
Heme oxygenase-1 promotes granuloma development
and protects against dissemination of mycobacteria
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Non-tuberculous mycobacterial (NTM) infections occur in both immunocompromised and immunocompetent hosts and
are an increasingly recognized cause of morbidity and mortality. The hallmark of pulmonary mycobacterial infections is
the formation of granuloma in the lung. Our study focuses on the role of heme oxygenase-1 (HO-1), a cytoprotective
enzyme, in the regulation of granuloma development and maturation following infection with Mycobacterium avium. We
examined the role of HO-1 in regulating monocyte chemoattractant protein-1 (MCP-1) and chemokine receptor 2 (CCR2),
two molecules involved in monocyte-macrophage cell trafficking after infection. We showed that RAW 264.7 mouse
monocytes exposed to M. avium expressed HO-1 and MCP-1. Inhibition of HO by zinc protoporphyrin-IX led to inhibition
of MCP-1 and increased expression of CCR2, its cognate receptor. HO-1� /� mice did not develop organized granuloma in
their lungs, had higher lung colony forming unit of M. avium when infected with intratracheal M. avium, and had loose
collections of inflammatory cells in the lung parenchyma. Mycobacteria were found only inside defined granulomas but
not outside granuloma in the lungs of HO-1þ /þ mice. In HO-1� /� mice, mycobacteria were also found in the liver and
spleen and showed increased mortality. Peripheral blood monocytes isolated from GFPþ mice and given intravenously
to HO-1þ /þ mice localized into tight granulomas, while in HO-1� /� mice they remained diffusely scattered in areas of
parenchymal inflammation. Higher MCP-1 levels were found in bronchoalveolar lavage fluid of M. avium infected
HO-1� /� mice and CCR2 expression was higher in HO-1� /� alveolar macrophages when compared with HO-1þ /þ

mice. CCR2 expression localized to granuloma in HO-1þ /þ mice but not in the HO-1� /� mice. These findings strongly
suggest that HO-1 plays a protective role in the control of M. avium infection.
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Non-tuberculous mycobacterial (NTM) infection is a grow-
ing problem in the United States and remains poorly diag-
nosed in developing countries. An increase in NTM
infections has been observed in the Southeastern United
States.1–5 Disseminated mycobacterial infection is one of the
major causes of morbidity and mortality in patients who are
immunocompromised such as those with HIV and AIDS.
Recently, there has been an increase in pulmonary NTM
infections in immunocompetent patients; mostly in older
women and in patients with cystic fibrosis.1,2

Mycobacterium avium (M. avium) is a NTM that can cause
infection in patients with underlying conditions that com-
promise local lung or systemic immunity. It is increasingly
recognized as a major human pathogen, primarily following
the emergence of the AIDS epidemic.6 A hallmark of
disseminated M. avium infections is the presence of
mycobacteria in multiple organs including the liver, spleen,
lymph nodes, bone marrow, and lung.1,3,6 Granulomas are
formed as a consequence of chronic antigen persistence and
their formation involves the interaction between the infectious
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organism and host immune cells, including macrophages,
and T cells, as well as immune effectors such as chemokines
and cytokines.6,7 Mature granulomas include fibroblasts and
extracellular matrix, which surround and isolate the
granulomas from other tissues.8 Importantly, organisms are
not always eliminated from the granuloma, but can become
dormant, resulting in latent infection.9

Heme oxygenase-1 (HO-1) is a cytoprotective enzyme that
breaks down heme to produce carbon monoxide, iron, and
biliverdin.10 HO-1 is induced by multiple stimuli including
oxidative stress, pro-inflammatory cytokines and has been
shown to be upregulated in lungs following mycobacterial
infection.10–12 While HO-1-derived carbon monoxide can
induce the DosR dormancy regulon in mycobacteria leading
to latency and survival of the organism inside host
granuloma,13 it is not clear whether HO-1 regulates the key
host response of granuloma formation. Monocyte
chemotactic protein-1 (MCP-1/CCL2), a C–C chemokine,
along with its receptor chemokine receptor 2 (CCR2) on
monocytes-macrophages is responsible for the recruitment of
mononuclear cells from peripheral blood to sites of in-
flammation.14,15 However, a link between M. avium induced
granuloma formation and HO-1 has not yet been established.

We evaluated the regulatory role of HO-1 in the recruit-
ment of monocyte-macrophages and found that the activa-
tion of the MCP-1/CCR2 axis by M. avium infection was
impaired by inhibition of HO activity. HO-1þ /þ mice
showed mature, organized granuloma formation in lung
tissue followingM. avium infection without dissemination. In
contrast, HO-1� /� mice had diffused, unorganized collec-
tions of mononuclear cells in the lungs with mycobacteria in
the spleen and liver as evidence of dissemination of infection.

MATERIALS AND METHODS
Mouse Monocyte Culture
RAW 264.7 cells were obtained from American Type Culture
Collection (Manassas, VA, USA) and maintained in Dul-
becco’s Modified Eagle’s Medium as previously described.16

Treatment of RAW 264.7 Cells with M. avium and Zinc
Protoporphyrin-IX (ZnPP-IX)
Cells were plated on 60mm culture dishes (Corning, Lowell,
MA, USA) at a concentration of 1� 106 cells and treated with
M. avium (50� 106 bacteria per plate) in serum-free medium
(SFM). Alternatively, cells were pretreated with 10 mM ZnPP-
IX (Frontier Scientific, Logan, UT, USA) for 30min in SFM
and incubated at 37 1C for different time points.

Quantitative PCR Analysis
Total RNA from cultured cells was purified by a commercial
kit (RNeasy Mini Kit, Qiagen Science, MD, USA). The
quantitative analysis of MCP-1 and CCR2 receptor genes were
assessed by PCR as described.17,18 The mRNA levels of HO-1,
MCP-1, and CCR2 were quantified using the mouse HO-1
forward—50-CACGCATATACCCGCTACCT-30, reverse—50-

AAGGCGGTCTTAGCCTCTTC-30; mouse MCP-1 forward—
50-GGCTCAGCCAGATGCAGTTAA-30, reverse—50CCTACT
CATTGGGATCATCTTGCT-30; and mouse CCR2 forward—
50-CAACTCCTTCATCAGGCACAR-30, reverse—50-GGAAA-
GAGGCAGTTTGCAAAG-30, respectively.

HO-1 Knockout Mouse Model
We used the HO-1� /� mice generated by Poss and Tone-
gawa, and Kapturczak et al.19,20 Age-matched wild-type
(HO-1þ /þ ) littermates were used as controls. The protocol
was approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Florida.

Mouse Model of M. avium Infection
M. avium subspecies avium Chester (ATCC# 15769) was
maintained in ATCC medium 90 Lowenstein Jenson medium
and grown in Lowenstein-Jensen Medium Slants (BD Bios-
ciences, San Jose, CA, USA) according to the manufacturer’s
instructions. HO-1þ /þ and HO-1� /� mice were infected
with 1� 107 M. avium cells in PBS via intratracheal route
once per week for 3 weeks. An additional group of wild-type
(HO-1þ /þ ) control mice were inoculated with equal volume
of PBS. After 6 months, the mice were euthanized and lung
tissue was harvested. Tissue was fixed in 4% paraformalde-
hyde at room temperature for 24 h and processed for im-
munohistochemistry.

Determination of Mycobacterial Colony Forming Units
(CFU) in the Lung
To assess mycobacterial growth, the lungs were removed
aseptically at specified time points. The lungs were cut into
small pieces, and homogenized. Viable mycobacteria in the
lung homogenates were then assessed as CFU by performing
serial dilutions from the lung homogenate and plating onto
7H11 agar in six-well plates in duplicates. The plates were
incubated under 100% humidity, 5% CO2, at 37 1C for 2–3
weeks, and colonies were counted. The plates were again
incubated for an additional 2 weeks to decrease the possi-
bility of failure to detect slower growing M. avium strains.
No difference in the number of colonies was observed in
re-incubated plates.

Estimation of HO-1 Protein by Western Blot Analysis
Lung tissues were weighed and lysed in RIPA buffer and 20 mg
of total proteins were resolved by SDS–polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane.
Proteins were detected with antibodies against HO-1
(1:1000), and b-actin (1:2000) (Santa Cruz Biotechnology,
CA, USA). Blotted antibody was developed by horseradish
peroxidase-conjugated secondary antibody and enhanced
chemiluminescence detection system. b-Actin was probed as
an internal loading control.
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Quantitative Morphometric Examination
The effect of M. avium infection on pleural macrophage
recruitment and granuloma formation as measured by the
number and size of granuloma on the pleural surface and
monocyte infiltration in the submesothelial area on light
microscopy morphometric examinations. A quantitative
method was used to evaluate the number and size of
granuloma on gross pathology as well as light microscopy.
Following sacrifice of the animal, the chest cavity was
opened and the image captured onto a Macintosh computer
screen. Imaging data for granuloma is expressed as number
of granuloma/mm2. The lung section were fixed and stained
with hematoxylin and eosin. A bar grid scale set at
1–1000 p.r.m. is superimposed on the photomicrograph to
permit quantification of numbers of macrophages and size of
granuloma. Areas were randomly selected and include a
maximum of 10 grids. The light microscopic images were
captured onto the computer screen via an Olympus MT-2
microscope.

Tracking GFPþ Monocytes in HO-1þ /þ and HO-1� /�

Mice Infected with M. avium
Peripheral blood monocytes from GFP-transgenic C57BL/6
mice (monocytes in these mice constitutively express GFP)
were isolated by density gradient centrifugation and in-
cubated with serum-free media with either IL-2 (200 units/ml
based on preliminary observation), or IFN-g (500U/ml). In
all, 3� 106 PBMC were inoculated intravenously via caudal
vein into HO-1� /� mice with established pulmonary par-
enchymal infection by M. avium. The mice were euthanized
after 24 h and the lungs were perfused with heparinized
Hanks’ Balanced Salt Solution (HBSS). The lungs were flash
frozen in OCT compound and 4mm thick sections were
sectioned. The sections were viewed under a fluorescence
microscope at 465 excitation and 535 emission spectra (Zeiss
Axiovert 200M) to localize the GFP-positive monocytes in
the lung section. The granuloma formation, bacterial clear-
ance, and mortality were estimated as previously described.21

MCP-1 Expression by ELISA
Mouse whole blood was collected through the abdominal
aorta using a 25-gauge needle, centrifuged, aliquoted, and
stored at � 80 1C. Bronchoalveolar lavage fluid (BALF) was
collected by ligating a catheter into the airway using thread
and injecting 800–1000 ml of (HBSS) into the lung. The BALF
was centrifuged, the supernatant was aliquoted and stored at
� 80 1C, and the BALF pulmonary alveolar macrophages
(PAM) were collected for flow cytometry studies for analysis
of CCR2 receptor expression. Supernatants were tested for
MCP-1 using ELISA (R&D Systems, Minneapolis MN, USA).

CCR2 Expression by Flow Cytometry
PBMC were isolated by density gradient centrifugation, and
SFM with either IL-2 (200 units/ml based on preliminary
observation), or IFN-g (500U/ml based on previously

published (59) work) for 2–48 h at 37 1C in 5% CO2 atmo-
sphere. The PBMC were washed three times in PBS with 5%
BSA and 5mM sodium azide and incubated for 45min at
4 1C in either the presence of rabbit anti-mouse CCR2 (1mg/
106 cells) monoclonal antibody or isotype Ab (IgG1). Cells
were washed three times and labeled with goat anti-rabbit
IgG1 FITC-conjugate to detect the antibody bound to the
antigens. After incubations, the cells were washed three times
and fixed in 4% paraformaldehyde. The fluorescence asso-
ciated with the PBMC’s and PAM were analyzed by flow
cytometry using a FACS star (Becton-Dickinson Immuno-
cytometry Systems, Mountain View, CA, USA). Fluorescence
data were collected on log scale and the relative fluorescence
intensity was reported by comparing their light scatter
characteristics to those of normal cells analyzed in the same
experiment.

Immunohistochemistry
Paraffin-embedded tissues were stained with hematoxylin
and eosin (H&E). Sections were stained for CCR2 using anti
mouse primary antibody (Capralogics, Hardwick, MA, USA)
and ABC staining kit (Vector Laboratories, Burlingame, CA,
USA) according to the manufacturer’s recommendations.
Alternatively, sections were stained with primary antibody for
HO-1 (Calbiochem, San Diego, CA, USA). Sections were also
stained with TB Fluorescent Stain Kit M (BD Biosciences,
Sparks, MD, USA) to visualize M. avium in lung tissue.

Statistical Analysis
Data were analyzed by the unpaired Student’s t-test using
Statview software version 5.0, SAS Inst. (Cary, NC, USA). All
experiments were done in triplicate. Differences were con-
sidered significant at Po0.05 level.

RESULTS
M. avium Induces HO-1 Expression
To address the role of HO-1 in M. avium infection, we
exposed RAW 264.7 cells to M. avium at 50 multiplicity of
infection (MOI). One day after infection, the cells were fixed
and stained for HO-1. HO-1 was induced following 24 h
infection with M. avium as compared with untreated cells
(Figure 1a and b). To substantiate the above observation, we
analyzed mRNA levels of HO-1 in RAW 264.7 cells treated
with M. avium or untreated as previously described in the
Methods section. Real-time PCR results showed that HO-1
relative gene expression was significantly increased in a time-
dependent manner in RAW 264.7 cells following M. avium
treatment (Figure 1c).

MCP-1 Levels Increase in RAW 264.7 Cells Treated with
M. avium
In order to test the relationship between HO-1 and MCP-1,
RAW 264.7 cells were pretreated with 10 mM ZnPP-IX, a
competitive inhibitor of HO enzymatic activity for 30min
and then incubated with M. avium or SFM. After 4, 8, and
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24 h of incubation, cells were harvested and mRNA levels of
MCP-1 were analyzed by RT–PCR. MCP-1 protein levels were
also measured in the supernatant of treated and control cells.
We found thatMCP-1 mRNA levels were significantly increased
in a time-dependent manner when cells were treated with
M. avium as compared with untreated cells (Figure 2a). How-
ever, as expected, these levels decreased significantly when we
pretreated the cells with the HO inhibitor ZnPP-IX (Figure 2a).

CCR2 mRNA Expression is Increased in RAW 264.7 Cells
After Pretreatment with ZnPP-IX
To determine whether M. avium infection and HO inhibition
affect gene expression of CCR2, mRNA levels of CCR2 were
measured in RAW 264.7 cells following the same protocol as

explained above. Our results indicated that CCR2 gene ex-
pression was significantly increased following pretreatment
with ZnPP-IX and M. avium infection. However, no sig-
nificant increase in CCR2 gene expression was found in cells
treated with M. avium as compared with non-treated cells
(Figure 2b).

HO-1� /� Mice Failed to Form Mature, Organized
Granulomas Following M. avium Infection
Our in vitro results suggested that HO-1 appeared to play a
role in the regulation of both MCP-1 and CCR2 following
infection with M. avium. To evaluate the role of HO-1 in
granuloma formation in vivo, we used a mouse model of
HO-1 deficiency and compared granuloma formation in HO-

Figure 1 M. avium infection induces HO-1 in RAW 264.7 monocyte-macrophages. (a, b) Representative light micrograph showing immunocytochemical

detection of HO-1 in RAW 264.7. Panel (a) shows the control cells were incubated in SFM while panel (b) shows the cells infected with M. avium

(50 MOI) for 24 h. Cells were fixed and stained with anti-HO-1 antibody and visualized by optical microscopy at � 400 magnification. The infected cells

stained for HO-1 expression (brown) after 24 h as compared with control cells. Blue color shows counter-stain with hematoxylin. The photomicrograph

is the representative of three individual staining. (c) HO-1 relative mRNA expression significantly increases in RAW 264.7 cells after infection with

M. avium. Control cells were incubated in SFM and treated cells were incubated with M. avium. For 4, 8, and 24 h, HO-1 relative gene expression was

analyzed by RT–PCR. HO-1 levels significantly increased in cells treated with M. avium as compared with non-treated cells in a time-dependent

manner (*Po0.001). Values represent the mean of three different experiments.
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1þ /þ mice and HO-1� /� mice following M. avium infec-
tion. We examined the lungs of HO-1þ /þ and HO-1� /�

mice, 6 weeks, 16 weeks, and at 6 months post M. avium
infection and compared the results with lungs from control
mice inoculated with saline at the same time period. We
examined the lungs of HO-1þ /þ and HO-1� /� mice 6 months
after M. avium infection and compared the results with lungs
from control mice inoculated with saline at the same time
period. At the end of the experimental period, mice were
euthanized and the lungs, spleen, and liver were harvested for
analysis. Lungs from HO-1þ /þ infected mice showed orga-
nized, mature granulomas whereas, lungs from HO-1� /�

infected mice presented unorganized, loose collections of
mononuclear cells (Figure 3b and d).

To confirm granuloma formation, we analyzed H&E-
stained lung sections from the same mice. As shown in
Figure 3e–h, it was clear that HO-1þ /þ infected mice de-
veloped organized granulomas as compared with HO-1� /�

mice, which displayed loose, unorganized lesions in the lungs
after exposure toM. avium.We used HO-1þ /þ and HO-1� /�

mice inoculated with saline as a negative control for
M. avium infection and observed no significant damage in
lung tissue and no histological presence of granulomas
(Figure 3a, c, e, and g). The inability of HO-1� /� mice
to form mature, organized granulomas led to disseminated
infection with more inflammation and lesions covering a
greater area of the lungs (Figure 3d and h). Disseminated
infection was also evident in infected HO-1� /� mice, which
presented diffuse collections of mononuclear cells as well as
positive cultures for M. avium in the liver and spleen and
displayed increased mortality (Table 1).

HO-1� /� Mice Failed to Form Mature, Organized
Granulomas with Dispersed M. avium in Lung Tissue
Using the TB auramine stain M (BD Biosciences, Sparks,
MD, USA), we were able to visualize fluorescently labeled
M. avium in mouse lung tissue and in individual cells.

We compared our H&E-stained tissue (Figure 4d–f) with the
corresponding Auramine-stained tissue (Figure 4a–c). We
observed a diffuse presence of mycobacteria in lung tissue in
HO-1� /� mice following infection (Figure 4c and f).
However, mycobacteria were contained inside mature gran-
ulomas in HO-1þ /þ mice following infection (Figure 4b and
e). Saline controls did not show any mycobacteria in lung
tissue (Figure 4a and d).

HO-1þ /þ PBMC (from GFPþ Mice) Home to the
Granuloma in HO-1þ /þ but not HO-1� /� Mice
In order to evaluate if reconstitution of HO-1� /� mice with
HO-1þ /þ monocytes resulted in the recruitment of GFPþ

monocytes to the lung, with increased granuloma formation,
increased clearance of mycobacteria and decreased mortality,
monocytes were isolated from GFPþ transgenic C57BL/6
mice and were inoculated intravenously via caudal vein into
HO-1� /� mice with established M. avium infection. The
GFP-PBMCs were disseminated diffusely in the lung tissue in
HO-1� /� mice (Figure 5c), pointed with arrows) and not
organized into the granuloma at 6 weeks through 6 months.
The GFP-PBMCs were disseminated diffusely in the lung
tissue in HO-1� /� mice (Figure 5c), pointed with arrows)
and not organized into the granuloma. In HO-1þ /þ mice, the
GFP-PBMC were localized into granulomas and were better
organized (Figure 5f, pointed with arrow) compared with HO-
1� /� mice. These data demonstrate that in HO-1þ /þ mice,
PBMC were recruited into lung granulomas, suggesting
modulates monocyte recruitment into granulomas.

M. avium CFU Counts are Higher in HO-1� /� Lung
Tissue than in HO-1þ /þ Tissue
To test whether the failure of HO-1� /� mice to form mature
granulomas had any effect on their ability to control and
contain the infection, we harvested lung tissue from infected
HO-1þ /þ and HO-1� /� mice and counted CFU in the
tissue. M. avium were recovered from liver and spleen culture

Figure 2 HO inhibition decreases MCP-1 while increase CCR2 relative gene expression in vitro following the infection by M. avium. RAW 264.7 cells

were pretreated with SFM (control) or ZnPP-IX (HO inhibitor) for 30min and then incubated with M. avium for 4, 8, and 24 h. MCP-1 and CCR2 relative

gene expression was analyzed by RT–PCR. (a) MCP-1 levels were higher in M. avium-treated cells as compared with controls (*Po0.001) and were

significantly downregulated (wPo0.001) when cells were pretreated with ZnPP-IX, for 8 and 24 h as compared with M. avium alone for the same time

points. No significant differences were observed at the 4-h time point. Values represent the mean of three different experiments. (b) CCR2 gene

expression was significantly increased as compared with controls at all time points (*Po0.05). CCR2 relative gene expression was higher in cells

pretreated with ZnPP-IX as compared with cells treated with M. avium alone (wPo0.05). Values represent the mean of three different experiments.
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(Table 1). In HO-1þ /þ mice, there was no dissemination of
infection. There was no mortality (n¼ 8) in this group even
at 16 weeks following intratracheal infection of M. avium. In
contrast, HO-1� /� mice infected with M. avium had per-
sistent infection in the liver and spleen at all-time points
(Table 1). Notably, HO-1� /� mice that failed to form
organized, mature granulomas, also had significantly higher
average M. avium CFU counts in their lung tissue as com-
pared with HO-1þ /þ mice (Figure 6). It is possible that the
increased mortality seen in the HO-1� /� is secondary to the
dissemination of the organisms to other vital organs.

MCP-1 Levels are Significantly Increased in BALF and
Serum of HO-1� /� Mice Following M. avium Infection
Since MCP-1 is the soluble ligand for CCR2, we analyzed
the MCP-1 levels in BALF and serum samples from the

HO-1þ /þ and HO-1� /� mice infected with M. avium
or treated with saline. We observed a significant increase of
MCP-1 levels in the BALF of infected HO-1þ /þ mice as
compared with non-infected controls, as well as increased
levels in HO-1� /� M. avium infected mice as compared with
HO-1� /� non-infected controls (Figure 7a). Additionally,
MCP-1 levels were higher in HO-1� /� control mice as
compared with HO-1þ /þ control mice. Similar results were
found when we analyzed the MCP-1 levels in the corre-
sponding serum samples. HO-1� /� mice infected with
M. avium showed higher levels of the cytokine as compared
with HO-1þ /þ samples (Figure 7a). Furthermore, the levels
of MCP-1 in sera of HO-1� /� mice infected with M. avium
were significantly higher than HO-1þ /þ and non-infected
HO-1� /� mice (Figure 7a). Although the MCP-1 profile
was the same between BALF and serum samples for each
condition, the amount of MCP-1 was up to 1000-fold higher
in BALF than serum.

CCR2 Expression was Increased in PBMC of M. avium
Infected HO-1þ /þ and HO-1� /� Mice and in Infected
PAM of HO-1� /� Mice
CCR2 expression was significantly higher in PAM from M.
avium infected HO-1� /� mice compared with PAM from
M. avium infected HO-1þ /þ mice. In HO-1þ /þ mice in-
fected with M. avium, the PBMC CCR2 expression was
higher than compared with PAM CCR2 expression.
These data demonstrate that in the absence of HO-1, CCR2
expression perpetuates a lack of retention of monocyte-
macrophages at the site of infection (Figure 7b).

Table 1 Granuloma formation and M. avium dissemination in
HO-1� /� and HO-1þ /þ mice

Test/parameter HO-1� /� (n¼8) HO-1þ /þ (n¼ 8)

Granuloma size 29±10mm 1100±102mm

Granuloma number 3±1 16±5

Morphometric index 1±0.5 10±0.2

M. avium dissemination

(to liver, spleen)

Cultures positive Cultures negative

Mortality 50% by 6 weeks None by 6 weeks

Figure 3 Mouse lung tissue showing differential granuloma formation in HO-1þ /þ and HO-1� /� mice after 6 month M. avium infection or saline

inoculation. Mouse lungs were harvested following 6-month M. avium inoculation and visually inspected for the presence of granuloma. Alternatively,

the lung tissue was fixed and stained with H&E to confirm granuloma formation. (a) The absence of granuloma in HO-1þ /þ control lung. (b) The

presence of organized, mature granulomas in HO-1þ /þ lung inoculated with M. avium for 6 months. (c) Absence of granuloma in HO-1� /� control

lung. (d) Diffuse infection and unorganized granuloma formation in HO-1� /� lung inoculated with M. avium for 6 months. (e) � 200 H&E stain of

normal tissue from HO-1þ /þ control lung. (f) � 200 H&E stain showing organized granuloma formation in HO-1þ /þ lung inoculated with M. avium for

6 months. (g) � 200 H&E stain of normal tissue from HO-1� /� control lung. (h) � 200 H&E stain of diffuse infection and dysfunctional granuloma

formation in HO-1� /� lung inoculated with M. avium for 6 months. Five mice were included in each treatment group (lungs are not shown to scale).
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HO-1 Protein Levels Increase in Mouse Lung Tissue
Following M. avium Infection
In accordance with the HO-1 results found in RAW 264.7
cells treated with M. avium, we analyzed expression of this
protein in the lung tissue of HO-1þ /þ and HO-1� /� in-
fected and non-infected mice. We detected that HO-1 was
expressed and co-localized in granuloma in HO-1þ /þ lungs
infected with M. avium as compared with non-infected mice
(Figure 8a and b). Furthermore, we stained lung tissue from
HO-1� /� infected and non-infected mice to confirm that
these mice did not express HO-1 (data not shown). Western
blot analysis confirmed that HO-1 protein levels were upre-
gulated in lung tissue from M. avium infected mice as op-
posed to uninfected controls (Figure 8c).

CCR2 Co-Localizes to Granulomas in HO-1þ /þ Infected
Lung Tissue but not in HO-1� /� Infected Lung Tissue
To confirm previous in vitro results that showed that HO-1
regulates the expression of CCR2, we examined CCR2
expression in the lung tissue of HO-1þ /þ and HO-1� /�

M. avium infected and non-infected mice. We observed that
HO-1� /� non-infected mice had higher basal levels of CCR2
in lung tissue compared with HO-1þ /þ non-infected mice
(Figure 9a and c). When we analyzed CCR2 levels in
M. avium infected mice, we found that this receptor was
upregulated and co-localized to the granulomas in the lung
tissue from HO-1þ /þ mice (Figure 9b). On the other hand,
CCR2 expression in infected HO-1� /� lung tissue showed
a diffuse pattern of expression in agreement with loose

collections of mononuclear cells that did not organize into
granuloma (Figure 9d).

DISCUSSION
In this study, we tested the interaction and regulation of three
proteins: HO-1, MCP-1, and CCR2 in the process of gran-
uloma formation in a mouse model. HO-1, an inducible,
cytoprotective protein has been implicated in many in-
flammatory diseases as well as mycobacterial infections.10

Our results demonstrated that HO-1 plays a role in
granuloma formation and maturation by regulating MCP-1
and CCR2 expression in mouse monocytes and therefore
regulating the cellular recruitment of these immune
cells from the periphery to the site of infection and injury.
Our findings may also have substantial implications
for understanding the role of HO-1 in the control of
M. tuberculosis infection.

Since the advent of HIV and the AIDS epidemic, NTM
infections have become a major source of disease around the
world.1,22–26 M. avium complex (MAC) infections have been
on the rise in both immune competent patients as well as the
immunocompromised.1 The formation of granuloma is a
vital part of the body’s immune defense against invading
pathogens. After infection with M. avium, failure to
develop organized granulomas results in the dissemi-
nation of the infection and greater injury to the host.6

The regulated recruitment of immune cells including
monocyte-macrophages, T cells, dendritic cells, and B cells
to the site of infection and injury is essential for the host to

Figure 4 HO-1� /� mice showed diffuse M. avium infection in lung issue as opposed to HO-1þ /þ mice that contained the mycobacteria in mature,

well-formed granulomas. The lung sections were stained with fluorescent auramine stain (BD Biosciences, Sparks, MD, USA) to show M. avium (green

color) in lung tissue. (a) Auramine stain of HO-1þ /þ control lung. (b) Auramine stain of HO-1þ /þ lung infected with M. avium for 6 months.

(c) Auramine stain of HO-1� /� lung after 6 months M. avium infection. White arrows show the presence of M. avium. (d–f) H&E stain corresponding to

panels (a–c).
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contain and eliminate invading pathogens.27 In the course of
granuloma maturation, the recruitment of phagocytes and
lymphocytes is driven by various cytokines and chemokines
that are initially produced by mycobacteria-infected
macrophages.8

MCP-1 is the chemokine responsible for creating a gra-
dient for the chemotaxis of immune cells from the periphery
to the site of infection and CCR2 is the cell surface receptor
which is bound by MCP-1.28 MCP-1 and CCR2 are both
involved in the process of cellular recruitment to granuloma
and in this study we demonstrate that HO-1 is a key
regulator of these cytokines and therefore the immune
recruitment process and granuloma formation.

From our in vitro experiment using RAW 264.7 mouse
monocytes, we observed that HO-1 is induced by M. avium
as early as 4 h post-treatment (data not shown) and stayed
highly expressed up to 24 h (Figure 1). Once activated by
M. avium, these monocytes begin to express higher levels of
both MCP-1 (Figure 2a) and CCR2 (Figure 2b). However,
when the cells were treated with ZnPP-IX, an inhibitor for
HO enzyme activity, a decreased expression of MCP-1 and an
increase in expression of CCR2 were observed, suggesting

Figure 6 M. avium CFU counts are higher in lung tissue of infected

HO-1 � /� mice as compared with lung tissue form infected HO-1þ /þ

mice. Mouse lung tissue was homogenized in 2ml of 7H9 broth medium.

Then, 100 ml of 10-fold serial dilutions were plated on 7H10 agar plates

and incubated for 10–21 days in 37 1C after which CFUs were counted.

CFU counts were significantly higher (*Po0.05) in lung tissue of infected

HO-1� /� mice as compared with HO-1þ /þ mouse tissue. Values

represent the average CFU counts from four mice in either non-infected

or M. avium infected groups.

Figure 5 HO-1 modulates development and recruitment of monocytes recruitment into granuloma. HO-1� /� and HO-1þ /þ mice were infected with

M. avium intratracheallyas described in Materials and methods. At 6 weeks, control and experimental mice were injected with PBMCs from GFP-positive

mice. The mice were euthanized 24h post-PBMC injection; the lungs were perfused with heparinised normal saline and fixed in 4% paraformaldehyde.

The lungs were embedded in paraffin and 4mm sections were prepared, stained with H&E (a, d). HO-1� /� mice demonstrated poorly organized

granuloma formation (a, b). The HO-1þ /þ mice demonstrated highly organized granuloma (d, e). The red arrows points to the granuloma. No organized

granuloma formation was present in the HO-1� /� mice (a, b). This is a single representative image of H&E-stained images of three mice from each strain.

(c, f) The transmission microscopy images of pulmonary granulomas from HO-1� /� and HO-1þ /þ mice, respectively. The HO-1-positive GFP-labeled

monocytes given intravenously tracked into the granuloma of HO-1þ /þ mice (f) but they remain dispersed in HO-1� /� mice (c). This is a single

representative image of three similar images observed in six mice from each strain. The white arrows point to the granulomas. The green fluorescence

indicated GFP-positive monocytes. Magnification¼ � 200. Scale bar¼ 100mm.
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Figure 7 (a) MCP-1 levels are upregulated in BALF and serum samples of M. avium infected HO-1þ /þ and HO-1� /� mice. BALF and serum were

collected and MCP-1 protein levels were measured by ELISA. MCP-1 levels were significantly increased in BALF of infected HO-1þ /þ mice as compared

with HO-1þ /þ saline controls (*Po0.001) and HO-1� /� mice as compared with HO-1� /� saline controls (**Po0.001). MCP-1 levels are increased in

mouse serum after 6 months M. avium infection and are significantly higher in infected HO-1þ /þ as compared with saline controls (*Po0.0001) and

HO-1� /� mice (**Po0.0001) as compared with saline controls. MCP-1 levels were significantly higher in M. avium infected HO-1� /� mice then in

M. avium infected HO-1þ /þ mice (***Po0.05). Samples from five mice in each group were assayed in triplicate. (b) CCR2 expression in PBMC and PAM

of HO-1þ /þ and HO-1� /� mice after M. avium infection. CCR2 receptor PAM in HO-1� /� mice with M. avium infection is significantly increased

compared with M. avium infected HO-1þ /þ mice. CCR2 expression in PBMC and PAM in HO-1� /� mice with M. avium infection were comparable.

This is a representative histogram of three experiments with similar observation. Control mice received saline.

Figure 8 HO-1 protein expression is upregulated and co-localizes to granuloma after M. avium infection in mouse lung tissue. Paraffin fixed lung sections

were stained using primary antibody against HO-1. (a) HO-1þ /þ mouse lung showing basal levels of HO-1 (brown) at � 100 magnification. (b) HO-1þ /þ

M. avium infected mouse lung showing increased expression of HO-1 (brown) in granuloma at � 200 magnification. Nuclei were counterstained with

hematoxylin (blue). Experiments were done in triplicate. (c) HO-1 protein levels were assessed in lung tissue of saline control mice (lane 1) and M. avium

infected mice (lanes 2 and 3) by western blot using primary antibody against HO-1. b-Actin was probed as an internal loading control. Blotted antibody

was developed by horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence detection system.
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that HO-1 levels are directly correlated with MCP-1 expres-
sion and inversely correlated with CCR2 expression.

Previous studies suggest conflicting evidence in terms of
the correlation between HO-1, MCP-1, and CCR2. MCP-1
was shown to be downregulated at both mRNA and protein
level with the inhibition of HO-1.29–31 Zampetaki et al32

showed that despite high mRNA levels, significantly lower
levels of cytokine protein were found in BALF of mice over-
expressing HO-1. These findings suggest that HO-1
overexpression can suppress the induction of cytokine
mRNA levels. Our in vitro and in vivo results, however,
demonstrate that inhibiting HO enzyme activity led to
altered MCP-1 protein levels in BALF and serum (Figure 7a),
suggesting that HO-1 directly regulates MCP-1 expression in
mouse monocytes. Since we observed an induction of HO-1
and increased levels of MCP-1 in the lung tissue, BALF

and serum of infected HO-1þ /þ mice, it is possible that
an MCP-1 gradient was established in order to recruit
monocytes from the peripheral blood to the lung. This cor-
responds to a normal immune response in which cells ex-
pressing CCR2 are recruited from the periphery and move
along an MCP-1 gradient towards the site of infection in
order to from granulomas.13

This phenomenon of regulated expression of CCR2 is
abnormal in HO-1� /� mice. However, in spite of high
MCP-1 levels in the lung, there is poor recruitment of
monocytes to the granuloma in the lung parenchyma. CCR
expression, the other critical component of the ligand–
receptor interaction is affected since we found that in
HO-1� /� mice CCR2 was not downregulated in the PAM.
When testing MCP-1 protein levels in infected mice, we
observed higher basal levels of MCP-1 in sera and BALF in

Figure 9 CCR2 co-localizes to granuloma in HO-1þ /þ mouse lung tissue but shows a diffuse pattern of expression in HO-1� /� mouse lungs following

M. avium infection. Lung sections were stained for CCR2 receptor using anti-CCR2 antibody. (a) HO-1þ /þ lung tissue from saline inoculated mouse

showing basal levels of CCR2 (brown). (b) HO-1þ /þ lung tissue from mouse inoculated with M. avium for 6 months. CCR2 (brown) expression was

upregulated and co-localized to granuloma. (c) HO-1� /� saline inoculated mouse lung section showing basal levels of CCR2 expression (brown).

(d) Increased and diffuse CCR2 expression in HO-1� /� mouse lung tissue following 6 months M. avium infection. Blue color shows counter-stain

with hematoxylin. All pictures were taken at a magnification of � 100. Lungs were harvested from five mice in each treatment group.
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control HO-1� /� mice as compared with wild-type controls
(Figure 7a). These results support previous findings19,32–34

and suggest that HO-1� /� mice are in a chronic state of
inflammation. This chronic inflammatory state could lead to
the dysregulation of the MCP-1 chemotactic gradient, which
would then disrupt cellular recruitment to the site of
granuloma.

Previous findings along with our results suggest that dif-
ferent cell types in various organ systems may react differ-
ently to altered levels of HO-1. This may be due to direct
regulation by HO-1 on MCP-1 gene expression via the NFkB
signaling pathway. Jadhav et al35 have shown that HO-1 and
more specifically, hemin therapy, can reduce NFkB mRNA
levels by 87.1%, which would therefore lead to a reduction in
cytokine production. It has been reported that when HO-1
enzymatic activity is inhibited by ZnPP-IX, the levels of
CCR2 increase,36,37 suggesting that HO-1 regulates the
expression of CCR2 on the surface of monocytes,
macrophages and other immune cells. Our results show
that HO-1� /� mice had increased levels of CCR2 on
monocyte/macrophage cell surfaces as seen by relative gene
expression (Figure 2b) and immunohistochemistry
(Figure 9). Other studies38–40 suggest that the lack of HO-1
causes a pro apoptotic milieu, which leads to loss of an
adequate monocyte-macrophage that can lead to decreased
granuloma formation.

Our findings also suggest that HO-1 normally regulates the
expression of the CCR2 during infection and allows directed
migration of monocyte-macrophages along an MCP-1 gra-
dient towards the organism. When we analyzed the results
from our in vivo mouse model, we observed that the loss of
HO-1 expression led to loose or unorganized collections of
mononuclear cells in mice following M. avium infection.
HO-1� /� mice failed to form mature, organized granulomas
and this led to diffuse inflammation throughout the lungs
and to dissemination of the infection to the liver and spleen.
The significant increase of MCP-1 in the BALF of HO-1� /�

mice (Figure 7a) following M. avium infection may lead to
increased or unregulated recruitment of CCR2 expressing
cells into the lung parenchyma and could also explain the
diffuse, widespread inflammation in the lung tissue of these
mice. These factors taken together could explain why these
mice failed to form mature granulomas and therefore, failed
to contain the infection. An increase in CFU was also ob-
served in the lung issue of HO-1� /� mice as compared with
HO-1þ /þ mice following M. avium infection (Figure 6).
It is possible that the increased numbers of organisms com-
bined with the dissemination to other vital organs contribute
to the increased mortality in these mice. Based on these re-
sults, it seems that HO-1 plays a critical role in the regulation
of cellular recruitment to the site of infection and in
organized granuloma formation following infection with
M. avium.

HO-1 is recognized to affect not just host responses
but also mycobacterial expression of specific genes. CO a

breakdown product of heme metabolism causes mycobacteria
to express the dormancy (Dos) regulon.13

In conclusion, HO-1 is not only involved, but plays an
essential role in the processes involved in cellular recruitment
of monocytes from the peripheral blood to the sites of in-
fection with mycobacteria. It is possible that other diseases in
which granuloma formation is a vital host defense response,
HO-1 may play a regulatory role in the response. The
HO-1� /� mouse model provides a useful tool in the study
of granuloma formation following M. avium infection.
Our findings further substantiate the role of HO-1 in the
regulation of MCP-1 and CCR2 and its key involvement in
innate and adaptive immune responses following M. avium
infection.
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