewhat controversial and therefore warrants
further elucidation (137).

These findings raise the question of how IL-10 signaling
and HO-1 are related. We can simplify the logic by initially
assuming that signaling by LPS through TLR4 is not di-
rectly interconnected to IL-10 and that the suppressive ef-
fects of IL-10 are exerted at the endpoint of the TLR4
pathway (Fig. 1). Also, while treatment with LPS induces
HO-1, it appears to be via a separate pathway, since LPS
can induce HO-1 in the presence of IL-10 neutralizing an-
tibodies (137). IL-10 binds to a receptor tetramer complex
that activates phosphorylation of Janus tyrosine kinases,
JAK1 and Tyk2, which then phosphorylate two specific
tyrosine residues that form part of a docking site for signal
transducer and activator of transcription-3 (STAT-3). STAT-
3 is tyrosine phosphorylated by the receptor associated
JAKs and then translocates to the nucleus where it binds to
STAT binding elements in the promoters of various genes
(49). Ricchetti and colleagues found that IL-10-induced
expression of HO-1 requires STAT-3 in macrophage cell
lines. Cells transfected with a STAT-3 dominant-negative-
encoding adenovirus did not express HO-1 when stimu-
lated with IL-10 (137). This interconnection was recently
demonstrated in vivo in a liver ischemia-reperfusion injury
model, in which liver damage is largely the result of
Kupffer cell-mediated injury (85). Mice treated with ade-
novirus coding for HO-1 were protected against liver in-
jury, but the protection was essentially abrogated when the
mice were also treated with STAT-3 small interfering RNA
(siRNA). Further, CD68 + macrophages co-stained for HO-1
and phosphorylated STAT-3, and STAT-3 knockdown de-
creased the frequency of such cells.

FIG. 1. The HO-1/IL-10 axis. Evidence supports the in-
volvement of HO-1 in both IL-10 receptor signaling and
signals mediated by the MyD88-independent TLR4 pathway.
The main control points appear to be STAT-3 and IRF-3,
respectively, although the precise mechanisms of control
remain to be addressed experimentally. See text for a dis-
cussion of these pathways. HO-1, heme oxygenase-1; IL, in-
terleukin; IRF-3, interferon regulatory factor-3; MyD88,
myeloid differentiation factor 88; TLR, toll-like receptor;
STAT-3, signal transducer and activator of transcription-3.
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HO-1 in TLR4 Signaling

LPS binds to MD-2 associated with TLR4, which induces a
homotypic interaction of TLR4, resulting in two possible
downstream signals. One is the myeloid differentiation fac-
tor 88 (MyD88)-dependent pathway, which results in acti-
vation of nuclear factor-kappa B (NF-jB) and the production
of pro-inflammatory cytokines (e.g., TNF-a and IL-6). The
other is MyD88-independent, leading to the activation of
IFN-b transcription via interferon regulatory factor-3 (IRF-3)
(144) (Fig. 1). Tzima and colleagues conditionally ablated
HO-1 in MP and showed that HO-1 deficiency in these cells
impairs IFN-b production induced by TLR-4 or TLR-3 ago-
nists (174). These TLRs share a common adaptor molecule,
TRIF (TIR-domain containing adaptor reducing interferon-
b), which forms a complex with other molecules and results
in phosphorylation of IRF-3 (3). IRF-3 nuclear accumulation
was significantly reduced in HO-1-deficient macrophages
and immunoprecipitation of IRF-3 indicated that it directly

interacts with HO-1 (174). Therefore, HO-1 may directly af-
fect TLR-mediated signaling.

Pathways for HO-1 Substrate Acquisition in the MPS

The MPS is principally responsible for heme-iron uptake
and recycling. The pool of free heme is often dramatically
increased following tissue injury because heme is an integral
component of many intracellular enzymes (e.g., cytochromes,
peroxidases, and nitric oxide [NO] synthase). Additionally,
damaged myocytes and erythrocytes are significant sources of
heme release during injury because they contain high con-
centrations of myoglobin (Mb) and hemoglobin (Hb), re-
spectively (18). Heme and Hb mediate tissue injury by
generating free radicals via Fenton chemistry and by scav-
enging NO, respectively. NO plays an important role in reg-
ulation of smooth muscle tone, platelet aggregation, and the
expression of endothelial adhesion molecules (20, 107, 108).
Free heme also binds to TLR4 and causes the secretion of

FIG. 2. Mechanisms of substrate acquisition for HO-1 in macrophages and monocytes. Hemoglobin (Hb) released by
erythrocyte lysis is rapidly bound by the acute-phase protein, haptoglobin (Hp). Free extracellular heme is bound by the
acute-phase protein, hemopexin (Hx). The Hp:Hb and Hx:heme complexes bind to the CD163 and CD91 surface receptors,
respectively, and are internalized by receptor-mediated endocytosis. The mechanism of myoglobin (Mb) clearance is cur-
rently unknown and may involve either a cell surface receptor such as CD163 or Hx-mediated clearance of heme after it is
liberated from Mb by oxidation. In the early endosome, the CD163 or CD91 receptor is recycled to the cell membrane. In the
late endosome, Hp and Hx and the globin chain of Hb are degraded, liberating the heme molecule. Heme is transported to
the cytosol by HRG1 (or HCP-1 if it is liberated in the early endosome) for degradation by HO-1, producing equimolar
quantities of CO, Fe2 + , and biliverdin. CO has anti-inflammatory properties. Due to its ferroxidase activity, ferritin oxidizes
ferrous iron (Fe2 + ) to ferric iron (Fe3 + ) for safe storage. Iron can also be exported from the cell by ferroportin. Biliverdin is
rapidly converted to bilirubin, a potent antioxidant, by the enzyme biliverdin reductase. As depicted, this pathway is subject
to control by immunological mediators such as cytokines and TLR receptor agonists (see text for discussion). CO, carbon
monoxide; Hx:heme, hemopexin complexed with heme.
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pro-inflammatory cytokines (52). Therefore, mechanisms ex-
ist to scavenge heme/Hb and funnel it to the HO system for
degradation. Receptor-mediated mechanisms prevent the
cytotoxicity associated with heme, which can generate ROS in
the extracellular space, or in the cell membrane and cytosol
because it is lipid-soluble (17, 78). Receptor-mediated uptake
ensures that heme is segregated to the lysosomal pathway
where it is specifically delivered to the HO enzyme system for
degradation (149). Thus, HO converts pro-oxidant heme into
cytoprotective byproducts and Fe2 + , which is quickly bound
to ferritin.

HO-1 is upregulated after injury because its induction is
coupled to the increased bioavailability of heme and its de-
livery to the enzyme (2, 24). Macrophages have at least two
specific cell-surface receptor systems for heme uptake, which
couple tissue injury to HO-1 induction and modulation of
macrophage function. Scavenging of heme contained in Hb is
mediated by CD163, a receptor that is expressed only on the
surface of monocytes and macrophages (149, 175). CD163-
dependent clearance and degradation of Hb involves several
steps (Fig. 2). Hb released by intravascular hemolysis imme-
diately forms a complex with haptoglobin (Hp), an acute
phase reactant produced in the liver (91). Hp expression is
stimulated by the proinflammatory cytokine, IL-6 (124); so,
circulating Hp levels can be used as a clinical marker of in-
fection (high Hp) (9). On the other hand, severe hemolysis
rapidly depletes Hp levels (140, 169). On the surface of cir-
culating monocytes or tissue macrophages, CD163 binds to
Hb complexed with Hp at high affinity or, when Hp is de-
pleted, to free Hb with low affinity (151). Ligation of the
CD163 receptor by Hp:Hb leads to receptor-mediated endo-
cytosis and clearance of Hb. In the early endosome, the CD163
receptor is recycled to the cell surface, while the globin chain
of Hb is degraded in the late endosome. Heme from Hb is then
transported from the lumen of the phagolysosome to micro-
somal HO-1 via the lysosomal transporters HCP-1 or HRG-1
where it is degraded to iron, CO, and biliverdin (150, 184). CO
is an anti-inflammatory and cytoprotective gas (129, 160). Iron
is quickly sequestered by ferritin, which is co-induced with
HO-1 (16, 19), consistent with the finding that CD163 + mac-
rophages stain strongly positive for iron in in vivo models (53).
Regulation of iron homeostasis in macrophages plays an im-
portant role in their response to inflammatory stimuli and
production of TNF-a and IL-6 (179, 197). Biliverdin and bili-
rubin are potent antioxidants, but also have inhibitory effects
on complement activation, T-cell proliferation, and cytokine
production (63, 121, 167, 188).

CD163-mediated uptake of Hb by macrophages is an anti-
inflammatory response to tissue injury, which is attributed
to the clearance of toxic Hb and to the downstream effects
that Hb uptake and degradation exerts on macrophage dif-
ferentiation and effector function (111). Classically activated
pro-inflammatory macrophages are CD163lo/ - , while alter-
natively activated M2 macrophages, known for their ability to
dampen the immune response, express high levels of CD163
(35). While it seems likely that heme-containing Mb, which is
toxic when released after myocardial injury or rhabdomyo-
lysis, is cleared by CD163 or a similar mechanism, it remains
to be confirmed experimentally.

The uptake of Hb by CD163 on monocyte/macrophage
(MM) is tightly regulated by cytokines and TLR agonists
(Fig. 2) (36, 67, 176, 182). In cultured macrophages, Hp:Hb

increases CD163 expression, IL-10 secretion, and HO-1 ex-
pression. The latter is suppressed with blocking antibodies for
the CD163 receptor or soluble antibodies to IL-10. This find-
ing, which was recapitulated in macrophages isolated from
skin blisters and patients on cardiopulmonary bypass, sug-
gests that IL-10 represents a link between increased ability for
clearance of Hb during inflammation and the induction of
HO-1 in MM (133).

The anti-inflammatory effect of CD163 is likely HO-1 de-
pendent. Both HO-1 and CD163 expression is upregulated by
the functionally divergent cytokines IL-6 (an early pro-
inflammatory marker) and IL-10 (anti-inflammatory) (35, 95,
109, 168, 175), suggesting that these cytokines form a positive
feedback system to increase the capacity for Hb clearance
(CD163) and metabolism (HO-1) during acute inflammation
and then again during resolution of the inflammatory re-
sponse. Collectively, these data support an anti-inflammatory
function whereby CD163 clears toxic free Hb and delivers it
to HO-1, stimulating the secretion of IL-10 and the generation
of anti-inflammatory CO and antioxidant bilirubin. Tissue-
resident macrophages and monocytes infiltrating sites of
injury strongly express CD163 on their surface. Since the anti-
inflammatory mediators IL-10 and the glucocorticoids en-
hance CD163 and HO-1 expression in these cells, CD163 +

macrophages have been implicated in the resolution of in-
flammation and in wound healing (133, 189).

The CD163 scavenger receptor (SR) appears to be specific
for Hb or Hp:Hb complexes (151). However, free heme is
highly toxic and can be released at the site of injury by heme
proteins including Mb, enzymes such as the cytochromes or
catalase, or by oxidation of Hb. In these scenarios, the circu-
lating acute phase protein, hemopexin (Hx) binds to heme and
serves as a means for its clearance (68, 70, 78). In 2005,
Hvidberg and colleagues identified the low-density lipopro-
tein (LDL) receptor-related protein, CD91, as the hemopexin
complexed with heme (Hx:heme) complex receptor (70).
Hx:heme complexes (but not heme alone) undergo receptor-
mediated endocytosis upon binding to CD91, which is
followed by recycling of CD91 to the cell membrane, degra-
dation of Hx in the endosome, and delivery of heme to HO-1
(Fig. 2). Current evidence supports overlapping functions for
the CD91/Hx:Heme and CD163/Hp:Hb systems. Mice defi-
cient for the genes encoding Hp and Hx are more sensitive to
hemolytic stress than mice that lack either gene alone (171,
172). Additionally, both receptors are expressed on anti-
inflammatory macrophages and co-regulated by glucocorti-
coids (103, 111). However, unlike CD163, the CD91 receptor is
expressed on hepatocytes, fibroblasts, and syncytiotropho-
blasts in addition to macrophages (110, 158). The down-
stream consequences of heme ingestion in macrophages are
not dependent on the mechanism(s) of its delivery to HO-1
(33). Therefore, although the downstream effects of CD91-
mediated heme clearance have not been as well characterized
as the CD163-mediated system, by increasing the pool of
substrate available to HO-1, the CD91 system may have
overlapping effects on the inflammatory response.

HO-1 is a Heme-Dependent Integrator of the MPS Anti-
Inflammatory Response

Schaer and colleagues were the first to demonstrate that
Hb-mediated induction of HO-1 through the CD163 receptor
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is a unique and defining transcriptional response in macro-
phages (148). In contrast to previous reports that used Hb
contaminated with endotoxin (138, 176), these macrophages
are characterized by an anti-inflammatory gene expression
profile and a unique three-gene signature of increased hmox-1
and glutamate-cysteine ligase modified (gclm) and sup-
pressed [d]-aminolevulinate synthase (alas1), the rate-limiting
enzyme in heme synthesis (142). This gene expression profile
clearly distinguishes heme-induced CD163 + macrophages
from the M1 or M2 macrophage subsets. Interestingly, the
unique Hb-CD163 genetic signature is a direct result of in-
creased intracellular heme, as treatment of macrophages with
free heme (which enters the cell independent of the CD163
receptor) results in an identical transcriptional profile as
compared to CD163-dependent ingestion of Hb (148). The
CD163 + HO-1 + macrophage population is significantly ex-
panded in the bone marrow and liver of patients with sepsis
and in atherosclerotic plaques in heme-rich regions of neo-
vascularization or intraplaque hemorrhage (IPH) (31, 152).
Thus, this macrophage subset is functional in vivo and HO-1
may be the operative enzyme system through which ingested
heme-containing material directly influences the inflamma-
tory response.

In 2009, Boyle and colleagues clarified the importance of
HO-1 expression in macrophage responses to IPH (31). They
showed that monocytes infiltrating atherosclerotic plaques
with IPH are ‘‘adaptively modeled’’ by Hb ingestion and
develop into a unique population of CD163hi HLA-DRlo

macrophages, which were originally referred to as HA-mac.
HA-mac generated in culture with Hp:Hb robustly express
HO-1 and IL-10, and exhibit suppressed intracellular oxida-
tive stress. Neutralizing IL-10 antibodies blocked the Hp:Hb-
mediated differentiation of HA-mac, implicating autocrine
IL-10 production in the differentiation process (31). Boyle and
colleagues also showed that HO-1 is required for the devel-
opment of HA-mac based on four observations (33). First,
inhibition of lysosomal processing prevented HA-mac de-
velopment in vitro, suggesting a requirement for heme de-
livery to HO-1 from the endosomal compartment. Second,

phagocytosis of oxidatively damaged erythrocytes, a source
of heme that is ingested via the macrophage scavenger re-
ceptor CD204, drove HA-mac differentiation to the same ex-
tent as heme or CD163-Hb. Thus, the macrophage response to
heme is not dependent on the CD163 receptor, but instead, a
downstream mediator such as HO-1. This finding supports
the notion that upregulation of CD163 expression is a re-
sponse to increased free heme in the external environment,
while the differentiation and functional characteristics of HA-
mac are dependent upon heme processing by HO-1. Third,
when macrophages were treated with heme, the resulting
upregulation of CD163, suppression of HLA-DR, and secre-
tion of IL-10 is blocked by inhibition of HO-1 with ZnPP or
siRNA. Fourth, HO-1 induction by heme in HA-mac is me-
diated by the transcription factor NF-E2-related factor 2
(Nrf2), a master regulator of the antioxidant response that
induces HO-1 upon binding to the antioxidant response ele-
ment in the hmox-1 promoter/enhancer after release from its
negative regulator Kelch-like ECH-associated protein 1
(Keap-1) (5, 72, 74, 75, 100). HO-1 induction in heme-treated
macrophages is blocked by Nrf2 siRNA, while IL-10 secretion
and HA-mac differentiation is potentiated by the pharmaco-
logical activation of Nrf2. Therefore, activation of HO-1 is an
important regulatory step in the development of HA-mac, a
process that is facilitated by, but not dependent upon ex-
pression of surface CD163. Whether other transcription fac-
tors, such as the AP-1 family, are involved in HA-mac
differentiation remains to be elucidated experimentally.

HO-1 and Atheroprotective Macrophages

The general atheroprotective actions of HO-1 are well
documented (114, 190). Recently, a more complete under-
standing of this process has implicated HO-1 expression within
MP as an effector of atheroprotection (128). Microenviron-
mental heterogeneity in atherosclerotic plaques drives the de-
velopment of distinct macrophage subpopulations that
differentially effect the progression of atherosclerotic disease
based on their effector functions (30). In lesions, HA-mac are

Table 1. Characteristics of Heme-Induced Macrophages

Category Heme-induced macrophages References

Surface antigen expression [CD163a, CD206 (31, 33, 53)
YHLA-DRa

oxLDL scavenger receptor expression YSR-A1, SR-A2, SR-B1, CD36 (53)

Cytokine production [IL-10a, IL-1RA (31, 33, 53, 133)
YTNF-a

Gene expression profileb [Hmox-1, Gclm (148)
YAlas1

Transcription factors Nrf2a, ATF-1a, LXR-b (32, 33)

Cell membrane transporters [Cholesterol efflux transporters, ABCA1 and ABCG1 (32, 53)
[Ferroportin

Intracellular characteristics [Ferritin-bound iron (31, 33, 53, 151)
YFree iron, ROSa, Lipid

aHO-1 expression is suggested to be directly involved.
bCD163/Hb pathway-dependent gene expression profile.
ATF-1, activating transcription factor-1; Hb, hemoglobin; HO-1, heme oxygenase-1; IL, interleukin; LXR, transcription factor liver X

receptor; Nrf2, NF-E2-related factor 2; oxLDL, oxidized low-density lipoprotein; ROS, reactive oxygen species; SR, scavenger receptor; TNF-a,
tumor necrosis factor alpha.
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iron-laden cells that are found in areas of plaque neovascular-
ization or IPH (88). Therefore, they occupy a distinct micro-
environment relative to lipid-laden foam cell macrophages. In
the plaque’s necrotic core, oxidized LDL (oxLDL) is bound to
scavenger receptors including CD36, SR-A/B, and LOX-1 on
macrophages (163). Internalized oxLDL contributes to macro-
phage differentiation into foam cells, which participate in pla-
que progression (102, 139). Spann et al. recently demonstrated
that when macrophages accumulate lipid and form foam cells,
their expression of pro-inflammatory mediators is suppressed
(162). However, when HO-1-deficient macrophages are treated
with oxLDL, generation of ROS is amplified and secretion of
pro-inflammatory IL-6, MCP-1, and the IL-8 homologue, KC is
increased (128). Thus, HO-1 expression in macrophages may
render them resistant to foam cell formation and to production
of pro-inflammatory mediators that exacerbate atherogenesis
and plaque progression.

Recently, HA-mac have been renamed Mhem, and will be
referred to as such hereafter (32). Mhem are co-dependent on
coordinated regulation of iron homeostasis and lipid han-
dling (Table 1). They store iron, and in contrast to foam cells,
are resistant to lipid accumulation. This finding is accounted
for by a coupled relationship between the redox state of the
cell and the expression of lipid efflux pumps (Fig. 3). When
macrophages are exposed to Hb-heme in lesions with IPH,
heme uptake triggers the induction of two transcription fac-
tors, Nfr2 and activating transcription factor-1 (ATF-1) (32,
33). ATF-1 regulates two downstream pathways that may be
integrated by Hb-heme-induced HO-1 activity, ultimately
resulting in the atheroprotective properties of Mhem and their
resistance to lipid accumulation. The first pathway is the re-
sult of ATF-1-mediated induction of HO-1 and its potent an-
tioxidant and iron-regulatory properties. The second pathway
is the result of ATF-1-mediated upregulation of lipid efflux
pumps on the Mhem cell membrane by positively regulating
the expression of the master lipid metabolism regulator,
transcription factor liver X receptor (LXR)-b (77). LXR-b in-
creases the expression of the ABC transporters, ABCA1 and
ABCG1, which function as membrane cholesterol efflux
pumps (53). However, upregulation of these pumps is
blocked by reactive oxygen species (ROS), which is charac-
teristic in foam cells. In Mhem, HO-1 induction likely prevents
ROS, thus affording the cell protection from foam cell for-
mation (53). Macrophages treated with Hp:Hb are protected
against ROS formation induced by oxLDL. However, this
effect is reversed when HO-1 expression is blocked with
siRNA (32). Free iron is a redox active byproduct of heme
degradation by HO-1. Therefore, the finding that Mhem have
low intracellular ROS despite a principal role in scavenging
iron-containing Hb seems counter-intuitive. However, HO-1
expression confers protection to oxidative stress in macro-
phages by generating antioxidants (i.e., biliverdin and bili-
rubin), and by promoting the sequestration and export of
redox-active iron. Further, the production of IL-10 in Mhem,
which appears to be at least partially dependent on HO-1
expression (32), potentiates the release of free iron from
macrophages (101). In addition, the free iron exporter, ferri-
portin is also upregulated in Mhem (53, 194, 197). Ferritin is co-
induced with HO-1 (19), resulting in sequestration of iron, thus
rendering the iron biologically inactive. Accordingly, Mhem
are iron-laden cells, but their intracellular free iron concentra-
tion is low and they are resistant to oxidative stress (180). The

importance of iron handling in macrophages was also dem-
onstrated in a study of chronic venous leg ulcers, which result
from the inability to resolve chronic inflammation. In chronic
venous leg ulcers, inflammation is driven by an iron-dependent
M1 macrophage population. Although this macrophage pop-
ulation is CD163 + as a consequence of abundant Hb-heme,
iron-overload blocks M1 to M2 polarization, and thus resolu-
tion of the inflammatory response (157).

Mhem fail to develop when Nrf2 and ATF-1 are depleted
by siRNA (32, 33). These transcription factors both induce
HO-1 expression, suggesting that HO-1 may regulate mac-
rophage differentiation directly and as a consequence of its
ability to suppress ROS. The dependence of Mhem on HO-1
expression for development suggests that HO-1 is part of a
global network of molecular signals that integrates the pro-
cessing of extracellular heme with macrophage polarization
and downstream effector functions (Figs. 2 and 3). A unifying

FIG. 3. Heme-mediated transcriptional regulation in HO-
1-dependent macrophage differentiation. Ingested heme
activates the transcription factors Nfr2 and ATF-1, which
likely function synergistically in the induction of HO-1 ex-
pression. ATF-1 also induces the expression of LXR-b, the
‘‘master regulator’’ of lipid metabolism, and in turn a cascade
of LXR-a and then ABCA1/ABCG1 expression. ABCA1 is a
membrane channel that exports intracellular cholesterol for
reverse transport via HDL. This process, which prevents foam
cell formation, is blocked by intracellular ROS. Therefore, the
antioxidant and anti-inflammatory effects of HO-1 expression
are likely to play a role in heme-dependent anti-inflammatory
macrophage differentiation. HO-1 activity results in the for-
mation of biliverdin and bilirubin, which are potent antioxi-
dants that scavenge ROS. HO-1 (likely through CO) dampens
the production of pro-inflammatory cytokines and upregu-
lates the production of IL-10. IL-10 positively feeds back on
HO-1 and increases the expression of the CD163 Hb receptor.
Thus, the downstream effects of Hb-heme-mediated macro-
phage differentiation are likely dependent on HO-1 expres-
sion. BR, biliverdin reductase. ATF-1, activating transcription
factor-1; LXR, transcription factor liver X receptor; ROS,
reactive oxygen species.
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mechanism that is dependent on integrated co-regulation of
HO-1, IL-10, and CD163 appears to emerge (Fig. 3). Receptor-
mediated internalization of heme induces HO-1 expression by
activating Nfr2 and ATF-1. HO-1 expression increases IL-10
production, which increases expression of HO-1 and CD163.
Therefore, the function of IL-10 and CD163 in Mhem may
converge on HO-1, which appears to be necessary for not only
the development of Mhem, but also their anti-inflammatory
activity (31–33, 53, 133). Although these functions were de-
termined in the context of atherosclerosis, HO-1 may also be
essential in regulating macrophage functional states in
broader settings because heme-release and hematoma for-
mation are common consequences in many pathologies.

Thus far, we have focused on the mechanisms by which
HO-1 regulates the MP response when its substrate, heme, is
readily bioavailable (e.g., IPH). However, HO-1 may also play
a role in the macrophage response to heme-independent
stimuli, such as oxidized lipids (108). oxLDL and oxidized
phospholipids (oxPL), formed during atherogenesis, are
chemotactic to MP and mediate upregulation of HO-1 in
macrophages (118, 173). Kadl and colleagues demonstrated
that oxPL induce the differentiation of a novel macrophage
subset, which they named Mox. Based on gene array analysis
and localization studies in mouse atherosclerotic lesions, the
Mox subset is distinct from M1 or M2 macrophages and
characterized by expression of redox-regulatory and antioxi-
dant genes, including robust HO-1 expression (80). However,
the functional role of Mox in atherosclerosis and the in-
volvement of HO-1 in this process has not been studied.

An interesting hypothesis arises when comparing what is
known about Mhem and Mox macrophages. In Mhem, the
CD163/Hb system delivers heme to the HO-1 enzyme
through the endosomal system, and experimentation has
demonstrated that this results in the production of the cyto-
protective, immunoregulatory, and antioxidant byproducts of
HO-1 activity (CO, iron, and biliverdin). Further, loss of HO-1
expression at least partially reduces the observed anti-
inflammatory properties of Mhem (e.g., IL-10 production).
Although it was demonstrated that oxPL induces expression
of HO-1 and several other redox-regulated genes in Mox in an
Nrf-2-dependent manner (80), no mechanistic interaction be-
tween HO-1 and Mox development was tested. Induction of
HO-1 in Mox may not be coupled to a downstream functional
effect when HO-1 enzymatic activity is restricted due to low
bioavailability of heme substrate in the conditions that were
used to culture Mox in vitro. This is also a possible scenario
in vivo, as Mox are found in the lipid-rich region of the plaque
where, relative to areas of IPH, the concentration of heme is
low. In addition to HO-1, Kadl and colleagues found that
numerous genes with antioxidant and redox-regulatory at-
tributes were upregulated in Mox. Therefore, HO-1 upregu-
lation in Mox may not be necessary for their function, but
instead, a secondary consequence of Nrf-2 activation. The
differences between Mox and Mhem, despite similar upre-
gulation of HO-1, indicates that future research in this area is
warranted, with particular attention to the association be-
tween heme substrate availability and the immunobiological
effects of HO-1. In addition, the observation that foam cells
form despite HO-1 upregulation when murine macrophages
are treated with oxLDL could also be explained by the rela-
tively low bioavailability of heme substrate in the in vitro
conditions in which these studies were conducted (71). When

macrophages are cultured from human monocytes treated
with heme, they are resistant to lipid accumulation because
the expression of the oxLDL SRs, including CD36, is signifi-
cantly suppressed (53). However, oxLDL-mediated activation
of Nrf2 in monocyte-derived macrophages appears to play a
promiscuous role by activating expression of both HO-1 and
CD36 (21, 126). The latter is the principal SR in foam cell
formation (71). The relationship between Nrf-2 and CD36
appears to be particularly important, as Nrf-2 knockout mice
on an apoE - / - background are more resistant to athero-
sclerosis compared to their wild-type littermates, which is
likely associated with a lower level of cholesterol influx in
plaque macrophages due to decreased expression of CD36
(21). Assimilation of these experimental results suggests that
the functional consequence of Nrf-2-dependent HO-1 induc-
tion in the context of atherosclerosis appears to change with
experimental conditions and may be a function of the bio-
availability of heme within the microenvironment that drives
macrophages to polarize.

A CXCL4-dependent macrophage subset was recently
identified and named M4 (58). CXCL4 is a chemokine derived
from the a-granules of activated platelets and is encoded by
the Pf4 gene (34). Pf4 knockout mice on an apoe - / - back-
ground are resistant to atherosclerosis (143). Therefore, M4
macrophages could be atherogenic (58). Interestingly, CD163
gene expression is significantly downregulated in CXCL4-
induced macrophages, and HO-1 is not upregulated when
they are treated with Hp:Hb complexes (59).

The functional effects of HO-1 expression in atherosclerotic
disease as they relate to the MPS are complex. However, con-
sistent themes have emerged. In areas of IPH, where heme-Hb
is abundant, HO-1 expression prevents the formation of foam
cells by directing Mhem differentiation and lipid export. Foam
cells produce a microenvironment abundant with ROS, which
amplifies the retention of oxidized lipids such as oxLDL in the
vascular wall. HO-1 expression within foam cells attenuates
their production of pro-inflammatory cytokines and down-
regulates the expression of lipid SRs (73, 128).

HO-1 and DC

DC are a heterogeneous group of MP that are distributed
throughout the body, and like macrophages, have functional
properties that are related to their microenvironmental niche
(54, 165). In general, DC serve as a bridge between the adaptive
and innate immune systems because their efficiency in antigen
capture, processing, and presentation enables them to activate
T-cell-mediated immunity, induce tolerance, and integrate
signals arising from innate immune activation (166). The term
‘‘DC’’ encompasses four distinct cell types: classical DC (cDC),
monocyte-derived DC, plasmacytoid DC, and Langerhans cells
(45, 155). The functional and developmental differences be-
tween these DC subpopulations have been reviewed elsewhere
(147, 155). This section will focus on aspects of DC im-
munobiology including maturation and interactions with the
adaptive immune system, specifically as they relate to HO-1.

In vivo, the majority of DC exist in an immature state (185),
expressing low levels of co-stimulatory molecules (i.e., CD80
and CD86) and MHCII. Immature cDC are highly phagocytic,
and they reside within the parenchymal tissues and lymphoid
organs where they constantly internalize cell-associated ma-
terial from the environment around them. In the absence of
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Table 2. Summary of Conflicting Reports on the Role of HO-1 in Dendritic Cell Maturation

Culture conditions
Maturation
stimulusb Key findings References

Rat BMDC: High HO-1 expression in immature DC (39)

GM-CSF (1.5 ng/ml)a TNF-a

IL-4 (4 ng/ml)a Poly(I:C) Stimulus-induced maturation (MHCII, CD80, CD86
and IL-12, 1L-6, TNF-a secretion) inhibits HO-1
expression

LPS

Human MDDC: CpG

GM-CSF (500 UL/ml) CD40L HO-1 induction with CoPP or IL-10 blocks DC
maturation, but preserves IL-10 secretionIL-4 (40 ng/ml)

Murine BMDC: LPS No reduction in HO-1 expression after stimulation
with LPS [as in Ref. (39)] at low GM-CSF
concentration

(131)

100 U/ml GM-CSF

800 U/ml GM-CSF Increased GM-CSF concentration or addition of IL-4
generated results similar to those previously
reported (39)

100 U/ml GM-CSF + 10 ng/ml IL-4 IL-4 significantly increases LPS-induced maturation
(i.e., MHCII and CD86)

Human MDDC: LPS blocks, but CoPP or CORM2 rescues, HO-1
expression in mature DC

(136)

GM-CSF (1000 U/ml) CO (CORM2 or CoPP) blocks TLR3 and TLR4 induced:

IL-4 (40 ng/ml) Phenotypic maturation (CD80, CD86)

LPS Pro-inflammatory cytokine section (IL-12p70,
IL-12p40, IL-23)

Murine BMDC: Poly(I:C) T-cell proliferation in MLR

GM-CSF (10 ng/ml from COS cells)a Biliverdin, bilirubin, deferoxamine, or heme have
no affect on DC maturation

CO preserves IL-10 secretion in mature DC
Rat BMDC: LPS LPS induces HO-1 expression and DC maturation

(MHCII, CD80, CD86)
(89)

IL-4 (4 ng/ml)

GM-CSF (1.5 ng/ml) CoPP pretreatment prevents LPS-induced DC
maturation

Murine MDDC: LPS CoPP prevents DC differentiation from monocytes
and prevents DC phenotypic maturation (MHCII,
CD86, CD83), T-cell proliferation in MLR, IL-12p40,
IL-12p70, and TNF-a (but not IL-10) secretion

(97)

GM-CSF (10 ng/ml)

IL-4 (10 ng/ml) CoPP inhibits LPS-induced maturation of BMDC
independent of HO-1 expression (in HO-1 - / -

and HO-1 + / + BMDC) by directly activating STAT-3
(132, 137)

HO-1 + / + and HO-1 - / - murine BMDC: LPS IL-10-mediated induction of HO-1 expression
in BMDC is STAT-3 dependent

(105)

GM-CSF (10 ng/ml) No reduction in HO-1 expression after stimulation
with LPS [as in Ref. (39)]

Differences in the expression of HO-1 with respect to maturation stimuli may be a result of different culture conditions. Evaluating this
possibility is problematic because many authors do not indicate the biological activities of the cytokines used to propagate the BMDC. Murine
BMDC propagated with GM-CSF – IL-4 represent the CD8 - DC subpopulation in the mouse spleen (155), while those propagated with Flt3-
ligand more closely resemble CD8 + DC based on phenotype and the ability to cross-present antigens (46, 120).

aFrom the culture supernatant of COS cells transfected with rat IL-4 or GM-CSF cDNA
bStimulus and specificity: TNF-a, Th1 inflammatory cytokine; Poly(I:C), polyinosinic-polycytidylic acid, TLR3; LPS, TLR4; CpG, cytosine

phosphate guanine, TLR9; CD40L, lymphocyte stimulus.
BMDC, bone marrow-derived dendritic cell; CO, carbon monoxide; CORM2, CO releasing molecule 2; tricarbonyldichlororuthenium II;

DC, dendritic cell; GM-CSF, granulocyte macrophage colony-stimulating factor; LPS, lipopolysaccharide; MDDC, monocyte-derived
dendritic cell; MHC, major histocompatibility complex; STAT-3, signal transducer and activator of transcription-3; TLR, toll-like receptor.
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inflammatory stimuli, highly motile immature DC from the
peripheral tissue migrate to draining lymph nodes where they
induce tolerance to phagocytized cell-associated self-antigens
(166). DC activated by tissue injury or infection undergo phe-
notypic maturation, whereby they become less phagocytic and
upregulate surface molecules that participate in antigen pre-
sentation, such as CD80, CD86, and MHCII (7). These changes
enable mature DC to activate antigen-specific naı̈ve T cells to
differentiate into adaptive immune effector cells (29). The ex-
pression of HO-1 in DC correlates with their maturity, sug-
gesting that HO-1 may regulate DC maturation, and therefore,
downstream adaptive immune responses (Table 2) (39).

The study of DC in vivo is hampered by their low frequency
in tissues and peripheral blood, the tendency of some DC
subpopulations to form cellular conjugates, and variable ex-
pression of lineage-specific surface markers (155, 178).
Therefore, information concerning HO-1 expression in pri-
mary DC isolates is generally limited to flow cytometry or
immunohistology. To generate substantial numbers of DC to
study, they can be propagated in culture from bone marrow
(bone marrow-derived DC [BMDC]), blood monocytes
(monocyte derived DC), or cord blood progenitors. Our ex-
perience and reports in the literature indicate that culture
conditions used for this purpose can strongly affect HO-1
expression levels, and therefore, the reported effect of HO-1
expression in DC (Table 2).

In the mouse spleen, three distinct cDC subsets have been
identified based on the expression of CD4 and CD8: CD4 -

CD8 - , CD4 + CD8 - , and CD4 - CD8 + (119). Based on the
expression of transcription factors and functional character-
istics, CD8 + splenic DC equivalents are found in most
peripheral tissues and characterized by a CD103 + CD11b -

phenotype (51, 57). Homologues of many murine DC subsets
have been found in humans, although the effect of HO-1 ex-
pression in human DC subsets has not been fully determined
experimentally (155, 177). HO-1 expression appears to be
particularly important in vivo in CD8 + splenic DC, which
express the highest level of HO-1 at baseline and after LPS
treatment, relative to the CD8 - splenic DC subset (Fig. 4).
Differential expression of HO-1 among splenic DC subsets has
also been confirmed in the rat (39). The CD8 + DC population
is depleted in HO-1 deficient mice, while the CD4 + CD8 -

subset is not affected (Fig. 5) (131). Further, deficiency of
CD8 + DC is prevented in humanized HO-1 transgenic mice
that are deficient for endogenous HO-1 but express human
hmox-1 from a bacterial artificial chromosome (87).

Several important physiological functions are uniquely at-
tributable to CD8 + DC (154). First, CD8 + splenic DC [and,
presumably, their peripheral equivalents (23, 47)] express SRs
[CD36 (26), DEC 205 (92, 93), and Clec9A (195)] that are
necessary for the recognition, phagocytic clearance, and tol-
erant response to self-moieties that originate from apoptotic,
necrotic, or senescent cells during homeostasis and tissue

FIG. 4. CD81 splenic DC express HO-1 protein in vivo.
Coexpression of CD8 and HO-1 in splenic DC from HO-
1 - / - mice (A), PBS-injected wild-type mice (B), and LPS-
treated wild-type mice (C). Figures are representative of
three separate experiments. Numbers within graph quad-
rants are the percentage of CD11c + MHC II + positive cells.
The histogram (D) shows the average of three experiments
expressed as the proportion of CD8 + cells expressing HO-1
divided by total CD8 + cells in HO-1 wild-type mice 24 h
after PBS and LPS administration (n = 3 in each group;
*p < 0.05). Reprinted by permission from Park et al. (131). DC,
dendritic cell; LPS, lipopolysaccharide; MHC, major histo-
compatibility complex.

FIG. 5. DC from HO-1 knockout mice are deficient in the
CD81 DC subset. Splenic cells were harvested from both
wild-type mice and HO-1 knockout mice. CD8 and CD4
expression is shown on CD11c + and MHCII + -gated cells
from knockout mice (A) and wild-type mice (B). Figures are
representative of three separate experiments. Numbers
within graph quadrants depict the percentage of CD11c +

MHC II + positive cells. The histograms shown depict the
average from three animals in the percentage of CD4 - CD8 +

DC (C) and CD4 - CD8 - cells (D) in wild- type mice and
knockout mice (n = 3; *p < 0.05). Reprinted by permission
from Park et al. (131).
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injury (25). In addition, these DC are uniquely capable of
antigen cross presentation on MHC class I molecules to CD8 +

T-cells, which results in protective immunity to certain path-
ogens and tolerance to self-tissue (1, 14, 23). Therefore, loss of
CD8 + DC could contribute to the chronic inflammation ob-
served in HO-1-deficient mice and humans. These observa-
tions also suggest that HO-1 expression is necessary for the
development and/or peripheral distribution of CD8 + DC in
the lymphoid organs (Fig. 6 and Table 3) (131).

A role for CD8 + DC in antigen cross presentation to CD8 +

T cells is further supported by the work of Remy and col-
leagues using a mouse model of DC-induced diabetes in Ins-
hemagglutinin (HA) mice (136), which express the HA anti-
gen on islet cells of the pancreas. In these mice, co-adoptive
transfer of naı̈ve anti-HA CD8 + T cells with HA peptide-
loaded, LPS-matured DC results in islet cell destruction and
diabetes development in 6–9 days (113). However, when DC
are co-treated with either cobalt protoporphyrin (CoPP; to

induce HO-1 overexpression) or CO releasing molecule 2
(CORM2; tricarbonyldichlororuthenium II), the induction of
diabetes in Ins-HA mice is prevented indefinitely. Thus, HO-1
and its byproduct, CO, inhibit antigen cross-presentation-
mediated immunogenicity of DC in vivo, which appears to
result from HO-1/CO-mediated inhibition of DC maturation
and IRF-3-dependent cytokine production (39, 136). Although
HO-1 induction blocks LPS-induced phenotypic maturation,
pro-inflammatory cytokine secretion, and alloreactive T-cell
proliferation, the ability to produce anti-inflammatory IL-10 is
retained (39). IL-10 has been shown to promote the mainte-
nance of an immature DC phenotype (39, 125), to potently
induce tolerance by inhibiting pro-inflammatory cytokine
secretion (164), and to be significantly upregulated in rat and
human BMDC treated with the HO-1 inducer CoPP or CoPP
and LPS (39). Therefore, the ability of HO-1 expression to at-
tenuate autoimmune disease (153, 174) and allograft rejection
(84) could be related to a selective induction of tolerogenic

FIG. 6. Development of late DC precursors (pre-DC) into CD81 DC in HO-1-deficient mice. Splenocytes (1 · 107) from
GFP + B6 mice and GFP + HO-1 - / - mice were i.v. injected into HO-1 - / - and HO-1 + / + mice. Spleens from these mice were
harvested 5 days after injection, and cells were used for analysis of data. Cells shown were gated on GFP + and MHC II +

events. Plots show the appearance of CD11c + CD8 + DC in the spleens of HO-1 - / - (A, D) and HO-1 + / + (B, E) mice receiving
adoptively transferred splenocytes from GFP + C57BL/6J (A–C) and GFP + HO-1 - / - (D–F) mice. Numbers within each
quadrant are the percentage of gated cells. (C, F) show the mean and SEM of CD11c + CD8 + splenocytes detected in recipient
mice (genotype indicated on the x-axis) in three separate experiments (n = 3/group; *p = 0.05). Table 3 was added to this
review for clarity. Reprinted by permission from Park et al. (131).

Table 3. Experimental Approach Used in Figure 6

Panel Pre-DC Host Result

B HO-1 + / + HO-1 + / + Control: generation of CD8 + DC from transferred pre-DC
A HO-1 + / + HO-1 - / - HO-1 + / + CD8 + DC fail to develop in the HO-1 - / - spleen
E HO-1 - / - HO-1 + / + HO-1 - / - CD8 + DC develop normally the in HO-1 + / + spleen
D HO-1 - / - HO-1 - / - HO-1 - / - CD8 + fail to develop from the in HO-1 - / - spleen
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DC through an IL-10-dependent mechanism. HO-1/CO also
appears to influence DC migration, in vivo. The treatment
of rat kidney donors with CO before graft procurement pre-
vents donor-derived DC from trafficking into secondary
lymphoid organs and the peripheral circulation, where they
stimulate alloreactive T cells (89, 104).

In many of the studies that have examined the correlation
between DC maturation and HO-1 expression, CoPP was
used to pharmacologically upregulate HO-1 activity (Table 2).
Mashreghi and colleagues showed that when BMDC are
treated with CoPP, inhibition of DC maturation is not de-
pendent on HO-1 expression (105). BMDC generated from
HO-1-deficient mice or treated with HO-1-specific siRNA
were prevented from LPS-induced maturation when treated
with CoPP. This was due to a direct activating effect on STAT3
by CoPP. However, in other studies, treatment with CORM2
(136) or methylene chloride (89) prevented LPS-induced DC
maturation, lending support to the notion that HO-1 is in-
volved in DC immunobiology. Jung and colleagues showed
that HO-1 expression promoted the phenotypic maturation of
BMDC in response to TLR stimulation by positively regulat-
ing the expression of indoleamine 2,3-dioxygenase. Moreover,
inhibition of HO-1 with ZnPP or siRNA blocked DC matu-
ration and pro-inflammatory cytokine secretion after stimu-
lation with LPS (79).

Collectively, these data support the notion that HO-1 ex-
pression is involved in the process of DC maturation. Con-
flicting reports may arise as a function of different culture
conditions, the use of nonspecific pharmacological agents for
manipulation of HO-1 expression, and an inability to reca-
pitulate DC heterogenity and functional characteristics
in vitro.

HO-1 and Antigen Presentation

Studies of HO-1 expression in T cells show that they are
capable of expressing HO-1 under specific conditions (27, 43,
161). But the functional consequence of HO-1 expression in T
cells is somewhat controversial. Several lines of evidence have
appeared to support the concept that HO-1 expression in
antigen-presenting cells (APCs) strongly influences the T-cell
responses in which those APC participate. The use of HO-1-
deficient mice and HO-1 siRNA has also served to substan-
tiate evidence that, in some cases, was generated using
pharmacologic inhibition. Using an in vitro system, we
showed that HO-1 expression in DC was required to support
regulatory T cell-mediated suppression of polyclonal T-cell
proliferation. Notably, a lack of HO-1 in the regulatory T cells
or in the responder T cells did not affect their ability to sup-
press or proliferate, respectively. But a lack of HO-1 in the
APC abrogated suppression and appeared to enhance pro-
liferation. The same effect was observed when BMDC were
used as APCs (55). These observations were consistent with
an earlier report that induction of HO-1 in DC inhibits their
ability to stimulate alloreactive T cells (39, 112) and supported
the concept that HO-1 has an importantly regulatory role in
APC function. Cheng et al. confirmed these observations in-
directly in vivo by adoptive transfer of BMDC from HO-1 - / -

mice or HO-1 + / + mice into mice receiving allogeneic ab-
dominal aorta transplants 10 days later. Administration of
HO-1-deficient BMDC resulted in worse intimal and medial
hyperplasia and increased cellular infiltrate. The authors

explored this phenomenon further and convincingly showed
that a lack of HO-1 in DC, whether because of HO-1 deficiency
or due to siRNA knockdown, favors proliferation of CD4 + T
cells in vivo and in vitro (41). This is also a potential explana-
tion for the accumulation of CD4 + cells observed in the HO-1-
deficient mice as they age (8). There is some evidence that this
effect could be due to a linkage between MHC class II ex-
pression and HO-1. A lack of HO-1 appears to favor increased
expression of MHC class II in DC, which appears to be related
to inhibition of CIITA (MHC class II gene) by HO-1 (41, 43).

Conclusions

The immunomodulatory function of HO-1 in MP appears
to be directly coupled to upstream receptors such as CD163,
CD91, or TLR4 that sense tissue injury by detecting the
presence of intracellular material (i.e., Hb) or PAMPs in the
extracellular environment. These upstream signals are re-
layed to HO-1, which appears to modulate the downstream
effector functions of MP. The role played by HO-1 in MP is
complex, and likely due to the sum of degradation of pro-
oxidant heme in addition to the individual actions of CO,
biliverdin/bilirubin, and iron/ferritin. Relative to other cell
types, HO-1 is expressed at high levels in MP, which is
likely necessary given their ability to ingest potentially
noxious extracellular material. The level of HO-1 expres-
sion in these cells is closely correlated to their effector
function. Despite their similarities, macrophages and DC
play divergent roles in the MPS during both homeostasis
and disease. Therefore, commonalities and differences
emerge when examining the role of HO-1 expression in
macrophages versus DC. Macrophages express receptors
that sense injury as an increase in the bioavailability of
heme. Subsequent HO-1 induction favors the differentia-
tion of anti-inflammatory macrophages, which may help to
dampen the inflammatory response and favor healing. HO-
1 expression among DC subsets seems to be heterogeneous
and related to unique functional characteristics of the var-
ious DC subsets in vivo. Given their efficacy at antigen
presentation, HO-1 expression in DC appears to dampen
the immune response by modulating stimulus-induced
phenotypic maturation, and thus, the stimulation of adap-
tive immune effector cells. In general, HO-1 induction fa-
vors an anti-inflammatory MP profile, which appears to be
tightly coupled to positive feedback to and from IL-10. Our
understanding of the ability of HO-1 to modulate the
immune system due to the cell-intrinsic effects of its
expression in MP is relatively new in comparison to the
well-described anti-inflammatory function of HO-1 after
damage to tissue. The latter is likely linked to the cytopro-
tective effect of HO-1, and its ability to prevent inflamma-
tion secondary to cell death. The former offers promise as a
potential therapeutic approach to immunomodulation in
wide range of important human diseases, and therefore
warrants further investigation.
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Abbreviations Used

APC¼ antigen-presenting cell
ATF-1¼ activating transcription factor-1

BMDC¼ bone marrow-derived dendritic cell
BR¼ biliverdin reductase

cDC¼ classical dendritic cell
CO¼ carbon monoxide

CoPP¼ cobalt protoporphyrin IX
CORM2¼CO releasing molecule 2; tricarbonyldichlororu-

thenium II
CVU¼ chronic venous leg ulcer

DAMP¼damage/danger-associated molecular pattern
DC¼dendritic cell

Fe2+¼ ferrous iron
Fe3+¼ ferric iron

GM-CSF¼ granulocyte macrophage colony-stimulating
factor

HA¼hemagglutinin
HA-mac¼hemorrhage-associated macrophage

Hb¼hemoglobin
HLA-DR¼human leukocyte antigen (MHC class II)

hmox-1¼heme oxygenase-1 gene
HO-1¼heme oxygenase-1

Hp¼haptoglobin
Hp:Hb¼haptoglobin complexed with hemoglobin

Hx¼hemopexin
Hx:heme¼hemopexin complexed with heme

IL¼ interleukin
INFc¼ interferon gamma
IPH¼ intraplaque hemorrhage

IRF-3¼ interferon regulatory factor-3
Keap-1¼Kelch-like ECH-associated protein 1

LDL¼ low-density lipoprotein
LPS¼ lipopolysaccharide
LXR¼ transcription factor liver X receptor

M1¼ classically activated macrophage
M2¼ alternative activated macrophage
Mb¼myoglobin

MDDC¼monocyte-derived dendritic cell
MHC¼major histocompatibility complex

Mhem¼hemorrhage-specialist macrophage
MM¼monocyte/macrophage
Mox¼macrophages generated with oxPAPC
MP¼mononuclear phagocyte(s)

MPS¼mononuclear phagocyte system
MyD88¼myeloid differentiation factor 88
NF-jB¼nuclear factor-kappa B

NO¼nitric oxide
Nrf2¼NF-E2-related factor 2

oxLDL¼ oxidized low-density lipoprotein
oxPL¼ oxidized phospholipids

PAMP¼pathogen-associated molecular pattern
PRR¼pattern recognition receptor
ROS¼ reactive oxygen species

siRNA¼ small interfering RNA
SnPP¼ tin protoporphyrin IX

SR¼ scavenger receptor
STAT-3¼ signal transducer and activator of transcrip-

tion-3
TLR¼ toll-like receptor

TNFa¼ tumor necrosis factor alpha
ZnPP¼ zinc protoporphyrin IX
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