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RED CELLS, IRON, AND ERYTHROPOIESIS

Inhibition of heme oxygenase ameliorates anemia and
reduces iron overload in a 3-thalassemia mouse model
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Thalassemias are a heterogeneous group of red blood cell disorders, considered a major
cause of morbidity and mortality among genetic diseases. However, there is still no uni-

® Iron released from . . . . . .
heme by HO 1 versally available cure for thalassemias. The underlying basis of thalassemia pathology is the
contributes to the premature apoptotic destruction of erythroblasts causing ineffective erythropoiesis. In
P:t:‘°PhYs_i°|°9Y of B-thalassemia, B-globin synthesis is reduced causing a-globin accumulation. Unpaired globin
thalassemia. chains, with heme attached to them, accumulate in thalassemic erythroblasts causing oxi-
@ Inhibition of HO 1 is of dative stress and the premature cell death. We hypothesize that in -thalassemia heme
therapeutic value for oxygenase (HO) 1 could play a pathogenic role in the development of anemia and ineffective
the treatment of erythropoiesis. To test this hypothesis, we exploited a mouse model of p-thalassemia

thalassemia.

_/ intermedia, Th3/*. We observed that HO inhibition using tin protoporphyrin IX (SnPP)

decreased heme-iron recycling in the liver and ameliorated anemia in the Th3/* mice. SnPP
administration led to a decrease in erythropoietin and increase in hepcidin serum levels, changes that were accompanied
by an alleviation of ineffective erythropoiesis in Th3/* mice. Additionally, the bone marrow from Th3/* mice treated with
SnPP exhibited decreased heme catabolism and diminished iron release as well as reduced apoptosis. Our results indicate
that the iron released from heme because of HO activity contributes to the pathophysiology of thalassemia. Therefore,
new therapies that suppress heme catabolism may be beneficial in ameliorating the anemia and ineffective erythropoiesis
in thalassemias. (Blood. 2018;131(2):236-246)

Introduction spleen where HO-1 activity is essential for the recycling of heme-
iron.® Additionally, HO-1 is increased in animal tissues not only by
its physiological substrate heme, but also various metals, xeno-
biotics, endocrine factors, synthetic metalloporphyrins,” and several
agents that cause oxidative damage.®'°

Thalassemias are a heterogeneous group of red blood cell (RBC)
disorders characterized by ineffective erythropoiesis, peripheral
hemolysis, and anemia.! Among inherited genetic diseases,
B-thalassemia is considered a major cause of morbidity and
mortality worldwide. However, there is still no optimal treatment
or universally available cure for mild and severe forms of this
disease. Three mouse models (th1, th2, and th3) of B-thalassemia
have been generated to date. Th3 mice, used in this study, have
a deletion of both gmaer and Bmin°r genes.? Mice homozygous for
the deletion (Th3/Th3) die late in gestation and heterozygotes

Heme catabolism in the reticuloendothelial system yields ap-
proximately 25 mg of iron per day, which is mainly consumed by
immature erythroid cells of the bone marrow for hemoglobin
synthesis.®> We have recently shown that HO-1 is highly expressed
in murine erythroid cells and that, similar to other cell types, its
expression is induced by heme.™ In these cells, HO-1 acts as a
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(Th3/*) survive and develop a phenotype similar to B-thalassemia coregulator of erythroid differentiation, in which the enzyme
intermedia in humans (anemia, tissue iron overload, and ineffective modulates the “heme-regulatory pool.”!" In erythroid cells, the
erythropoiesis).? heme-regulatory pool has been estimated to be in low micromolar
levels.'2"3 Nevertheless, it has a crucial importance for the reg-
Heme is a complex of iron with protoporphyrin IX that is essential ulation of the hemoglobin synthesis because it induces transferrin
for the function of all aerobic cells. In man, most organismal heme receptor 1 (TfR1),"4 HO-1,"" and /B globin's'7 expression and
(75%-80%) is present in circulating RBC as hemoglobin’s pros- inhibits iron acquisition from transferrin in erythroid cells.’®
thetic group. Senescent RBC is phagocytized by macrophages of
the spleen and liver, and the heme catabolized® by the heme- Thalassemia results from an imbalanced production of globin
inducible heme oxygenase 1 (HO-1), yielding iron, bilirubin and chains. In B-thalassemia, there is diminished expression of
carbon monoxide.*® HO-1 is a 32.8-kDa membrane-bound en- B-globin genes, resulting in an excess of a-globin chains and
zyme found at highest levels in macrophages of the liver and vice versa in a-thalassemia.’” The accumulation of excess
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unmatched globin chains lead to the premature destruction of
erythroid precursors in the bone marrow and RBC hemolysis in
the peripheral blood.'? Therefore, in thalassemias, there is an
increased rate of heme recycling and iron turnover, which di-
rectly involves HO-1 activity. HO-1 is widely presented in the
literature as a protective enzyme,?>? because it potentially
removes prooxidant “free” heme, generated in stress condi-
tions, and releases biliverdin and bilirubin, which are metabolites
with antioxidant properties.?*?> However, the reaction catalyzed
by HO-1 also releases iron, which is a potent prooxidant and can
induce tissue damage and cell death. Tissue iron overload is one
of the main features associated with thalassemias. Additionally,
in thalassemia, excess iron delivery to the bone marrow signif-
icantly contributes to the shortened RBC lifespan and causes
anemia.?® We therefore hypothesize that HO-1-mediated heme-
iron recycling aggravates the thalassemic phenotype.

In the present study, we demonstrate that inhibition of HO
ameliorates anemia, suppresses ineffective erythropoiesis, and
decreases liver iron overload in B-thalassemic (Th3/*) mice. HO
inhibition in the erythroid bone marrow cells resulted in de-
creased heme catabolism and iron release. Our results suggest
that HO suppression may improve the pathology of B-thalassemia
by decreasing HO-mediated iron release.

Methods
Study approval

All of the animal studies performed in this work were approved
by the Lady Davis Institute’s Animal Care Committee following
the guidelines of the Canadian Council on Animal Care.

Animals

C57BL/6 mice heterozygous for the B-globin gene deletion
(Th3/%)? were maintained and bred in the animal facility at the
Lady Davis Institute for Medical Research. Th3/* mice were used
as a model of thalassemia intermedia? and were kindly donated
by Stefano Rivella.

SnPP preparation

On the day of the injections, tin protoporphyrin X (SnPP;
Frontier Scientific, UT) was freshly dissolved in sodium hydroxide
(0.1 M) and then diluted in phosphate-buffered saline (PBS) to a
final concentration of 5 mM. HCI (1 N) was added to the 5 mM
SnPP solution to obtain a neutral pH. Six-month-old control
C57BL/6 (wild-type [Wt]) and Th3/* littermates were injected
(intraperitoneally) 3 times per week with either PBS or SnPP
(40 wmol/kg per day) for 4 consecutive weeks. SnPP has been
administered previously to both mice?” and humans.?%3° In mice,
a 40 umol/kg per day dose was used in sickle cell mice.?” Be-
cause RBC half-life is about 12 days in mice,3® we administered
SnPP for 4 weeks; hence, the HO-1 inhibition would be sustained
until all circulating RBC are renewed. In humans, SnPP half-life
in plasma is about 3.4 hours.?® A similar compound, tin-
mesoporphyrin was administered to 2 human patients during
400 days with no side effects, except iron deficiency.?? There-
fore, the regimen used in the present work is appropriate.

Total heme measurement
The heme content in tissues was quantified fluorometrically

using Sassa’s method?' (see the supplemental Methods on the
Blood Web site).
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Flow cytometry analysis

Erythropoiesis in bone marrow and spleen cells was analyzed as
described previously.3? Briefly, femora and spleen from Wt and
Th3/* mice were collected and their bone marrows extracted.
Cells were then incubated for 45 minutes with CD71-fluorescein
isothiocyanate and Ter119-APC antibodies (BD Bioscience, CA).
Stained cells were then analyzed in the FACSCalibur (BD Bio-
science) or sorted according their expression of CD7 1-fluorescein
isothiocyanate and Ter119-APC in the FACSAria Fusion (BD
Bioscience).

RBC membrane-associated globin precipitate
Membranes from RBC were prepared as described previously.>334
Briefly, RBC membrane-associated globin chains were dissolved
and fractioned by triton-acetic-acid-urea gel electrophoresis.

Lifespan of fluorescence-labeled RBC

RBC were isolated from the blood of Wt + PBS, Wt + SnPP,
Th3/* 4+ PBS, and Th3/* + SnPP mice by cardiac puncture and
stained in vitro with carboxyfluorescein diacetate succinimidyl
ester (CFSE; Molecular Probes, Invitrogen, CA), as described
previously.3> Fluorescence-labeled RBC (1 X 107 in 100 pL PBS)
were injected into the tail veins of Wt mice and their fluorescence
tracked for 25 days.

59Fe recycling studies

*7Fe recycling studies were performed as before,* with a few
changes, which are described in further detail in the supple-
mental Methods. Briefly, >Fe-labeled RBC were opsonized
and injected, intraperitoneally, in the “Wt + PBS, “WT + SnPP,
Th3/* + PBS, and Th3/* + SnPP treated mice. After 7 hours, the
mice were euthanized, perfused, and the radioactivity of blood,
liver, spleen, kidneys, heart, and femurs measured in a Packard
Cobra vy counter (PerkinElmer, CA).

Mouse colony-forming assay

Freshly isolated bone marrow cells were plated in 1.2 mL of
methylcellulose media (StemCell Technologies) according to the
manufacturer’s instructions. M3334 and M3534 media were used
for the detection of colony forming unit-erythroid (CFU-E) and
burst forming unit-erythroid (BFU-E) colonies. In selected cul-
tures, SnPP at a final concentration of 50 uM was added at the
beginning of the cultivation. CFU-E and BFU-E colonies were
scored by standard morphologic criteria on day 2 and 7, re-
spectively under an inverted microscope (Invertoskop, Carl Zeiss,
Oberkochen, Germany).

Statistical analysis

Statistical analysis was performed using Statistica 7.0 software
(StatSoft, Inc., OK). The analysis of data with more than 2 groups
was performed applying analysis of variance. Differences be-
tween the groups were determined using Duncan’s test.

Results

HO-1 expression is increased in the liver of Th3/* mice
Despite the central role of HO-1 in heme-iron recycling,®* its
expression levels have never been assessed in Th3/* mice.
We found HO-1 messenger RNA (mRNA) and protein-levels
to be increased in Th3/* livers compared with Wt controls
(Figure 1A-B). HO-1 staining of the liver confirmed the increase
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Figure 1. HO-1 expression is increased in the liver and decreased in Ter119+ cells of the bone marrow and the spleen of Th3/* mice. (A) Quantitative reverse transcription
polymerase chain reaction (GRT-PCR) analysis of HO-1 mRNA expression in the liver of Wt and Th3/* mice. The results are presented as fold of change relative to the Wt sample
(n = 3). (B) Western blot analysis of HO-1 protein expression in the liver of Wt and Th3/" mice (n = 3). (C) Representative pictures (20X magnification; scale bar, 200 pM) of
immunohistochemical staining against HO-1 in the liver from Wt and Th3/* mice. (D) gRT-PCR analysis of HO-1 mRNA expression in Ter119~ and Ter119* cell populations
isolated from the bone marrow of Wt and Th3/* mice. The results are presented as fold change relative to Wt Ter119~ cells (n = 3). (E) Western blot analysis of HO-1 protein
expression in Ter119* bone marrow samples (n = 3). (F) Total heme levelsin Ter119~ and Ter119* cells isolated from the bone marrow of Wt and Th3/* mice (n = 6). (G) Western
blot analysis of HO-1 protein expression in Ter119* spleen samples (n = 3). (H) Total heme levels in Ter119~ and Ter119* cells isolated from the spleen of Wt and Th3/* mice
(n = 6). *P < .05, ***P < .001.

in its expression in Th3/* mice (Figure 1C). In contrast, HO-1 HO inhibition ameliorates anemia in Th3/* mice
mRNA and protein levels in the kidney and heart in the Th3/* Metalloporphyrins, such as SnPP, have been used as inhibitors of

mice are similar to those seen in Wt animals (supplemental HO on the basis of their structural similarity to heme; this makes
Figure 1A-D). them useful HO competitive inhibitors. In the group of metal-

loporphyrins (ie, iron-/zinc-/tin/chromium-protoporphyrins), SnPP
Expression of HO-1 in erythroid cells of the bone was found to be the most potent HO inhibitor.374° Therefore, we

selected SnPP and investigated its effect in Th3/* mice. SnPP
administration (40 wmol/kg per day, 3 times/week during 4 weeks;
see our “Methods” section) efficiently inhibited HO-1 activity in
mice as demonstrated by the significant reduction in direct bili-
rubin levels in Th3/* mice (supplemental Figure 3A). The Th3/*
mice also exhibited a significant increase in RBC counts, hemo-
globin (Hb) and hematocrit (HCT) levels, after SnPP treatment
(Figure 2A-C). However, mean corpuscular volume (MCV) and
mean corpuscular hemoglobin (MCH) were reduced following
SnPP treatment of the Th3/* mice (Figure 2D-E). Of note, a similar
effect was seen in Wt mice after SnPP injections (Figure 2D-E).

marrow and spleen is decreased in Th3/* mice

Using the erythroid surface marker Ter119,*” we isolated Ter119~
and Ter119* cells from the bone marrow of Wt and Th3/* mice.
Compared with Wt controls, we observed that HO-1 mRNA and
protein expression are decreased in Ter119* cells of Th3/* mice
(Figure 1D-E). We also found that the total heme content is de-
creased in Ter119+ cells of Th3/* mice (Figure 1F). Th3/* mice
have an enlarged spleen because of increased extramedullary
erythropoiesis.®® Similarly, Ter119* cells from the spleen have
decreased HO-1 protein expression (Figure 1G) and heme
content (Figure TH). Ter1197 cells can be further differentiated,

according their expression of TfR1 (CD71), in CD71"ishTer119hish . .
(basophilic), and CD71Ter119"sh (orthochromatic) erythro- | SNPP reduces splenomegaly, reticulocytosis, serum

blasts. After separating those cell types from the mouse iron, transferrin saturation, liver iron, and EPO
bone marrow and the spleen, we observed that HO-1 mRNA levels in Th3/* mice

expression is significantly decreased in Th3/* basophilic HO inhibition by SnPP significantly reduced spleen size
erythroblasts when compared with Wt cells at the same stage (Figure 2F-G), decreased the percentage of reticulocytes
of differentiation in both organs (supplemental Figure 2A-B). (Figure 2H) and diminished serum iron and transferrin saturation
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Figure 2. SnPP injections rescue anemia and reduce spleen size, reticulocyte levels, serum iron concentration, transferrin saturation, and EPO levels in Th3/* mice. (A)
RBC, (B) Hb, (C) HCT, (D) MCV, and (E) MCH indices were determined on Wt + PBS (n = 12), Wt + SnPP (n = 12), Th3/* + PBS (n = 11), and Th3/* + SnPP (n = 12) mouse
groups by automated analysis. (F) Representative images of spleens isolated from Wt and Th3/* mice injected either with PBS or SnPP. (G) Spleen weight index of Wt + PBS
(n=9), Wt + SnPP (n =9), Th3/* + PBS (n = 8), and Th3/* + SnPP (n = 7) mice. (H) Flow cytometry analysis of thiazole orange staining of peripheral blood obtained from Wt
and Th3/* mice injected either with PBS or SnPP (n = 6). Analysis of (1) serum iron and (J) transferrin saturation in Wt + PBS (n = 5), Wt + SnPP (n = 5), Th3/* + PBS (n = 5),
and Th3/* + SnPP (n = 4) mice. (L) Enzyme-linked immunosorbent assay of EPO in serum from Wt and Th3/* mice injected with PBS or SnPP (n = 11). *P < .05, ***P < .001.
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Figure 3. SnPP injections decrease nonheme iron levels and heme-iron recycling in the liver of Th3/* mice. (A) Representative pictures (20X magnification; scale bar,
200 M) of Perls’ Prussian blue staining in Wt and Th3/* mice injected with either PBS or SnPP. (B) Ferrozine assay of nonheme iron content in the liver isolated from mice treated
as follows: Wt + PBS (n = 6), Wt + SnPP (n = 6), Th3/* + PBS (n = 5), or Th3/* + SnPP (n = 5). (C) gRT-PCR analysis of HAMP mRNA expression in the liver of Wt and Th3/* mice
injected with either PBS or SnPP (n = 3). (D) Enzyme-linked immunosorbent assay of hepcidin in the serum of Wt and Th3/* mice injected with either PBS or SnPP (n = 6).

240 @& blood® 11 JANUARY 2018 | VOLUME 131, NUMBER 2 GARCIA-SANTOS et al

20z aunr 10 uo jsenb Aq jpd'8z/86.P00Iq/€62907 L/9ET/Z/ | € | /sPd-aloIE/POO|qABU"SUOREDIgNdyse//:dlY WOy papeojumoq



(Figure 2I-J) in Th3/* mice. Serum ferritin was increased in Th3/*
mice, but it did not change after SnPP treatment, suggesting that
elevated serum ferritin is not related to heme catabolism (sup-
plemental Figure 3B). In thalassemia, the ineffective erythro-
poiesis and consequent tissue hypoxia induce kidney
erythropoietin (EPO) production.*! Importantly, SnPP adminis-
tration led to a significant decrease in serum EPO levels in Th3/*
mice when compared with vehicle-treated controls (Figure 2L).

Tissue iron overload is observed in patients with thalassemia
intermedia, with the liver being the first organ to be affected.*?
Similarly, Th3/* mice display liver iron overload; Perls’ Prussian
blue staining and the ferrozine assay revealed that SnPP injec-
tions significantly decreased the nonheme iron levels in the livers
of Th3/* mice (Figure 3A-B).

Hepcidin expression increases and heme iron
recycling decreases in the livers of Th3/* mice after
inhibition of HO

HO inhibition was associated with a significant increase in mRNA
for hepcidin (known to block iron release from cells®) in the liver
of Th3/* mice when compared with vehicle-treated controls
(Figure 3C). Hepcidin plasma levels were also increased after
SnPP injections in Th3/* mice (Figure 3D). In agreement with
the increases in hepcidin, FPN protein levels were found to be
decreased in the liver of Th3/* mice after SnPP treatment
(Figure 3E). The immunohistochemical staining clearly indicated
that FPN expression was decreased in the liver of Th3/* mice
after HO inhibition (Figure 3F).

It has been previously demonstrated that HO-1 is required for iron
recycling in mice.® We therefore investigated whether the SnPP-
mediated inhibition of HO disrupted heme-iron recycling in Wt and
Th3/* mice. We generated **Fe-labeled RBC that were opsonized
and intraperitoneally injected in Wt and Th3/* mice treated during
4 weeks with PBS or SnPP. Seven hours after the injection, the mice
were euthanized and >°Fe radioactivity measured in the harvested
tissues. We observed that SnPP treatment led to a significant in-
crease in the percentage of *°Fe in the liver (Figure 3G), and there
was a trend to decrease the amount of *’Fe present in blood of Wit
and Th3/* mice (Figure 3l). When we analyzed the distribution of
the >Fe between heme and nonheme fractions in the liver, we
found that SnPP administration caused a significant increase in
the percentage of **Fe incorporation into heme (Figure 3H). Al-
together, our data strongly suggest that SnPP treatment efficiently
inhibits heme-iron recycling in both Wt and Th3/* mice.

HO suppression rescues erythroid cell defects and
decreases erythroferrone expression in Th3/+
bone marrow

As shown in Figure 3, we observed a marked protective effect of
SnPP, likely through a decrease in heme-iron recycling in Th3/*
mice. Next, we investigated the effect of HO inhibition in the bone
marrow of SnPP-treated animals. Flow cytometry examination

based on the cell surface CD71 and Ter119 markers showed a
decrease in the percentage of basophilic erythroblasts in the bone
marrow of SnPP-injected Th3/* mice when compared with PBS-
injected Th3/* controls (Figure 4A). Similarly, the spleens of Th3/*
mice injected with SnPP also displayed the decrease in basophilic
erythroblasts (Figure 4A).

B-thalassemia is associated with ineffective erythropoiesis that is
characterized by an expansion of erythroblasts (“erythroid hy-
perplasia”) along with their premature death in the bone
marrow.*#4! As a manifestation of the erythroid cell expansion,
Th3/* mice exhibit an increase in the percentage of Ter119+
cells in both the bone marrow and spleen (Figure 4B). Impor-
tantly, this expansion was markedly suppressed by SnPP ad-
ministration (Figure 4B). Erythroblasts are known to produce
erythroferrone (encoded by Fam132b gene),** which was de-
scribed as the factor responsible for the suppression of hepcidin
expression in the mouse liver.** In comparison with WT PBS-
injected mice, the expression of Fam132b mRNA was increased
in the bone marrow cells of similarly treated Th3/* mice
(Figure 4C). This increase in Fam132b mRNA was almost fully
restored to control levels after SnPP administration to the Th3/*
mice (Figure 4C), which is consistent with the increase in hep-
cidin levels found in the SnPP-treated Th3/* mice (Figure 3C-D).

HO inhibition leads to a decrease in a-globin
precipitation and an increase in RBC lifespan in
Th3/* mice

In B-thalassemias, unmatched a-globin chains accumulate and
precipitate, causing cell damage and premature death of the
bone marrow erythroid precursors.*® To confirm the precipitation
of a-globin chains, we performed electrophoresis of RBC mem-
branes in a triton-acetic acid-urea gel.3*3* Our data show that
SnPP administration decreases in the «a-globin precipitation
(Figure 5A). To determine if the reduction in the a-globin pre-
cipitation has any impact on erythrocyte survival, RBC from Wtand
Th3/* animals, injected either with PBS or SnPP, were labeled with
the fluorescent probe CFSE and injected into Wt animals, where
the fluorescence of the RBC was tracked in the blood for 1 month.
The results, depicted in Figure 5B, show a significant increase in
the survival of the RBC derived from Th3/* mice injected with
SnPP when compared with those injected with PBS. Additionally,
we observed that PBS-injected Th3/* mice had an increase in the
percentage of apoptotic cells in the bone marrow when compared
with Wt mice injected with PBS (supplemental Figure 4A-B). The
fraction of apoptotic cells in the Th3/* mice was significantly
decreased after SnPP injection (supplemental Figure 4A-B).

SnPP treatment increases the heme-regulatory
poolin Ter119+* cells derived from the bone marrow
of Th3/* mice

We also investigated whether the effect of SnPP seen in the Th3/*
bone marrow is only due to the suppression of heme-iron recy-
cling in the liver or if it could also be the result of direct HO

Figure 3 (continued) (E) Western blot analysis of FPN protein expression in samples isolated from the liver of Wt and Th3/* mice injected with either PBS or SnPP (n = 3). (F)
Representative images (20X magnification; scale bar, 200 wM) of immunohistochemical staining of FPN in livers from Wt or Th3/* mice injected with PBS or SnPP. (G) Percentage
of ¥Fe in the liver of Wt and Th3/* mice injected with either PBS or SnPP (n = 3). (H) Percentage of ¥Fe in the heme fraction in the liver of Wt and Th3/* mice injected with either
PBS or SnPP (n = 3) (I) Percentage of *Fe in total peripheral blood of Wt and Th3/* mice injected with either PBS or SnPP (n = 3). Percentage was calculated based on the total

5%Fe recovered for each mouse. *P < .05, ***P < .001.
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Figure 4. HO-1 suppression rescues erythroid cell differentiation, suppresses erythroblast expansion, and reduces Fam132b expression in the bone marrow of Th3/+
mice. (A) Representative dot plots of flow cytometry analysis of CD71 (y-axis) and Ter119 (x-axis) expression and its quantification in the bone marrow and the spleen from Wt and
Th3/* mice injected with either PBS or SnPP (n = 3). (B) Flow cytometry analysis of Ter119- and Ter119* cells present in the bone marrow (n = 3) and the spleen (n = 5) of Wt and
Th3/* mice injected with either PBS or SnPP. (C) gRT-PCR analysis of Fam132b mRNA expression in bone marrow isolated from Wt and Th3/* mice injected with either PBS or
SnPP. The results are presented as fold change relative to Wt + PBS samples (n = 3). *P < .05, ***P < .001.

inhibition in the bone marrow erythroblasts. Changes in HO ac-
tivity can be indirectly inferred from alterations in ferritin protein
levels because ferritin translation is stimulated by HO-released
iron.* Similarly, the heme-regulatory pool in erythroid cells can be
assessed based on changes in the phosphorylation levels of the
translation initiation factor, elF2a."”” An increase in the heme-
regulatory pool decreases the activity of the heme regulatory
inhibitor, which leads to a reduction in the phosphorylation of its
target, elF2a." We performed western blot analysis of ferritin,
elF2a-P, and total elF2a in Ter119* cells derived from the bone
marrow of Th3/* mice that were injected with PBS or SnPP
(Figure 6A). We observed a decrease in ferritin and elF2a-P
protein levels in Ter119* cells isolated from SnPP-injected Th3/*
mice when compared with PBS-injected Th3/* mice. These data
are consistent with an inhibition of HO activity and an increase in
the heme-regulatory pool levels in the bone marrow erythroid
cells (Figure 6A).

SnPP treatment has no effect on in vitro colony
formation of bone marrow erythroid progenitors
isolated from Th3/* mice

To evaluate the effect of HO-1 inhibition on erythropoiesis
itself, hematopoietic progenitors isolated from bone marrow
were plated in EPO-supplemented methylcellulose media
in the presence or absence of 50 wuM SnPP. SnPP treat-
ment had no effect on colony-forming capacity of BFU-Es and
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CFU-Es in the cultures derived from Th3/*" mice and Wt mice
(Figure 6B-C). However, a significant increase in the number of
CFU-E colonies was observed in Th3/* mice compared with Wt
mice (Figure 6C), which is in agreement with ineffective eryth-
ropoiesis in their bone marrow. These results indicate that the in
vivo effect of SnPP in Th3/* mice is more likely related to the
inhibition of iron recycling rather than directly influencing
erythropoiesis.

Discussion

In thalassemias, the imbalance between the globin subunits is
central to the pathophysiology of the disease, causing ineffec-
tive erythropoiesis and medullary as well as intravascular he-
molysis. Disruption of organismal heme homeostasis, caused by
the premature death of erythroid cells, can be expected to in-
duce the expression of HO-1.

The expression of HO-1 has never been investigated in the
context of thalassemia. Using a Th3/* mouse model, we have
observed that HO-1 mRNA and protein levels significantly in-
creased in the livers of Th3/* mice when compared with Wt
controls (Figure 1A-C). This can be explained by the ineffective
erythropoiesis and consequent shorter lifespan of Th3/* RBC
(Figure 5B), which would be expected to increase the heme-iron
recycling in the liver of Th3/* animals.
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We have previously demonstrated that HO-1 is expressed in
mouse bone marrow (in vivo), and more highly expressed during
the differentiation of erythroid progenitors in vitro."" We have also
established that, similar to other cell types, erythroid HO-1
is induced by heme." Here, we have shown that HO-1 expression
is lower in Ter119* cells of the bone marrow and spleen of Th3/*
mice when compared with Wt controls (Figure 1D,E,G). Th3/*-
Ter119* bone marrow and spleen cells have lower total intra-
cellular heme levels (Figures 1F and 2H), which is consistent with
the downregulation of HO-1 expression when heme production
is suppressed.’" Interestingly, our data suggest that the reduction
of HO-1 expression in both the bone marrow and the spleen is
restricted to the erythroblasts in the basophilic stage (supple-
mental Figure 2A-B). The increase of HO-1 in splenic Th3/*
orthochromatic erythroblasts is surprising and likely caused by
relatively high uncommitted heme levels at this stage (supple-
mental Figure 2B).

Recent studies have suggested that decreasing iron absorption
and/or iron mobilization from the liver stores (both reducing
plasma transferrin saturation) may be of therapeutic value for
patients with B-thalassemia.*” Such a limitation of iron availability
to erythroid cells has been associated with an improvement of
both anemia and ineffective erythropoiesis in B-thalassemic
mouse models.*®->2 A decrease in plasma transferrin saturation
can be achieved by increasing the levels of plasma hepcidin that,
in turn, reduces intestinal iron absorption and iron release from
the heme recycling macrophages of the liver and spleen.??
Overexpression of hepcidin, by targeting the hepcidin re-
pressor, Tmprss6,47->2 or using minihepcidins,*8>* have shown
some success in reversing the thalassemic phenotype in mouse
models.

THALASSEMIA TREATMENT BY HEME OXYGENASE INHIBITION

The accumulating evidence supports the view that in B-thalassemias
excessive plasma iron plays a detrimental effect on RBC survival
and the consequent anemia,*2>* suggesting that HO activity
may contribute to the pathogenesis of the disease. In our ex-
periments, we inhibited HO by injecting Wt and Th3/* mice with
the HO competitive inhibitor, SnPP (supplemental Figure 3A).
After 4 weeks of injections, SnPP significantly reduced spleno-
megaly and reticulocytosis in Th3/* mice (Figure 2F-H). Addi-
tionally, HO inhibition ameliorated anemia, as indicated by the
increase in RBC counts as well as Hb and HCT levels in SnPP-
injected Th3/* mice (Figure 2A-C). SnPP treatment caused a re-
duction in plasma iron levels and transferrin saturation (Figure 2I-J)
that can be expected to limit iron availability for erythropoiesis.>
The reduction in MCV and MCH also supports the idea of iron
restriction after SnPP injections in both Wt and Th3/* mice
(Figure 2D-E). The increase in the lifespan of Th3/* RBC after SnPP
treatment in Th3/* mice (Figure 5B) likely balances the decrease in
Hb production.

Iron is responsible for the posttranscriptional regulation of FPN
mRNA.>> SnPP administration resulted in a decrease in liver
iron content in Th3/* mice when compared with controls
(Figure 3A-B). This explains, at least in part, the reduction in
FPN protein levels observed in the liver of SnPP-treated Th3/*
mice (Figure 3E-F). Additionally, the increase in hepcidin mRNA in
the liver and plasma (Figure 3C-D) contributes to the reduction of
FPN expression in the liver (Figure 3E-F) and decreases iron export
after HO inhibition.

In thalassemia, ineffective erythropoiesis is caused by a failure in

the maturation of the erythroid progenitors, leading to anemia.>**’
In Th3/* mice, ineffective erythropoiesis is observed in both the
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bone marrow and the spleen as indicated by an accumulation of
erythroid cells at the basophilic stage (Figure 4A). There is also an
increased apoptosis and oxidative stress in the bone marrow
(supplemental Figure 4A-D) and shorter RBC lifespan in the pe-
ripheral blood (Figure 5B). The defective maturation of erythroid
cells causes a decrease in RBC counts and Hb levels in Th3/* mice
(Figure 2A-B). The diminished tissue oxygenation from insufficient
Hb levels leads to an increase in EPO production (Figure 2L) that
expands erythropoiesis®®’; this explains the increase of the
Ter119* cell population in both the bone marrow and the spleen
of Th3/* mice (Figure 4B).

The expansion of the erythroblast population causes the increase
in Fam132b mRNA expression in Th3/* mice (Figure 4C). Eryth-
roferrone was shown to be EPO-responsive and produced by the
erythroblasts of the bone marrow.*® SnPP treatment of Th3/* mice
ameliorated anemia (Figure 2A-C), increased RBC lifespan
(Figure 5B), decreased apoptosis, and reduced oxidative stress
(supplemental Figure 4A-D), most likely reducing tissue hypoxia
leading to the decrease in plasma EPO levels (Figure 2L). Con-
sequently, the expanded Th3/* Ter119" cell population was
dramatically decreased in the bone marrow and the spleen after
SnPP treatment (Figure 4B). The SnPP-mediated impediment
of erythroblast expansion resulted in the decrease of Fam132b
expression (Figure 4C). At a systemic level, the suppression of
erythroferrone led to an increase in hepcidin levels (Figure 3C-D),
preventing iron mobilization from stores (Figure 3E-G).

These discussed systemic changes in the iron distribution caused
by HO inhibition in Th3/* mice are for the most part the result of
the local suppression of heme-iron recycling in the liver. We ob-
served that SnPP treatment led to an increase in the percentage of
*Fe present in the liver (Figure 3G). SnPP administration sup-
pressed heme-iron recycling in the liver, as suggested by the
observation that most of the *Fe accumulated in the liver after
SnPP injections (Figure 3G) is in the form of heme (Figure 3H).
Decreased ability of SnPP-treated Wt and Th3/* mice to mobilize
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iron from opsonized RBC means that less **Fe is available to
produce new RBC. This conclusion is compatible with our finding
that there is a tendency toward decreased blood *Fe in Wt and
Th3/* mice after treatment with SnPP (Figure 3l). In contrast to our
observation in the liver, the SnPP injections decreased the >°Fe in
the spleen, whereas its percentage in heme remained unchanged
in Th3/* mice (supplemental Figure 5A-B). These observations are
in agreement with a recent report, which suggests that the liver and
not the spleen is the main site for heme-iron recycling in mice.®’
The fact that SnPP treatment decreases *Fe in the spleen could
possibly be explained by a reduction of erythropoiesis in this organ.

Our results revealed that SnPP inhibits HO activity, as demon-
strated by decreased heme degradation as well as iron release,
causing decreased ferritin expression'%¢ in Ter119*-Th3/*
bone marrow cells (Figure 6A). Moreover, HO inhibition is
confirmed by the decrease of elF2a phosphorylation in these
cells (Figure 6A). elF2a is phosphorylated by a heme regulatory
inhibitor, whose activity is inhibited when the heme-regulatory
pool is increased.” Despite the inhibition of heme catabolism
and an increase in the heme-regulatory pool, we did not observe
any changes in TfR1 levels (supplemental Figure 6A-C). Finally,
we did not detect any changes in the mRNA expression of the
alleged heme-exporter, Flver1a,%? in the bone marrow of Wt and
Th3/* mice after SnPP injections (supplemental Figure 7).

Additionally, we examined the effect of SnPP on the develop-
ment of erythroid colonies. We did not observe any change in
the numbers of BFU-E and CFU-E colonies formed when HO was
inhibited (Figure 6B-C). As mentioned previously, the decrease
in iron availability for erythroblasts improves the overall RBC
survival in thalassemia.*8->2>* Qur data support that suppression
of heme-iron recycling is the main factor contributing to the
reduction of the ineffective erythropoiesis in Th3/* mice.

SnPP is one of the various types of metalloporphyrins (MPs),
in which iron is replaced by another metal.®® SnPP was used in
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clinical studies with human adults, where it was shown to ef-
ficiently inhibit HO activity in normal adults?® and suppress
hyperbilirubinemia in patients with biliary cirrhosis and Gilbert
syndrome.®* Long-term administration of another MP, tin-
mesoporphyrin, was shown to cause iron deficiency anemia
in 2 human patients with Crigler-Najjar type | syndrome.??
Therefore, SnPP or other MP could be of therapeutic value for
the treatment of thalassemias in humans.

In the present work, we have demonstrated for the first time that
anemia in Th3/* mice can be ameliorated by inhibition of heme
catabolism. Inhibition of HO reverses the ineffective erythro-
poiesis and increases Th3/"-RBC lifespan. Hence, HO inhibition
has a strong potential to be used as a therapeutic approach for
the treatment of thalassemias.
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