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polymyxin B-immobilized fiber column is therefore consid-
ered to be an effective option to save intractable HLH pa-
tients, particularly when HLH persists after treatment for an
underlying condition. However, further studies are necessary
to confirm the usefulness of this strategy.
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The bone marrow hematopoietic microenvironment is
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Abstract

Objectives: Increasing numbers of reports have described hematopoietic improvement after iron chelation
therapy in iron-overloaded patients. These observations indicate that excess iron could affect
hematopoiesis unfavorably. To investigate how excess iron affects hematopoiesis in vivo, we generated
iron-overloaded mice and examined hematopoietic parameters in these mice. Methods: We generated
iron-overloaded mice by injecting 200 mg of iron dextran into C57BL/6J mice, and immature hematopoietic
cells in the bone marrow were evaluated by flow cytometric analyses, colony-forming assays, and bone
marrow transplantation analyses. We also examined changes in molecular profiles of the hematopoietic
microenvironment. Results and Conclusions: Iron-overloaded (I0) mice did not show significant defects in
the hematopoietic data of the peripheral blood. Myeloid progenitor cells in the bone marrow were
increased in 10 mice, but the number and function of the erythroid progenitors and hematopoietic stem
cells were not significantly affected. However, bone marrow transplantation from normal donors to 10
recipients showed delayed hematopoietic reconstitution, which indicates that excess iron impacts the
hematopoietic microenvironment negatively. Microarray and quantitative RT-PCR analyses on the bone
marrow stromal cells demonstrated remarkably reduced expression of CXCL12, VCAM-1, Kit-ligand, and
IGF-1 in the iron-overloaded mice. In addition, erythropoietin and thrombopoietin levels were significantly
suppressed, and increased oxidative stress was observed in the 10 bone marrow and liver. Consequently,
our findings indicate that excess iron can damage bone marrow stromal cells and other vital organs,
disrupting hematopoiesis presumably by increased oxidative stress.
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Iron is an essential metal for hemoglobin synthesis and some
vital enzymatic functions to maintain cellular homeostasis;
therefore, iron deficiency leads to anemia and sometimes
organ dysfunction. However, it is also known that excess iron
increases reactive oxygen species (ROS) and negatively
affects vital organs such as the liver, heart, and endocrine
glands (1). Iron generates hydroxyl radicals by interacting
with hydrogen peroxide (Fenton reaction). The hydroxyl radi-
cal is known as the most potent ROS, which can damage
vital cellular components including lipid membranes, pro-
teins, and nucleic acids, leading to derangement of cellular
functions and eventually cell death and organ failure (2, 3).
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Clinically, an increasing number of data have shown that organ
dysfunction induced by iron overload can lead to high mortal-
ity (4). Sufficient iron chelation therapy (ICT) can remove
excessive iron and ameliorate organ dysfunction in iron-over-
loaded patients, and accumulating data indicate that efficient
ICT improves survival of transfusion-dependent patients with
lower-risk MDS (5, 6).

Recently, we experienced a case of MDS with transfu-
sional iron overload, in which hematopoietic data improved
unexpectedly after administration of deferasirox without any
other specific treatments (7), and increasing numbers of
similar cases are being reported (8-12). These -clinical
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observations indicate that iron overload could affect hemato-
poiesis unfavorably, albeit through unknown mechanisms.
Therefore, by generating iron-overloaded mice, we investi-
gated how excess iron affects the hematopoietic system.

Materials and methods

Iron-overloaded mice

To generate iron-overloaded mice, we injected 25 mg of
iron dextran (Sigma-Aldrich, St. Louis, MI, USA) in 1 mL
phosphate-buffered saline intraperitoneally into six-week-old
C57BL/6] mice (CLEA Japan, Tokyo, Japan), eight times
over 4 wk — 200 mg in total (13). These mice were bred
and maintained under specific pathogen-free conditions at
the animal facility of the Jichi Medical University according
to institutional guidelines under an approved protocol.

Serum iron concentration was measured by the Nitroso-
PSAP  (2-Nitroso-5-[N-n-propyl-N-(3-sulfopropyl) amino]
phenol) method. Sections of the liver and spleen were fixed in
formaldehyde, and tissue iron concentrations were measured
by atomic absorption spectrometry (SRL, Tokyo, Japan).

Flow cytometric analysis

Bone marrow cells were collected from femoral and tibial
bones and treated with RBC lysis buffer (QIAGEN, Dussel-
dorf, Germany) to remove erythrocytes. Mature lineage-posi-
tive cells were labeled with biotin-conjugated antibodies
against CDS5, B220, CD11b, Gr-1, and Terll9 (Lineage
Depletion Kit mouse; Miltenyi Biotec, Bergisch Gladbach,
Germany) and magnetically depleted by the autoMACS sys-
tem (Miltenyi Biotec). Collected lineage-negative cells were
stained with fluorescent conjugated antibodies: streptavidin-
PerCP, CD34-FITC, CD48-APC, CDI117-PE-Cy7, CD150-
PE, Scal-APC-Cy7 (BD Bioscience, Franklin Lakes, NJ,
USA), and CD16/32-eFluor450 (eBioscience, San Diego,
CA, USA); thereafter, specifically differentiated fractions
were analyzed. Data acquisition was performed with BD
FACSAria flow cytometer equipped with FACS Diva soft-
ware (BD Biosciences), and data were analyzed by FlowJo
cytometry software (Tree Star Inc., Ashland, OR, USA).

Colony-forming cell assay

To investigate immature erythroid cells, lineage-negative bone
marrow cells (2 x 104) were cultured in methylcellulose cul-
ture medium (Stem Cell Technologies, Vancouver, Canada) for
10 d, and erythroid burst-forming units (BFU-E) were counted.

Bone marrow transplantation

To analyze hematopoietic reconstitution capacity of the
bone marrow cells, Ly45.1 mice were sublethally irradiated

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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with 11 Gy of y rays (GammaCell 40, Nordion, Ottawa,
ON, Canada), and 2 d after irradiation, bone marrow cells
from Ly45.2 donor mice were transplanted intravenously.
In the transplantation experiment from iron-overloaded
donors to normal recipients, 1.0 x 10° Ly45.2 cells were
injected to recipients along with the same number of
Ly45.1 normal competitor cells. In the experiment from
normal donors to iron-overloaded recipients, 1.0 x 10°
Ly45.1 normal donor cells were transplanted to Ly45.2
iron-overloaded recipients. After transplantation, chimerism
of the donor cells in the peripheral blood was analyzed
every 2 wk. To distinguish between the two congenic cells,
anti-mouse CD45.1-PE and CD45.2-FITC antibodies (BD
Biosciences) were used.

Microarray analysis and quantitative real-time
polymerase chain reaction (QRT-PCR)

Bone marrow non-hematopoietic stromal cells were prepared
by depleting CD45" and Ter119" cells. A ¢cDNA library was
prepared from these non-hematopoietic cells using RNAeasy
Kit (QIAGEN) and SuperScript III First-Strand Synthesis
System (Invitrogen, Carlsbad, CA, USA). To prepare a suffi-
cient amount of cDNA, a pool of eight normal and nine
iron-overloaded mice were used for the experiment.

Comprehensive gene expression analyses were performed
by Agilent Expression Array (SurePrint G3 Mouse GE
8 x 60K Microarray, Takara Bio, Shiga, Japan).

Quantitative RT-PCR was performed using TagMan Gene
Expression Assay probes and ABI Prism 7700 sequence
detector (Applied Biosystems, Foster City, CA, USA).
Results were quantified using the Delta C (T) method.

To perform qRT-PCR, the following TagMan probes were
used: VCAMI (Assay ID: Mm01320970_ml), CXCLI12 (Assay
ID: Mm00445553_m1), Kit-ligand (Assay ID: Mm00442972_m1),
IGF1 (Assay ID: Mm00439560_ml), thrombopoietin (Assay
ID: Mm00437040_m1), beta-actin (Assay ID:Mm00607939_s1).

Enzyme-linked immunosorbent assay

Mouse serum erythropoietin (EPO) concentrations were
determined by enzyme-linked immunosorbent assay (ELISA)
using the Quantikine Mouse/Rat Epo Immunoassay kit
(R&D Systems, Minneapolis, MN, USA) and Model 680
Microplate Reader (Bio-Rad, Hercules, CA, USA).

Measurement of oxidative stress

Oxidative stress levels in the bone marrow samples were
examined by flow cytometric analysis using 2, 7-dichlorodihy-
drofluorescein diacetate (DCFDA) (Invitrogen). Bone marrow
cells were incubated with 5 pmM DCFDA for 30 min at 37°C,
and then, samples were suspended in cold FACS buffer and
immediately analyzed by BD FACSAria.
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Liver samples were analyzed by Western blotting for mal-
ondialdehyde (MDA), an organic compound naturally gener-
ated by lipid peroxidation. Frozen samples were
homogenized in an ice-cold lysis buffer containing 10 mm
Tris-HCI (pH 7.4), 150 mm NaCl, 1% Triton X-100 (Sigma-
Aldrich), 5 mm EDTA, and 1 mmM PMSF (phenyl methyl
sulfonyl fluoride). The lysate was incubated on ice for
15 min, and the centrifuged supernatant was analyzed by
SDS-PAGE and immunoblot with rabbit polyclonal antibody
for MDA (ab27642; Abcam, Cambridge, UK).

Statistical analysis

The results are shown as the mean =+ standard deviation
(SD) and compared by the unpaired Student’s z-test for
differences in means.
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Results

Iron-overloaded mice showed significant iron
accumulation in vital organs

Macroscopically, iron-overloaded mice showed pigmented
skin indicating excess iron deposition in the body (Fig. 1A).

Iron-overloaded (IO) mice vs. normal controls showed sig-
nificantly higher iron levels in serum iron (2292.5 £ 1025.2
vs. 1763 £ 62.4 pg/dL; P <0.01), liver (79 153.1 &
16 960.7 vs. 371.4 £+ 139.0 pg/dry gram; P < 0.01), and
spleen (78 840.6 4+ 20 711.0 vs. 1383.0 & 897.8 pg/dry
gram; P < 0.01) (Fig. 1B).

Histological examination confirmed excessive iron deposi-
tion in the bone marrow, liver, spleen, and heart, as is often
the case in iron-overloaded patients (14, 15) (Fig. 1C).

Control Iron

Figure 1 Iron accumulated in vital organs of iron-
overloaded mice. (A) Macroscopic findings of
iron-overloaded mice at 4 wk, intraperitoneally
injected with 200 mg of iron in total. Control
mice were injected with phosphate-buffered
saline. (B) Serum, liver, and spleen iron
concentration at 4 wk. Serum samples were
collected from 4 control and 4 iron-injected mice
(*P < 0.01). Iron content in the liver and spleen
was calculated as the ratio of ash weight to dry
weight. Samples were extracted from 3 control
and 3 iron-injected mice (*P<0.01). (C)
Histological examinations (iron stain, x200) of
vital organs. In iron-injected mice, depositions of
excess iron (stained in blue) are distributed in the
bone marrow, liver, heart, and spleen.

(x200)

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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These results demonstrate that this experimental murine
model reflects an iron-overloaded pathogenic condition.

Peripheral blood counts were not remarkably
influenced in iron-overloaded mice

To investigate how excess iron affects the hematopoietic
system, we examined blood counts of the peripheral blood.
On the completion of 4-wk iron injections, platelet counts in
iron-overloaded mice were lower than in controls (104 + 23
vs. 134 £ 9 x 10*ul; P =0.003), but they were nearly
within the normal range. The number of white blood cells
(WBCs) and the hemoglobin (Hb) levels did not show
significant difference between 10 and control mice, although
in both groups, WBCs were increased compared with those
of the baseline (Fig. 2).

Myeloid progenitors were increased but erythroid
progenitors and very immature hematopoietic cells
were unaffected in the bone marrow of iron-
overloaded mice

To investigate whether excess iron affects the bone marrow
hematopoiesis, we analyzed the proportion of immature
hematopoietic cells in the bone marrow. On completion of
iron injection, bone marrow cells were collected and flow
cytometric analyses were performed. In the iron-overloaded
bone marrow, the proportion of immature hematopoietic
cells defined by Lineage™/Scal™/c-Kit"™ (LSK) was signifi-
cantly higher than that of the control bone marrow
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(0.20% =+ 0.07 vs. 0.12% = 0.04; P = 0.048) (Fig. 3 A, C).
But, in more immature hematopoietic stem cell (HSC) popu-
lations defined by CD347/LSK, CDI1507/CD48~ (SLAM-
HSC), and CDIS0"/CD487/LSK  (SLAM/LSK), no
significant difference was observed between the 10 and con-
trol groups (Fig. 3 B, C). In the population of hematopoietic
progenitor cells, the proportions of common myeloid progen-
itors (CMP), CD34"" and CD16/32'°%, and granulocyte
monocyte progenitors (GMP), CD34™&" and CD16/32Me",
showed significant increase in the iron-overloaded bone mar-
row, while megakaryocyte erythroid progenitors (MEP),
CD34" and CD16/32'°%, did not (Fig. 3 A, D).

A recent study has reported impaired proliferation of ery-
throid progenitors from iron-overloaded MDS patients (16).
Therefore, to confirm the number of erythroid progenitors
more precisely, we performed an in vitro colony assay. We
sorted and cultured lineage-negative immature hematopoietic
cells from iron-overloaded and control mice, but we found
no significant difference in the number of erythroid colonies
(Fig. 3E).

These results indicate that a portion of myeloid progeni-
tors increase in iron-overloaded mice, but the numbers of
immature erythroid and hematopoietic stem cells are unaf-
fected by excess iron in our experimental system.

Immature hematopoietic cell function is unaffected in
iron-overloaded mice

To further examine whether functional defects may exist in
the hematopoietic stem/progenitor cells in iron-overloaded

160

= Control ™ iron
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Figure 2 Complete blood count in the
peripheral blood of control and iron-overloaded
mice before and after 4 wk of injection
(200 mg of iron). Values are mean + SD
calculated in 8 control and 9 iron-overloaded
mice. *P = 0.0083.
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mice, we performed bone marrow transplantation (BMT) Hematopoietic recovery was delayed in iron-
assays. overloaded recipients after BMT

We collected bone marrow cells from iron-overloaded or
normal Ly45.2 mice and transplanted them to sublethally
irradiated normal Ly45.1 recipients along with the same
number of Ly45.1 normal competitor cells (Fig. 4A). As a
result, we found no significant difference in the chimerism
of the donor cells in the recipients’ peripheral blood
between the iron-overloaded and normal donor cells at
4 wk after BMT (49.7% + 7.9 vs. 54.1% + 3.1; P = 0.35)
and at 8 wk after BMT (59.6% =+ 3.7 vs. 59.8% =+ 7.2;
P = 0.97), suggesting that the hematopoietic reconstitution
capacity of hematopoietic stem/progenitor cells in iron-over-
loaded mice is not significantly affected by excess iron
(Fig. 4B).

Next, to examine whether the excess iron affects the bone
marrow microenvironment, we transplanted normal donor
cells to iron-overloaded and normal recipients and compared
hematopoietic recovery after BMT (Fig. 4C).

When we transplanted 1 x 10° normal bone marrow cells,
hematopoietic reconstitution was significantly delayed in
iron-overloaded mice. At 2 wk after BMT, significant impair-
ment was observed in iron-overloaded mice compared to con-
trols in WBC (2000 £ 1333 vs. 4330 & 741/uL; P < 0.001),
Hb (11.7 £ 1.3 vs. 14.6 £+ 0.6 g/dL; P < 0.001), and plate-
lets (17 + 3 vs. 60 = 12 x 10*uL; P < 0.001). The delay
in platelet recovery remained significant even at 4 wk after
BMT for WBC (8160 £ 1927/uL vs. 12 440 £ 2 585/uL;
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Figure 3 Some fractions of hematopoietic progenitors were increased in iron-overloaded mice, but there was no significant difference in the frac-
tion of immature erythroid cells and most immature hematopoietic cells. (A) Analysis on LSK and other hematopoietic progenitors (CMP, GMP,
MEP). The proportion of LSK and myeloid progenitors (Sca-1'°"/c-Kit"'") is shown in the central panels. Right and left panels show the fraction of
CD347LSK cells and specific hematopoietic progenitors (CMP, GMP, MEP), respectively. (B) Analysis on SLAM-HSCs. Right panels show the pro-
portion of the most immature hematopoietic cells, SLAM/LSK. Values described at each gating square indicate mean percentage in total viable
cells. (C, D) Mean £ SD percentage of specific hematopoietic stem/progenitor fractions (C) and progenitors (D) in total viable cells. In iron-over-
loaded mice, LSK cells were significantly increased, but there was no difference in the most immature hematopoietic fraction, such as
CD347KSL and SLAM-HSC (C). In iron-overloaded mice, myeloid progenitor cells were significantly increased (*P < 0.05), but there was no signif-
icant difference in the MEP fraction (D). (E) The in vitro colony assay also showed no significant difference in the number of immature erythroid
cells (BFU-E) (P> 0.05). LSK, Lineage™/Sca-1%*/c-Kit*; CMP, common myeloid progenitor; GMP, granulocyte monocyte progenitor; MEP, megak-
aryocyte erythroid progenitor; BFU-E, burst-forming units erythroid; N.S., not significant.
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Figure 4 Bone marrow transplantation assays
with iron-overloaded donors or recipients. (A)
Transplantation of bone marrow cells (1 x 10°
cells) from iron-overloaded mice or normal mice
(Ly45.2) into sublethally irradiated normal
recipient mice (Ly45.1) along with the same
number of normal competitor cells {Ly45.1). (B)

Normal donor

Normal

g

Iron overload
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. O Normal Miron G Normal ®iron O Normal miron
peripheral  blood 4 and 8wk after
transplantation. There was no significant 15 000 - 15 :J; 1001
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donors. (C) Transplantation of 1 x 10% normal = B <
donor cells to normal or iron-overloaded 8 10000 1 % 101 Ig 60 1
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recipients 2 and 4 wk after transplantation. In 5000 + 59 -f—-.?
iron-overloaded mice, recovery of WBC, 20
hemoglobin, and platelets was significantly 0 04 0
delayed (*P < 0.05). 2 wk 4wk 2 wk 4 wk 2 wk 4wk
P<0.001) and platelets (41 &= 13 x 10%uL  vs. As a result, notable changes in the expression of common

84 + 18 x 104/pL; P < 0.001) (Fig. 4D). These results indi-
cate that excess iron disturbs the bone marrow microenviron-
ment, which supports hematopoietic reconstitution.

Expression of some molecules essential for
hematopoiesis was reduced in the bone marrow
stromal cells of iron-overloaded mice

Bone marrow transplantation assays showed susceptibility of
the bone marrow microenvironment to excess iron. Therefore,
to investigate the molecular basis for these bone marrow
defects, we collected non-hematopoietic bone marrow stromal
cells (CD457/Terl197) from the iron-overloaded mice and
analyzed gene expression profiles by microarray analyses.

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Lid
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hematopoietic cytokines, chemokines, and adhesion genes
were identified in the iron-overloaded stromal cells. Interest-
ingly, expression of most genes was reduced. These
included CXCL12, VCAM-1, IGF-1 (insulin-like growth
factor-1), and Kit-ligand also known as stem cell factor
(SCF), all of which are key molecules for hematopoiesis
(Fig. 5A).

Quantitative RT-PCR (qRT-PCR) analyses confirmed
reduced expression of the genes; the mRNA levels of
CXCL12, VCAM-1, Kit-ligand, and IGF-1 in the iron-over-
loaded stromal cells were less than one twentieth of normal
controls (Fig. 5B). As these gene products are essential for
efficient hematopoiesis in the bone marrow, reduced expres-
sion of these genes can negatively affect hematopoietic
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Figure 5 Expression of hematopoietic chemo-
kines and adhesion molecules in  non-
hematopoietic cells in the bone marrow, and
serum EPO concentration and expression of
TPO mRNA in the liver. (A) Microarray analyses
on the non-hematopoietic bone marrow cells
(CD457/Ter1197) collected from normal or iron-
overloaded mice. Genes related to
hematopoiesis (chemokines, cytokines, and
adhesion molecules) that were significantly
suppressed  (less  than  one-fourth) or
significantly increased {more than four times) in
iron-overloaded mice are shown. The values
are shown as logarithm base 2. (B) Reduction
in gene expression was confirmed by gRT-
PCR. In the iron-overloaded bone marrow,
expression of CXCL12, VCAM-1, Kit-ligand, and
IGF-1 were significantly reduced (*P < 0.01).
(C) Serum EPO concentration was measured
by ELISA, and (D) expression of TPO mRNA in
the liver was analyzed by gRT-PCR. In iron-
overloaded mice, EPO levels in the serum and
expression of TPO mMRNA were significantly
reduced (**P < 0.05). EPO, erythropoietin;
TPO, thrombopoietin.
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recovery after bone marrow transplantation in iron-over-
loaded recipients.

Impaired production of erythropoietin and
thrombopoietin in iron-overloaded mice

Hematopoietic recovery after bone marrow transplantation
can be affected by hematopoietic cytokines, such as erythro-
poietin (EPO) and thrombopoietin (TPO), both of which are
essential for RBC and platelet production, respectively.
Interestingly, it has been reported that iron chelation therapy
can increase production of EPO (17), and therefore, we
examined production of these cytokines in iron-overloaded
mice.

First, we analyzed serum EPO levels by ELISA. The
result showed that the level of serum EPO was significantly
reduced in iron-overloaded mice compared to controls
(404 £ 11.6 pg/mL vs. 75.8 £ 26.5 pg/mL; P < 0.001),
which indicates that production of EPO in the kidney may
be impaired by excess iron (Fig. 5C). Moreover, qRT-PCR
analysis of TPO in the liver demonstrated that the mRNA
level of TPO in the iron-overloaded liver was also reduced
to less than half of normal controls (Fig. 5D). As TPO is
generated primarily in the liver, this result indicates that
impaired production of TPO induced by excessive iron in
the liver may affect hematopoietic recovery.

Oxidative stress is increased in the iron-overloaded
bone marrow and liver

It is known that excess iron can negatively affect vital
organs through ROS production, and impaired stromal func-
tions observed in iron-overloaded mice may be a conse-
quence of increased oxidative stress in the bone marrow.

Therefore, to measure the oxidative stress in the bone
marrow, we performed flow cytometric analyses with
DCFDA (18), a fluorescent reagent used to detect reactive
oxygen intermediates, on immature bone marrow cells (line-
age-negative cells). The results showed significant aggrava-
tion of oxidative stress in iron-overloaded mice—over twice
as high as in normal mice (FITC mean; 20 019 4 6864 vs.
8721 £ 623; P = 0.047) (Fig. 6A).

In the liver, Western blot analyses for MDA showed a sig-
nificantly increased signal in the iron-overloaded samples,
which indicates higher oxidative levels (Fig. 6B).

Discussion

Recently, numerous reports have described hematopoietic
improvement after ICT (7-11). Although several hypotheti-
cal explanations have been proposed (17, 19-22), the mech-
anism underling this interesting phenomenon still remains
unclear. One possible explanation is the negative effect of
excess iron on HSCs. It is known that HSCs are susceptible

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd
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Figure 6 Oxidative stress in iron-overloaded bone marrow and liver.
(A) Flow cytometric analysis of oxidative stress on bone marrow
lineage-negative cells. In iron-overloaded mice, signals of DCFDA
were significantly higher than those in control mice (*P < 0.05). (B)
Western blotting on MDA, an indicator of oxidative stress, in liver tis-
sue. The amount of MDA was larger in the iron-overloaded liver than
in control. At the bottom of each lane, blotting on GAPDH is shown
as a control. DCFDA, 2,7-dichlorodihydrofluorescein diacetate; MDA,
malondialdehyde.

to ROS, and ROS can damage their hematopoietic reconsti-
tution capacity (23). Because iron is a potent generator of
ROS and iron overload can be pathogenic for HSC func-
tions, we investigated how excess iron affects hematopoiesis
using iron-overloaded mice.

In this study, we generated iron-overloaded mice by
injecting iron dextran solution intraperitoneally, as in a pre-
vious study concerning muscle dysfunction in iron-over-
loaded mice (13). We confirmed that our mice were actually
iron-overloaded; macroscopic and microscopic analyses of
the tissues showed deposition of excess iron, and quantita-
tion of liver iron concentrations revealed higher levels.

Hematopoietic examination showed no pathological
cytopenia in the peripheral blood of iron-overloaded mice.
Although the number of platelets was slightly smaller than
in control mice, it was still within the normal range. Bone
marrow analyses showed an increase in LSK cells and other
myeloid progenitors, but there was no significant change in
the number of immature erythroid cells or the most imma-
ture hematopoietic stem cell fractions, namely CD34™ LSK
and SLAM-LSK. As bone marrow transplantation assays did
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not show any significant defects in hematopoietic reconstitu-
tion capacity of HSCs in iron-overloaded mice, we conclude
that HSCs are not affected significantly by excess iron in
this experimental system.

The actual mechanism for the increase in LSK and mye-
loid progenitor populations in the bone marrow of iron-over-
loaded mice remains unclear. Because iron itself has some
inflammatory characteristics, repeated intraperitoneal injec-
tion may have caused some biologic stress, although we
confirmed that serum IL-6 and TNFu levels were not signifi-
cantly increased in the iron-overloaded mice (data not
shown).

In contrast, when iron-overloaded recipients were trans-
planted with normal donor cells, hematopoietic recovery was
significantly delayed. This result suggests that excess iron
could hamper the hematopoietic microenvironment. Interest-
ingly, in the iron-overloaded bone marrow stromal cells, we
found remarkable reductions in several vital molecules for
hematopoiesis. Among these, by gRT-PCR methods, we
confirmed reduced expression of CXCL12, VCAM-1, IGF-1,
and SCF, all of which are key molecules for efficient hema-
topoiesis. Reduced expression of these molecules in the bone
marrow can be an important clue to the defects in hemato-
poietic recovery observed in iron-overloaded conditions.

In addition to the pathological change in the bone marrow,
we also found lower serum concentration of EPO and reduced
expression of TPO in the liver in iron-overloaded mice. As
EPO is an essential cytokine for red blood cell production,
impaired production of EPO in iron overload could be an
important factor to delay erythropoietic recovery. TPO is also
an essential cytokine for the proliferation of HSCs and plate-
let production, and it is mainly produced by hepatocytes (24—
26). To our knowledge, this is the first report that describes
insufficient TPO production in the iron-overloaded condition,
and insufficient TPO could have contributed to the delayed
hematopoietic recovery after bone marrow transplantation. To
confirm our results, we are planning a clinical study to inves-
tigate actual TPO levels in iron-overloaded patients.

Hematopoietic recovery after ICT indicates negative
effects of excess iron on hematopoietic cells. But, in this
study, we did not observe significant cytopenia in iron-over-
loaded mice, nor did we find qualitative or quantitative
defects in erythroid progenitors or HSCs in these mice.
Therefore, we have not found any results that can explain
why ICT improves hematopoiesis in some iron-overloaded
patients. This may partly be due to our iron-overloaded mice
being generated by injecting iron into normal mice. In actual
cases, hematopoietic recovery after ICT is observed in
patients with hematopoietic disease; and in these patients,
iron has accumulated gradually by repeated red blood cell
transfusions. On this point, our animal models may not
reflect the precise pathological condition of iron-overloaded
patients. If abnormal hematopoietic cells in patients react
differently to the biologic stress induced by excess iron,
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experiments using other relevant model mice may be neces-
sary to understand how excess iron affects hematopoiesis.
Otherwise, our animal model may possibly reflect pathologi-
cal conditions of hereditary hemochromatosis. Patients with
hereditary hemochromatosis usually do not show hematopoi-
etic impairment, and our results indicate subclinical impair-
ment in the bone marrow microenvironment. Hematopoietic
supportive functions of these patients have not been eluci-
dated enough, and it will be an important issue to examine
these functions in actual patients.

Recently, Lu ef al. (27) reported that in vitro culture of
healthy human bone marrow cells in media with excess iron
decreased the number of CD34" immature hematopoietic
cells, which contradicts our observations. However, excess
iron in the in vitro culture media can interfere with cellular
functions more directly than in vivo conditions, and in that
respect, iron can be more toxic. Consequently, this discrep-
ancy may be due to the difference in the experimental sys-
tems. They also reported that immature erythroid cells
(BFU-E) in iron-overloaded MDS patients were significantly
reduced and that after ICT, colony-forming capacity was
partially recovered. This indicates that excess iron can
reduce immature erythroid cells in vivo. As we mentioned

Liver

Damaged
haematopoietic
reconstitution

Haematopoietic

Stromal cells
cells

Bone Marrow

Figure 7 Proposed schematic diagram of adverse effects of excess
iron on the hematopoietic system. Excess iron increases ROS in vital
organs, such as bone marrow and liver. ROS can damage hematopoi-
etic stromal cells and reduce some important molecules for hemato-
poiesis. ROS may also reduce production of TPO in the liver and EPO
in the kidney. The disturbance of hematopoietic supporting machinery
can be one of the negative effects induced by iron overload. ROS,
reactive oxygen species; TPO, thrombopoietin; EPO, erythropoietin.
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previously, abnormal erythroid cells in MDS patients may
react differently to excess iron, and therefore, to resolve this
issue, other relevant murine models will be needed.

We found that iron overload can significantly delay hema-
topoietic recovery after bone marrow transplantation. Thus
far, few reports have documented delayed engraftment after
hematopoietic stem cell transplantation in iron-overloaded
patients, but this can be because sufficient numbers of HSCs
are transplanted in the usual clinical practice, and impaired
recovery may be masked by the sheer volume of the trans-
planted cells. Actually, we have observed that the delay in
recovery of white blood cells and red blood cells became
indistinct when 2.0 x 10° cells were transplanted (data not
shown). Although we have not investigated amelioration of
post-transplant hematopoietic recovery after ICT in these
model mice, our results suggest an advantage of vigorous
ICT for pretransplant iron-overloaded patients to reduce the
risk of delayed engraftment.

Recently, CXCLI12-abundant reticular cells (CAR cells),
which specifically produce CXCL12, were found in the bone
marrow niche, and their critical function for hematopoiesis
has been discovered. So, it is of great interest to investigate
how iron affects these cells (28).

Development of novel iron chelators has enabled us to
treat iron overload very efficiently, and the biologic rela-
tionship between iron overload and hematopoiesis is
attracting attention. However, very little is known about
how iron overload impacts immature hematopoiesis and
the hematopoietic microenvironment in the bone marrow.
To the best of our knowledge, this is the first report that
reveals the negative effects of excess iron on the hemato-
poietic microenvironment (Fig. 7). Our study intimates
important clues for future investigation and clinical prac-
tice in the treatment of iron overload.
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Abstract Erythropoiesis-stimulating agents (ESAs) are
used to ameliorate anemia in lower-risk myelodysplas-
tic syndromes (MDS). Serum erythropoietin (EPO) level
<500 TU/L is widely accepted as a major predictive factor
for response to ESAs. However, few data about EPO lev-
els in the Japanese population are available. We therefore
evaluated distribution of serum EPO levels in Japanese
patients with MDS. Forty-three cases were analyzed; 30
were classified as lower-risk MDS (low or intermediate-1
by the international prognostic scoring system). Twenty-
two cases were transfusion dependent. The overall median
hemoglobin level was 7.7 g/dL. The median value of serum
EPO was 254 TU/L (range: 16.4-23,000). Serum EPO lev-
els had a strong inverse correlation with hemoglobin lev-
els, and a significantly larger proportion of patients showed
high EPO levels (>500 IU/L) in the transfusion-dependent
group. In the higher-risk group, no significant correlation
between EPO and hemoglobin was observed. Regression
analyses showed that serum EPO of 500 IU/L corresponds
to 8.29 g/dL of hemoglobin in lower-risk MDS. The results
indicate that patients with hemoglobin levels of 8.0 g/dL or
more, who are still transfusion independent, may be good
candidates for ESA treatment.
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Introduction

Myelodysplastic syndromes (MDS) are characterized as
clonal disorders of immature hematopoietic cells, and they
exhibit various degrees of refractory cytopenia and dys-
plasia. Clinically, they are usually classified into two cat-
egories, i.e., higher-risk and lower-risk groups, according
to the international prognostic scoring system (IPSS) or
revised IPSS.

In higher-risk MDS, most patients have increasing num-
bers of blasts or unfavorable chromosomal abnormalities,
and they are exposed to high risks of leukemic evolution.
Therefore, it has been recommended that patients with
higher-risk MDS be treated by anticancer drugs, such as
azacitidine; and if possible, early hematopoietic stem cell
transplantation should be conducted.

On the other hand, the pathological condition of lower-
risk MDS is mostly characterized by inefficient hemat-
opoiesis with refractory cytopenia. Therefore, treatments
for patients with lower-risk MDS mainly aim at improv-
ing hematopoiesis. For this purpose, patients are treated by
various cytokines, immunosuppressive agents, lenalido-
mide, anabolic steroids and azacitidine. Among the available
cytokines, granulocyte-colony stimulating factor (G-CSF)
and erythropoiesis-stimulating agents (ESAs) are commonly
used, but ESAs have not been approved for MDS in Japan.

A clinical trial of darbepoetin a, a synthetic erythropoietin,
for lower-risk MDS is currently underway in Japan, and its
approval is expected in the near future. It has been reported
that lower serum erythropoietin (EPO) levels, i.e., below 200
or 500 IU/L, are one of the favorable predictive factors for
the efficacy of ESAs [1-7], but very little data are available
about the distribution of serum EPO levels in Japanese MDS
patients [8, 9]. Therefore, we examined serum EPO in Japa-
nese MDS patients, to estimate the proportion of patients to
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whom ESAs may be beneficial. In this research, we included
patients without anemia to investigate how EPO levels change
according to the decrease in hemoglobin (Hb) levels, and we

Table 1 Patient characteristics

Males/females 26/17
Age, median (range) 66 (38-81)
IPSS Low 7
Intermediate-1 23
Intermediate-2 6
High 7
FAB classification RA 26
RARS 2
RAEB 13
RAEB-t 2
WHO classification RCUD 11
RARS 0
RCMD 12
RAEB-1 5
RAEB-2 8
MDS-U 4
del (5q) 1
AML 2
Renal function (eGFR) eGFR > 90 10

(mL/min) 90 >eGFR > 60 20
60 >eGFR > 30 13
Number of transfusion-dependent patients 22

7.7 (4.4-13.6)

23 (12.8-40.5)

2600 (1000-9300)
10.1 (0.7-101.3)
38375 (2160-94000)
27 (1.4-84.6)

Hemoglobin, median (range) (g/dL)
Hematocrit, median (range) (%)

WBC, median (range) (/uL)

Platelet count, median (range) (x 104/pL)
Reticulocyte count, median (range) (/uL)
Bone marrow erythroblasts, median (range) (%)

Transfusion dependency was defined as requirement of at least two
JPN units of red blood cells transfused per month. One JPN unit of
red blood cells is derived from 200 mL of blood

IPSS international prognostic scoring system, eGFR estimated glo-
merular filtration rate

also investigated EPO levels in higher-risk MDS patients, to
check if risk categorization relates to EPO levels.

Patients and methods

From June 2011 to August 2014, patients older than 20 years
with MDS in all risk categories were enrolled. In this study,
patients diagnosed with MDS by FAB classification were
eligible. As EPO levels are influenced by renal dysfunction,
patients with estimated glomerular filtration rate (¢GFR) less
than 30 mL/min were excluded from the study. After obtain-
ing written informed consent, serum EPO levels were exam-
ined by radioimmunoassay or chemiluminescent enzyme
immunoassay (SRL Inc., Tokyo). The study was approved
by the ethical committee of Jichi Medical University.

Correlations between EPO and other hematopoietic
parameters were analyzed by Spearman’s rank correlation
method, and the difference of serum EPO and hemoglobin
levels between transfusion-dependent and -independent
groups was analyzed by Welch'’s ¢ test.

Results

Forty-three patients (26 males and 17 females, median age
66 years) were analyzed in the study (Table 1). According
to the IPSS classification, 30 patients were categorized as
lower-risk (low and intermediate—1) and 13 patients were
higher-risk (high and intermediate—2); all of the higher-
risk patients had excess blasts (>5 % in the bone marrow).
The median level of Hb for all patients was 7.7 g/dL (range
4.4-13.6). Twenty-two patients were transfusion depend-
ent (TD); they required at least two JPN units of packed
red blood cells per month. All patients with Hb less than
7.0 g/dL were TD, 14 in total; and the other 8 TD patients
had Hb levels less than 8.5 g/dL. Renal function was esti-
mated by eGFR. Among the 43 patients, 10 had normal
renal function (eGFR > 90), 20 had mild renal dysfunction

Table 2 Correlation between Serum EPO levels and hematopoietic parameters in all and lower-risk patients

Hematopoietic param- ~ All MDS Lower-risk MDS Higher-risk MDS
ters
eter n  Correlation coefficient p value n  Correlation p value n  Correlation p value
coefficient coefficient

Hemoglobin (Hb) 43 —0.69 9.0 x 107 30 —0.87 30x 107 13 —0.15 0.59
Hematocrit (Ht) 43 -0.70 52x107% 30 —0.89 1.6 x 107° 13 —0.22 0.43
Reticulocytes 38 —0.36 0.029 25 —-0.53 0.010 13 —-0.14 0.61
WBC 43 —0.38 0.014 30 —045 0.015 13 -0.37 0.20
Platelets 43 —0.13 0.40 30 —0.28 0.13 13 028 0.34
BM erythroblasts 42 0.07 0.64 29  0.22 .25 13 -0.35 0.23
BM bone marrow
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(90 > eGFR > 60), and 13 had moderate renal dysfunction
(60 > eGFR > 30). No patients were given ESAs.

The median level of serum EPO was 254 TU/L (range
16.4-23000).Age and sex had no significant impact on
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Fig. 1 Relationship between serum erythropoietin and hemoglobin
levels. Serum EPO levels were highly correlated with hemoglobin
levels in all patients (a) and lower-risk patients (b), but not in higher-
risk patients (c). Logarithmic values of serum EPO showed linear
inverse correlation with Hb, and the EPO value of 500 IU/L corre-
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EPO levels (data not shown). Among the hematopoietic
parameters analyzed, i.e., Hb, hematocrit (Ht), reticulo-
cytes, WBC, platelets and erythroblasts in the bone mar-
row, serum EPO was strongly correlated with Hb and Ht;
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sponds to 7.91 g/dL and 8.29 g/dL of Hb in all (a) and lower-risk (b)
patients, respectively. The corresponding values of Hb are shown in
central rectangles. EPO erythropoietin, Hb hemoglobin, R correlation
coefficient
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correlation coefficients were —0.69 (p = 9.0 x 107%) and
—0.70 (p = 5.2 x 107%), respectively (Table 2). Serum
EPO levels were also correlated with reticulocytes and
WBC, but the correlations were weak.

Logarithmic values of serum EPO in all patients were
inversely correlated to Hb and Ht, and single regression
analyses demonstrated very strong linear correlation; the
coefficients were 0.67 (p = 7.9 x 1077) for Hb (Fig. la)
and 0.69 (p = 2.8 x 1077) for Ht. The analyses showed that
serum EPO is estimated by the following functions: “log
EPO = —0.22 x Hb + 4.44 (p = 7.9 x 1077)” and “log
EPO = —0.077 x Ht + 4.49 (p = 2.8 x 1077)".

Interestingly, significant correlations between EPO
and Hb or Ht were not observed in higher-risk patients
(p = 0.59 and p = 0.43, respectively) (Table 2; Fig. 1c),
and the correlations in lower-risk patients were stronger
than those in all MDS patients (Table 2; Fig. 1b). As a
result, in lower-risk patients, serum EPO was estimated by
“log EPO = —0.28 x Hb + 5.02 (p = 8.5 x 107%)” and
“log EPO = —0.096 x Ht + 5.09” (p = 8.7 x 10719,

According to these formulas, the serum EPO value of
500 IU/L corresponds to 7.91 g/dL of Hb and 23.3 % of Ht
in all MDS patients, and 8.29 g/dL of Hb and 24.9 % of Ht
in lower-risk patients.

Serum EPO had a strong correlation with transfu-
sion dependency. Its levels in TD patients were signifi-
cantly higher than those in transfusion-independent (TID)
patients (p = 0.009) (Fig. 2a), and a significantly larger
proportion of patients showed serum EPO levels higher

Transfusion
Dependent

Transfusion Transfusion

Independent Dependent

than 500 IU/L in TD patients (68 % of TD vs. 14 % of
TID patients, p = 0.0004). Hb levels were significantly
lower in TD patients than in TID patients (p = 3.0 x 107)
(Fig. 2b).

Most of the patients in the lower-risk group were with
RCUD or RCMD in the WHO classification, and there was
no significant difference in the Hb and serum EPO levels
between RCUD and RCMD patients (p = 0.39 for Hb and
p = 0.42 for EPO).

Discussion

Lower-risk MDS is characterized by inefficient hemat-
opoiesis, and most treatments aim at ameliorating cytope-
nias. ESAs are used to improve anemia, and many studies
have demonstrated their effectiveness, sometimes com-
bined with G-CSF [1-7, 10-12]. According to these stud-
ies, major predictive factors for response are lower serum
EPO levels and minimal requirement of red blood cell
transfusion; consequently, serum EPO levels less than
500 IU/L have been widely accepted as a standard for high
probability of response [13].

In this study, we evaluated serum EPO levels in MDS
patients in all risk categories, and we found a very strong
linear correlation between logarithmic values of EPO and
Hb or Ht. Since Hb and Ht are mutually dependent, we
conclude that Hb is the most reliable factor for the predic-
tion of serum EPO levels. Our results are generally similar
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to those presented in previous reports [8, 9], and our data
validate these reports. Unexpectedly, a significant correla-
tion between Hb or Ht with serum EPO was not observed
in the higher-risk patients. Although currently we have no
explanation for this phenomenon, it may simply be a statis-
tical aberration due to the small sample size of the higher-
risk population. A study with a larger number of patients
would elucidate this issue.

Serum EPO also correlated well with transfusion
dependency. EPO levels in the TD patients were signifi-
cantly higher than those in TID patients, and a larger pro-
portion of the former had serum EPO levels greater than
500 IU/L. This correlation can be explained by the fact
that Hb levels in the TD patients were significantly lower
than those in TID patients. WHO subtypes did not have
significant impact on serum EPO levels in lower-risk
MDS.

Regression analyses showed strong inverse linear
correlation between log EPO and Hb. According to the
regression formulas, the serum EPO value 500 IU/L cor-
responds to 8.29 g/dL of Hb in lower-risk patients. As
serum EPO level below 500 IU/L is a major predictive
factor for response, this result indicates that patients with
Hb levels of 8.0 g/dL or more, who are still transfusion
independent, are good candidates for ESA treatment.
Because minimal requirement of transfusion is another
predictive factor for response [3, 5, 6, 11], these TID
patients can expect the highest probability of response
by ESA therapy. Some reports have described pro-
longed overall survival [2, 6, 11], improvement of qual-
ity of life [3], and extended time to transfusion require-
ments [7] in patients who were treated by or responded
to ESAs (with G-CSF in some studies). Although it must
be validated whether these favorable outcomes are true in
the Japanese population, ESA therapy might be a good
treatment option for the lower-risk Japanese patients
with mild or moderate anemia, especially those who are
transfusion-independent.
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Hemophagocytic lymphohistiocytosis (HLH), also
called hemophagocytic syndrome (HS), is characterized
by phagocyte activation caused by uncontrolled hyperin-
flammation due to immune disturbance. The malignan-
cy-associated type (malignancy-associated HS, MAHS) is
the most common type of reactive HLH in adults. Intra-
vascular B cell lymphoma and T cell/natural killer cell
lymphoma are the major background diseases associated
with MAHS [1, 2]. In patients with MAHS, both prolif-
eration and activation of normal phagocytes in the mono-
cyte-macrophage lineage are generally found. Conse-
quently, activated phagocytes phagocytose blood cells,
resulting in the development of cytopenia. MAHS is also
found in patients with other hematopoietic tumors in-
cluding acute myelogenous leukemia (AML), but less fre-
quently than lymphoma-associated HLH. In some pa-
tients with AML-associated HLH, leukemia cells instead
of activated phagocytes directly phagocytose blood cells,
thereby playing an essential role in phagocytosis. Inter-
estingly, most of those patients have specific chromosom-
al abnormalities involving 8pll and 16pl13 (table 1).
Here, we present a case of HLH associated with AML
(M5b) with no chromosomal abnormality, in which leu-
kemia cells primarily phagocytosed blood cells.

A 64-year-old man was admitted to our hospital with
a 3-day history of high fever and oral bleeding. Hemato-
logical examination revealed pancytopenia: his white
blood cell count was 0.7 x 10%/1 with 39% monocytoid
blasts, hemoglobin 9.6 g/dl and a platelet count of 21 x
10°/1. Bone marrow aspiration disclosed hypocellular
bone marrow with 77.2% monocytoid blasts (fig. 1a). The
blasts were positive for CD13, CD33, CD56, CD15, CD36,
CD34 and CD14, but negative for myeloperoxidase on
flow cytometric analysis. Cytochemical and immunohis-
tochemical studies revealed that the blasts were positive
tor KP1/CD68 (fig. 1b), CD31 and a-naphthyl butyrate
esterase and negative for peroxidase and CD34. Chromo-
somal analysis showed no abnormal karyotype. The level
of serum lysozyme was high (108.9 pug/ml). Based on these
results, we diagnosed this case as AML (M5b) with no
chromosomal abnormality. The patient showed high lev-
els of serum ferritin (77,505.8 ng/ml), lactate dehydroge-
nase (9,008 U/l), soluble IL-2 receptor (4,040 U/ml) and
triglycerides (261 mg/dl). Coagulation examination re-
vealed a reduced fibrinogen level (74 mg/ml) along with
elevated levels of D-dimer (538.4 pg/ml) and FDP (1,176.0
pg/ml). In addition, computed tomography showed sple-
nomegaly, ascites and cervical lymphadenopathy. Taken
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Fig. 1. Bone marrow aspiration revealed phagocytosis by leukemia
cells with monocyte-macrophage features. a The bone marrow
shows hypocellularity with monocytoid blasts. Wright-Giemsa.

Table 1. Chromosomal abnormalities in AML-associated HLH
with direct hemophagocytosis of leukemia cells

Karyotype FAB diagnosis Reference
(number of cases) number
t(16;21)(p11;922) M1 (12), M2/M1 (2), M1/M7 (1), 335

M4 (1), M5a (1), M5b (2)

t(8;16)(p11;p13) MO (1), M4 (11), M4/M5 (2), M5a (3), 6,7
M5b (5), M5 (3), Histiocytosis (1)
t(8;19)(p11;q13.2) M4 (1), M5a (1) 8,9
inv(8)(p11;q13) M4 (2), M5a (3) 10
1(8;18;16)(p11;q21;p13) M5b 11
t(6:8)(q27;p11) M5b 9
£(8:22)(p11;q13) M5 12
t(3;8;17)(q27;p1 1;q12) M5 13
t(10;17)(p15;q22) M7 14
1(1;22)(p135q13) M7 15
del(20)(q11) MO 16
normal Histiocytic leukemia 17
(M5¢?)
normal M5b our case

FAB = French-American-British classification.

together with these results, a diagnosis of HLH was made
according to the 2004 diagnostic guidelines for HLH [2].
Importantly, in addition to a few mature histiocytes,
27.6% of the monocytoid blasts directly phagocytosed
blood cells in bone marrow (fig. 1c).

Treatment with etoposide (100 mg/body weight) was
started for HLH. The fever disappeared the next day and
the serum ferritin level declined gradually to 2,619.6 ng/
ml on day 8. Subsequently, the patient underwent induc-
tion chemotherapy consisting of cytarabine and dauno-
rubicin, and he achieved complete remission. At that

) Acta Haematol
DOI: 10.1159/000360840

Color version available online

x600. b Immunohistochemical studies on bone marrow aspiration
clots show positive results for KP-1. x600. ¢ A monocytoid blast,
which directly phagocytosed blood cells. Wright-Giemsa. x600.

time, the serum ferritin level remained high (1,104.3 ng/
ml), but the HLH-related clinical symptoms and other
laboratory abnormalities completely disappeared. Four
further courses of chemotherapy were given as postremis-
sion therapy, and there has been no recurrence of AML
or HLH since.

AML-associated HLH is rare. In fact, Ishii et al. [1] re-
ported that in only 9 of 132 patients was the MAHS as-
sociated with AML. In our case, there was no other pos-
sible cause for secondary HLH, e.g. an infectious or auto-
immune disease or a drug allergy. Furthermore, the
patient had no malignant diseases except for AML. We
therefore concluded that the patient had AML-associated
HLH.

It has been reported that, in some patients with AML-
associated HLH, leukemia cells directly phagocytose
blood cells in the bone marrow. Interestingly, most pa-
tients in this group have specific chromosomal abnormal-
ities involving 8p11 and 16p13 (table 1), though it has still
to be clarified how such abnormalities are involved in the
phagocytic activation of leukemia cells. Since many of
these patients have acute myelomonocytic leukemia (M4)
or acute monocytic leukemia (M5), it is possible that ge-
netic alterations due to chromosomal abnormalities in-
crease the phagocytic ability of monocytic leukemia cells.
In fact, t(8;16)(p11;p13) and inv(8)(p11;q13) result in the
formation of MOZ-containing fusion genes, and it is
therefore possible that MOZ is involved in such genetic
alterations. Our patient, however, showed no abnormal
chromosomes. This is a very rare case. Indeed, only 1 pa-
tient with a normal karyotype was previously reported
(table 1). It is noteworthy that the leukemia cells in our
patient also showed monocyte-macrophage features; it is
likely that these cells primarily had a strong phagocytic

Hatano/Nagai/Matsuyama/Sakaguchi/
Fujiwara/Oh/Muroi/Ozawa

116

AHA360840.indd 2

15.08.2014 15:42:45



ability independent of the chromosomal abnormalities.
Jekarl et al. [3] showed that the expression level of CD56
is associated with the percentage of hemophagocytic leu-
kemia cells in AML patients with t(16;21)(p11;q22). Since
the leukemia cells in our case were positive for CD56, the
involvement of CD56 expression in the ability to phago-
cytose is of great interest.

Jordan et al. [2] reported that patients with MAHS
should be initially treated with immunochemotherapy
for suppressing hyperinflammation and subsequently
undergo therapy specific for a background malignant dis-
ease. In addition, it has been shown that Epstein-Barr vi-
rus-HLH patients receiving etoposide within 4 weeks af-
ter the diagnosis of HLH have a good prognosis [4]. In

our case, the initial administration of etoposide resulted
in an improvement of HLH-related clinical symptoms,
and the patient was treated successfully with subsequent
chemotherapy for AML.

We have described a case of AML-associated HLH
with a normal karyotype, in which leukemia cells phago-
cytosed blood cells. Although AML-associated HLH is
rare, it is potentially fatal. It is therefore important to elu-
cidate the pathophysiology of this disease.
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