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In hereditary hemochromatosis, muta-
tions in HFE lead to iron overload through
abnormally low levels of hepcidin. In addi-
tion, HFE potentially modulates cellular
iron uptake by interacting with transferrin
receptor, a crucial protein during erythro-
poiesis. However, the role of HFE in this
process was never explored. We hypoth-
esize that HFE modulates erythropoiesis
by affecting dietary iron absorption and
erythroid iron intake. To investigate this,
we used Hfe-KO mice in conditions of
altered dietary iron and erythropoiesis.

We show that Hfe-KO mice can overcome
phlebotomy-induced anemia more rap-
idly than wild-type mice (even when iron
loaded). Second, we evaluated mice com-
bining the hemochromatosis and
B-thalassemia phenotypes. Our results
suggest that lack of Hfe is advantageous
in conditions of increased erythropoietic
activity because of augmented iron mobi-
lization driven by deficient hepcidin re-
sponse. Lastly, we demonstrate that Hfe
is expressed in erythroid cells and im-
pairs iron uptake, whereas its absence

exclusively from the hematopoietic com-
partment is sufficient to accelerate recov-
ery from phlebotomy. In summary, we
demonstrate that Hfe influences erythro-
poiesis by 2 distinct mechanisms: limit-
ing hepcidin expression under condi-
tions of simultaneous iron overload and
stress erythropoiesis, and impairing
transferrin-bound iron uptake by ery-
throid cells. Moreover, our results pro-
vide novel suggestions to improve the
treatment of hemochromatosis. (Blood.
2011;117(4):1379-1389)

Introduction

Iron metabolism and erythropoiesis are closely related. Delineating
the mechanisms by which they cooperate and coregulate is crucial
to understand a variety of vital physiologic functions. Erythropoi-
esis modulates iron absorption by participating in the regulation of
hepcidin,' a peptide hormone produced mainly in the liver.*?
Hepcidin controls iron absorption and recycling by inducing
internalization and degradation of ferroportin (Fpnl), the only
known cellular iron exporter.® Iron demand increases with erythro-
poietic activity, strongly down-regulating hepcidin expression!-?
and allowing for increased iron flow to the serum. In addition to
being regulated by erythropoiesis, hepcidin expression also re-
sponds to hypoxia, iron levels, and inflammation.>? While erythro-
poiesis and hypoxia block hepcidin expression, inflammation and
high iron levels increase it. Thus, modulation of this peptide
hormone requires integration of opposing stimuli.” Indeed, the
effect of erythropoiesis can be partially impaired by iron overload
and inflammation.”

HFE, the gene mutated in most cases of hereditary hemochroma-
tosis (HH),%? is thought to participate in hepcidin regulation in
response to iron.!” Iron overload in this disorder results from a
failure to regulate iron absorption despite an increased iron load,
leading to abnormal iron deposition in key organs if left untreated.
Abnormally low hepcidin expression seems to be the major factor
leading to iron overload in HH,!-!3 although the exact molecular
mechanism is still not fully understood. Association of Hfe and its

partners, transferrin receptor-1 (Tfrc) and -2 (Tfr2), has been
suggested to activate a regulatory pathway that controls hepcidin
expression in response to serum iron levels.!%!* However, another
study hypothesized that Hfe and Tfr2 modulate hepcidin by parallel
pathways.”> Hfe has also been implicated in the regulation of
transferring (Tf)-bound iron uptake. Several studies showed that
Hfe competes with Tf for the same binding sites on Tfrc, thereby
impairing iron uptake.!®1? Yet, despite all of the studies describing
interaction of Hfe with Tfrc,'%2! few investigated their association
within the erythroid compartment, where the latter is known to be
essential.?? Earlier studies reported that Hfe could not be detected
in nucleated erythroid cells? and that liver-specific ablation of Hfe
mirrors most of the HH phenotype, indicating that it plays a pivotal
role in this organ.?* However, these studies did not include a thorough
analysis of Hfe expression during erythroid maturation or directly
investigate the effect of Hfe ablation on erythropoiesis. In contrast,
several reports showed erythropoietic alterations in HH patients,
including increased hemoglobin (Hb) levels, reticulocyte counts,
hematocrit, mean corpuscular volume, mean corpuscular hemoglobin
(MCH), and mean corpuscular hemoglobin concentration.?>>>20 Addi-
tional observations demonstrated that the HFE promoter contains
several binding sites for the erythroid transcription factor GATA-1,
suggesting a direct role for HFE in erythropoiesis.?’

We studied 2 potential functions of Hfe in erythropoiesis: (1) an
indirect effect mediated by modulation of hepcidin expression
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under conditions of erythropoietic stress; and (2) a direct role
involving modulation of erythroid iron homeostasis. Analysis of
wild-type (wt), Hfe-KO, and thalassemic mice lacking Hfe indi-
cates that this gene is a key player controlling hepcidin in response
to iron overload at steady state, under conditions of stress
erythropoiesis and even in 3-thalassemia. As a result, we show that
Hfe contributes indirectly to increased Hb production in erythroid
cells. Moreover, we demonstrate that Hfe is expressed in erythroid
progenitors and interacts with Tfrc in murine erythroleukemia
(MEL) cells. In its absence, the amount of Tfrc on the surface of
erythroid cells was reduced and, in this way, influenced iron intake.
Further, transgenic expression of Hfe in the liver of Hfe-KO mice,
although decreasing liver iron content, does not alter erythroid
parameters, such as Hb and MCH. Finally, wt mice transplanted
with Hfe-KO bone marrow (BM) responded better to erythroid
stress than wt mice transplanted with wt BM, supporting the idea
that Hfe has an autonomous function in erythroid iron metabolism.

Methods

Animal care and procedures

All mice used were on a C57BL/6 background. For BM transplantation,
5 X 10° BM cells were transplanted into lethally irradiated syngeneic
recipients. Anemia was induced in 2- to 3-month-old animals either by
injection of phenylhydrazine (100 mg/kg) or by phlebotomy (400 wL/25 g)
performed under anesthesia on 3 consecutive days. An equal volume of
normal saline replaced the blood removed. Complete blood counts were
performed every 2 to 3 days. Some animals were fed an iron-deficient diet
containing 2.5 ppm of iron (Harlan-Teklad), beginning 24 hours before the
bloodletting. Iron overload in wt mice was achieved by feeding a diet
supplemented with 2.5% carbonyl iron for one week. These mice were
returned to a regular diet 24 hours before phlebotomy. Erythropoiesis was
also stimulated by intraperitoneal administration of erythropoietin (Epo;
50 U/day per mouse) on 3 consecutive days. Animals were analyzed
24 hours after the last injection. For in vivo macrophage depletion studies,
weekly intravenous injections of 0.2 mL of clodronate-containing lipo-
somes were done for a total of 6 weeks. As a control, phosphate-buffered
saline (PBS)—containing liposomes were injected into a cohort of similar
animals. Liposomes were prepared as previously described.?®

Lentiviral injections into the liver of pups

Aliquots of lentiviral concentrate (2 X 107 infectious particles)® were
injected directly into the livers of 3-day-old pups, using a microinjector
consisting of a 100-pL nanofil syringe attached to SilFlex tubing connected
to a 35-gauge beveled needle via a connector (World Precision Instru-
ments). Pups were placed in a supine position to visualize their livers, and
lentivirus was gently injected (supplemental Figure 1A-B, available on the
Blood Web site; see the Supplemental Materials link at the top of the online
article).

Immunoprecipitation and immunoblotting

Cells were lysed in rapid immunoprecipitation assay (150mM NaCl, 20mM
Tris, pH 8.0, ImM ethylenediaminetetraacetic acid, 1% Triton X-100, 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate) with protease and
phosphatase inhibitors. After centrifugation, anti-green fluorescence protein
(GFP) rabbit antibody (Invitrogen) was added and the lysates incubated for
2 hours at 4°C. The immunocomplex was then precipitated using protein
A-Sepharose beads. After extensive washing, the complexes were eluted
from the beads by boiling in 4 times sample buffer for 2 minutes. Samples
were then loaded in a 10% Nupage Bis-Tris Gel (Invitrogen) and transferred
to polyvinylidene difluoride membranes, followed by immunoblot analysis
with anti-Tfrc antibody (Invitrogen). Immunoreactive proteins were visual-
ized by enhanced chemiluminescence detection and film autoradiography.
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After stripping, the membranes were reprobed with mouse anti-GFP
antibody (Abgent).

Hfe detection in erythroid cells

Erythroid cells were purified from the spleens of phlebotomized mice as
described.*® Mouse erythroid colonies (colony-forming units-erythroid and
mature burst-forming units-erythroid) were grown from BM in complete
Methocult medium (M3334; StemCell Technologies) according to the
manufacturer’s instructions. Colonies were picked at day 4 or 5 of culture.
Reverse-transcribed polymerase chain reaction on cDNA extracted from
splenic erythroid cells or erythroid colonies was performed using specific
primers for Hfe, Tfr2, Fpnl, and B-actin (supplemental Table 1).

Iron uptake experiments

Human apo-Tf (Sigma-Aldrich) was saturated with >°Fe (PerkinElmer Life
and Analytical Sciences) by mixing Tf with a 2-fold excess of ¥FeCl,, a
10-fold excess of nitrilotriacetate, and 80mM NaHCOj5. This mixture was
incubated for 1 hour at 20°C after which excess iron was removed using a
Microcon YM-10 column. For iron uptake experiments, isolated erythroid
cells were resuspended in serum-free Iscove medium, supplemented with
0.3 mg/mL of 59Fe-loaded Tf, at a concentration of 107 cells/mL. Cells were
incubated for the desired time at 37°C. At each time point, cells were
washed 3 times with ice-cold PBS and counted in a vy counter.

Statistical analysis

Statistical differences between means were calculated with Student 7 test
(Microsoft Excel).

Results

Hfe-KO mice show alterations in steady- state hematologic
parameters compared with wt mice

Several studies revealed altered red blood cell (RBC) parameters in
HH patients?>2¢ but failed to analyze erythropoiesis in detail. As a
first step toward determining whether a mouse model of HH
exhibits changes in erythropoiesis, we performed complete blood
counts on wt and Hfe-KO mice at different ages. Significant
differences were observed, including increases in Hb, mean
corpuscular volume, and MCH (Table 1). Hfe-KO mice at 12 months
of age had unchanged Hb values and a slight reduction in RBC
counts (Table 1). These data indicate increased Hb production in
Hfe-KO RBCs, similar to the situation in HH patients. It is
expected that iron overload alters erythropoiesis because iron is
essential for Hb production in RBCs. Therefore, as a control for the
effect of iron overload on hematologic parameters, Hamp-KO mice
at 2 months of age were analyzed. These mice showed no change in
Hb values and smaller differences than Hfe-KO mice in mean
corpuscular volume and MCH compared with wt mice, despite
having elevated liver iron contents (Table 1). These results
indicated a potential role for Hfe in erythropoiesis apart from that
in iron overload. We then looked at erythroid maturation in the BM
and spleen by staining cell suspensions with an erythroid-specific
marker (Ter119) in combination with markers for Tfrc (CD71) and
the adhesion molecule CD44.3! Using these markers, no clear
differences in erythroid maturation were observed comparing wt
and Hfe-KO mice. However, we detected down-regulation of Tfrc
in Hfe-KO erythroid cells as indicated by a decrease in the mean
fluorescence intensity of Tfrc (supplemental Figure 2). Down-
regulation of Tfrc expression was also observed in Hamp-KO mice
(not shown), suggesting that this effect is somewhat associated
with iron overload.
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Table 1. Hematologic parameters in wt, Hfe-KO, and Hamp-KO female mice

Hb, g/dL RBC, x108/pL Het, % MCV, fL MCH, pg Retic, x10%L  LIC, pg/mgdry  SI, pg/dL Tf Sat, %
wt (2 months) 15.5 = 0.3 9.8 +0.5 47.0 £ 0.7 459 * 0.3 15.2 = 0.1 285 + 14 0.29 + 0.04 121 + 39 53 + 11
wt (5 months) 15.4 £ 0.2 10.0 = 0.1 444 0.5 443 £ 0.4 156.3 = 0.1 246 = 15 0.41 £ 0.09 1283 = 15 58 = 14
wt (12 months) 152 £ 0.2 11.0 £ 0.1 49.7 £ 0.9 452 £ 0.6 13.9 £ 0.2 377 = 28 0.43 £ 0.09 163 = 25 53+ 14
Hfe-KO (2 months) 16.6 = 0.2 10.2 = 0.1 48.8 = 0.7 48.2 * 0.3t 16.4 = 0.1% 310 =10 1.36 = 0.32% 219 £ 20* 89 + 14*
Hfe-KO (5 months) 16.2 = 0.3* 9.8 0.2 46.9 = 0.6t 47.9 = 0.51 16.5 = 0.2f 260 = 17 1.59 = 0.25% 233 =20 91 = 14%
Hfe-KO (12 months) 156.7 £ 0.3 9.9 = 0.21 47.3 = 0.7* 48.2 = 0.7t 16.0 = 0.3 260 *+ 35* 1.87 = 0.25% 310 = 10t 86 = 14%
Hamp-KO (2 months) ~ 15.7 = 0.1§ 9.9 + 0.1 46.7 = 0.5 47.0 £ 0.2*§ 157 = 0.2°§ 305 + 75 3.64 + 0.48t§ NA NA

Values are mean + SEM of 5 to 20 female mice.

Hct indicates hematocrit; MCV, mean corpuscular volume; Retic, reticulocyte count; LIC, liver iron concentration; Sl, serum iron; Tf Sat, transferrin saturation; and NA, not

applicable.
*P = .05 relative to age-matched wt controls.
1P = .01 relative to age-matched wt controls.
1P = .001 relative to age-matched wt controls.
§P = .05 relative to 2-month-old Hfe-KO mice.

Hfe-KO mice respond better than wt mice to different
erythropoietic stress conditions

To determine how Hfe-KO mice respond to erythropoietic stress,
we induced anemia by administration of phenylhydrazine or by
phlebotomy. Recovery from both phenylhydrazine-induced hemo-
Iytic anemia and phlebotomy was faster in Hfe-KO compared with
wt mice (Figure 1A-B). This was associated with increased Hb
synthesis by Hfe-KO RBCs, as noted by increased Hb content in
RBC and reticulocytes throughout the treatment (not shown). As a
control, iron-overloaded wt mice were used. Compared with
Hfe-KO mice, their liver iron content was similar (not shown), their
hepcidin expression was superior (Figure 1E), and their recovery
from phlebotomy was reduced but similar to that seen in wt mice
fed a regular diet (Figure 1B). We then determined the relative
contributions of dietary and stored iron toward the response to
phlebotomy in wt and Hfe-KO mice, by analyzing their recovery
from anemia when fed a low-iron diet. The wt mice kept on an
iron-deficient diet were unable to overcome the phlebotomy-
induced anemia, whereas Hfe-KO mice fed a similar diet increased
their Hb levels, although they did not fully recover (Figure 1B).
Analysis of serum iron and Tf saturation during the first 48 hours
after phlebotomy showed that wt mice on a standard diet were able
to raise their serum iron parameters very rapidly to levels similar to
those of Hfe-KO mice. In contrast, wt mice fed a low-iron diet
showed a significant reduction of iron-related serum parameters
during the same period (Figure 1C-D). These data suggest that:
(1) gastrointestinal iron absorption in both wt and Hfe-KO mice is a
major factor leading to recovery from anemia; (2) iron overload in
wt mice increases hepcidin levels, thereby limiting use of stored
iron in response to increased erythroid demand; and (3) low
hepcidin levels in Hfe-KO mice contribute to better use of iron
stored in the liver to increase Hb levels. Altogether, these observa-
tions support the argument that lack of Hfe improves erythropoiesis
under stress conditions.

The role of macrophages in erythropoiesis and iron metabolism
has long been recognized.?” It has been suggested that interaction
of macrophages with erythroblasts supports the maturation of the
latter cells through a yet unknown mechanism. In addition,
macrophages are responsible for the clearance of senescent RBCs,
exporting recycled iron via Fpn1.3233 It has been shown that iron
export from macrophages is enhanced under conditions of low
hepcidin activity, such as in Hfe-related hemochromatosis.** There-
fore, we evaluated the ability of macrophages to cause the increased Hb
production seen in Hfe-KO mice. We analyzed erythropoiesis after
macrophage depletion by liposome-encapsulated clodronate, a
technique commonly used to specifically target and eliminate

macrophages in vivo.”® Our data showed that almost complete
macrophage depletion (supplemental Figure 3) was associated with
milder hematologic alterations and anemia in Hfe-KO mice com-
pared with wt mice (Figure 2). Although macrophages are impor-
tant in maintaining a normal erythropoietic rate in both Hfe-KO and
wt mice, in their absence Hfe-KO mice still exhibited increased Hb
levels, associated with an increased cellular Hb content, suggesting
that macrophages are not the primary factor responsible for the
differences observed in these parameters.

Hfe-KO mice regulate hepcidin normally in response to
erythropoietic stimuli

Hepcidin is strongly modulated in response to erythropoietic
stimuli,'>7 but the regulatory mechanism(s) has not yet been
established. We analyzed the response of hepcidin to phlebotomy
and Epo administration in Hfe-KO mice to determine whether this
could be responsible for the differences observed. Our data show
that Hfe-KO mice down-regulate hepcidin expression to the same
extent as wt mice in response to both phlebotomy and Epo
injections. Yet, the response of hepcidin to erythropoietic stimula-
tion is increased in Hfe-KO compared with iron overloaded wt
mice (Figure 1E). These data indicate that Hfe is not directly
involved in regulation of hepcidin response to erythropoietic
stimulation. However, under conditions of enhanced erythropoietic
activity, hepcidin expression is inappropriately low in Hfe-KO
mice, considering their iron load. This further corroborates our
hypothesis that Hfe-KO mice exhibit increased iron mobilization
for erythropoiesis explaining, at least in part, the increased
response seen in these animals.

Combination of the hemochromatosis and thalassemic
phenotypes leads to increased liver iron content and Hb levels

Our data showed that lack of Hfe is advantageous under conditions
of stress. Therefore, we determined how the absence of Hfe affects
a pathologic condition associated with anemia and ineffective
erythropoiesis, such as (3-thalassemia. We generated 2 groups of
experimental animals using mice affected by 3-thalassemia interme-
dia (th3/+): th3 — wt mice (wt recipients engrafted with th3/+
hematopoietic stem cells [HSCs]) and th3 — Hfe-KO mice (Hfe-KO
recipients engrafted with t23/+ HSCs). Using these mice, we
assessed how lack of Hfe in the liver affected iron distribution and
hematologic parameters in 3-thalassemia. Compared with wt — wt
mice, th3 — wt mice exhibited 4- and 4.5-fold increases in the iron
content of their livers and spleens, respectively, whereas those in
the serum were only slightly increased (Table 2). In th3 — Hfe-KO
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Figure 1. Hfe-KO mice respond better to erythropoi-
etic stress. (A-B) Recovery of Hb values in wt and
Hfe-KO mice after phenylhydrazine-induced hemolytic

—nt anemia and phlebotomy, respectively. (B) In the phle-
botomy studies, the results obtained in wt mice fed a

e Hf2- KO low-iron (Low Fe) or high-iron (High Fe) diet, and Hfe-KO
mice fed the low-iron diet are also shown. Serum iron (C)

_____ and Tf saturation (D) over the course of the first 2 days of
wi (Low Fe) the phlebotomy regimen are shown for wt and Hfe-KO
mice fed a regular or low-iron diet. (E) Hamp expression

""" Hfe-KO (Low in wt and Hfe-KO mice at steady state and after erythro-

FE) poietic stimulation by phlebotomy or Epo administration.
= =wt (High Fe) The graph is shown in logarithmic scale. Data are
mean = SEM of 5 to 20 age- and sex-matched mice.
*P = .05 relative to wt controls. **P = .01 relative to wt
controls. ***P = .001 relative to wt controls.

—wt
—Hfe-KO
----- wt (Low Fe)
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animals, hepatic iron overload increased dramatically (10-fold
compared with wt — wt controls), whereas splenic iron levels were
similar to those of th3/+ animals (Table 2). In addition, serum iron
parameters were increased compared with both wt — wt and
th3 — wt mice. We also compared the hematologic values in
th3 — wt and th3 — Hfe-KO mice, observing that the latter group
exhibited increased Hb levels, RBC counts, and MCH (Table 2).
This supports the observation by Ginzburg et al that administration
of additional iron ameliorated the anemia in mice affected by
B-thalassemia intermedia®® and confirms that lack of Hfe provides
additional protection under conditions of anemia.

We also generated th3/+Hfe-KO mice. To determine how
specific ablation of Hfe in the hematopoietic compartment affected
the thalassemic phenotype, we transplanted wt mice with th3/
+Hfe-KO HSCs (th3/Hfe — wt). Although these mice showed no
differences in the aforementioned parameters compared with
th3 — wt mice (Table 2), they did exhibit a decreased level of Tfrc
on erythroid plasma membranes (not shown), similar to what we

observed in Hfe-KO mice (supplemental Figure 2). These data
suggest, that even though thalassemic erythroid cells lacking Hfe
present lower levels of membrane Tfrc during their development,
this does not alter their ability to produce Hb, supporting our notion
that Hfe interferes with erythroid iron metabolism.

Hfe modulates hepcidin in response to iron overload in
thalassemic mice

To evaluate the role of Hfe in modulating the response of hepcidin
to iron overload in thalassemic mice, we looked at the levels of
Hamp, Bmp6 (a strong modulator of hepcidin in response to iron),3
and IdI (another target of the Bmp/Smad pathway).?” All of these
genes are up-regulated by iron overload in wt mice.®® Our data
show that th3 — Hfe-KO mice have similar levels of hepcidin and
1d1 expression compared with th3 — wt and wt — wt mice, despite
increased iron overload. The levels of Bmp6 were elevated in both
thalassemic groups compared with wt mice. However, when the
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Figure 2. Hematologic values are less affected in
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Hfe-KO than wt mice after macrophage depletion. A 18 B 11.0
Macrophages were eliminated by weekly injections of 17 —wt PBS
clodronate-containing liposomes. Mice injected with PBS- 16 105
containing liposomes served as controls. The effect of o 5 i T~ . wt clodronate
macrophage depletion on Hb (A), RBC (B), hematocrit 1—=| 15 ]
(C), and MCH (D) values during the course of the = 14 ?_10,0 I
treatment is shown. Data are mean + SEM of 5 age- and - 3 Hfe-KO PBS
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levels of hepcidin, Bmp6, and Id-1 were normalized to liver iron
content, we observed that these levels were markedly reduced in
th3 — wt mice compared with wt — wt animals (Figure 3). After
normalization, these levels were further decreased in th3 — Hfe-
KO mice. Collectively, these observations indicate that iron
overload can partially counteract the repressive effect of ineffective
erythropoiesis on hepcidin expression in B-thalassemia. Moreover,
lack of Hfe further aggravates iron overload in thalassemic mice,
indicating that Hfe plays a positive role in the regulation of
hepcidin in this disorder.

Hfe is expressed in early erythroid cells and interferes with Tf
bound iron uptake

Our data show altered RBC parameters and an increased response
to erythropoietic stress in Hfe-KO mice. Prior studies indicated that
there was no Hfe expression in erythroid cells. To resolve this issue,
we analyzed the expression of Hfe in erythroid cells selected from
the spleens of phlebotomized wt mice. As a control, we also
analyzed expression of other genes known to be associated with
iron metabolism in erythroid cells, such as Fpn/3® and Tfr2.*° Our
results revealed expression of Hfe, Tfr2 and Fpnl in freshly

Table 2. Hematologic parameters in bone marrow transplanted animals

Time (weeks)

isolated splenocytes, highly enriched in erythroid progenitors
(Figure 4C). Moreover, we corroborated this finding by demonstrat-
ing the expression of Hfe in erythroid colonies isolated from
specific erythroid colony-forming assays (Figure 4D). We also
looked for Hamp, Hjv, and BMPs, but they were not expressed.
These results argue strongly against Hfe being a sensor for hepcidin
in erythroid cells, although they do not exclude completely this
possibility.

To determine whether Hfe interacts with Tfrc in erythroid cells,
possibly interfering with iron uptake, an Hfe-GFP fusion protein
was expressed in MEL cells using a lentiviral vector. We observed a
high degree of colocalization of Hfe-GFP and Tfrc by immunofluo-
rescence (Figure 5A) and confirmed their interaction by coimmuno-
precipitation (Figure 5B). To determine whether Hfe affects iron
uptake, we isolated wt and Hfe-KO erythroid cells and measured
iron uptake using °Fe-saturated Tf. Our data showed no statisti-
cally significant difference in iron uptake between Hfe-KO and wt
cells (Figure 5C). Interestingly, the level of Tfrc expression in
Hfe-KO cells was 80% of that seen in wt cells, as measured by flow
cytometry (Figure 5D). This was not associated with altered Tfrc
recycling but instead seemed to reflect an overall decrease in Tfrc

Hb,g/dL  RBC, x106/uL  Hct, % MCV, fL MCH,pg  Retic, x10%L LIC, pg/mgdry SIC, pg/mgdry Sl pg/dL  Tf Sat, %
Wt — wt 143+02  102+02  466+07 45702 141 +0.1 276 = 12 0.29 + 0.02 197 018 117+10 563
Hfe — Hfe ~ 153+02f  97+01* 478=02 494+08f 158+01f 238+ 26 0.98 + 0.08% 247 +075 225+13f 88 =2t
ths/+ —>wt  7.8+02 80+02 292+10 365+15 97+01 1587 =76 1.29 027 822+112 162=11  49+4
th3/Hfe —>wt 8.1+ 0.3 83+02 308+16 367+10 97+02 1807 +149  1.08+0.05 1031 =074 1652+12  51+3
th3/+ — Hfe 9.4+01f 89+02f 869+03f 416=07 106=02f 1958+ 102*  3.09 + 0.34% 829+13 282+7 824t

Values are mean + SEM of 5 to 20 female mice.

Hct indicates hematocrit; MCV, mean corpuscular volume; Retic, reticulocyte count; LIC, liver iron concentration; SIC, splenic iron concentration; S, serum iron; and Tf Sat,

transferrin saturation.

*P = .05 relative to controls (wt — wt for Hfe — Hfe and th3 — wt for th3/+ — Hfe).
1P = .01 relative to controls (wt — wt for Hfe — Hfe and th3 — wt for th3/+ — Hfe).
1P = .001 relative to controls (wt — wt for Hfe — Hfe and th3 — wt for th3/+ — Hfe).
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ok Figure 3. Hfe is important for the control of hepcidin
A B [ ] in response to iron in B-thalassemic mice. Expression
160 500 of Hamp (A), Bmp6 (C), and /a1 (E) in the liver of wt and
T thalassemic mice at 5 months of age. Values for wt — wt
E 120 400 (wt mice engrafted with wt HSCs), th3 — wt (wt mice
< S} w engrafted with th3/+ HSCs), and th3 — Hfe-KO (Hfe-KO
o == = 0 300 [ — mice engrafted with th3/+ HSCs) mice are shown.
2 80 ‘E_ Expression levels of Hamp, Bmp6, and /d1 were normal-
T £ 200 ized to liver iron concentrations and are shown in panels
o :E B, D, and F, respectively. All of these genes are abnor-
=y I ] mally low in th3 — wt mice considering their iron load but
E 100 are further down-regulated in th3 — Hfe-KO mice. Data
I - are mean = SEM of 5 to 8 mice. *P = .05. **P = .01.
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on the plasma membrane of erythroid cells (not shown). When iron
uptake was normalized to the Tfrc levels, it was significantly
increased in Hfe-KO compared with wt cells (Figure SE), showing
that Hfe-KO cells take up more iron per Tfrc. These data suggest
that Hfe interferes with erythroid transferring-bound iron uptake.

Direct hepatic injection of lentiviral vectors carrying Hfe
reduces the iron burden in Hfe-KO mice with little impact on
hematologic parameters

We hypothesized that expression of Hfe solely in the liver might
allow us to discriminate between the role of Hfe in the hematopoi-
etic compartment and that of iron overload in erythropoiesis. For
this purpose, we developed a lentiviral vector to transduce the Hfe
gene directly into the liver of Hfe-KO mice. Hepatic injection of
lentiviral vectors into adult animals is quite cumbersome and not
very efficient.*! Therefore, we modified this technique by directly
injecting the liver of 3-day-old pups. To validate this approach, we
used the TGW vector (Figure 6A), which harbors the GFP gene
under the control of the synthetic TTR hepatocyte-specific pro-
moter. Injection of lentiviral vectors into the liver of pups presents
several advantages: (1) the liver is small and visible through the
skin, thereby requiring only small amounts of vector and making
injection extremely simple; (2) the liver cells are proliferating and
thus more permissive for lentiviral infection than adult cells*?; and

(3) at this stage of development, the immune system is expected to
better tolerate the protein encoded by the transgene. Up to 3 months
after injection, livers transduced with TGW exhibited high levels of
viral integration and expression of the transgene (not shown), as
well as widespread synthesis of GFP (Figure 6B). Using this
approach, we injected Hfe-KO mice with lentiviral vectors carrying
GFP (TGW) or Hfe (THW), these mice being designated Hfe-KO-
Ctr and Hfe-KO-THW, respectively. Two months after injection,
Hfe-KO-THW mice exhibited elevated expression of Hfe in the
liver (Figure 6C). In addition, hepcidin expression was signifi-
cantly increased compared with the levels in Hfe-KO-Ctr mice
(Figure 6C). This was reflected in a reduction in serum iron, Tf
saturation, and liver iron content to levels that were almost normal
(Figures 6D-F). However, this marked decrease in iron values did
not produce major changes in their erythroid parameters compared
with those seen in Hfe-KO-Ctr mice (Table 3), suggesting an
additional role for Hfe in the hematopoietic compartment.

Wt animals transplanted with Hfe-KO BM recover faster from
erythropoietic stress than wt animals transplanted with wt BM

To further differentiate between the function of Hfe in the liver and
that in the hematopoietic compartment, we performed a series of
additional BM transplantation experiments. The first 2 groups of
animals were wt — wt (wt recipients engrafted with wt HSCs) and
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Figure 4. Hfe is expressed in erythroid progenitors.
(A) Fluorescence-activated cell sorter profiles of wt splenic A
erythroid cells after selection. (Top panel) Tfrc and Ter119

ROLE OF Hfe IN ERYTHROPOIESIS 1385

B

costaining. (Bottom panel) CD44 versus forward scat-
ter (FSC) as previously described by Chen et al.3!
(B) Reverse-transcribed polymerase chain reaction show-
ing expression of Hfe, Tfr2, Fpn1, and B-actinin erythroid
cells harvested from the spleens of phlebotomized wt
mice and (C) in erythroid colonies derived from BM cells.

Neg

r ” "_'.I'frc

C Neg Pos
wt Hfe-KO Ctr Ctr

[— CD44

FSC

Hfe-KO — wt (wt recipients engrafted with Hfe-KO HSCs). These
mice do not develop iron overload (supplemental Table 2),
allowing us to assess how the absence of Hfe in the hematopoietic
compartment affects erythropoiesis in the absence of iron overload.
As a further control for evaluating erythropoiesis in mice develop-
ing iron overload, we also generated wt— Hfe-KO (Hfe-KO
recipients engrafted with wt HSCs) and Hfe-KO — Hfe-KO
(Hfe-KO recipients engrafted with Hfe-KO HSCs). When erythro-
poiesis was challenged by phlebotomy, we observed that wt — Hfe-
KO and Hfe-KO — Hfe-KO animals recovered faster than Hfe-
KO —wt and wt—wt mice (Figure 7A-B), supporting the
hypothesis that lack of Hfe in the liver accelerates recovery when
iron overload exists. Surprisingly, however, Hfe-KO — wt mice
still had an increased response to anemia compared with wt — wt
mice (Figure 7A). This was associated with an increased MCH and
occurred, even though these mice do not develop iron overload
(supplemental Table 2). These data suggest that lack of Hfe in
hematopoietic organs increases iron uptake by erythroid cells.
Although this seems to be a mild effect, it is sufficient to accelerate
recovery from profound anemia under conditions of normal iron
homeostasis.

Discussion

HH is a disease mainly associated with iron overload, its phenotype
being primarily linked with expression of Hfe in the liver because
of its role in the regulation of hepcidin.!*!1424 However, several
lines of evidence point to additional hematologic functions for Hfe:
(1) macrophages from HH patients and Hfe-KO mice seem to be
iron deficient*3*4; (2) reconstitution of Hfe-KO mice with BM from
wt animals leads to organ iron redistribution®; (3) numerous
erythropoietic abnormalities have been reported in HH pa-

—

tients?>232%; and (4) analysis of the Hfe promoter revealed the
presence of several GATA1-responsive elements.?’ In addition, the
main partner of Hfe (Tfrc) is highly expressed in erythroid
progenitor cells.?? Accordingly, we decided to investigate the role
of Hfe in erythropoiesis, the goal being to understand how lack of
this gene in the liver or the hematopoietic compartment affected the
erythropoietic response.

From our data, we can conclude that erythropoiesis is altered in
Hfe-KO mice at steady state. Differences in several hematologic
parameters could be seen between age-matched Hfe-KO and wt
mice. We also demonstrate that Hfe-KO mice are able to respond
better to stress erythropoiesis induced by phenylhydrazine, phle-
botomy, or macrophage depletion. The response to phlebotomy
was increased in Hfe-KO mice, even compared with iron-
overloaded wt mice. Our data suggest that this is associated, at least
in part, with increased down-regulation of hepcidin in response to
erythropoietic stimulation in Hfe-KO mice compared with iron-
loaded wt mice. Hepcidin regulation requires integration of differ-
ent signals for a proper response.” In Hfe-KO mice, the iron-
regulatory pathway of hepcidin is not fully functional, and
erythropoiesis-induced hepcidin down-regulation is stronger than
what is expected under conditions of iron overload. This leads to
increased mobilization of iron for erythropoiesis, possibly confer-
ring an advantage under conditions of stress erythropoiesis. In
addition, iron absorption from the diet seems to be crucial for
recovery from anemia, being a major source of iron in wt and
Hfe-KO mice as demonstrated by a decreased response when mice
were kept on a low-iron diet. Phlebotomy is the main treatment for
iron overload in HH patients. However, our data suggest that this
treatment leads to both mobilization of iron from stores and
increased intestinal iron absorption. These observations indicate
that patients might benefit from a controlled iron diet or treatment
with hepcidin/hepcidin agonists so as to limit iron absorption and
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thereby increase the benefit of the phlebotomy. We also determined
that lack of Hfe expression in the liver under pathologic conditions
prevents proper regulation of hepcidin in response to iron. We
showed that th3 — Hfe-KO mice had hepcidin levels similar to
those of th3 — wt mice despite increased iron overload, presenting
a phenotype consistent with HH. This resulted in increased Hb
production, with little effect on ineffective erythropoiesis (not
shown). All these data indicate that lack of an appropriate hepcidin
response to iron overload is beneficial under conditions of stress
erythropoiesis, where fast recovery from anemia is required. In
3-thalassemia, lack of Hfe is associated with increased Hb levels.
This, however, also leads to increased iron overload that, over time,
probably aggravates the overall phenotype in this disorder.

We also present evidences that some of the hematologic
differences could not be attributed exclusively to iron overload.
Thus: (1) age- and sex-matched Hamp-KO mice had a milder
increase in Hb and MCH than Hfe-KO mice; (2) prevention of iron
overload in Hfe-KO mice by injection of lentiviral vectors carrying
Hfe did not result in complete normalization of the hematologic
changes seen in the Hfe-KO controls; and (3) faster recovery from
anemia was observed in Hfe-KO — wt mice compared with
wt — wt mice. In accordance with a role for Hfe in erythropoiesis,
we detected Hfe expression in erythroid progenitors. Early studies
showed that Hfe is tightly bound to Tfrc and modulates cellular iron
uptake.'21 However, the physiologic relevance of this process is
still unclear. When we overexpressed an Hfe-GFP fusion protein in
an erythroid cell line, we observed a strong interaction with Tfrc.
To our knowledge, this is the first time that such an interaction has

B IP:GFP

& @

wecrs — |
o —
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Figure 5. Hfe interacts with Tfrc in erythroid cells and
impairs Tf-bound iron uptake. (A) Immunofluores-
cence of MEL cells showing colocalization (yellow) of

Total Hfe-GFP fusion protein (green) and Tfrc (red). Cells were
4?‘ i prepared as described in supplemental Methods. Images
g‘_') Protein were captured on a Nikon TE2000-U inverted micro-
Eysate scope equipped with DIC (Nikon), a CoolSnap cf digital

camera (Photometrics), and a Plan Apo objective
60x/1.40 oil (Nikon) and acquired using IP Lab Version
3.6.5a software (Scanalytics). Brightness/contrast and
color balance were adjusted using Adobe Photoshop
Version 7.0.1 (Adobe Systems). (B) Western blot for Tfrc
after immunoprecipitation of GFP in protein lysates from
MEL cells transduced with lentivirus expressing GFP or
Hfe-GFP fusion protein. After stripping, the membranes
were blotted for GFP, showing the expected size for GFP
and Hfe-GFP in the corresponding lanes. (C) Uptake of
59Fe by wt and Hfe-KO erythroid cells from 5°9Fe-
saturated Tf. Cells were harvested from phlebotomized
mice and erythroid cells selected as previously de-
scribed.3% Counts per minute (com) were normalized to
the percentage of Tfrc* cells as detected by fluorescence-
activated cell sorter (usually > 85%). Five independent
experiments were performed. (D) Tfrc mean fluores-
cence intensity in isolated erythroid cells shows down-
regulation of Tfrc in Hfe-KO cells. Twenty independent
measures were made. (E) Iron uptake measured in panel
I C was normalized to the Tfrc mean fluorescence intensity

— 170
— 130

]

ratio between wt and Hfe-KO cells for each experiment to
control for the differences observed in Tfrc expression.
Data are mean = SEM. *P = .05. ***P = .001.

Hfe-KO

been shown in erythroid cells. In addition, we present evidence that
Hfe actively participates in modulation of iron uptake in erythroid
progenitors. Because iron is essential during erythropoiesis, coordi-
nation of iron uptake, heme biosynthesis, and Hb production is
highly regulated. The availability of heme was shown to positively
modulate protein synthesis by the heme-regulated inhibitor ki-
nase.* Iron status was demonstrated to control heme biosynthesis,
in particular by modulating the activity of 5-aminolevulinic acid
synthetase.” In addition, a heme export protein has been identified
in human erythroid progenitors, possibly functioning to protect
against cytotoxicity associated with heme accumulation.*® It has
been suggested that a number of other proteins involved in iron
metabolism regulate the content and distribution of iron within
erythroid cells, including Tfrc, mitoferrin, and Fpnl.2%349 Of
particular relevance was the discovery of an alternative form of
Fpnl in erythroid precursors and intestinal epithelium.?® This form
is insensitive to regulation by intracellular iron, being controlled
instead by systemic iron levels, probably through hepcidin-induced
degradation. Interestingly, Tfrc regulation in erythroid cells is
distinct from that in other cell types, as it too seems to be less
responsive to iron. Indeed, Tfrc was shown to be strongly modu-
lated through Irp2 in response to Epo.*° It is reasonable to assume
that Tfrc activity in early erythroid progenitors, like that of Fpnl,
might be modulated post-translationally, with Hfe being an obvious
candidate to serve in this capacity. Hfe might be expressed in
erythroid cells to modulate Tf-bound iron uptake. This is supported
by our data showing an elevated iron uptake in erythroid cells,
when normalized to Tfrc levels on the cell surface. Alternatively,
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Figure 6. Hepatic injection of a lentivirus carrying the
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Hfe gene is effective in preventing HH. (A) Schematic ~ f} C m Hfe
representations of the lentiviral vectors THW and TGW. 0 Hamp ksl
The various components shown are the long terminal — 3.5 E *
repeat (LTR), self-inactivating long terminal repeat (SIN- RRE+cPPT SIN LTR T 30 [ - |
LTR), the HIV rev-response and central polypurine tract —— E 25
elements (RRE, cPPT), the woodchuck hepatitis virus ~ THW M GFP —(_WPRE P
post-transcriptional regulatory element (WPRE), the liver- e - 2.0 I
specific TTR promoter (TTR), the GFP, and the mouse M oo e é 1.5
Hfe gene (Hfe). (B) Representative fluorescence analy- TGW ' a1 o) I
ses of liver sections from animals 2 months after being g I
transduced with PBS or TGW. Liver was fixed in 4% ‘0 05
paraformaldehyde and frozen in OCT embedding me- B @00 —
. " 1
'dlum. Images were captured gn a Nikon TE2000-U & Ctr Ctr THW
inverted microscope equipped with DIC, a CoolSnap cf i
digital camera (Photometrics), and a Plan fluor objective PBS
20%/0.45 (Nikon), and acquired using IP Lab Version wt Hfe-KO
3.6.5a software (Scanalytics). Brightness/contrast and
color balance were adjusted using Adobe Photoshop
Version 7.0.1 (Adobe Systems). (C) Expression of Hfe D
and Hamp in the livers of mice injected with lentivirus. *
(D) Serum iron, (E) Tf saturation, and (F) organ iron 300 [ o — |
content of mice injected with THW together with the P I —
appropriate controls. Data are mean = SEM of 5 or ) 250 I
6 individual age- and sex-matched mice. *P = .05. z
~P<.01.**P=.001. S 200 I
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Hfe might modulate erythroid iron metabolism by interfering with
the association between Tfr2 and EpoR, in light of the fact that Tfr2
increases the sensitivity of EpoR to Epo.*’ The synthesis of many
iron-related proteins, including Tfr1, is modulated by Irp2, a target
of the Epo/EpoR/Jak2/Sta5 pathway in erythroid cells.’® Therefore,
it is possible that Hfe might also modulate the association between
Tfr2 and EpoR, further controlling the expression of Tfrl or other
Irp2 targets involved in iron storage or its availability for heme

Table 3. Hematologic parameters in liver injected animals

synthesis. Nevertheless, increased Hb concentration seen in Hfe-KO
erythroid cells is probably a consequence of combining 2 favorable
factors: mild increase in erythroid iron uptake and the presence of
iron overload. Our findings support the hypothesis that Hfe helps
maintain iron homeostasis in erythroid cells by 2 distinct means.
On the one hand, expression of Hfe in the liver indirectly influences
erythropoiesis by modulating the response of hepcidin to iron load,
whereas on the other, Hfe seemingly has a direct effect in erythroid

Hb, g/dL RBC, x10%/pL Het, % MCV, fL MCH, pg Retic, x109/L
Wit-Ctr 156 = 0.3 10.2 = 0.1 50.7 = 0.6 49.7 £ 0.2 15.3 = 0.1 281 + 186
Hfe-KO-Ctr 16.7 = 0.3 10.4 = 0.1 52.1 + 0.5 50.1 £ 0.9 16.0 = 0.2* 231 =13
Hfe-KO-THW 16.3 = 0.2 10.4 = 0.1 5i1.0/£ 0.7 49.0 = 0.9 15.6 = 0.1* 351 + 18"t

Values are mean + SEM of 5 to 20 female mice.

Hct indicates hematocrit; MCV, mean corpuscular volume; and Retic, reticulocyte count.

*P = .05 relative to wt-Citr.
1P = .05 relative to Hfe-KO-Ctr.
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Figure 7. Wt mice transplanted with Hfe-KO BM respond better to erythropoi-
etic stress. Recovery of Hb values in wt — wt versus Hfe — wt (A) and wt — Hfe-KO
versus Hfe — Hfe-KO (B) mice after phlebotomy, as in Figure 1. Phlebotomies were
performed 2-3 months after BM transplantation. Data are mean = SEM of 5-10 mice.
*P = .05 relative to controls.

cells, influencing iron uptake. This dual role for Hfe could be
physiologically relevant as a means to avoid toxicity associated
with iron overload under conditions of high iron availability or to
limit erythroid iron intake under conditions of iron deficiency.
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Although it could serve to prioritize the various physiologic
demands for iron, it would not be advantageous after erythropoietic
stress. Erythroid iron homeostasis must be strictly controlled and
coordinated with iron metabolism. Our results point to Hfe as a key
player in regulating that control.
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