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OPEN

Heme oxygenase-1 derived carbon monoxide permits
maturation of myeloid cells

B Wegiel*,1, A Hedblom1,2, M Li1, D Gallo1, E Csizmadia1, C Harris1, Z Nemeth1,5, BS Zuckerbraun4, M Soares3, JL Persson2

and LE Otterbein1

Critical functions of the immune system are maintained by the ability of myeloid progenitors to differentiate and mature into
macrophages. We hypothesized that the cytoprotective gas molecule carbon monoxide (CO), generated endogenously by heme
oxygenases (HO), promotes differentiation of progenitors into functional macrophages. Deletion of HO-1, specifically in the
myeloid lineage (Lyz-Cre:Hmox1flfl), attenuated the ability of myeloid progenitors to differentiate toward macrophages and
decreased the expression of macrophage markers, CD14 and macrophage colony-stimulating factor receptor (MCSFR).
We showed that HO-1 and CO induced CD14 expression and efficiently increased expansion and differentiation of myeloid cells
into macrophages. Further, CO sensitized myeloid cells to treatment with MCSF at low doses by increasing MCSFR expression,
mediated partially through a PI3K-Akt-dependent mechanism. Exposure of mice to CO in a model of marginal bone marrow
transplantation significantly improved donor myeloid cell engraftment efficiency, expansion and differentiation, which
corresponded to increased serum levels of GM-CSF, IL-1a and MCP-1. Collectively, we conclude that HO-1 and CO in part are
critical for myeloid cell differentiation. CO may prove to be a novel therapeutic agent to improve functional recovery of bone
marrow cells in patients undergoing irradiation, chemotherapy and/or bone marrow transplantation.
Cell Death and Disease (2014) 5, e1139; doi:10.1038/cddis.2014.97; published online 20 March 2014
Subject Category: Experimental Medicine

Myeloid cells have a critical role in the innate and adaptive
immune system responses to danger signals and pathogens.1

Upon recognition of pathogens or danger-associated mole-
cular patterns (DAMPs), myeloid cells mature into macro-
phages, secrete proinflammatory cytokines, and provide
appropriate inflammatory responses to infection and injury.2

As such, the differentiation status of myeloid cells is critical for
proper phagocytic function and elimination of pathogens. The
process by which myeloid progenitor cells differentiate into
monocytes and eventually into fully mature macrophages
requires the concerted activation and repression of several
lineage-specific genes such as PU.1, GATA2, and c-myb,
among others. Functional maturation of myeloid cells is of
particular importance in situations requiring acute responses
such as during chemotherapy, bone marrow transplantation
or sepsis.

Numerous reports have shown that the heme degradation
pathway regulates immune system responses. It has been
reported that HO-1 and CO induce erythroid differentiation
leading to increased production of hemoglobin and survival of
differentiated cells under low oxygen tension.3 HO-1 has also
been shown to inhibit myoblast differentiation through

downregulation of Lin-28, DGCR8 and heme synthesis.4

In addition, HO-1 favors development of mesenchymal stem
cells toward adipocytes by blocking lipid accumulation,
PPARg and CD13 expression through the Wnt pathway.5 In
contrast, HO-1 has been shown to accelerate mesenchymal
stem cell differentiation toward an osteoblast linage.5 Bone
marrow (BM)-derived stem cells expressing HO-1 are
important for improved myocardial repair following reperfu-
sion injury in the heart.6

We have previously shown that CO induces differentiation
and mobilization of BM progenitors toward an endothelial cell
phenotype in response to vascular injury to accelerate healing
of an injured vessel.7 HO-1 and CO are now recognized as
salutary molecules that reestablish homeostasis following
acute and chronic inflammation such as that associated with
ischemia–reperfusion injury, hemorrhagic and septic shock,
autoimmune disease, inflammatory bowel disease and acute
lung injury.8,9 Many of these pathological conditions require
rapid response of the bone marrow and mobilization of
progenitor cells that contribute to tissue repair. While several
studies have linked HO-1 with stem and progenitor cell
differentiation, we hypothesized that heme degradation may
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Keywords: carbon monoxide; heme oxygenase-1; macrophages; differentiation
Abbreviations: HO-1, heme oxygenase-1; CO, carbon monoxide; GM-CSF, granulocyte macrophage colony-stimulating factor; MCSFR, macrophage colony-
stimulating factor receptor; DAMPs, danger-associated molecular patterns; BMDM, bone marrow-derived macrophages; LPS, lipopolysaccharide; HIF1a, hypoxia
inducible factor 1a; PKC, protein kinase C; PI3K, Phosphatidylinositide 3-kinase; MCP-1, monocyte chemoattractant protein 1; IP-10, interferon-g induced protein 10;
HSC, hematopoietic stemm cell; ROS, reactive oxygen species

Citation: Cell Death and Disease (2014) 5, e1139; doi:10.1038/cddis.2014.97
& 2014 Macmillan Publishers Limited All rights reserved 2041-4889/14

www.nature.com/cddis

http://dx.doi.org/10.1038/cddis.2014.97
mailto:bwegiel@bidmc.harvard.edu
http://www.nature.com/cddis


be important in early expansion, differentiation, and matura-
tion of myeloid cells into macrophages. Using a model of
marginal bone marrow transplant, which leads to tissue
damage, we find that HO-1-derived and exogenously deliv-
ered CO modulates in part the fate of myeloid progenitors
and mediates the ability of these cells to differentiate into
functional mature cells.

Results

Lack of HO-1 in myeloid cells results in poor maturation
of macrophages. Comparative immunostaining with
antibodies against the residential macrophage marker
F4.80 was performed on the spleens, lungs, and livers
from Hmox1� /� and Hmox1þ /þ mice. We observed
significantly lower F4.80-positive counts in Hmox1� /�

spleens versus Hmox1þ /þ with no differences in expression
in either the lung or liver (Figures 1a and b). The enlarged
spleens with abnormal white and red pulp typically seen in
Hmox1� /� may explain in part the difference in the
macrophage counts and phenotype. We therefore next

focused on deletion of HO-1, specifically in myeloid cells.
Analysis of spleens from Lyz-Cre:Hmox1flfl mice showed no
significant difference in surface expression of F4.80 in the
liver or brain or any of the lymphoid organs including the
spleen, thymus, and lymph nodes (Supplementary Figures
1b and 2). In contrast, we observed lower expression of
CD14, Mac3, and MCSFR in the spleens from Lyz-
Cre:Hmox1flfl mice as compared with Hmox1flfl mice
(Figure 1c and d). Further, lymph nodes and thymus from
Lyz-Cre:Hmox1flfl mice showed lower total expression of
CD14 as measured by immunoblotting and immunostaining,
and a significant difference in surface CD14 expression was
seen in the lymph nodes as measured by FACS (see also
Figure 1d and Supplementary Figure 3 versus
Supplementary Figure 1). These observations, in addition
to decreased circulating CD14þ cell numbers in
Lyz-Cre:Hmox1flfl mice support the hypothesis that HO-1 is
important in maturation of myeloid progenitor cells into a
monocyte/macrophage lineage (Figures 1e and f). Moreover,
the differential expression patterns of CD14 observed in the
thymus, lymph nodes, and spleen suggest that CD14 in

Figure 1 Lack of HO-1 in myeloid cells results in lower number of mature macrophages. (a) Immunohistochemistry with antibody against F4.80 in the spleens, lungs, and livers
from Hmox1� /� and Hmox1þ /þ mice. Number of F4.80-positive cells per field of view (n¼ 4–6) was evaluated. Inset: Representative staining is shown. n¼ 3 per group.
**Po0.001 Hmox1� /� versus Hmox1þ /þ . (b) Immunohistochemistry of the spleens from Hmox1� /� and Hmox1þ /þ mice with staining against CD14. Representative
sections are shown. (c) Immunostaining with antibodies against CD14 (Alexa-488) was performed on the spleen sections from Hmox1flfl and CreLyz:Hmox1flfl mice. n¼ 3–4 per
group. (d) Immunoblotting in the lysates of the spleens from Hmox1flfl and CreLyz:Hmox1flfl mice. Antibodies against CD14, Mac3, and MCFR were applied to test for macrophages
maturation. b-Actin was used as loading control. n¼ 4 mice per group. (e, f) Blood cells were isolated by Ficol extraction from Hmox1flfl and CreLyz:Hmox1flfl mice (n¼ 2–3 per
group) and stained against CD14 conjugated with FITC. Appropriate IgG-FITC control antibodies were used. Representative flow cytometry plots are shown in e, and quantitation of
fluorescent mean is shown in f. ANOVA, P¼ 0.0026; Tukey’s test: **Po0.01 Hmox1flfl versus IgG and *Po0.05 Hmox1flfl versus CreLyz:Hmox1flfl
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macrophage is differentially regulated by HO-1 at the total
protein level (in thymus and spleen) versus surface expres-
sion (lymph node and blood).

HO-1 regulates macrophage differentiation. HO-1 is
expressed in various hematopoietic cells in the BM,
including Lin� /Sca1þ , Lin� /Sca1� , and Linþ populations
(Figures 2a–c). The highest level of HO-1 expression was
observed in Sca1þ /Lin� populations, suggesting that HO-1
might have a role in maintaining the stemness features of
hematopoietic stem and progenitor cells by contributing to
their commitment and differentiation into various lineages
(Figures 2b and c). To test the role of HO-1 during myeloid
cell differentiation and maturation, we quantitated the
number of colonies in methylcellulose medium (MethoCult)
derived from myeloid cells harvested from Lyz-Cre:Hmox1flfl

versus Hmox1flfl mice. No significant differences were
observed in colony numbers between genotypes suggesting
that the ability of BM cells to form colonies was not altered in
the absence of HO-1 (Figure 2d). However, we did observe a
significant decrease in CD14 expression in colony-derived
cells lacking HO-1 when cultured in methylcellulose
medium for 9 days (Figure 2e). These data suggest
HO-1 is important for phenotypic maturation of myeloid
cells into a subset of functional macrophages and support

our in vivo observations, in which monocytes isolated from
Lyz-Cre:Hmox1flfl mice present with low CD14 expression
compared with control Hmox1flfl cells in the spleen and
peripheral blood (Figure 1).

Treatment with macrophage colony-stimulating factor
(MCSF) over 5 days induced differentiation of myeloid cells
characterized by increased expression of HO-1 and macro-
phage maturation markers Mac3 and CD14 (Figure 2f).
Myeloid progenitors from Lyz-Cre:Hmox1flfl treated with
MCSF confirmed that CD14 expression was reduced as
compared to progenitors from Hmox1flfl mice (Figure 2g).

We next evaluated whether the absence of maturation
markers such as CD14 translated to alterations in
macrophage function. Treatment of macrophages with
bacterial lipopolysaccharide (LPS) induced rapid degradation
of IkB regulated by CD14 and toll-like receptor activation.
Bone marrow-derived macrophages (BMDM) from
Lyz-Cre:Hmox1flfl showed low CD14 expression, and a
delayed response to LPS treatment as compared with control
Hmox1flfl macrophages (Supplementary Figure 4).

CO induces myeloid cell expansion and differentiation
in vitro. The effects of HO-1 on maturation and differentia-
tion prompted us to next test the effects of CO, a product of
HO-1 activity, on CD14 expression in response to MCSF. CO

Figure 2 HO-1 dictates bone marrow differentiation toward macrophage linage. (a) Immunohistochemistry with antibody against HO-1 in bone marrow of wild-type mice.
Note the single positive cells in the bone marrow progenitor fraction. (b) Immunofluorescent staining of HO-1 on enriched progenitor cells from the bone marrow in a C57/BL6
mouse. Isolated splenocytes (positive control for HO-1 staining), total bone marrow cells, sca1þ /lin- and sca1-/lin- populations were subjected to cytospin and stained with
antibody against HO-1. Representative pictures from 2 to 3 experiments are shown. (c) Real time PCR was performed in the cell fractions as in b. HO-1 expression per b-Actin
is presented as fold change over total BM levels of HO-1. (d) Total BM cells from Hmox1flfl and CreLyz:Hmox1flfl mice were isolated and cultured in methylcellulose medium for
9 days following manufacturer’s protocol. Colony counts in methylcellulose medium were performed on day 9. P40.05, NS (e). Total BM cells from Hmox1flfl and
CreLyz:Hmox1flfl mice were isolated and cultured in methylcellulose medium for 9 days following manufacturer’s protocol. Immunoblotting with antibody against CD14 and HO-
1 was performed on cell lysates. Data are representative for 2–3 experiments. (f) BM cells were induced toward macrophage differentiation using MCSF (20 ng/ml). Detection
of HO-1, Mac3, and CD14 was performed by immunoblotting. Cells were harvested on days 0–5 during differentiation. Data are representative for at least three experiments.
(g) BM cells isolated from Hmox1flfl and CreLyz:Hmox1flfl mice were subjected to MCSF-induced differentiation as in f, and the levels of CD14 were measured by
immunoblotting. Note that the levels of CD14 are lower in BM from CreLyz:Hmox1flfl mice as early as day 1. Two different exposures of the same CD14 blot are presented to
better appreciate the changes in early and later time points
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enhanced CD14 and Mac3 expression compared with air
controls in macrophages treated with MCSF to stimulate
differentiation for 6–8 days in culture (Figures 3a and b). To
evaluate the mechanism by which CO influenced CD14
expression, we measured levels of macrophage growth
factor receptor (MCSFR) and tested the effects of CO
exposure on MCSF-induced differentiation. Exposure to CO
resulted in a significant increase in expression of both
surface and total MCSFR expression (Figures 3c and d)
while lack of endogenous CO production in myeloid cells

from Lyz-Cre:Hmox1flfl mice resulted in attenuation of
MCSFR expression. Of note, under these treatment condi-
tions, CO had no effect on HIF1a expression or cytokine
release measured in vitro in macrophages or in vivo in the
lymph nodes (Supplementary Figure 5).

Next, we investigated whether CO might effectively induce
differentiation of myeloid progenitors into macrophages
with lower doses of MCSF. CO significantly increased the
number of fully differentiated macrophage as measured by
morphology (Figures 3e and f). Further, CO amplified

Figure 3 CO accelerates differentiation and maturation of macrophages. (a) BM was isolated from wild-type mice and stimulated with MCSF in the presence or absence of
CO (250 p.p.m.) for 6 and 8 days. Immunoblotting with antibody against Mac3 and CD14 was performed in the lysates of differentiated macrophages. (b) Immunostaining with
antibody against CD14 in CO differentiated cells cultured in methylcellulose for 9 days. Data are representative for two independent experiments performed in triplicates.
(c) Flow cytometry of BMDM treated with CO for 24 h and cell surface MCSFR was detected. n¼ 3 in duplicates, **Po0.01. (d) Immunoblotting and immunostaining with
antibodies against MCSFR and Mac3 in total BM cells from Hmox1flfl and CreLyz:Hmox1flfl mice differentiated with MCSF (20 ng/ml) for 2, 4, and 5 days. Data are
representative for three independent experiments. Densitometric quantitation is shown in Supplementary Figure 6. (e, f). Macrophage colony formation was tested at
suboptimal levels of MCSF (1 ng/ml) in the presence or absence of CO (250 p.p.m.). Significant increase in the number of CO-induced BMDM was observed at day 3. Data are
representative for three independent experiments. *Po0.05. (g, h) U937 cells were stimulated with PMA (1, 5, or 10 ng/ml) to induce differentiation toward macrophages.
Representative data are shown in g and quantitation is presented in h. n¼ 3 experiments in triplicates. *Po0.05. CO versus Air at each time point
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macrophage colony counts in response to PMA, an agent that
acts through protein kinase C (PKC) to induce macrophage
differentiation (Figures 3g and h). These findings define a
cellular mechanism by which CO, as a bioactive product of
heme catabolism, influences macrophage differentiation.

CO induces MCSF-induced BM differentiation in part via
PI3K-Akt signaling. CO sensitizes BM cells to lower doses
of MCSF in vitro by increasing expression of MCSFR
(CSF1R). To define the mechanism, we tested the role of
two potential pathways that are known targets of CO in other
cells: sGC-cGMP10 and PI3K-Akt7 that regulate transcription
factor PU.1 to increase MCSFR expression.11 Inhibition of
soluble guanylate cyclase did not attenuate CO-induced
MCSF and CD14 expression nor did it interfere with CO-
increased MCSF-driven colony formation (Figures 4a and b).
In contrast, blockade of PI3K using LY294002, a selective
inhibitor of PI3K, resulted in complete repression of
differentiation and induction of MCSFR both basally as well
as in response to CO suggesting a potential mechanism for
general regulation of myeloid differentiation (Figure 4).

CO increases myeloid cell expansion and differentiation
after marginal bone marrow transplantation. To correlate

our in vitro findings with a relevant in vivo model, we
performed a marginal bone marrow transplantation. Lethally
irradiated mice were reconstituted with an insufficient
number of bone marrow-derived myeloid cells. Poor survival
following irradiation is associated with organ damage and
bacterial sepsis largely due to increased gut permeability in
combination with a lack of properly differentiated hemato-
poietic cells. We know this effect to be abrogated with CO
treatment.12 Treatment of mice with CO for 1 h prior to
marginal bone marrow transplant and then daily thereafter for
1 h resulted in 95–100% survival with increased early bone
marrow engraftment versus controls (Figures 5a–c).12 Of the
cells that engrafted, a significant number were positive for
CD133, a myeloid progenitor surface marker (Figure 5d). In
addition, lethally irradiated BM recipient mice treated with CO
showed a higher number of colony-forming units in the
spleen on day 7 in culture as compared with air-treated
control mice (Figure 6a). The spleens isolated from mice
treated with CO after BM transplantation also showed an
increased number of Ki67 positive cells and a significant
expansion of F4.80-positive myeloid cells (Figure 6b).
Importantly, CO treatment of naı̈ve animals for 1 h was
associated with elevated GM-CSF, IL1a IP-10, and MCP-1
levels in the serum suggesting that an increase in myeloid
cell recruitment and the factors necessary for their differ-
entiation likely explains in part the enhanced survival of
lethally irradiated mice treated with CO (Figure 7).

Discussion

The role of HO-1 and its active products on macrophage
function are well established with numerous reports describ-
ing HO-1 as critical in macrophage activation, proliferation,
and survival.13–17 The majority of these reports, however,
focused on how HO-1 and CO modulated mature macro-
phage function versus understanding their role on myeloid
maturation. Recently, it has become more evident that HO-1 is
important in regulating reprogramming and differentiation of
other cell lineages including endothelial progenitors, which
are mobilized from bone marrow to the site of vessel injury.7,18

Bone marrow cells isolated from Hmox1� /� mice generate
fewer endothelial colony-forming cells and respond poorly in
models of angiogenesis and ischemic injury of the heart and
hindlimb.18,19 Importantly, lack of HO-1 was rescued with CO
treatment that enhanced endothelial cell recruitment and
vessel development. While the mode of action of HO-1 is
mediated to a large extent by CO, there is in all likelihood a
contribution of the other HO-1 bioactive products, iron and the
bile pigments to bone marrow physiology and end-organ
tissue function.

We describe here that lack of HO-1 specifically in myeloid
cells reduced their ability to undergo maturation into
differentiated and functional macrophages classified as
such by CD14 and MCSFR expression, two well-accepted
markers of macrophage maturation. These macrophage-
specific markers are not only critical for responses to the
growth factor MCSF (MCSFR) but are important for innate
responses to bacterial endotoxins (CD14). CD14 is a
glycoprotein that binds bacterial LPS and activates a
proinflammatory phenotype essential for phagocytosis

Figure 4 CO-induced differentiation and maturation of macrophages is partially
mediated through PI3K-Akt pathway. (a) Immunoblotting with antibodies against
MCSFR and CD14 at stimulation with suboptimal levels of MCSF (1 ng/ml) in the
presence or absence of CO (250 p.p.m.). Cells were pretreated with LY24009 or
ODQ for 1 h prior treatment with CO. Data are representative for two independent
experiments. (b) Macrophage colony formation was tested in cells treated as above
at day 3. ANOVA, Po0.0001; Tukey’s test: &Po0.01 AirþODQ or Airþ LY
versus Air, *Po0.05 CO versus Air, #Po0.001 COþ LY versus CO, NS CO versus
COþODQ
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Figure 5 CO treatment enhances survival and bone marrow engraftment in marginal bone marrow transplant. (a–c) Representative section of bones and flow cytometry
differential counts of bone marrow cells at day 7 are shown; n¼ 3–4 per group. *Po0.05. (d) Immunohistochemical staining with antibodies against CD133 in the group of CO
and Air-treated mice after marginal bone marrow transplantation at day 7

Figure 6 CO induces early engraftment and expansion of myeloid progenitors in the spleen during marginal bone marrow transplant. (a) Number of colony-forming units in
the spleen in the mice after marginal BM transplant as in Figure 5. *Po0.05 Air versus Naive and #Po0.05 CO versus Air. (b) Immunohistochemistry with antibody against
CD133 (progenitor marker), P-Histone-H3 (proliferation marker), F4.80 (macrophage marker) as well as TUNEL staining (apoptosis) was performed in the spleens as in a
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of pathogens. Macrophages from CD14� /� mice are
incapable of clearing apoptotic cells suggesting a broader
role of CD14 in tissue repair following injury.20 Low CD14
levels may explain in part the poor responses of HO-1
knockout mice against bacterial infection and greater organ
damage in models of sepsis.13,21 Others and we have shown
that mice lacking HO-1 in macrophages have a low
phagocytic index whereas exposure to CO can rescue and
augment bacterial recognition and clearance.13,22

We observed significantly less CD14 and MCSFR expres-
sion in mononuclear cells isolated from the spleen and in
peripheral leukocytes from Lyz-Cre:Hmox1flfl mice. This
phenotype might explain in large part the inability of these
mononuclear cells to remove apoptotic bodies and dead
erythrocytes due to impaired phagocytic activity, in combina-
tion with an inability to process heme. However, in contrast to
low numbers of F4.80-positive cells in Hmox1� /� mice as
compared with Hmox1þ /þ mice, we observed no difference in
F4.80 levels when comparing macrophages harvested from
Hmox1flfl versus Lyz-Cre:Hmox1flfl mice. One explanation
may be uncontrolled expansion of the T-cell zone in Hmox1� /�

mice with less infiltration and recruitment of macrophages
from the bone marrow due to abnormal white pulp distribution.

Unlike Hmox1� /�mice, Lyz-Cre:Hmox1flfl mice do not present
with enlarged spleens likely because deletion of HO-1 in these
mice is limited to myeloid lineage.

Hematopoietic stem cells (HSC) from Hmox1� /� mice
repopulated lethally irradiated recipients, but were ineffective
in affording radioprotection in part due to decreased p38
MAPK activation in HSC in response to oxidative stress.23 Our
studies here show that exogenously applied CO promoted
engraftment and radioprotection in a marginal bone marrow
transplant model. CO augmented expansion of CD133þ
progenitors in secondary myelopoietic organs and early
differentiation of myeloid cells.

Perhaps one of the principal mechanisms of CO action in
myeloid progenitors may be to increase reactive oxygen
species (ROS) and modulate the overall redox status of the
cell. Stem cell niche and progenitor expansion and differ-
entiation are highly regulated by oxygen tension.24–26 Hypoxia
is a general stimulus for bone marrow activation26 and
regulates hematopoiesis in the marrow. The generation
of CO under stress conditions likely reduces oxygen
tension locally in the bone marrow that in turn influences
cellular oxygen sensor signaling and upregulation of
CO-responsive transcription factors such as Bach1 and NPAS2.

Figure 7 Luminex cytokine assay was performed in serum from mice treated with CO (250 p.p.m.) or Air for 1 h. n¼ 5 mice per group. Highly elevated and mildly elevated
cytokines and chemokines are presented in a and b, respectively. *Po0.05 CO versus Air, **Po0.01 CO versus Air
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These signals activate survival pathways, compelling mobiliza-
tion and differentiation of precursor cells into those necessary to
befit the requirements of the body during development and in
response to cellular and tissue stress. The release of specific
mediators, chemokines, and growth factors initiate the
directionality of the ultimate cell type, and we posit that
HO-1, necessary for heme turnover, is ideally situated to
regulate and direct successful transition of an immature
progenitor into a mature and functional differentiated cell
ultimately mediated by CO.27,28 Indeed, CO specifically
increased expression of the growth factors and cytokines
GM-CSF, IP-10, IL1a, as well as the chemokine MCP-1.
Increased mobilization of progenitors from the bone marrow in
response to these factors may be an explanation for improved
repair that has been observed in models of wound healing,
cardiac myocyte injury, and endothelial denudation.7,29,30

In summary, we have shown that HO-1 and CO are important
in differentiation of myeloid progenitors into a macrophage
phenotype. The precise cellular target remains elusive and
whether these protective molecules influence all progenitor cell
differentiation and mobilization remains to be determined.
Collectively, these data and published reports support sub-
stantial dependence on the milieu of growth factors, chemo-
kines, and cytokines present as well as the presence of other
bioactive gases including nitric oxide and hydrogen sulfide.
Collectively, CO serves to intensify and increase sensitivity to
these mediators to instill specificity and a hierarchy of
differentiation of predisposed cell types. Data presented here
would support the conclusion that CO: (i) promotes recovery
from infection associated with radioablation and loss of the
intestinal barrier, (ii) enhances reconstitution of bone marrow,
and (iii) induces clearance of apoptotic cells more efficiently in
response to radiation so as to allow a more rapid repopulation
of bone marrow. These attributes of CO are supported by work
by others and us showing that CO decreases cell death in part
by increased DNA repair mechanisms.12 Inhaled CO is
currently in multiple clinical trials (http://www.clinicaltrials.gov)
and thus, the potential therapeutic opportunities continue to
increase. The use of CO in patients undergoing bone marrow
transplantation or in patients treated with chemoablative
therapies may show great beneficial effects with a CO
treatment regimen that enables efficient and appropriate
regeneration and differentiation of myeloid cells to maintain
barrier integrity of the host and ensure robust defense systems.

Materials and Methods
Mice. HO-1 knockout mice were previously described.31 Hmox1flfl mice were
obtained from Riken in Japan and were described.32 Hmox1flfl mice were crossed
with CreLyz transgenic mice (Jackson Laboratories, Bar Harbor, ME, USA) to
obtain myeloid-specific deletion of HO-1 in CreLyz:Hmox1flfl mice. Bone marrow
marginal transplant: Mice were treated with CO for 1 h prior to irradiation with
10 Gy, and 2.5� 106 total bone marrow cells were transplanted (suboptimal
marginal bone marrow transplant) by i.v. tail injection to the irradiated recipients as
previously described.12 Mice were treated every day for 1 h at 250 p.p.m. CO.
Majority of non-treated recipients did not survive beyond 7 days. CO treatment
lead to 90–100% survival in C57/Bl6 mice. For luminex screen of 13 cytokines and
chemokines, mice (n¼ 5/group) were treated with CO (250 p.p.m.) for 1 h and
sera were collected at this time point.

Cell culture and treatment. U937 cells were purchased from ATTC and
were cultured in RPMI medium supplemented with 10% FBS. PMA (0.1, 1, or
10 ng/ml, Sigma, St. Louis, MO, USA), LY24009 (10 mM), and ODQ (20 nM);

appropriate vehicle controls were used. BM isolation: Bone marrow cells were
isolated from wild type, or CreLyz:Hmox1flfl, Hmox1flfl mice and differentiated
toward macrophages in RPMI medium (Gibco, Life Technologies, Grand Island,
NY, USA) supplemented with 1–20 ng/ml MCSF and 15% fetal bovine serum
(FBS) and antibiotics. All cultures were maintained at 37 1C in a 5% CO2

atmosphere. CO treatment: CO administration was done in 21% O2, 5% CO2, and
250 p.p.m. CO in gas exposure chambers with constant monitoring. Both the
incubator and CO chambers were kept at 37 1C.

Colony-forming assay: Bone marrow differentiation was assessed by using a
methylcellulose-based colony-forming assay according to the manufacturer’s
description (StemCell Technologies, Vancouver, BC, Canada). Isolated bone
marrow was separated for different lineages and counted. Bone marrow cells were
mixed with 3.5 ml of semisolid methylcellulose-based medium (MethoCult GF
M3434) (StemCell Technologies) containing Stem Cell Factor, IL-3, IL-6, and
erythropoietin, and triplicate 1.1 ml aliquots of the cell-containing media was
dispensed into 35-mm dishes (StemCell Technologies). Colony plates were
cultured in incubators at 37 oC, 5% CO2 and 95% humidity in the presence or
absence of CO (250 p.p.m.). Colonies were counted at day 3, 6, 8, and 9 and cells
were harvested for protein analysis.

Mouse bone marrow lineage separation: Bone marrow was isolated by
crushing mice tibias and femurs. The bone marrow cells were thoroughly
separated by repeated pipetting in PBS with 2 mM EDTA and 5% FBS, referred to
as recommended medium by the manufacturer (StemCell Technologies). Cells
were filtered through a 70-mm strainer (BD Biosciences, San Jose, CA, USA) to
obtain single-cell suspensions. Lineage-negative cells were separated from mature
cells by using EasySep Mouse Hematopoietic Progenitor Enrichment Kit (StemCell
Technologies, cat# 19756) according to manufacturer’s protocol. Briefly, lineage
positive cells (Linþ ) were labeled with magnetic microparticles using biotinylated
antibodies against cell surface antibodies, including anti-CD5, CD11b, CD19, CD45R,
Ly-6G, and TER119. The magnetically labeled Linþ cells were then separated from
unlabeled lineage-negative (Lin� ) cells using EasySep Magnetic column.

Immunoblotting. Cells or tissues were homogenized and lysed by brief
sonication in lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH7.5, 1% NP-40, 10 mM
NaF, 1% SDS, 1 mM Na-EDTA pH 8.0, 0.5 mM NaDOC and protease inhibitor
cocktail Complete Mini (Roche, Basel, Switzerland) as previously described.33

Samples were centrifuged for 20 min at 13 500� g at 4 1C, and clear supernatants
were collected. Protein amount was normalized using the BCA Protein Kit (Pierce,
Thermo Scientific, Rockford, IL, USA), and 20–30mg of total protein of each
sample was subjected to 12% SDS-Page gel electrophoresis, followed by transfer
to PVDF Hybond-P membranes (Amersham, GE Healthcare, Pittsburgh, PA,
USA). Membranes were probed with appropriate primary antibodies followed by
horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling,
Danvers, MA, USA) diluted 1 : 5000, and visualized using the Enhanced
Chemiluminescence detection system (ECL) and ECL films (Thermo Scientific,
Tewksbury, MA, USA). The following antibodies were used: CD14 (BD
Biosciences, Sparks, MD, USA), Mac3 (BD Biosciences, San Jose, CA, USA),
MSCFR (Cell Signaling), b-actin (Sigma-Aldrich, St. Louis, MO, USA), HO-1 (Abcam,
Cambridge, MA, USA or Epitomics, Burlingame, CA, USA), IL1b (Millipore, Billerica,
MA, USA), and HIF1a (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Immunohistochemistry, TUNEL, and immunofluorescence. The
spleens, lungs, and livers were obtained from Hmox� /�and CreLyz:Hmox1flfl mice
and either snap frozen in freezing medium followed by cutting into 6mM sections or
fixed in formalin and processed for paraffin embedding and antigen retrial using
citrate buffer as previously described.33 Bones were fixed, decalcified, and paraffin
embedded. After fixation with 2% PFA, sections were permeabilized with 0.5% Triton
X-100, blocked with horse serum, and respective primary antibodies were applied
over night. The following day, secondary antibodies conjugated with Alexa-488 were
applied for 1 h at room temperature. Nuclear staining was done with Hoechst, and
slides mounted on gelvatol. Pictures were taken at 20 or � 40 magnification under
confocal microscopy. The following primary antibodies were used: CD14 (BD
Biosciences, San Jose, CA, USA), CD133 (Sigma-Aldrich), HO-1 (Epitomics),
P-Histone-H3 (Cell Signaling), F4.80 (Serotec).

Flow cytometry. Blood cells were isolated on Ficoll as described and stained
with CD14-FITC (Biolegend, San Diego, CA, USA) or MCSF-APC (Biolgened) or
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F4.80-FITC (Biolegend) antibodies at RT for 30 min. After washing with PBS,
samples were subjected to flow analysis using Calibur Flow Cytometer (BD
Biosciences, San Jose, CA, USA). Peritoneal cells and bone marrow cells were
harvested, and differential counts were performed by flow cytometry.

Statistical analysis. Statistical analyses were performed using SPSS
version 13.0 (SPSS, Chicago, IL, USA). Data are presented as the mean±S.D.
and are representative for at least three independent experiments. Student’s
t, ANOVA, Wilcoxon tests were used for estimation of statistical significance for the
experiments (Po0.05). Densitometric analysis was performed using ImageJ
software (http://imagej.nih.gov/ij/).

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. This work was largely supported by NIH grants:
HL-071797 and HL-07616 (LEO), R21CA169904 (BW), and AHA grant
10SDG2640091 (BW). We thank the Julie Henry Fund at the Transplant Center
of the BIDMC and Eleanor Shore Foundation (BW) for their support.

1. Kumagai Y, Takeuchi O, Akira S. Pathogen recognition by innate receptors. J Infect
Chemother 2008; 14: 86–92.

2. Galli SJ, Borregaard N, Wynn TA. Phenotypic and functional plasticity of cells of
innate immunity: macrophages, mast cells and neutrophils. Nat Immunol 2011; 12:
1035–1044.

3. Toobiak S, Shaklai M, Shaklai N. Carbon monoxide induced erythroid differentiation of
K562 cells mimics the central macrophage milieu in erythroblastic islands. PloS One 2012;
7: e33940.

4. Kozakowska M, Ciesla M, Stefanska A, Skrzypek K, Was H, Jazwa A et al. Heme
oxygenase-1 inhibits myoblast differentiation by targeting myomirs. Antioxid Redox Signal
2012; 16: 113–127.

5. Vanella L, Kim DH, Asprinio D, Peterson SJ, Barbagallo I, Vanella A et al. HO-1 expression
increases mesenchymal stem cell-derived osteoblasts but decreases adipocyte lineage.
Bone 2010; 46: 236–243.

6. Wojakowski W, Tendera M, Cybulski W, Zuba-Surma EK, Szade K, Florczyk U et al.
Effects of intracoronary delivery of allogenic bone marrow-derived stem cells expressing
heme oxygenase-1 on myocardial reperfusion injury. Thromb Haemost 2012; 108:
464–475.

7. Wegiel B, Gallo DJ, Raman KG, Karlsson JM, Ozanich B, Chin BY et al.
Nitric oxide-dependent bone marrow progenitor mobilization by carbon monoxide
enhances endothelial repair after vascular injury. Circulation 2010; 121: 537–548.

8. Wegiel B, Hanto DW, Otterbein LE. The social network of carbon monoxide in medicine.
Trends Mol Med 2013; 19: 3–11.

9. Scott JR, Chin BY, Bilban MH, Otterbein LE. Restoring homeostasis: is heme oxygenase-1
ready for the clinic? Trends Pharmacol Sci 2007; 28: 200–205.

10. Verma A, Hirsch DJ, Glatt CE, Ronnett GV, Snyder SH. Carbon monoxide: a putative
neural messenger. Science 1993; 259: 381–384.

11. Breig O, Theoleyre O, Douablin A, Baklouti F. Subtle distinct regulations of late erythroid
molecular events by PI3K/AKT-mediated activation of Spi-1/PU.1 oncogene autoregulation
loop. Oncogene 2010; 29: 2807–2816.

12. Piccini A, Carta S, Tassi S, Lasiglie D, Fossati G, Rubartelli A. ATP is released by
monocytes stimulated with pathogen-sensing receptor ligands and induces IL-1beta and
IL-18 secretion in an autocrine way. Proc Natl Acad Sci USA 2008; 105: 8067–8072.

13. Chung SW, Liu X, Macias AA, Baron RM, Perrella MA. Heme oxygenase-1-derived carbon
monoxide enhances the host defense response to microbial sepsis in mice. J Clin Investig
2008; 118: 239–247.

14. Larsen R, Gozzelino R, Jeney V, Tokaji L, Bozza FA, Japiassu AM et al. A central role for
free heme in the pathogenesis of severe sepsis. Sci Transl Med 2010; 2: 51ra71.

15. Lancel S, Hassoun SM, Favory R, Decoster B, Motterlini R, Neviere R. Carbon monoxide
rescues mice from lethal sepsis by supporting mitochondrial energetic metabolism and
activating mitochondrial biogenesis. J Pharmacol Exp Ther 2009; 329: 641–648.

16. Sarady-Andrews JK, Liu F, Gallo D, Nakao A, Overhaus M, Ollinger R et al. Biliverdin
administration protects against endotoxin-induced acute lung injury in rats. Am J Physiol
Lung Cell Mol Physiol 2005; 289: L1131–L1137.

17. Otterbein L, Sylvester SL, Choi AM. Hemoglobin provides protection against lethal
endotoxemia in rats: the role of heme oxygenase-1. Am J Respir Cell Mol Biol 1995; 13:
595–601.

18. Wu BJ, Midwinter RG, Cassano C, Beck K, Wang Y, Changsiri D et al. Heme oxygenase-1
increases endothelial progenitor cells. Arterioscler Thromb Vasc Biol 2009; 29: 1537–1542.

19. Tongers J, Knapp JM, Korf M, Kempf T, Limbourg A, Limbourg FP et al. Haeme oxygenase
promotes progenitor cell mobilization, neovascularization, and functional recovery after
critical hindlimb ischaemia in mice. Cardiovasc Res 2008; 78: 294–300.

20. Devitt A, Parker KG, Ogden CA, Oldreive C, Clay MF, Melville LA et al. Persistence of
apoptotic cells without autoimmune disease or inflammation in CD14-/- mice. J Cell Biol
2004; 167: 1161–1170.

21. Wiesel P, Patel AP, DiFonzo N, Marria PB, Sim CU, Pellacani A et al. Endotoxin-induced
mortality is related to increased oxidative stress and end-organ dysfunction, not refractory
hypotension, in heme oxygenase-1-deficient mice. Circulation 2000; 102: 3015–3022.

22. Onyiah JC, Sheikh SZ, Maharshak N, Steinbach EC, Russo SM, Kobayashi T et al. Carbon
monoxide and heme oxygenase-1 prevent intestinal inflammation in mice by promoting
bacterial clearance. Gastroenterology 2013; 144: 789–798.

23. Cao YA, Wagers AJ, Karsunky H, Zhao H, Reeves R, Wong RJ et al. Heme oxygenase-1
deficiency leads to disrupted response to acute stress in stem cells and progenitors.
Blood 2008; 112: 4494–4502.

24. Chaudhari P, Ye Z, Jang YY. Roles of reactive oxygen species in the fate of stem cells.
Antioxid Redox Signal 2012; e-pub ahead of print 19 November 2012; doi:10.1089/
ars.2012.4963.

25. Wang K, Zhang T, Dong Q, Nice EC, Huang C, Wei Y. Redox homeostasis: the linchpin in
stem cell self-renewal and differentiation. Cell Death Dis 2013; 4: e537.

26. Eliasson P, Jonsson JI. The hematopoietic stem cell niche: low in oxygen but a nice place
to be. J Cell Physiol 2010; 222: 17–22.

27. Armstrong L, Tilgner K, Saretzki G, Atkinson SP, Stojkovic M, Moreno R et al. Human
induced pluripotent stem cell lines show stress defense mechanisms and mitochondrial
regulation similar to those of human embryonic stem cells. Stem Cells 2010; 28: 661–673.

28. Abraham NG, Feldman E, Falck JR, Lutton JD, Schwartzman ML. Modulation of
erythropoiesis by novel human bone marrow cytochrome P450-dependent metabolites of
arachidonic acid. Blood 1991; 78: 1461–1466.

29. Brogliato AR, Moor AN, Kesl SL, Guilherme RF, Georgii JL, Peters-Golden M et al. Critical
role of 5-lipoxygenase and heme oxygenase-1 in wound healing. J Invest Dermatol 2013;
e-pub ahead of print 13 November 2013; doi:10.1038/jid.2013.493.

30. Lakkisto P, Kyto V, Forsten H, Siren JM, Segersvard H, Voipio-Pulkki LM et al. Heme
oxygenase-1 and carbon monoxide promote neovascularization after myocardial infarction
by modulating the expression of HIF-1alpha, SDF-1alpha and VEGF-B. Eur J Pharmacol
2010; 635: 156–164.

31. Chora AA, Fontoura P, Cunha A, Pais TF, Cardoso S, Ho PP et al. Heme oxygenase-1 and
carbon monoxide suppress autoimmune neuroinflammation. J Clin Invest 2007; 117:
438–447.

32. Mamiya T, Katsuoka F, Hirayama A, Nakajima O, Kobayashi A, Maher JM et al.
Hepatocyte-specific deletion of heme oxygenase-1 disrupts redox homeostasis in basal
and oxidative environments. Tohoku J Exp Med 2008; 216: 331–339.

33. Wegiel B, Baty CJ, Gallo D, Csizmadia E, Scott JR, Akhavan A et al. Cell surface biliverdin
reductase mediates biliverdin-induced anti-inflammatory effects via phosphatidylinositol
3-kinase and Akt. J Biol Chem 2009; 284: 21369–21378.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 3.0 Unported License. To view a copy of this license, visit
http://creativecommons.org/licenses/by-nc-nd/3.0/

Supplementary Information accompanies this paper on Cell Death and Disease website (http://www.nature.com/cddis)

Carbon monoxide and myeloid cell differentiation
B Wegiel et al

9

Cell Death and Disease

http://imagej.nih.gov/ij/
http://dx.doi.org/10.1089/ars.2012.4963
http://dx.doi.org/10.1089/ars.2012.4963
http://dx.doi.org/10.1038/jid.2013.493
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://www.nature.com/cddis

