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Abstract

Background: Homeostatic erythropoiesis leads to the formation of mature red blood cells under non-stress conditions, and
the production of new erythrocytes occurs as the need arises. In response to environmental stimuli, such as bone marrow
transplantation, myelosuppression, or anemia, erythroid progenitors proliferate rapidly in a process referred to as stress
erythropoiesis. We have previously demonstrated that heme oxygenase-1 (HO-1) deficiency leads to disrupted stress
hematopoiesis. Here, we describe the specific effects of HO-1 deficiency on stress erythropoiesis.

Methodology/Principal Findings: We used a transplant model to induce stress conditions. In irradiated recipients that
received hmox™~ or hmox*’* bone marrow cells, we evaluated (i) the erythrocyte parameters in the peripheral blood; (i) the
staining intensity of CD71-, Ter119-, and CD49d-specific surface markers during erythroblast differentiation; (iii) the patterns
of histological iron staining; and (iv) the number of Mac-1"-cells expressing TNF-o. In the spleens of mice that received
hmox*'~ cells, we show (i) decreases in the proerythroblast, basophilic, and polychromatophilic erythroblast populations; (ii)
increases in the insoluble iron levels and decreases in the soluble iron levels; (iii) increased numbers of Mac-1"-cells
expressing TNF-o; and (iv) decreased levels of CD49d expression in the basophilic and polychromatophilic erythroblast
populations.

Conclusions/Significance: As reflected by effects on secreted and cell surface proteins, HO-1 deletion likely affects stress
erythropoiesis through the retention of erythroblasts in the erythroblastic islands of the spleen. Thus, HO-1 may serve as a
therapeutic target for controlling erythropoiesis, and the dysregulation of HO-1 may be a predisposing condition for
hematologic diseases.

Citation: Cao Y-A, Kusy S, Luong R, Wong RJ, Stevenson DK, et al. (2011) Heme Oxygenase-1 Deletion Affects Stress Erythropoiesis. PLoS ONE 6(5): €20634.
doi:10.1371/journal.pone.0020634

Editor: Steven R. Ellis, University of Louisville, United States of America
Received March 1, 2011; Accepted May 6, 2011; Published May 31, 2011

Copyright: © 2011 Cao et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the National Institutes of Health (NIH/NIDD071716). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Competing Interests: The authors have read the journal’s policy and have the following conflict: CC is a founder of Xenogen Corp, now part of Caliper LifeSciences.
This does not alter the authors’ adherence to all the PLoS ONE policies on sharing data and materials. All other authors have declared that no competing interests exist.

* E-mail: ccontag@stanford.edu

Introduction

Erythropoiesis, the development of mature red blood cells
(RBCs), originates from pluripotent hematopoietic stem cells
(HSCs) and progresses through erythroblasts to the formation of
RBCs. Just prior to maturation, erythroblasts extrude their nucleus
and mature into reticulocytes. As reticulocytes, they exit the bone
marrow and enter blood capillaries to participate in oxygen
transport. Homeostatic erythropoiesis maintains normal hemato-
crit levels and occurs as needed to replace old and damaged
erythrocytes. In response to special needs, such as after bone
marrow (BM) transplantation, myelosuppression, or anemia, stress
erythropoiesis occurs as the body attempts to increase the
production of erythrocytes. This process occurs in part within
the spleen [1] and is regulated by several factors that are shared
with homeostatic erythropoiesis. These include erythropoietin,
iron, cytokines, cellular regulators, and adhesion molecules.
Factors that distinguish homeostatic and stress hematopoiesis are
less well described.
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The heme oxygenase-1 enzyme (HO-1) is encoded by the /fmox-1
gene and is an inducible stress enzyme that catalyzes heme
oxidation into carbon monoxide (CO), free ferrous iron, and
biliverdin. The free iron from this reaction is sequestered by ferritin,
and the biliverdin is rapidly converted into bilirubin by biliverdin
reductase [2]. CO is a diffusible regulator that has been linked to the
regulation of numerous cellular and tissue functions [3,4]. HO-1
facilitates iron reutilization in mammals [5] and modulates the
expression of cytokines [6] and adhesion molecules [7,8]. HO
activity has been implicated in the control of inflammation, immune
regulation and organ transplantation [9,10,11]. Genetic knockout
(KO) of HO-1 results in partial embryonic lethality and leads to a
number of hematological disorders in surviving mice, including
anemia, hypoferremia and tissue accumulation of iron [5,10]. In a
rare human case, HO-1 deficiency was associated with thrombo-
cytosis, coagulation abnormalities, persistent hemolytic anemia,
iron deposition in tissues, and premature death [12,13].

We previously reported that HO-1 deficiency leads to disrupted
stress hematopoiesis of stem cells and progenitors [14]. Mice lacking
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one allele of HO-1 (/zmax+/7) showed accelerated hematopoietic
recovery from myelotoxic injury. However, hmox™’~ HSCs were
ineffective in the radioprotection and serial repopulation of
myeloablated recipients. In this study we observed a threshold for
effective transplantation of HO-1 knockout bone marrow; too few
cells led to hematopoietic failure due to stem cell depletion,
transplantation using cell numbers above this threshold were
successful, but serial transplants from these recipient animals also
resulted in hematopoietic failure.

Here we describe the effects of HO-1 deficiency specifically on
stress erythropoiesis using cell numbers above the previously
described threshold. We used a transplant model to induce stress
conditions and demonstrated that HO-1 deletion affects stress
erythropoiesis. In the spleen, HO-1 participates in proper
erythroblast differentiation and optimal iron reutilization. Its
deficiency increases the number of TNF-a-expressing cells and
leads to a decrease of the CD49d levels in proerythroblasts. These
findings suggest that HO-1 deficiency might cause a premature
release of erythroblasts into the circulation.

Results

1- HO-1 haploinsufficiency disrupts erythrocyte
parameters in the peripheral blood

HO-1-deficient mice show a high level of embryonic lethality
[5], and therefore the effects of HO-1 haploinsufficiency were
studied as a means of assessing the intrinsic contribution of HO-1
in stress erythropoiesis following transplantation. Whole BM from
either hmox™* or hmox™~ mice was transplanted into lethally
irradiated recipient mice.

Eight days after engraftment, the reticulocyte counts increased
rapidly in recipients of hmox™ ™~ BM cells, reaching a level of
~250% of those in the recipients of Amox™* BM cells
(1.22+0.48x10° per uL versus 0.47%0.14x10° per ul; n=5,
*P=0.031) (Figure 1A). In contrast, 15 days after engraftment, the
reticulocyte counts in recipients of kmox™ ™ BM cells were only
27% of those observed in the mice that received hmox™* BM cells
(4.22%1.85x10° per ul. versus 15.38%=3.75x10° per ul; n=35,
*#*P=0.007) (Figure 1A). This is consistent with our previous
report in which we demonstrate accelerated hematopoiesis that
was not sustainable after transplant [14].

We also observed elevated hematocrits in mice that received
hmox™~ BM cells relative to those that received rmox™* BM cells.
At day 7, mice that received hmox™~ BM cells had statistically
greater hematocrit levels than recipients of wild-type cells
(33.0%2.2% versus 29.6£0.5%; *P = 0.047) (Figure 1B). However,
at day 15, the hematocrits from recipients of either fmox*’~ or
hmox™* BM cells (36.4£2.1% versus 38.2%1.2%) (Figure 1B) were
lower than those in the non-transplanted mice (39.0% versus
47.0%, data not shown).

These data suggest that there was early-accelerated erythropoiesis
in the recipients of fmox"’~ BM cells. However, this level of
erythropoiesis could not be sustained, and the number of immature
erythrocytes declined prior to a full recovery from the blood loss.

Mice that received Amox™ ™ BM cells had statistically more
RBCs (7.1£0.5x10° per uL. versus 6.2%0.1x10° per ul; n=5,
*P=0.041) at day 7 (Figure 1C), whereas their hemoglobin levels
were slightly, but not statistically significantly, higher (10.2+0.6 g/
dL versus 9.3%0.2 g/dL; n=5, P=0.055) compared to those of
mice that received fmox™’ BM cells (Figure 1D).

The ratios of the RBC count, hematocrit, and hemoglobin levels
between the mice that received hmox™ ™ and hmox** BM cells
decreased gradually over time from 1.13-1.15 (at day 4) to
0.92 - 0.95 (at day 15) (Figure 1E). These data show that there are
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more fmox”’~ BM cell-derived erythrocytes in the peripheral

blood than /mox*"* BM cells from day 4 to 10, and the opposite
from day 10 to 21. This suggests that hmox*’~ BM cell-derived
erythrocytes might appear earlier in the peripheral blood than
those from fumox™* BM cells.

2- HO-1 participates in proper erythroblast differentiation

The spleen and BM serve as reserves for accelerated hematopoi-
esis under conditions of hematopoietic stress. Loss of HO-1 did not
change the total spleen and BM cellularities (data not shown). To
further investigate whether HO-1 deficiency specifically affects
stress erythropoiesis, we adopted a flow cytometric assay and
analyzed cells from the BM and spleen of transplanted mice. Four
classes of erythroid precursors can be identified by the staining
intensities (low, medium (med), or high) of specific surface markers
upon maturation, as shown in Figure 2 and as previously described
[15]. Listed in order of the earliest to the most mature, these precur-
sors are the early proerythroblast (Ter119™*°CD71"#") identified in
region a, the basophilic erythroblast (Ter119™$"CD71™¢" in
region b, the late basophilic and polychromatophilic erythroblast
(Ter119™$"CD71™Y in region ¢, and the orthochromatophilic
erythroblast (Terl 198" CD71™") in region d.

At day 15 post-transplantation, the BM of mice engrafted with
hmox*™’~ cells presented decreased numbers of polychromatophilic
(regions ¢, ~1.5-fold) and orthochromatophilic (region d, ~1.9-fold)
populations compared with control mice engrafted with /mox™™*
cells (Figure 2A, left panels). Interestingly, the spleens of mice
engrafted with hmox™ ™ cells presented decreased numbers of
proerythroblast (region a, ~3.5-fold), basophilic (region b, ~2-fold)
and polychromatophilic (region c, ~2.7-fold) populations compared
with the control animals (Figure 2A, right panel). Thus, the
proportions of total erythroid precursors analyzed in the BM of
hmox*" and hmox™’ ™ recipients were 27.4%10.6% and 23.8%5.6%,
respectively (n =6, P=0.07) (Figure 2B). The proportions of total
erythroid precursors analyzed in the spleens of fmox™* and hmox*’~
recipients were 74.0%£8.1% and 35.0£5.9%, respectively (n=6,
*P=0.002) (Figure 2B). Similar results were obtained at eight days
post-transplantation (data not shown).

These data indicated that HO-1 deletion resulted in deficient
erythroblast differentiation following transplantation of /mox™ ~
BM cells, both in the spleen and to a lesser extent in the BM. Given
these data, we focused on the spleen as a site of stress erythropoiesis.

3- HO-1 participates in optimal iron re-utilization

Iron is an essential component of heme synthesis and
hemoglobin formation. The majority of iron in erythropoiesis is
reutilized in the breakdown of heme from senescent erythrocytes.
Because HO-1 has an important iron-recycling role [5], we
investigated whether iron reutilization is optimal in the spleen after
the engraftment of HO-1-deficient BM cells.

To test this possibility, histological analysis of the spleen was
performed 14 days post-transplantation. Hemosiderin-laden mac-
rophages, accounted for approximately 2% of the total red pulp
nucleated cell population in the spleens of mice that received
hmox™’ ™ BM cells, compared to ~1% in mice that received hmox™’*
BM cells (Figure 3A, upper levels; see Methods for quantification).
Prussian blue staining showed an average of 2.6% of the splenic
cross-sectional area to be positive for iron in the recipients of
hmox™ ™ BM cells, compared to 0.9% in the recipients of fmox™*
BM cells (Figure 3B, lower levels).

The analysis of soluble iron in spleen homogenates showed the
total and free iron levels of mice that received fmox™’ ~ BM cells to
be 323%21 and 144*18 ng/dL, respectively. This is 20% less
compared to the 399%32 and 183*12 ng/g observed in the
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Figure 1. HO-1 haploinsufficiency disrupts erythrocyte parameters in the peripheral blood. Lethally irradiated mice were transplanted
with 2x107 hmox** or hmox"'~ BM cells. Peripheral blood was drawn at each given time-point post-engraftment and was analyzed for the
reticulocyte count (A), hematocrit percentage (B), RBC count (C), and hemoglobin level (D). The ratios of the RBC counts, hematocrit percentages, and
hemoglobin levels of the hmox*~ to hmox*'* genotypes are plotted in (E) using the same data shown in (B-D). The mean =+ SEM is shown for five

mice per genotype; *P=0.05, **P=0.01.
doi:10.1371/journal.pone.0020634.g001

recipients of hmox*"* BM cells n=6, ¥*P=0.025 and *P=0.021,
respectively) (Figure 3C). No significant differences were observed
in the plasma (data not shown).

Here, both the increase of the insoluble iron level (Figures 3A
and 3B) and the decrease of the soluble iron level (Figure 3C) in
the spleens of mice following HO-1"~ BM cell transplantation
suggest that HO-1 participates in optimal iron reutilization in
spleens after transplantation.

4- HO-1 deficiency increases the number of
TNF-a-expressing cells in the spleen

The proliferation and differentiation of erythroblasts occur in
specialized niches known as erythroblastic islands, which are
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composed of central macrophages and erythroblasts at all stages of
differentiation [16]. Central macrophages secrete cytokines such as
TNF-o, which exerts an inhibitory effect on erythropoiesis
[17,18,19], and HO-1 has been shown to suppress the effects of
TNF-a [20,21].

To test whether HO-1 deficiency alters the expression of
TNF-o in stress erythropoiesis, we assessed the number of
Mac-1"-cells expressing TNF-o in the spleens of recipients
following Amox™ ™ and hmox™* BM cells transplantation
(Figure 4A). At day 15 post-engraftment, 16.022.9% of Mac-
1" TNF-o* cells were analyzed in the spleens of hmox™’* BM
cells-recipients, compared to 22.7+3.6% in those of hmox™ ™
BM cells-recipients (n=6; *P=0.016) (Figure 4B). This 40%
increase due to HO-1 deficiency suggests that TNI-o
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Figure 2. HO-1 participates in proper erythroblast differentiation. (A) Representative FACS profiles of freshly isolated BM cells (left panels)
and splenic cells (right panels) from hmox** or hmox"~ BM cell recipients at day 15 post-transplantation are shown. Cells were labeled with
PE-conjugated anti-CD71 and PE-Cy7-conjugated anti-Ter119. Dead cells (stained positive with propidium iodide) and enucleated erythrocytes (with
low forward scatter) were excluded from the analysis. The regions (from left to right and then from top to bottom) distinctly differentiate four classes
of erythroid precursors (from the earlier to the most mature): proerythroblasts (Terl 19™edCcp71Mi9h) in region a, basophilic erythroblasts
(Ter119M9"CD71"9") in region b, late basophilic and polychromatophilic erythroblasts (Ter119MI"CD71™%) in region ¢, and orthochromatophilic
erythroblasts (Ter119""CD71'°%) in region d. The engraftment of HO-1-deficient BM cells modifies the FACS profile of the erythroblastic BM and
splenic cells. (B) The frequencies of total erythroid precursors found in regions a, b, c and d in the BM and the spleens of hmox*'* or hmox™~ BM cell

recipients are shown. The transplantation of HO-1-deficient BM cells leads to a decrease in the erythroid precursor population. The mean = SEM is

shown for six mice per genotype; *P<0.05.
doi:10.1371/journal.pone.0020634.g002

expression might be involved in the disrupted stress erythro-
poiesis in HO-1 deficiency.

5- HO-1 deficiency leads to a decrease of the CD49d level

in splenic proerythroblasts

The adherence of erythroblasts to central macrophages within
erythroblastic islands enables proper erythroblastic differentiation
[22]. This cell-to-cell interaction is mediated by a4B1 integrin and
its o-subunit CD49d in erythroblasts and vascular adhesion
molecule-1 (VCAM-1) in macrophages [23].

Using a flow cytometric assay, we confirmed that CD49d
expression decreased in a pattern following erythroblast matura-
tion, from the highest expression in immature (Ter119"%
CD71"&" cells to the lowest in the most differentiated erythro-
blasts (Terl 19M8"CD71'") (Figure S1), consistent with previously
reports [24].

We then investigated the effect of HO-1 deficiency on the
CD49d expression in splenic erythroblasts following BM trans-
plantation. At day 15 post-transplantation, only 72% of hmox*~
Terl119"8" CD71ME" cells were CD49d*, compared to 92% of
H cells (n=6, *P=0.04) (Figure 5, upper panel). A more

hmox
drastic deviation was shown in the Terl19"e® CD71™ed
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population, in which only 31% of /hmox™ ™ cells were CD49d*
compared to 59% of hmox*’* cells (n=6, *P=0.008) (Figure 3,
middle panel). All the cells were CD49d negative in the splenic
Ter119"8"CD71"" populations (Figure 5, lower panel).

These results show that in this transplant model, HO-1
deficiency affects CD49d expression during splenic erythroblast
maturation.

Discussion

We have previously demonstrated that HO-1-deficient BM cells
provide inadequate radioprotection of lethally irradiated mice
[14], and we have suggested that the loss of one allele of HO-1
may be sufficient to maintain the steady-state metabolism of heme
but insufficient under conditions of stress [14].

In this study, we documented for the first time the importance of
HO-1 in stress erythropoiesis and address the mechanism of
hematopoietic failure. Using a transplant model to induce stress
conditions, we showed that HO-1 haploinsufficiency led to
disrupted erythroblast differentiation. This resulted in the
reduction, or loss, of immature red blood cells during differenti-
ation from proerythroblasts to the orthochromatophilic erythro-
blast stage. Stress erythropoiesis is usually characterized by an
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Figure 3. HO-1 participates in optimal iron re-utilization. (A) H&E staining of the spleen sections from hmox*'* or hmox"'~ cell recipients at
day 14 post-transplantation is shown. The arrows indicate hemosiderin-laden macrophages. The transplantation of HO-1-deficient BM cells leads to
an increase of hemosiderin. The magnification is 400 x. The photograph shown is a representative of three experiments. (B) Prussian blue iron
staining of the spleen sections from hmox*’* or hmox*'~ cell recipients at day 14 post-transplantation is shown. The transplantation of HO-1-deficient
BM cells leads to an increase of Prussian blue-positive cells. The magnification is 100 x. The photograph shown is a representative experiment out of
the three that were performed. (C) The total and free iron levels in the splenic homogenates from hmox™* or hmox*~ cell recipients at day 14 post-
transplantation are shown. The transplantation of HO-1-deficient BM cells leads to a decrease of soluble iron. The mean = SEM is shown for six mice

per genotype; *P=0.05.
doi:10.1371/journal.pone.0020634.9003

increase in the absolute number of total Terl119" erythroblasts [1].
Here, we showed that HO-1 deficiency led to a ~50% decrease in
the Ter119"¢" erythroblastic population. It is interesting to note
that the disrupted erythroblast differentiation following the
transplantation of /mox™ ™ BM cells was more dramatic in the
spleen than in the BM. This spleen-selective change is consistent
with the convention that stress erythropoiesis relies on a
specialized population of stress erythroid progenitors that
primarily reside in the spleen [25,26,27,28,29].

We also demonstrated a 20% decrease of the free iron levels and
a 40% increase of the TNF-o+ cell count in the spleens of mice
that received hmox™ ~ BM cells compared to those that received
hmox™* BM cells. These changes were not observed in the BM
(Cao, unpublished data). It is still unclear whether the increased
TNF-a expression is a feature of decreased stress erythropoiesis or
if it 1s associated with increased numbers of macrophages due to
decreased iron utilization. It has been recently shown that only a
subset of macrophages express HO-1 [30]. The activation of
macrophages by exposure to lipopolysaccaride (LPS) and either
GM-CSF or M-CSF leads to the generation of TNF-o. and
IL-12p40-producing pro-inflammatory macrophages [M1 (GM-
CSF)] or IL-10-producing anti-inflammatory macrophages [M2
(M-CSF)], respectively. A different iron metabolism gene signature
is detected in the two macrophage types, with HO-1 being
preferentially expressed by M2 (M-CSF) macrophages [30]. Thus,
in our study, it appears that only a subset of macrophages might
have been affected by the HO-1 haploinsufficiency.

We demonstrated that HO-1 deficiency leads to a decrease of
the CD49d level in proerythroblasts. This finding suggests that
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HO-1 deficiency might cause a premature release of erythroblasts
mto the blood circulation. We speculate that the decreased levels
of CD49d effect immature erythroblasts to result in disrupted
erythroblast differentiation and an early release of these cells from
erythroblastic islands, subsequently leading to inadequate stress
erythropoiesis. Erythroblasts are known to express adhesion
molecules that undergo dynamic variation during differentiation.
These proteins mediate both erythroblast-to-erythroblast and
erythroblast-to-macrophage interactions, as well as attachments
to the extracellular matrix components. Two major receptors/
counter-receptors identified as mediating the cell-to-cell interac-
tions within erythroid islands are o4Pl integrin (VLA-4) in
erythroblasts and VCAM-1 in central macrophages [23]. The
a4Pl integrin has a critical role in erythropoiesis by holding
maturing precursors in close association with the marrow stroma
[31,32,33,34,35]. The a4 integrin sub-unit (CD49d) is essential to
maintaining normal hematopoiesis in the spleen and BM
microenvironments [36] and mediates the association between
primitive erythroblasts and fetal liver-derived macrophages [37].
HO-1 has already been shown to modulate the expression of
adhesion molecules [7,8], and it is interesting to note that patients
with sickle cell anemia have an increased level of CD49d
expression [38], suggesting that a reduction in the adhesive
properties may contribute to the premature release of erythrocytes
into the peripheral blood.

We suggest here that decreased CD49d expression affects
splenic HO-1-deficient erythroblasts to lead to their premature
release into the circulation. Thus, the disrupted stress erythropoi-
esis described here might explain the ineffectiveness of hmox*
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BM cells in protecting lethally irradiated mice [14]. We propose
that the HO-1 deficiency upset the self-renewal/differentiation
balance toward improper differentiation, prematurely depleting
the HSC reserve and releasing immature erythroblasts.

These results have implications in human hematological
diseases and their treatment. The promoter of the human /mox
gene is characterized by (GT)n repeats, with commonly occurring
length polymorphisms affecting the gene expression that have been
associated with a wide variety of diseases [39]. For example,
shorter repeats are associated with increased susceptibility to some
cancers and cerebral malaria, but these also have better liver and
kidney transplant survival, whereas long GT repeat polymor-
phisms cause a lower expression of HO-1 but are associated with
emphysema, miscarriages, and stroke [39]. It has been document-
ed that patients with myelodysplastic syndrome (MDS) present
macrophages with increased levels of TNF-oo [40] and hemato-
poietic progenitors with reduced expression levels of CD49d [41].
It is intriguing that HO-1 deficiency shares some of the features of
MDS, and it will be important to investigate whether the
polymorphisms of HO-1 affect physiologic and pathologic human
erythropoiesis in similar manners as in MDS patients. We

@ PLoS ONE | www.plosone.org

anticipate that this research will not only lead to a better
understanding of the role of HO-1 in stress hematopoiesis but will
also suggest the clinical relevance of HO-1 as a target of novel
therapies for the treatment of human hematological pathologies.

Materials and Methods

1- Mice

FVB/NJ recipient mice were obtained from Charles River
Laboratories (Wilmington, MA, USA). mox™ '~ and hmox™™* mice
were previously described [10]. All the experiments were set up
when the animals were 10 weeks old. Comparisons of fmox™ ™ and
hmox*™"* mice were always conducted using littermates. The mice
were housed in the Research Animal Facility at Stanford University,
and all experiments were conducted under strict adherence to
institutional guidelines, as approved by the Animal Care and Use
Committee at Stanford University (APLAC #12323).

2- Purification of hematopoietic cells
Whole blood (200 pL) was drawn from the retro-orbital sinus
into EDTA-coated microhematocrit tubes (Sarstedt, Numbrecht,
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level in splenic proerythroblasts. Representative FACS histograms
of basophilic (Ter119M9"cp71hioh), ponchromatoPhiIic (Ter119hioh
CD71™9), and orthochromatophilic (Ter119"9"CD71"°%) splenic eryth-
roblasts from hmox™" or hmox*'~ BM cell recipients labeled with a FITC-
conjugated anti-CD49d are shown at day 15 post-transplantation. The
average frequencies of CD49d-positive cells in the different fractions of
splenocytes are indicated for both HO-1 genotypes. The mean = SEM is
shown for six mice per genotype; *P=0.05, **P=<0.01.
doi:10.1371/journal.pone.0020634.g005

Germany) and was sent to the diagnostic laboratory in the
Department of Comparative Medicine at Stanford University
for measurements of erythrocyte parameters. Blood counts and
erythrocyte indices were determined using an automated
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hematology analyzer (Abbott Cell Dyne 3500, Abbott Park, IL,
USA). To obtain splenic cells, the spleen was dissected, and a
single cell suspension was generated by gently squishing the spleen
in a small volume of phosphate buffered saline (PBS). To recover
cells from the mouse BM, the marrow was flushed out of the tibia,
femur, and humerus using a syringe with PBS, filtered through a
70-um mesh filter (BD Biosciences, San Jose, CA, USA) to remove
debris and pelleted by centrifugation. RBC contamination was
removed using an RBC-lysis buffer containing ammonium
chloride in 0.01 M Tris.

3- Bone marrow transplantation

In preparation for transplant, recipient mice (FVB/N]J) at two
months of age were lethally irradiated (one single dose of
11 Gy). The following day, isolated BM cells (2x107) from
hmox*'~ or hmox*’* mice were intravenously injected into the
tail veins of recipient animals under methoxyflurane anesthesia.
Under these conditions, over 98% of the cells in the BM and
spleens of recipients are donor-derived at day 6 or later after
transfer [14]. Thus, flow cytometric assays were performed with
minimal interference from residual host cells, resolving the
distinct stages of erythroid differentiation as previously de-
scribed [15].

4- Phenotyping and flow cytometry

For erythroid cell subset analyses, splenic and BM cells were
stained with PE-conjugated anti-CD71 (BD Biosciences), PE-Cy7-
conjugated anti-Terl19 (eBioscience, San Diego, CA, USA), and
FITC-conjugated anti-CD49d (Affinity BioReagents, Rockford,
IL, USA). For TNF-a detection, splenic cells were first stained with
PE-Cy7-conjugated anti-Mac-1 (BD Biosciences). After fixation
and permeabilization, splenic cells were stained with PE-
conjugated anti-TNF-oo (CALTAG Laboratories, Burlingame,
CA, USA). All stained cells were analyzed using the LSR
mstrument (BD Biosciences) and FlowJo software (Iree Star
Inc., Ashland, OR, USA).

5- Histological staining for iron

Spleens were fixed in 4% paraformaldehyde, dehydrated in
ethanol, embedded in paraffin, sectioned and mounted onto glass
slides. Sections were stained either by hematoxylin and eosin
(H&E) or Prussian blue according to standard protocols. High-
resolution photomicrographs of six non-overlapping areas were
taken at 200X magnification (2,590x1,920 pixels representing
0.37508 mm?) with a digital microscope camera system (Power-
shot G9, Canon, Lake Success, NY, USA; AxioVision 4.7.0.0,
Miinchen, Germany). Each photomicrograph was imported into
and processed by digital imaging software (UTHSCSA ImageTool
for Windows 3.00, San Antonio, TX, USA). The total area of iron
staining divided by the total area of the photomicrograph field
(expressed as a percentage per 200 x photomicrograph field) was
determined for each of the six photomicrographs. The mean
percentage of iron staining was determined by averaging the
results from the six photomicrographs.

6- Iron level measurements

Spleens, which primarily contains erythroid cells, were homog-
enized in 19 volumes of PBS. Homogenates were centrifuged at
16,100 xg for 2 min to remove cellular debris (including insoluble
hemosiderin iron), and supernatants were collected to measure
total and free iron. Iron measurements were performed and
analyzed at Analytics Inc. (Gaithersburg, MD, USA).
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7- Statistical analyses

Quantitative data are expressed as the mean = SEM. All
statistical analyses were performed on raw data for each group by
one-way analysis of variance followed by a Student’s t test.
Differences among groups were considered to be significant if the
probability of error was less than 0.05. The numbers of animals
used for each analysis are mentioned in the figure legends, in
addition to the effective P-values.

Supporting Information

Figure S1 Representative FACS histogram of CD49d staining in
splenic proerythroblasts (Terl 19™°°CD71™¢™), basophilic erythro-
blasts (Ter119™"CD71"8Y), polychromatophilic — erythroblasts
(Ter119"€"CD71™%) and  orthochromatophilic  erythroblasts

References

1. Socolovsky M (2007) Molecular insights into stress erythropoiesis. Curr Opin
Hematol 14: 215-224.

2. Tenhunen R, Marver HS, Schmid R (1968) The enzymatic conversion of heme
to bilirubin by microsomal heme oxygenase. Proc Natl Acad Sci U S A 61:
748-755.

3. Brouard S, Otterbein LE, Anrather J, Tobiasch E, Bach FH, et al. (2000)
Carbon monoxide generated by heme oxygenase 1 suppresses endothelial cell
apoptosis. J Exp Med 192: 1015-1026.

4. Duckers HJ, Boehm M, True AL, Yet SF, San H, et al. (2001) Heme oxygenase-
1 protects against vascular constriction and proliferation. Nat Med 7: 693-698.

5. Poss KD, Tonegawa S (1997) Heme oxygenase 1 is required for mammalian
iron reutilization. Proc Natl Acad Sci U S A 94: 10919-10924.

6. McDaid J, Yamashita K, Chora A, Ollinger R, Strom TB, et al. (2005) Heme
oxygenase-1 modulates the allo-immune response by promoting activation-
induced cell death of T cells. FASEB J 19: 458-460.

7. Seldon MP, Silva G, Pejanovic N, Larsen R, Gregoire IP, et al. (2007) Heme
oxygenase-1 inhibits the expression of adhesion molecules associated with
endothelial cell activation via inhibition of NF-kappaB RelA phosphorylation at
serine 276. J Immunol 179: 7840-7851.

8. Soares MP, Seldon MP, Gregoire IP, Vassilevskaia T, Berberat PO, et al. (2004)
Heme oxygenase-1 modulates the expression of adhesion molecules associated
with endothelial cell activation. J Immunol 172: 3553-3563.

9. Abraham NG, Kappas A (2008) Pharmacological and clinical aspects of heme
oxygenase. Pharmacol Rev 60: 79-127.

10. Poss KD, Tonegawa S (1997) Reduced stress defense in heme oxygenase 1-
deficient cells. Proc Natl Acad Sci U S A 94: 10925-10930.

11. Soares MP, Bach FH (2007) Heme oxygenase-1 in organ transplantation. Front
Biosci 12: 4932-4945.

12. Kawashima A, Oda Y, Yachie A, Koizumi S, Nakanishi I (2002) Heme
oxygenase-1 deficiency: the first autopsy case. Hum Pathol 33: 125-130.

13. Yachie A, Niida Y, Wada T, Igarashi N, Kaneda H, et al. (1999) Oxidative stress
causes enhanced endothelial cell injury in human heme oxygenase-1 deficiency.
J Clin Invest 103: 129-135.

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

15. Liu Y, Pop R, Sadegh C, Brugnara C, Haase VH, et al. (2006) Suppression of
Fas-FasL coexpression by erythropoietin mediates erythroblast expansion during
the erythropoietic stress response in vivo. Blood 108: 123-133.

16. Lee G, Lo A, Short SA, Mankelow T]J, Spring F, et al. (2006) Targeted gene
deletion demonstrates that the cell adhesion molecule ICAM-4 is critical for
erythroblastic island formation. Blood 108: 2064-2071.

17. Akahane K, Hosoi T, Urabe A, Kawakami M, Takaku F (1987) Effects of
recombinant human tumor necrosis factor (thTNF) on normal human and
mouse hemopoietic progenitor cells. Int J Cell Cloning 5: 16-26.

18. Moldawer LL, Marano MA, Wei H, Fong Y, Silen ML, et al. (1989) Cachectin/
tumor necrosis factor-alpha alters red blood cell kinetics and induces anemia in
vivo. FASEB J 3: 1637-1643.

19. Ulich TR, del Castillo J, Yin S (1990) Tumor necrosis factor exerts dose-
dependent effects on erythropoiesis and myelopoiesis in vivo. Exp Hematol 18:
311-315.

20. Drechsler Y, Dolganiuc A, Norkina O, Romics L, Li W, et al. (2006) Heme
oxygenase-1 mediates the anti-inflammatory effects of acute alcohol on IL-10
induction involving p38 MAPK activation in monocytes. J Immunol 177:
2592-2600.

21. Otterbein LE, Bach FH, Alam J, Soares M, Tao Lu H, et al. (2000) Carbon
monoxide has anti-inflammatory effects involving the mitogen-activated protein

kinase pathway. Nat Med 6: 422-428.

@ PLoS ONE | www.plosone.org

HO-1 in Stress Erythropoiesis

(Ter119"8*CD71""). The frequency of CD49d-positive cells
decreases with erythroblast maturation.

(T1F)

Acknowledgments

The authors would like to thank Drs. I. Weissman, J. Zehnder, S. Schrier,
H. Zhao and B. Zhang for helpful discussion and critical reading.

Author Contributions

Conceived and designed the experiments: Y-AC SK CHC. Performed the
experiments: Y-AC RL. Analyzed the data: Y-AC SK DKS CHC.
Contributed reagents/materials/analysis tools: RJW. Wrote the paper:
Y-AC SK CHC. Revised the manuscript: RJW.

22. Allen TD, Dexter TM (1982) Ultrastructural aspects of erythropoietic
differentiation in long-term bone marrow culture. Differentiation 21: 86-94.

23. Sadahira Y, Yoshino T, Monobe Y (1995) Very late activation antigen 4-
vascular cell adhesion molecule 1 interaction is involved in the formation of
erythroblastic islands. J] Exp Med 181: 411-415.

24. Papayannopoulou T, Brice M (1992) Integrin expression profiles during
erythroid differentiation. Blood 79: 1686-1694.

25. Broudy VC, Lin NL, Priestley GV, Nocka K, Wolf NS (1996) Interaction of stem
cell factor and its receptor c-kit mediates lodgment and acute expansion of
hematopoietic cells in the murine spleen. Blood 88: 75-81.

26. Hara H, Ogawa M (1976) Erthropoietic precursors in mice with phenylhydra-
zine-induced anemia. Am J Hematol 1: 453-458.

27. Lenox LE, Perry JM, Paulson RF (2005) BMP4 and Madh5 regulate the
erythroid response to acute anemia. Blood 105: 2741-2748.

28. Obinata M, Yanai N (1999) Cellular and molecular regulation of an
erythropoietic inductive microenvironment (EIM). Cell Struct Funct 24:
171-179.

29. Palis J, Segel GB (1998) Developmental biology of erythropoiesis. Blood Rev 12:
106-114.

30. Sierra-Filardi E, Vega MA, Sanchez-Mateos P, Corbi AL, Puig-Kroger A (2010)
Heme Oxygenase-1 expression in M-CSF-polarized M2 macrophages contrib-
utes to LPS-induced IL-10 release. Immunobiology 215: 788-795.

31. Eshghi S, Vogelezang MG, Hynes RO, Griffith LG, Lodish HF (2007)
Alpha4betal integrin and erythropoietin mediate temporally distinct steps in
erythropoiesis: integrins in red cell development. J Cell Biol 177: 871-880.

32. Hamamura K, Matsuda H, Takeuchi Y, Habu S, Yagita H, et al. (1996) A
critical role of VLA-4 in erythropoiesis in vivo. Blood 87: 2513-2517.

33. Rosemblatt M, Vuillet-Gaugler MH, Leroy C, Coulombel L (1991) Coexpres-
sion of two fibronectin receptors, VLA-4 and VLA-5, by immature human
erythroblastic precursor cells. J Clin Invest 87: 6-11.

34. Tsai S, Patel V, Beaumont E, Lodish HF, Nathan DG, et al. (1987) Differential
binding of erythroid and myeloid progenitors to fibroblasts and fibronectin.
Blood 69: 1587-1594.

35. Vuillet-Gaugler MH, Breton-Gorius J, Vainchenker W, Guichard J, Leroy C,
et al. (1990) Loss of attachment to fibronectin with terminal human erythroid
differentiation. Blood 75: 865-873.

36. Arroyo AG, Yang JT, Rayburn H, Hynes RO (1999) Alpha4 integrins regulate
the proliferation/differentiation balance of multilineage hematopoietic progen-
itors in vivo. Immunity 11: 555-566.

37. McGrath KE, Kingsley PD, Koniski AD, Porter RL, Bushnell TP, et al. (2008)
Enucleation of primitive erythroid cells generates a transient population of
“pyrenocytes” in the mammalian fetus. Blood 111: 2409-2417.

38. Gambero S, Canalli AA, Traina F, Albuquerque DM, Saad ST, et al. (2007)
Therapy with hydroxyurea is associated with reduced adhesion molecule gene
and protein expression in sickle red cells with a concomitant reduction in
adhesive properties. Eur J Haematol 78: 144-151.

39. Exner M, Minar E, Wagner O, Schillinger M (2004) The role of heme
oxygenase-1 promoter polymorphisms in human disease. Free Radic Biol Med
37: 1097-1104.

40. Flores-Figueroa E, Gutierrez-Espindola G, Montesinos JJ, Arana-Trejo RM,
Mayani H (2002) In vitro characterization of hematopoietic microenvironment
cells from patients with myelodysplastic syndrome. Leuk Res 26: 677-686.

41. Delforge M, Raets V, Van Duppen V, Vandenberghe P, Boogaerts M (2005)
CD34+ marrow progenitors from MDS patients with high levels of
intramedullary apoptosis have reduced expression of alpha4betal and
alphabbetal integrins. Leukemia 19: 57-63.

May 2011 | Volume 6 | Issue 5 | 20634



