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A B S T R A C T

Myelodysplastic syndromes (MDS) are clonal hematopoietic stem cell disorders characterized by cytopenias and
progression to acute myeloid leukemia (AML). Although several treatments for MDS are available, the mainstay
of therapy for most patients remains supportive care. This includes red blood cell (RBC) transfusion to correct
anemia, which leads to iron overload. RBC transfusion dependence and iron overload portend inferior overall
survival. Some studies indicate that iron chelation therapy (ICT) may have beneficial effects on clinical end-
points in MDS; however, these data are from non-randomized trials and the validity of the results is vigorously
debated. A consistent observation in clinical studies of ICT in MDS has been hematologic improvement (HI) in
some patients, including a reduction in RBC transfusion requirements and even transfusion independence. Here,
we review data on HI with ICT in lower risk MDS, preclinical data examining mechanisms by which HI may
occur, and identify areas for future investigation.
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1. Introduction

The myelodysplastic syndromes (MDS) are a group of acquired
clonal hematopoietic stem cell disorders characterized by cytopenias
and progression to acute myeloid leukemia (AML). Overall survival
(OS) and AML progression risk are predicted by the International
Prognostic Scoring System (IPSS) and newer scores (Greenberg et al.,
1997, 2012; Kantarjian et al., 2008; Malcovati et al., 2007; Schanz
et al., 2012). Lower risk MDS is characterized by ineffective hemato-
poiesis and cytopenias, with many patients having a relatively long
survival and low risk of AML progression. Higher risk MDS, in contrast,
is characterized by genomic instability, short expected survival and
substantial risk of progressing to AML. Several treatments are available
for patients with MDS, including erythropoiesis-stimulating agents
(ESA), lenalidomide, and hypomethylating agents (HMA), which im-
prove cytopenias and may improve OS. Luspatercept, a ligand-trapping
substance binding the transforming growth factor-β family member
growth differentiation factor (GDF)-11, has also shown great promise in
clinical trials and may become another erythropoiesis-supporting drug
for treating MDS in the foreseeable future (Platzbecker et al., 2017a).
However, the mainstay of therapy for the majority of patients with MDS
remains supportive care (Fenaux et al., 2010; List et al., 2006;
Platzbecker et al., 2017a, b). Without specific MDS treatment, cytope-
nias inevitably progress, and most patients with MDS at some point in
the course of their disease require transfusion of red blood cells (RBC)
because of anemia (Balducci, 2006). RBC transfusion dependence por-
tends inferior OS with or without MDS progression, and negatively
impacts on patients’ quality of life (Buckstein et al., 2009; de Swart
et al., 2015; Malcovati et al., 2005; Sanz et al., 2008). Because RBCs
contain significant amounts of iron and the body has no mechanism to
excrete excess iron, iron overload (IOL) inevitably develops. Excess iron
can deposit in the tissues and organs, including the liver, heart, endo-
crine organs, and bone marrow, leading to clinical sequelae, and some
data indicate that IOL is associated with inferior OS in patients with
MDS (De Swart et al., 2011; Malcovati et al., 2005; Pileggi et al., 2017;
Sanz et al., 2008). Clinical endpoints may be impacted at least in part
by the presence of labile iron and oxygen free radicals, formed through
Fenton chemistry because of the ability of iron to transfer electrons
(Fig. 1).

Iron chelation therapy (ICT) refers to medications that bind iron,
rendering it non-toxic and in a form that is excretable by the body. The
benefits of ICT in congenital anemias such as β-thalassemia major (β-
TM) are well established, including improvement in organ function and
OS (Brittenham et al., 1994; Davis and Porter, 2000; Olivieri and
Brittenham, 1997). Patients with β-TM are transfused from a young age,
and an association between organ iron reduction and clinical outcome
is well documented (Borgna-Pignatti et al., 2004; Davis et al., 2004;
Gabutti and Piga, 1996; Telfer et al., 2000). In contrast, the median age

of onset of MDS is 65–70 years. Since it takes months to years to de-
velop clinically relevant IOL, and months to years to offload significant
amounts of organ and total body iron, the relevance of IOL and ICT in
patients with a shorter life expectancy has been called into question.
However, the organs of patients with MDS are also older, possibly
making them more susceptible to a deleterious effect of iron. A number
of studies indicate that ICT in patients with MDS may have beneficial
effects on organ function and OS; however, these data are from non-
randomized studies and the results are therefore debated, pending full
results from the prospective, randomized controlled trial of ICT with
deferasirox (DFX) in MDS (NCT00940602) (Abraham et al., 2017;
Angelucci et al., 2018; Chee et al., 2008; ClinicalTrials.gov, 2016;
Gattermann et al., 2010b; Guariglia et al., 2011; Hoeks et al., 2017;
Leitch, 2007; Leitch et al., 2008, 2017b; Lyons et al., 2017; Mainous
et al., 2014; Neukirchen et al., 2012; Remacha et al., 2015; Rose et al.,
2010; Steensma, 2009; Tefferi and Stone, 2009; Wong and Leitch, 2018;
Zeidan et al., 2015).

A consistent, and initially surprising observation in clinical studies
of ICT in MDS is hematologic improvement (HI) in a significant min-
ority of patients, including a reduction in RBC transfusion requirements
and even transfusion independence (Angelucci et al., 2014; Gattermann
et al., 2012; Nolte et al., 2013). This is an effect that does not occur in β-
TM and may be relevant to clinical outcomes such as survival in MDS.
Other factors that may contribute to a possible survival benefit in pa-
tients receiving ICT are an improvement in organ function (Gattermann
et al., 2010a; List et al., 2012); reduced infection (Wong et al., 2018);
decreased progression to AML (Lyons et al., 2017); and improved out-
comes around hematopoietic stem cell transplantation (SCT; reviewed
in (Leitch et al., 2017a)). In this review, we summarize data on HI in
patients with MDS receiving ICT, focusing on erythroid improvement in
lower IPSS risk patients in the usual (non-SCT) clinical setting. We also
review preclinical studies examining the mechanisms by which IOL may
suppress hematopoiesis and by which HI with ICT may occur and
identify areas for future investigation of this phenomenon. Although
there are multiple reports of HI in other bone marrow failure syn-
dromes, including aplastic anemia and primary myelofibrosis, this re-
view focuses on MDS (Cheong et al., 2014; Di Tucci et al., 2007; Park
and Han, 2008).

1.1. Iron physiology

Iron is essential for living organisms, but it must be regulated as
excess iron is toxic and the body has no mechanism to excrete an excess.
Iron is necessary for heme and hemoglobin production, while heme and
iron–sulfur clusters are incorporated into many enzymes. Iron is in-
volved in oxygen transport and exchange, cellular respiration, meta-
bolic reactions, DNA synthesis and repair, ribosome function and
translation to polypeptides, proliferation, and inflammation. Because
iron is able to transfer electrons, it switches between ferrous (Fe2+) and
ferric (Fe3+) states. Iron is stored in macrophages and hepatocytes as
ferritin or hemosiderin. The serum ferritin (SF) level is a reasonable
reflection of body iron stores, and despite its drawbacks, such as fluc-
tuations influenced by factors including inflammation, it remains the
most convenient measure of iron load in clinical practice. Most body
iron is found in hemoglobin, with additional iron in myoglobin, cyto-
chromes, and other enzymes (Kohgo et al., 2008; Leitch and Thachil,
2016; Muckenthaler et al., 2017).

Under normal conditions, about 1–2mg of iron is absorbed daily via
the gastrointestinal (GI) tract, and the same amount is lost by turnover
of GI and skin epithelial cells. Dietary iron is largely in the Fe3+ form,
but the intestinal epithelial iron importer, divalent metal transporter 1
(DMT1), transports only Fe2+. Iron is reduced by duodenal cytochrome
B and transported into enterocytes, where it can be stored; for this,
Fe2+ is oxidized to Fe3+ by the H-subunit of ferritin. Alternatively,
Fe2+ may be transported into the portal circulation via ferroportin.
Once transported across the basolateral membrane, iron is oxidized to

Fig. 1. The Haber–Weiss and Fenton reactions, which result in the generation of
reactive oxygen species in the presence of iron.
Fe2+, ferrous iron; Fe3+, ferric iron; H2O2, hydrogen peroxide; OH−, hydro-
xide; %OH, hydroxyl radical; %O2

−, superoxide; O2, oxygen. Modified from
Koppenol WH. Redox Rep 2001;6(4):229–34, with permission.
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Fe3+ by ceruloplasmin. Intestinal iron absorption is negatively regu-
lated by hepcidin, which binds to ferroportin, inducing its internaliza-
tion and proteasomal degradation. Hepcidin levels are in turn regulated
by iron signals, erythropoiesis, and inflammation (Muckenthaler et al.,
2017). The erythropoietic demand for iron seems to be signaled, at least
in part, by erythroferrone, produced by erythroblasts, although other as
yet undefined mediators may be involved (reviewed in (Kohgo et al.,
2008; Leitch and Thachil, 2016)).

Under usual conditions, iron is transported by transferrin in the
circulation and taken up into cells via the transferrin receptor; normal
transferrin saturation is 15–50%. Each transferrin molecule can bind
two molecules of Fe3+. Diferric transferrin (holotransferrin) binds to
the transferrin receptor (TfR1), is taken up by receptor-mediated en-
docytosis, then released by acidification and transported into the cy-
toplasm by DMT1. Regulation of the synthesis of TfR1, DMT1, ferro-
portin, and ferritin are controlled at a post-transcriptional level via iron
response elements (IREs) on their RNA that bind iron regulatory pro-
teins (IRPs)-1 and -2. When iron is low, the conformation of IRP-1 al-
lows it to bind to the 3′ IRE of TfR mRNA, stabilizing it and allowing
transcription of more TfR protein, and to the 5′ IRE of ferritin mRNA,
decreasing ferritin translation. Cellular iron storage is mainly in ferritin,
a complex of subunits that renders iron redox inactive and insoluble.
The function of circulating ferritin is incompletely understood (Kohgo
et al., 2008; Leitch and Thachil, 2016; Muckenthaler et al., 2017).

Cells maintain a pool of labile iron (labile cellular iron; LCI) by
controlling iron uptake via expression of receptors and storage via
ferritin. Most cells have no mechanism for iron efflux; exceptions are GI
epithelial cells (on the basolateral surface), macrophages of the re-
ticuloendothelial system (RES) and hepatocytes. Causes of IOL include
repeated blood transfusions, ineffective erythropoiesis, and mutations
in genes leading to decreased production of or resistance to hepcidin
(Kohgo et al., 2008).

2. Clinical data on hematologic improvement with iron chelation
in MDS

Initial data describing HI with ICT in MDS was a case series reported
by Jensen et al (Jensen et al., 1996, 1992). In this study, patients re-
ceived deferoxamine (DFO), a parenteral agent which, because of a
short half-life, is given as a continuous subcutaneous infusion over at
least 8–12 h/day. A significant reduction in transfusion requirements
occurred in three patients (Jensen et al., 1992). In an extension study,
11 patients received ICT for 6–60 months, and the hemoglobin re-
quirement decreased in seven patients. Five patients became transfu-
sion independent at a median duration of 20 months of ICT, and re-
mained transfusion independent for 3 months to 3 years (Jensen et al.,
1996).

Several case reports of erythroid improvement in patients with MDS
or other acquired anemias followed. Although most patients with ery-
throid improvement were receiving the oral chelator DFX, there was
one report of HI using deferiprone (Badawi et al., 2010; Del Río Garma
et al., 1997; Di Tucci et al., 2007; Guariglia et al., 2011; Latagliata
et al., 2016; Messa et al., 2008b; Sanford and Hsia, 2015; Smeets et al.,
1996). In some patients, transfusion independence was maintained for
several months after stopping ICT (Kochhar et al., 2015). An im-
provement in mean cellular volume (MCV) was also seen in some pa-
tients with erythroid response, suggesting a contribution to ery-
thropoiesis from normal erythroid precursors. However, in other
patients, no change in MCV was seen, suggesting that erythroid im-
provement may have originated with MDS progenitors (Jensen et al.,
1992). Case reports of patients with MDS achieving transfusion in-
dependence with ICT are summarized in Table 1. Other patients with
MDS and erythroid improvement who did not become transfusion in-
dependent have been reported (Jensen et al., 1992; Messa et al.,
2008a). These results were initially surprising, as with ICT the goal was
to control SF levels and organ iron, rather than to improve

hematopoiesis. However, several reports in sizeable cohorts followed,
as discussed below.

Investigators for the Evaluation of Patients’ Iron Chelation with
Exjade (DFX dispersible formulation; EPIC) trial in patients with
transfusion-dependent anemias performed a post hoc analysis ex-
amining the HI rate in 341 patients with MDS, using International
Working Group (IWG) 2006 criteria (Cheson et al., 2006; Gattermann
et al., 2012). To be evaluable for erythroid response, patients had a
hemoglobin<110 g/l and were not receiving ESA. The number of
patients eligible for analysis of erythroid, neutrophil and platelet re-
sponses was 247, 50 and 100, respectively. The median DFX dose
(dispersible formulation) was 19mg/kg/day and median duration of
chelation 12 months. Rates of improvement in the erythroid, neutrophil
and platelet lineages were 21.5%, 22% and 13%, respectively, and
ongoing HI rates at 1 year were 60%, 0% and 80%, respectively. There
were no significant differences between patients with and without HI in
the reduction of SF levels, or in suppression of labile plasma iron (LPI).
However, LPI was probably suppressed very rapidly in all treated pa-
tients, and could thus not be expected to be a good discriminator, as
discussed further in Section 5 (Gattermann et al., 2012). This study
gives a denominator to the HI previously reported in only a handful of
cases; a substantial minority of patients with MDS experienced HI
during ICT.

Several other analyses have described HI rates in patients with MDS,
with erythroid improvement rates ranging from 7% to 45%. In two
studies, the rates of RBC transfusion independence were 11% and 9%
overall (Angelucci et al., 2014; Molteni et al., 2013). One study ex-
amined the cumulative incidence of transfusion independence over
time and is discussed in more detail below (Angelucci et al., 2014).

In the US03 trial of DFX in 176 patients with lower IPSS risk MDS,
173, 52 and 77 patients were eligible for analysis of erythroid, neu-
trophil and platelet responses, respectively. The mean DFX dose was
approximately 20mg/kg/day and median duration of ICT 12 months.
Fifty-one patients (28%) had HI by IWG 2006 response criteria while 26
(15%), 8 (15%) and 17 (22%) patients had erythroid, neutrophil and
platelet responses, respectively. The median time to response was 5.6
(range 2.8–12.7) months. LPI reduction did not differ between hema-
tologic responders and non-responders (List et al., 2012).

In one study of 40 patients with lower IPSS risk MDS receiving a
median dose of DFX of 1125mg/day for a median duration of 12
months, four patients (10%) achieved an erythroid response. Among
responders, the median RBC transfusion requirement decreased from
5.5 to 1 unit/month (Breccia et al., 2012). In another study of 50 pa-
tients with lower IPSS risk MDS receiving DFX at a mean daily dose of
19mg/kg/day, 33, 6 and 10 patients were evaluable for analysis of
erythroid, neutrophil and platelet responses, with 2 (6%), 1 (17%) and
3 (30%) responses, respectively (Nolte et al., 2013).

In a study of 51 patients with MDS and two patients with myelofi-
brosis, 36 received DFX and 17 DFO. Fifty-three, 11 and 13 were eli-
gible for erythroid, neutrophil, and platelet response analysis, respec-
tively, with 18 (34%), 5 (45%) and 7 (54%) responses, respectively. The
rate of RBC transfusion independence was 9%. The median time to
response was 3 months, and median response duration 6, 8 and 9
months for erythroid, neutrophil and platelet responses, respectively.
None of the following factors were predictive for erythroid or any he-
matologic response in multivariate analysis: age; RBC transfusion
burden; neutrophil and platelet counts; ICT agent; serum iron; serum
transferrin; SF; lactate dehydrogenase (LDH); erythropoietin (EPO)
level; SF reduction; specific French-American-British (FAB) or World
Health Organization (WHO) MDS subtype; number of cytopenias; cy-
togenetic risk; presence of fibrosis; and cellularity (Bennett et al., 1982;
Molteni et al., 2013; Swerdlow et al., 2008). The authors commented
that the absence of predictors of response may have been due to small
sample size.

In 159 patients with lower IPSS risk MDS receiving DFX, 68 (43%)
continued on ICT at 12 months. Patients receiving other medications

H.A. Leitch and N. Gattermann Critical Reviews in Oncology / Hematology 141 (2019) 54–72

56



Ta
bl
e
1

C
ha

ra
ct
er
is
ti
cs

of
14

pa
ti
en

ts
w
it
h
M
D
S
re
po

rt
ed

in
th
e
lit
er
at
ur
e
w
ho

ac
hi
ev

ed
tr
an

sf
us
io
n
in
de

pe
nd

en
ce

af
te
r
re
ce
iv
in
g
ir
on

ch
el
at
io
n
th
er
ap

y.

Pt
A
ge

at
di
ag

no
si
s

(y
ea
rs
)

G
en

de
r

M
D
S
ty
pe

IP
SS

sc
or
e

In
it
ia
l
tr
an

sf
us
io
n
re
qu

ir
em

en
t

(R
BC

un
it
s/
m
o)

In
it
ia
l
H
b
re
qu

ir
em

en
t

(g
/m

o)
IC
T
ag

en
t

an
d
do

se
A
pp

ro
xi
m
at
e
ti
m
e
to

TI
(m

o)
D
ur
at
io
n
of

TI
(m

o)
H
b
be

fo
re

IC
T

(g
/l
)

H
b
du

ri
ng

IC
T

(g
/l
)

R
ef

1
47

F
R
A

Lo
w

N
R

35
0

D
FO

*
24

3+
87

N
R

(J
en

se
n
et

al
.,
19

96
)

2
46

F
R
A

In
t-
1

N
R

25
1

D
FO

*†
20

24
+

88
N
R

(J
en

se
n
et

al
.,
19

96
)

3
69

M
R
A
R
S

In
t-
1

N
R

33
9

D
FO

*
20

3+
96

N
R

(J
en

se
n
et

al
.,
19

96
)

4
41

F
R
A

In
t-
1

N
R

17
4

D
FO

*†
36

‡
20

+
86

N
R

(J
en

se
n
et

al
.,
19

96
)

5
18

F
R
A
EB

In
t§

N
R

18
6

D
FO

*
20

6+
89

N
R

(J
en

se
n
et

al
.,
19

96
)

6
71

F
R
A

N
R

N
R

14
1

D
FO

¶
12

N
R

78
10

1
(D

el
R
ío

G
ar
m
a
et

al
.,

19
97

)
7

25
M

R
A
R
S

N
R

N
R

24
4

D
FO

¶
15

N
R

65
14

3
(D

el
R
ío

G
ar
m
a
et

al
.,

19
97

)
8

71
M

R
C
M
D

In
t-
1

4
N
R

D
FX

**
12

N
R

83
10

0†
†

(M
es
sa

et
al
.,
20

08
b)

9
74

M
R
A
EB

H
ig
h

4
N
R

D
FX

**
3

N
R

75
10

0‡
‡

(M
es
sa

et
al
.,
20

08
b)

10
69

M
R
A

In
t-
1

3
N
R

D
FX

**
2

28
+

60
12

2
(B
ad

aw
i
et

al
.,
20

10
)

11
74

M
M
D
S-
U

In
t-
1

TD
-N

O
S

N
R

D
FX

**
1.
5

12
+

80
10

5
(G

ua
ri
gl
ia

et
al
.,

20
11

)
12

63
F

R
A
R
S-
T

Lo
w

2.
5

N
R

D
FX

**
1.
5

22
76

13
3

(K
oc

hh
ar

et
al
.,
20

15
)

13
74

M
R
C
U
D
-A

Lo
w

3
N
R

D
FX

**
12

60
+

<
80

13
0

(S
an

fo
rd

an
d
H
si
a,

20
15

)
14

48
M

N
R

Lo
w

2
N
R

D
FX

**
2

29
+

N
R

95
(O

liv
a
et

al
.,
20

10
)

*
2
g/

da
y,

5
da

ys
/w

ee
k;

† 5
da

ys
/w

ee
k;

‡ I
C
T
w
as

st
op

pe
d
at

20
m
on

th
s;

§ B
la
st

co
un

t
no

t
be

re
po

rt
ed

so
IP
SS

sc
or
e
co

ul
d
no

t
be

de
te
rm

in
ed

m
or
e
ex
ac
tl
y;

¶ 3
0
m
g/

kg
,
3
da

ys
/w

ee
k;

**
20

m
g/

kg
/d

ay
,
di
sp
er
si
bl
e

fo
rm

ul
at
io
n;

††
A
t
12

m
on

th
s
of

IC
T;

‡‡
A
t
3
m
on

th
s
of

IC
T;

D
FO

,
de

fe
ro
xa

m
in
e;

D
FX

,
de

fe
ra
si
ro
x;

F,
fe
m
al
e;

H
b,

he
m
og

lo
bi
n;

IC
T,

ir
on

ch
el
at
io
n
th
er
ap

y;
In
t-
1,

in
te
rm

ed
ia
te
-1
;
IP
SS

,
In
te
rn
at
io
na

l
Pr
og

no
st
ic

Sc
or
in
g

Sy
st
em

;M
,m

al
e;

M
D
S,

m
ye

lo
dy

sp
la
st
ic

sy
nd

ro
m
e;

M
D
S-
U
,M

D
S
un

cl
as
si
fi
ab

le
;m

o,
m
on

th
s;
N
R
,n

ot
re
po

rt
ed

;P
t,
pa

ti
en

t;
R
A
,r
ef
ra
ct
or
y
an

em
ia
;R

A
EB

,r
ef
ra
ct
or
y
an

em
ia

w
it
h
ex
ce
ss

bl
as
ts
;R

A
R
S,

re
fr
ac
to
ry

an
em

ia
w
it
h

ri
ng

ed
si
de

ro
bl
as
ts
;R

A
R
S-
T,

R
A
R
S
w
it
h
th
ro
m
bo

cy
to
si
s;

R
C
M
D
,r
ef
ra
ct
or
y
cy
to
pe

ni
a
w
it
h
m
ul
ti
lin

ea
ge

dy
sp
la
si
a;

R
C
U
D
-A
,r
ef
ra
ct
or
y
cy
to
pe

ni
a
w
it
h
un

ili
ne

ag
e
dy

sp
la
si
a,

an
em

ia
;R

ef
,r
ef
er
en

ce
;T

D
-N

O
S,

tr
an

sf
us
io
n

de
pe

nd
en

t
no

t
ot
he

rw
is
e
sp
ec
ifi
ed

;T
I,
tr
an

sf
us
io
n
in
de

pe
nd

en
ce
.

H.A. Leitch and N. Gattermann Critical Reviews in Oncology / Hematology 141 (2019) 54–72

57



that could influence hematologic response were excluded. The median
dose of DFX was 10–15mg/kg/day. The number of patients eligible for
erythroid, neutrophil and platelet response analysis was 145, 125 and
125, respectively, with responses in 16 (11%), 4 (3%) and 19 (15%)
patients, respectively. None of the following factors were associated
with achieving transfusion independence: age; IPSS risk; MDS co-
morbidity index (MDS-CI); interval from MDS diagnosis to enrollment;
number of RBC units transfused; duration of transfusion dependence;
baseline SF; and cytogenetics; however, this analysis was also limited
by small numbers. The cumulative incidence of transfusion in-
dependence, adjusted for death and disease progression, at 6, 9 and 12
months was 2.6%, 12.3% and 15.5%, respectively (Angelucci et al.,
2014; Della Porta et al., 2008).

One study examined 118 patients with all IPSS risk groups of MDS
receiving DFX; 13.5% had intermediate-2 or high IPSS risk. The median
dose and duration of DFX was not reported, nor were numbers eligible
for response analysis. Erythroid, neutrophil and platelet responses were
seen in 17.6% (7.1% transfusion independent), 7.1% and 5.9%, re-
spectively, in patients who were not receiving other agents (azacitidine,
lenalidomide, or ESA). In patients receiving azacitidine or lenalido-
mide, erythroid improvement rate was 18.2% (n= 6) and one (3%)
patient became transfusion independent. The SF level decreased from a
median of 1790 to 1304 ng/ml at 12 months of chelation (p < 0.0001)
and transaminases normalized in 38.1% of patients. Higher starting
doses of DFX were associated with transfusion independence at 24
months (p = 0.02) (Maurillo, et al 2015). Studies examining HI in
cohorts of ≥ 40 patients with MDS are summarized in Table 2.

Differences in response rates between studies may be attributable to
differences in inclusion/exclusion criteria, pre-ICT hemoglobin levels,
RBC transfusion requirements, degree of IOL, and the dose and duration
of ICT. Important questions that remain unanswered include factors
predictive of HI in patients with MDS receiving ICT, and whether the
rate of HI varies between MDS subtypes. Regarding the first point, a
preliminary study suggested that HI with DFX may be related to starting
the medication at a low dose (5–10mg/kg/day of the dispersible for-
mulation), which appears to be associated with alterations in expres-
sion of the nuclear transcription factor nuclear factor κB (NFκB) and to
be independent of iron reduction; this observation is discussed further
in the section on potential mechanisms of HI (Messa et al., 2010;
Meunier et al., 2017). In contrast, another study suggested that higher
starting doses of DFX were associated with transfusion independence
(Maurillo et al., 2015). Regarding the second point, there are differ-
ences in iron physiology between MDS subtypes that are incompletely
understood. For example, hepcidin levels vary widely between sub-
types, suggesting that the contribution of GI iron absorption and release
from the RES to IOL will vary by subtype, possibly impacting on relative
levels of non-transferrin bound iron (NTBI) and the redox-active LPI, as
discussed further in Section 4.3. In addition, GDF-15 and EPO levels
differ between MDS subtypes (Cui et al., 2014; Santini et al., 2011;
Zipperer et al., 2013). For example, in patients with refractory anemia
with ringed sideroblasts, SF levels were higher, hepcidin levels lower,
and erythroblasts, transferrin saturation and GDF-15 levels were higher,
all indicative of increased (ineffective) erythropoiesis (all p < 0.05;
(Zhu et al., 2016)). Similarly, gene expression of the more recently
described iron regulator erythroferrone varies between MDS subtypes,
though protein levels have not yet been documented (Mossner et al.,
2014). In one analysis, the endogenous EPO level and diagnosis of re-
fractory cytopenia with multilineage dysplasia (RCMD) were sig-
nificantly associated with achieving transfusion independence in uni-
variate analyses, but neither factor retained significance in multivariate
analysis (Molteni et al., 2013). Similarly, three of 15 (20%) patients
with lower IPSS risk RCMD receiving ICT had clear erythroid im-
provement, including one who achieved long-term RBC transfusion
independence (Wong and Leitch, 2018). Clarification of which patients
are more or less likely to experience HI with ICT would be helpful in
clinical practice. More information on these points may become

available from the TELESTO trial; however, given that the sample size
was reduced by two-thirds due to slow enrollment, it may no longer be
powered to illuminate these points (Angelucci et al., 2018). One point
that is clear is that patients who achieve a significant reduction in
transfusion requirements with ICT may experience a significant im-
provement in quality of life (Badawi et al., 2010; Buckstein et al., 2009;
Efficace et al., 2016).

Three studies examined HI with ICT in higher IPSS risk MDS. In the
first, 51 patients received ICT, 36 concomitantly with azacitidine.
Findings included a decrease in SF levels over the period of chelation.
One patient receiving ICT without other therapy achieved RBC trans-
fusion independence lasting 12 months until interruption of DFX be-
cause of a normal SF level, and regained transfusion independence for
another 11 months upon re-introduction of DFX (Musto et al., 2014). A
second study examined 29 patients receiving azacitidine, 17 of whom
also received DFX at 10mg/kg/day (dispersible formulation). Of 18
patients with any hematologic response by IWG 2006 criteria, 15 had
received DFX (Improta et al., 2013). In a third study of 98 patients, 13
with higher risk MDS, the median time to HI was 15 and 3 months for
DFO and DFX, respectively. The response to DFO appeared to parallel a
reduction in SF levels, but the same was not true for DFX (Messa et al.,
2017).

3. Mechanisms of hematologic suppression from iron overload

In this section, we examine mechanisms by which IOL may have a
suppressive effect on hematopoiesis. Proposed mechanisms include:
direct suppressive effects of ferritin; and oxidative stress-induced da-
mage to macromolecules leading to cell death or malignant progression.
Progress has been made in elucidating some of the molecular pathways
involved in these effects, which are described below.

3.1. Hematopoietic stem cell physiology and pathophysiology

The regulation of hypoxia, metabolism, cell proliferation and the
microenvironment is an area of active investigation. Hematopoietic
stem cells (HSC) reside in the stem cell niche, adjacent to the sinusoids
in the bone marrow (Parmar et al., 2007). Oxygen tension in the
marrow is lowest in this area, with a negative gradient from the en-
dosteal arteries, and cellular energy production in HSCs is mainly via
glycolysis. Stressors disrupting the oxygen gradient lead to cellular
consequences (Eliasson and Jonsson, 2010; Zhang and Sadek, 2014).
HSCs are relatively quiescent, with a low metabolic rate, have fewer
mitochondria than hematopoietic progenitor cells (HPC), and their lo-
cation in a relatively hypoxic area of the bone marrow suggests a lower
generation of reactive oxygen species (ROS, a measure of oxidative
stress, produced largely from oxidative phosphorylation, see Fig. 1)
than in more mature hematopoietic cells. HSCs interact with me-
senchymal stromal cells (MSC), which helps to regulate their level of
metabolic activity. Stromal cells secrete cytokines which stimulate en-
dothelial cell proliferation, and in turn, MDS cells induce stromal cell
reprogramming. Communication between hematopoietic cells and
stromal cells may occur in part via exchange of vesicles between cells
(reviewed in (Korn and Mendez-Ferrer, 2017)). A transfer of mi-
tochondria from stromal to AML cells via tunneling nanotubules driven
by ROS was recently demonstrated; however, it remains to be seen
whether this mechanism applies to MDS (Marlein et al., 2017). HPCs
have a greater capacity for cell division and differentiation than HSCs
and are associated with a greater energy requirement; therefore meta-
bolism in HPCs is primarily aerobic via oxidative phosphorylation. In
moderate levels, ROS produced by oxidative phosphorylation and/or
derived from nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase 2 (NOX) are thought to be important in cellular signaling. In
IOL, cellular ROS increase, which could have adverse consequences for
cells; these points are discussed in Section 4.3. Increased ROS results in
HSCs exiting their quiescent state with a loss of self-renewal capacity
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and an increase in mutations, possibly leading to stem cell exhaustion
(Walter et al., 2015; Zhang and Sadek, 2014). The increased cycling of
HSCs in the presence of increased ROS increases the risk of genetic hits
and cell transformation (Chen et al., 2008; Takizawa et al., 2012).

A recent study showed a role for the mitochondrial heat shock
protein mortalin in regulating HSC ROS levels; when mortalin is
downregulated, ROS increase, and HSC numbers decrease (Tai-Nagara
et al., 2014). In mortalin-negative zebrafish, ineffective hematopoiesis
similar to that of MDS occurs (Craven et al., 2005). In addition, im-
provement in growth of MDS colonies occurs in hypoxic conditions
approximating conditions in the bone marrow, compared to normoxic
conditions; in 18.6% O2, normal cells produced myeloid and erythroid
colonies at a 2.3- and 1.3-fold reduction, respectively, compared to
cultures in 3% O2. However, MDS colonies in 18.6% O2 were 7- and 4-
fold less than in 3% O2 (p-value not reported). These results suggest
that MDS progenitor cells may be particularly sensitive to oxidative
stress and may compete with normal HSC in hypoxic regions of the
bone marrow (Thompson et al., 2007). The regulation of hypoxia,
metabolism, cell proliferation and angiogenesis involves hypoxia in-
ducible factor (HIF)-1α (discussed in Section 4.3) (Parmar et al., 2007;

Zhang and Sadek, 2014).

3.2. Iron overload in the stem/progenitor cell niche

In the 1980s, it was demonstrated that ferritin has a suppressive
effect on normal early erythroid progenitors (burst-forming units ery-
throid [BFU-E]; the mean number of colonies was 35 versus 26.3 per
5×104 to 1× 105 peripheral blood mononuclear cells, p < 0.05).
This activity was independent of glycosylation status and iron
(Broxmeyer, 1986, Broxmeyer, et al 1991, Broxmeyer, et al 1986,
Broxmeyer, et al 1989). Ferritin activated a pro-inflammatory state in
hepatic stellate cells by inducing protein kinase C (PKC) and NFκB
signaling, and increased expression of pro-inflammatory mediators such
as interleukin-1β, inducible nitric oxide synthase (iNOS), regulated on
activation normal T cell expressed and secreted (RANTES), nuclear
factor of κ light polypeptide gene enhancer in B-cells inhibitor-α (IκBα),
and intracellular cell adhesion molecule (ICAM)-1 (Ruddell, et al 2009).
Inflammatory signals appear to be involved in the direction of hema-
topoiesis; interferon-γ induces myeloid differentiation in some HSCs,
and interleukin-1β induces myeloid differentiation via NFκB activation.

Table 2
Rates of hematologic improvement in studies of 40 or more patients with lower IPSS risk MDS receiving iron chelation therapy with deferasirox.

n IPSS risk ICT ICT duration Erythroid
response
(%)

Median
response
duration

Neutrophil
response (%)

Median
response
duration

Platelet
response
(%)

Median
response
duration

Factors not
associated with
HI

Ref

40 NR DFX Median: 12
mo

13* NR NR NR NR NR NR (Breccia et al.,
2012)

173† Low/Int-1 DFX Median: 12
mo

15¶ NR 15¶ NR 22¶ NR NR (List et al.,
2012)52‡

77§

247† Low/Int-1 DFX Median: 12
mo

21.5†, 83.5 (range
29–204)
days

22¶ NR** 13¶ NR†† NR (Gattermann
et al., 2012)50‡

100§

33† Low/Int-1 DFX ≥1 dose; 6¶ NR 17 NR 30 NR NR (Nolte et al.,
2013)6‡

10§ median
duration: NR

53†

17‡

13§

NR DFX 36 ≥6 mo 35.1¶,‡‡ 6 mo 76.4 8 mo 61¶ 9 mo (a) (Molteni et al.,
2013)DFO 17

152 Low/Int-1 DFX 43%
continued at
1 yr

11¶,‡‡ NR 3 NR 15 NR (b) (Angelucci
et al., 2014)

55 Low DFX NR 17.6 NR 7.1 NR 5.9 NR (c) (Maurillo et al.,
2015)34 Int-1 (7.1§§)

14 Int-2
2 High
98 (84 with

MDS/
CMML)

Low/Int-1 DFX 68 ≥3 mo 41.8¶ NR NR NR NR NR HI not related
to effective
reduction in SF

(Messa et al.,
2017)DFO 30

57 Low/Int-1 DFX ≤3 mo at
study entry

19% at 12
mo

123 days NR NR NR NR (d) (Rose et al.,
2016)

(a) Factors associated with achieving an erythroid response (in univariate analysis): transfusion burden, serum erythropoietin level, and FAB/WHO MDS diagnosis
(RARS vs RA or RARS vs RCUD, respectively); serum LDH showed a trend towards being associated with erythroid response. The following factors were not
significantly associated with erythroid response (in univariate analysis): age, neutrophil count, platelet count, ICT medication, serum iron, transferrin, SF, response to
ICT (reduction in SF of> 35% at 12 mo), number of cytopenias, cytogenetic risk (intermediate vs low), presence of medullary fibrosis, and marrow cellularity.
Transfusion burden, serum erythropoietin level, RARS, and serum LDH were not associated with erythroid response in multivariate analysis.
(b) The following factors were not significantly associated with achieving transfusion independence in univariate analysis: age, IPSS risk, MDS-specific comorbidity
index, MDS diagnosis to enrolment interval, number of RBC transfusions, duration of transfusion dependence, baseline SF level, and karyotype (IPSS).
(c) Higher initial doses of DFX (20mg/kg) were associated with transfusion independence (type of analysis not specified). Other variables evaluated were not
reported.
(d) Factors not significantly associated with erythroid response (type of analysis not specified): cytologic classification (WHO 2008), time since MDS diagnosis, serum
ferritin at inclusion, and number of RBC transfusions.
* Four out of 30 patients treated with DFX only; †eligible for erythroid response analysis; ‡eligible for neutrophil response analysis; §eligible for platelet response

analysis; ¶according to International Working Group 2006 criteria; **response duration in two patients was 56 and 252 days; ††response duration was 168 days in one
patient; ‡‡9% of patients were transfusion independent; §§rate of RBC transfusion independence; CMML, chronic myelomonocytic leukemia; DFO, deferoxamine; DFX,
deferasirox; FAB, French-American-British; HI, hematologic improvement; ICT, iron chelation therapy; Int, intermediate; IPSS, International Prognostic Scoring
System; LDH, lactate dehydrogenase; MDS, myelodysplastic syndrome; mo, months; NR, not reported; RA, refractory anemia; RBC, red blood cell; RCUD, refractory
cytopenia with unilineage dysplasia; RS, ringed sideroblasts; SF, serum ferritin; vs, versus; WHO, World Health Organization; yr, year.
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Thus, inflammation-induced imbalance in hematopoiesis may lead or
contribute to the development of hematologic malignancies such as
MDS. The early experiments with ferritin may provide a link between
IOL, associated with increased SF levels, and abnormal hematopoiesis
(Matatall et al., 2016, 2014; Pietras, 2017). More recently, BFU-E
production was reported to be impaired in patients with MDS with
higher SF levels (SF≥ 250 ng/ml; median BFU-E 0.5 versus 3.5, p =
0.001; Fig. 2 (Hartmann et al., 2013)). This also held true in transfu-
sion-independent patients with MDS (Cui et al., 2014; Santini et al.,
2011; Zipperer et al., 2013).

A series of experiments in mice with IOL, with an increased labile
intracellular pool (LIP) in bone marrow mononuclear cells following
injections of iron dextran, demonstrated decreases in HSCs, HPCs, BFU-
E, colony-forming unit [CFU]-erythroid [E], CFU-granulocyte macro-
phages [GM], CFU-Mix, and MSCs (all p≤ 0.05). The induction of ROS
production inhibited osteogenic differentiation gene expression, in-
duced adipogenic genes, and inhibited the production of several che-
mokines and adhesion molecules (stem cell factor, C-X-C motif che-
mokine [CXCL] 12, and vascular endothelial growth factor [VEGF]) by
bone marrow MSCs (all p≤ 0.05). These effects were partially reversed
by the addition of either DFX or the antioxidant N-acetyl cysteine (NAC)
to the culture (both p ≤ 0.01; (Zhang et al., 2015)). These data indicate
that IOL not only impacts on hematopoietic cells, but also on the bone
marrow microenvironment (Raaijmakers, 2014; Raaijmakers et al.,
2010).

3.3. Oxidative stress in the stem/progenitor cell niche

Once transferrin saturation reaches 70–80%, NTBI is detectable in
the serum. A redox active subset of NTBI is LPI. NTBI and LPI enter cells
independently of the Tfr; in particular, NTBI is taken up into erythroid
cells (in the presence of NTBI, the increase in LIP in RBC and re-
ticulocytes was 15% and 21%, respectively, p < 0.01), where it con-
tributes to ROS generation (the increase in ROS in RBCs and re-
ticulocytes was 35% and 35%, respectively, p < 0.01) but cannot
support hemoglobin production (Leimberg et al., 2003; Prus and
Fibach, 2011). By virtue of its ability to transfer electrons, iron can
catalyze the production of ROS, or oxygen free radicals (Fig. 1). ROS,
when present in moderate amounts, participate in cell signaling, but
excess ROS may have significant consequences for organelles, cells,
tissues and organs, including the bone marrow (Nathan, 2003; Nathan
and Cunningham-Bussel, 2013; Nathan and Ding, 2010). ROS involved
in cell signaling include hydrogen peroxide (H2O2) and superoxide

(Table 3). ROS at least in part confers signal specificity by covalent
modification of amino acids as opposed to the phosphorylation and
macromolecular interactions that occur with classically defined me-
chanisms of cell signaling; H2O2 oxidizes cysteine residues at the active
site of phosphatases (Denu and Tanner, 1998). H2O2 also participates in
signaling by growth factors; for example, it increases tyrosine phos-
phorylation of the granulocyte macrophage colony-stimulating factor
(GM-CSF) receptor β chain and signal transducer and activator of
transcription (STAT) 4, inducing the expression of cellular FBJ osteo-
sarcoma virus (c-FOS) and other genes involved in G1/S cell cycle
transition, an effect that was partially inhibited by NAC (Sattler et al.,
1999). H2O2, though weakly oxidizing, is long-lived and membrane
permeable, so its effects could manifest at a distance. Moreover, ROS
may suppress hepcidin, increasing GI iron import and RES iron export
(Choi et al., 2007). Reactive nitrogen species may also be important in
cell signaling and toxicity (Nathan, 2003; Nathan and Cunningham-
Bussel, 2013; Nathan and Ding, 2010). More damaging than H2O2 are
the highly reactive hydroxyl radicals. Cancer cells commonly over-
produce ROS, which can not only cause damage to macromolecules,
organelles and cells, leading to programmed cell death or malignant
progression, but also increase genomic instability, leading to DNA
double strand breaks (DSBs) and altered repair, creating further errors
through upregulation of alternative DNA repair pathways (Rassool
et al., 2007; Sallmyr et al., 2008).

Lower risk MDS is characterized by an increase in apoptosis in the
bone marrow. In higher risk MDS, an accumulation of mutations results
in cellular outgrowth and malignant progression. Multiple preclinical
studies have described adverse effects of increased ROS on the structure
and function of proteins, lipids, and nucleic acids (reviewed in
(Gattermann and Rachmilewitz, 2011)). Damage to proteins may lead
to altered signaling, cell proliferation and fibrosis. Damage to lipids
may lead to membrane damage and lysis of cells or organelles, causing
changes in membrane fluidity and permeability, and resulting in altered
ion transport and metabolism. Affected organelles may include mi-
tochondria, leading to ineffective energy metabolism, apoptosis and cell
senescence; the endoplasmic reticulum, compromising protein proces-
sing; and lysosomes, causing toxic compounds to be released into the
cytoplasm. DNA is unreactive with oxidants in the absence of a tran-
sition metal such as iron. DNA damage from oxidative stress in IOL
includes strand breaks, base modification, DNA–protein cross-links,
covalent reactions with lipid peroxidation products and bulky DNA
adducts. A common oxidative DNA lesion is incorporation of 7,8-di-
hydro-8-oxoguanine (8-OG), which mispairs with adenine resulting in
GC to TA transversion; these changes may lead to apoptosis or muta-
genesis. Cellular damage due to elevated NTBI and LPI may lead to
increased LCI and ROS, and contribute to clinical endpoints in MDS
with IOL.

In a study of 40 patients with MDS, the serum reactive oxygen
metabolite levels were higher in patients than in controls, and there was
a correlation between ROS levels and SF levels (p = 0.01 (Saigo et al.,
2011)). In 20 patients with MDS with IOL (SF≥ 1000 ng/ml), an in-
crease in malonaldehyde (MDA), a lipid peroxidation product, and ni-
trites was seen compared with 56 patients with MDS without IOL; the
MDA level was 14.3 μM in MDS with IOL versus 9.8 μM in MDS without
IOL and 3.9 μM in normal controls, while nitrite levels were 6.7, 3.8,
and 0.4 nM, respectively (all p < 0.0001 (de Souza et al., 2013)).
These clinical findings underscore the point that toxic metabolites ap-
pear under conditions of oxidative stress. Mechanisms of cell death and
mutagenesis with IOL are discussed below.

In mice, IOL measured by increased LIP and ROS inhibited the
clonogenic capacity of HSCs and HPCs, as well as long-term culture-
initiating cells, and inhibited engraftment following bone marrow
transplantation (all p < 0.0001); DFX or NAC partially reversed these
effects (all p < 0.0001) by inhibiting NOX4 and P38 mitogen-activated
protein (MAP) kinase, improving long-term and multilineage engraft-
ment following bone marrow transplantation (Chai et al., 2015). In a

Fig. 2. Inhibition of BFU-E in patients with MDS according to serum ferritin
level (< 250 or> 250ng/ml).
Reprinted with permission from Hartmann J, et al. Leuk Res.
2013;37(3):327–32.
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transgenic mouse model, overexpressing both human mutant neuro-
blastoma retrovirus-associated DNA sequences (NRAS) and the anti-
apoptotic protein B-cell lymphoma (BCL)-2 resulted in an increase in
error-prone DNA repair by non-homologous end-joining, with a 26%
increase in misrepair frequency for double mutants, p < 0.0001; and
for increased ROS, p < 0.05, compared with single transgenic and
normal control mice. These changes were partially reversed by NAC,
which was associated with a 35% decrease (p < 0.05) in DNA damage
(Rassool et al., 2007).

Several distinct mechanisms of cell death have been described; in-
cluding apoptosis, necrosis, necroptosis, and iron-dependent ferroptosis
(Dixon and Stockwell, 2014). IOL can disrupt enzymes, including those
containing iron–sulfur clusters, resulting in the release, through su-
peroxide and H2O2, of iron into the cellular LIP. This has two con-
sequences. First, the enzyme is inactivated, and if required for essential
cellular processes, cellular function and integrity may be compromised.
Second, the released iron can participate in Fenton chemistry, further
damaging cells and cellular components. The presence of cellular ROS
leads to expression of pro-apoptotic genes, and mitochondrial ROS to
apoptotic signaling. Mutations in mitochondrial DNA lead to increased
superoxide production, possibly due to alterations in the electron
transport chain (ETC), and superoxide activates adenosine monopho-
sphate-activated protein (AMP) kinase, which upregulates nuclear E2F
transcription factor-1 (E2F1), leading to transcriptional upregulation of
pro-apoptotic genes. Alternatively, the hemoprotein cytochrome C
catalyzes peroxidation of cardiolipins, leading to further cytochrome C
release and activation of caspase-3 and caspase-7. These enzymes
cleave the p75 subunit of complex 1 of the mitochondrial ETC, dis-
rupting it, and resulting in further generation of ROS, which amplify
apoptotic signaling. Necroptosis is initiated by activation of the tumor
necrosis factor (TNF) receptor, initiating a cascade including activation
of receptor interacting protein (RIP)-1 and -3, resulting in increased
ROS, possibly via phosphorylation of STAT-3, which interacts with
genes associated with the retinoid-interferon-induced mortality
(GRIM)-19 subunit of mitochondrial ETC complex 1, again leading to
increased ROS production. RIP-3 may interact with the cytoplasmic
enzymes glutamate-ammonia ligase (GLUL), glutamate dehydrogenase
(GLUD), and glycogen phosphorylase, liver form (PYGL), also in-
creasing ROS production. Finally, NOX may interact with the TNF re-
ceptor, increasing ROS production and leading to cell death. Ferroptosis
is initiated by inhibition of the function of the cell surface cysteine/
glutamate antiporter system, leading to a decrease in intracellular cy-
steine and lower levels of the antioxidant glutathione, which results in
an increase in lipid ROS, leading to cell death. From these models it is
clear that not all IOL-sensitive mechanisms of mammalian cell death
involve identical lethal processes. It is possible that different iron spe-
cies (for example, labile versus enzyme bound [iron–sulfur clusters;
Fe–S] and heme) or iron pools (for example, lysosomal versus mi-
tochondrial versus cytosolic) may be involved in mediating unique cell
death phenotypes in response to different stimuli. In addition, though
many of the molecular mechanisms of these death pathways have been
identified, the sources, types and targets of ROS relevant to cell death
and cell signaling remain incompletely defined. IOL may also trigger
cell death under anaerobic conditions, through enzyme mis-metalation,
abrogation of essential functions, and production of sphingolipids,
which activate a kinase signaling cascade leading to cell death (re-
viewed in (Dixon and Stockwell, 2014)). In MDS, therefore, exposing

cells to IOL and ROS leads to replication stress of HSC by loss of
quiescence; dysplasia through loss of HSC quality control; aggravated
marrow failure through increased HSC mutation load, resulting in cell
death; and further mutations promoting MDS disease progression.
However, do these findings regarding cell death pathways in IOL
translate to clinical endpoints?

At a cellular level, Shao et al described a moderate increase in ROS
stimulating HSC cycling, leading to HSC exhaustion, with a further
increase leading to the induction of HSC senescence. This occurred via
oxidative DNA damage, leading to: DSBs and induction of P53 and P16
expression, resulting in decreased progression through the cell cycle;
replicative senescence, with telomere shortening; and premature se-
nescence, which may involve stabilization of P16 mRNA via induction
of P38, inhibiting cell cycle progression (reviewed in (Shao et al.,
2011)). A second group described an increase in erythroid apoptosis in
MDS with IOL via regulation of HIF-1α/ROS. Upregulation of HIF-1α
attenuates cell injury from IOL and ROS, as indicated by improved
colony formation and decreased rates of apoptosis (both p < 0.01)
(Zheng et al., 2017). Bowen et al described increased expression of
antioxidant enzymes including glutathione peroxidase (GPX)-1, man-
ganese-dependent superoxide dismutase (MnSOD), and γ-glutamyl cy-
steine synthetase (GCS) heavy subunit in bone marrow cells from pa-
tients with MDS and AML, including CD34+ HSCs (all p < 0.05
(Bowen et al., 2003)). The authors suggest that these increases in an-
tioxidants are insufficient to protect MDS cells from cell death. Gu et al
showed that retroviral expression of the aryl hydrocarbon receptor
nuclear translocator (ARNT; HIF-1β) in human myeloid leukemia HL60
cells increased the expression of ROS defense genes and protected
against troglitazone, which otherwise induces apoptosis (Gu et al.,
2013). Thus, HIF-1α and HIF-1β are expressed in myeloid cells, activate
ROS defense, and appear to be involved in the adaptation of myeloid
cells to oxidative stress.

A ROS-induced pathway also predisposing to AML progression in-
volves alterations of natural killer cells and CD34+ cells in MDS. In a
study of 34 patients with MDS, 15 with IOL (received>20 units of
RBCs [200ml/unit] or SF > 1000 ng/ml) and 19 without IOL, IOL
increased ROS, which led to decreased P38, decreased c-Jun N-terminal
kinase (JNK, also known as MAP kinase 8), decreased apoptosis of
CD34+ cells, and increased blast counts in the marrow (all p < 0.05;
(Hua et al., 2017)). ROS may also alter T cell and macrophage subsets,
altering immune surveillance (discussed further in Section 5) (Chen
et al., 2017; Vinchi et al., 2017).

What about nucleic acids? Oxidative DNA lesions distort the DNA
helix and could potentially lead to apoptosis or malignant progression.
Protection requires repair by global genome nucleotide excision repair
and Rev-1 (a core factor) dependent trans-lesion synthesis. In a nuclear
pore complex protein (NUP)-98–homeobox protein (HOX)-D13 trans-
genic mouse model of MDS, ROS levels were increased in HPCs, with an
increase in DSBs leading to cell cycle arrest and increased mutation
frequency (all p < 0.05 (Chung et al., 2014)). In humans, comet assays
revealed an increase in oxidative DNA damage in CD34+ cells from
patients with lower risk MDS compared to cells from healthy controls
(Novotna et al., 2009). More specific oxidative DNA lesions seen in
patients with MDS with IOL, such as 8-hydroxy-2′-deoxyguanosine
(8−OH-dG), are discussed further in the section on mechanisms of HI
with ICT (Kikuchi et al., 2012).

What about epigenetic changes? Using whole RNA sequencing of

Table 3
Types and biological characteristics of reactive oxygen species formed by the Haber–Weiss and Fenton reactions.

Name Formula Oxidizing capacity Participate in cell signaling Half-life Membrane permeable

Hydrogen peroxide H2O2 Weak Yes Long Yes
Superoxide %O2

− Strong Yes Short No
Hydroxyl radical %OH Strong Unclear Short No
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bone marrow cells from mice with IOL (injected with 10mg iron dex-
tran daily for 5 days), Yamamoto et al demonstrated an increase in
enzymes involved in glucose metabolism, including aconitase and iso-
citrate dehydrogenase, and the tricarboxylic acid (TCA, Krebs, citric
acid) cycle, resulting in increases in α-ketoglutarate and 2-hydro-
xyglutyrate, as well as an increase in DNA methylation, which in turn
was associated with an adverse prognosis in MDS (all p < 0.05
(Yamamoto et al., 2016)).

In summary, ROS are involved in cell signaling, are increased in
IOL, increase HSC cycling leading to senescence, inhibit myelopoiesis,
induce cell death, alter lymphocyte and macrophage subsets, increase
mutation rates in mitochondrial and nuclear DNA, alter DNA methy-
lation, and may promote MDS/AML progression. Mechanisms of he-
matologic suppression with IOL are summarized in Table 4.

4. Mechanisms of hematologic improvement with iron chelation

Identifying the mechanisms by which HI with ICT occurs in MDS is
an area of active investigation. Proposed mechanisms include: a direct
effect on the MDS clone or bone marrow microenvironment; an increase
in iron release from iron stores, allowing use by hematopoietic tissue;
an alteration in NFκB expression, leading to altered transcription of
anti-apoptotic factors, cytokines or adhesion molecules that may affect
erythroid inefficacy; inhibition of m-TOR signaling; and a reduction in
oxidative stress. In this section, evidence for these and other

mechanisms of HI with ICT are reviewed.

4.1. Serum ferritin levels

Multiple clinical trials and analyses have demonstrated a reduction
in SF levels during ICT (Angelucci et al., 2014; Breccia et al., 2012;
Gattermann et al., 2012; List et al., 2012; Maurillo et al., 2015; Messa
et al., 2017; Molteni et al., 2013; Nolte et al., 2013). Given the sup-
pressive effects of purified ferritin on BFU-E, the reduction in SF itself
could have positive effects on erythropoiesis (Broxmeyer, 1986;
Broxmeyer et al., 1991, 1986; Broxmeyer et al., 1989). However, in
clinical studies, HI often occurs without SF reduction (see Section 2), so
the importance of SF reduction in HI with ICT is likely minor.

4.2. Deferoxamine; increased erythropoietin levels, decreased oxidative
stress

There are only a few patients reported who achieved HI following
treatment with DFO, and few preclinical studies have investigated the
possible mechanisms of HI with this agent (Del Río Garma et al., 1997;
Gu et al., 2017; Jensen et al., 1996, 1992). One study of 16 healthy
subjects examined their responses to 8 h of continuous intravenous in-
fusions of DFO at doses of 1–4 g/70 kg body weight. The investigators
observed increases in EPO levels at 8 and 12 h (p < 0.05) that were
possibly mediated via HIF-1α, or by depletion in the iron pool affecting

Table 4
Studies indicating hematologic suppression by iron overload and potential mechanisms.

Observation Cell/model type Comment Ref
HSC/HPC/MSC

Ferritin suppressed BFU-E and CFU-GM (p < 0.05) Murine and human cells in
vitro

Activity in ferritin H-chain, requires ferroxidase
activity, independent of glycosylation and iron

(Broxmeyer et al.,
1986)

BFU-E impaired in patients with MDS with ferritin > 250 ng/ml (p
= 0.001)

MDS patient cells ex vivo CFU-GM not suppressed in this model (Hartmann et al.,
2013)

Reduced BFU-E, increased immature population, induced apoptosis
in IOL (p < 0.05 for all comparisons)

Mice and humans, CD34+

cells in vitro
Via increased intracellular ROS and suppression of
BCL-2 in erythroblasts

(Taoka et al.,
2012)

Partially reversed by DFO or NAC
Increased expression of antioxidant enzymes in bone marrow cells

from MDS/AML patients, including CD34+ cells (p < 0.05 for
all comparisons)

Bone marrow cells from
MDS/AML patients,
including CD34+ cells

GPX1, MnSOD, GCS (Bowen et al.,
2003)Suggest oxidative stress involved in ineffective

hematopoiesis of MDS, insufficient increase in
antioxidants to protect from cell death

Decreased HPC, HSC, CFU-E, BFU-E, CFU-GM and CFU-Mix,
osteogenic gene expression, adipogenic genes induced, inhibition
of SCF, CXCL12, VEGF by MSC in IOL (p < 0.05 for all
comparisons)

Murine model HSC, HPC and the microenvironment are influenced
by IOL

(Zhang et al.,
2015)

Alterations of NK and CD34+ cells occurred in MDS via a ROS-
induced pathway in IOL, decreased apoptosis of CD34+ cells,
increased blasts (p < 0.05 for all comparisons)

MDS cells in vitro ROS causes conditions favoring AML progression (Hua et al., 2017)
Effects via decreased P38 and JNK (MAPK8)

Nucleic acids
ROS levels increased in proliferative and early hematopoietic

progenitors
Transgenic mouse model of
MDS

Suggests oxidative stress leads to cellular
consequences in HSC and HPC

(Chung et al.,
2014)

Increased DSB leading to cell cycle arrest
Increased mutation frequency (p < 0.05 for all comparisons)
Increased glucose metabolism enzymes: aconitase and isocitrate DH,

and the TCA cycle
Murine model Increased DNA methylation is associated with

adverse prognosis in MDS
(Yamamoto et al.,
2016)

Increased αKG, 2-HG and DNA methylation in IOL (p < 0.05 for all
comparisons)

Increased 8-OH-dG* levels in PBMC and CD34+ cells of MDS with
IOL (SF > 500 ng/ml) (p = 0.001)

MDS cells ex vivo Partially reversed by DFX (Kobune et al.,
2013)

Immune surveillance
Altered ratio of T cell subtypes via inhibition of apoptosis in MDS

with IOL (p = 0.01)
MDS cells, murine cells Implications for immune surveillance, partially

reversed by DFX
(Chen et al., 2017)

Altered ratio of inflammatory to regulatory mitogen-stimulated T
cells in normal donors (p-value not reported)

Normal human cells Implications for immune surveillance, partially
reversed by DFX

(Banerjee et al.,
2015)

* An indicator of oxidative DNA damage that results in abasic sites and DSBs. 2-HG, 2 hydroxyglutarate; 8-OH-dG, 8-hydroxy-2′-deoxyguanosine; αKG, α-
ketoglutarate; AML, acute myeloid leukemia; BCL-2, B cell lymphoma 2; BFU-E, burst-forming unit erythroid; CFU-E, colony-forming unit erythroid; CFU-GM, colony
forming unit granulocyte-macrophage; CFU-Mix, colony-forming unit mix; CXCL12, C-X-C motif chemokine ligand 12; DFO, deferoxamine; DFX, deferasirox; DH,
dehydrogenase; DSB, double strand breaks; GCS, γ-glutamyl cysteine synthetase heavy subunit; GPX, glutathione peroxidase; HPC, hematopoietic progenitor cell;
HSC, hematopoietic stem cell; IOL, iron overload; JNK, c-Jun N-terminal kinase; MAPK8, mitogen-activated protein kinase 8; MDS, myelodysplastic syndrome;
MnSOD, manganese-dependent superoxide dismutase; MSC, mesenchymal stem cells; NAC, N-acetyl cysteine; NK, natural killer; PBMC, peripheral blood mono-
nuclear cells; ROS, reactive oxygen species; SCF, stem cell factor; SF, serum ferritin; TCA, tricarboxylic acid; VEGF, vascular endothelial growth factor.
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redox signaling (Ren et al., 2000). In seven patients with MDS who
achieved RBC transfusion independence with DFO, the median time to
transfusion independence from initiation of chelation therapy was 20
(range 15–36) months (Jensen et al., 1996). In that study, achieving
transfusion independence did not appear to be associated with a sig-
nificant reduction in SF levels. In 22 patients with MDS receiving DFO,
there was a significant decrease in LPI over 26 weeks of chelation (p <
0.001). There was a correlation between LPI and LIC (r= 0.739, p =
0.001), suggesting that LPI may be a practical means to monitor the
efficacy of ICT (Gu, et al 2017). Taoka et al found that IOL negatively
affected the differentiation of erythroblasts from murine and human
CD34+ cells, and that this effect was reversed by incubation with
100–150 μM DFO (Taoka et al., 2012). They also showed that iron ac-
cumulation in human erythroblasts resulted in increases in ROS levels
and apoptosis, which was accompanied by reduced BCL-2 expression.
However, the concentrations of iron used in these experiments were
10–100 times higher than the levels of NTBI found in the serum of
patients with β-TM, making the clinical relevance of these findings
uncertain.

4.3. Deferasirox; effects on oxidative stress and cellular signaling

The majority of studies addressing HI with ICT have focused on
DFX. In reports of seven patients who achieved RBC transfusion in-
dependence with DFX, the median time to transfusion independence
was 2 (range 1–12) months (Table 2). In the US03 study (List et al.,
2012), the median time to HI was 5.5 (2.8–12.5) months, while in the
EPIC study (Gattermann et al., 2012), the median time to onset of er-
ythroid response was 3.6 (0.03–9.4) months. The median time to pla-
telet response was 5.6 (0.9–10.5) months and to neutrophil response
7.4 (1.9–11.1) months. Nearly 1000 lower IPSS risk patients with MDS
have been examined in major studies (Table 2), and a significant re-
duction in SF level was not found to be associated with HI in any of
these studies. Two studies examined LPI, the US03 and the EPIC studies,
and both found that LPI was decreased to within the normal range very
quickly, within 3 months of starting DFX. Neither study showed an
association between suppression of LPI and HI, but this is probably due
to the fact that LPI levels are easily suppressed in all patients and
therefore cannot discriminate between hematologic responders and
non-responders (Gattermann et al., 2012; List et al., 2012). A smaller
study of 16 patients with MDS receiving DFX for a mean of 3 (1.2–3.9)
months also showed a significant decrease in mean LPI from 0.39 to
0.11 (p = 0.02) (Ghoti et al., 2010). In addition, a significant reduction
in RBC ROS and RBC lipid peroxidation was seen (p < 0.05 and<
0.01, respectively) while glutathione levels rose significantly in RBCs,
platelets, and neutrophils (all p < 0.01).

Several preclinical studies have suggested that improvements in
oxidative stress may be linked to HI. In normal hematopoietic stem/
progenitor cells (HSPCs), exposure to DFX (100 μM, equivalent to
20–30mg/kg/day of the dispersible formulation in patients) increased
ROS production, which led to decreased CD34 expression, increased
mitochondrial mass, and TfR upregulation (all p ≤ 0.05), suggesting an
upregulation of erythropoiesis via alterations in redox signaling; these
effects were not seen with DFO. These changes were accompanied by
changes in the expression of transcription factors and regulatory pro-
teins in CD34+ cells, including POU5F1 (octamer-binding transcription
factor [OCT]-4), and sex determining region Y-box (SOX) 2 and 17, all
of which mediate embryonic stem cell pluripotency. The authors pro-
posed that flow cytometric analysis of ROS levels in patient samples
might help to identify patients likely to experience an erythroid re-
sponse to DFX (Tataranni et al., 2015). Pullarkat et al observed an in-
crease in ROS in CD34+ cells from patients with MDS following in-
cubation with 20 μM DFX (equivalent to median trough levels in patient
plasma), along with reductions in cell viability and colony formation
(all p ≤ 0.01); these effects were not observed in normal cells
(Pullarkat et al., 2012). The results indicate that early MDS progenitors

are inhibited by increased ROS, while differentiation appears to be
induced in normal progenitors. This suggests a differential sensitivity of
MDS cells to intracellular events precipitated by DFX, possibly in-
cluding cellular programs that protect against oxidative stress. The
finding that suppression of MDS progenitors occurs at trough doses of
DFX suggests that lower doses introduced earlier to patients with MDS
with anemia might have favorable effects on hematologic status, as
discussed in the following paragraphs (Pullarkat et al., 2012).

One study examined neutrophil function before and after treatment
with DFX in nine transfusion-dependent patients. There were significant
reductions in derivatives of reactive oxygen metabolites (hydroperoxide
levels related to lipid, peptide and amino acid oxidation; 409 versus
309 units, p = 0.03) over a median of 5 (3–15) months of DFX treat-
ment. Neutrophil ROS production was significantly decreased following
incubation with 50 μM of DFX (p < 0.0001) but not with 100 μM of
DFO, possibly protecting them from oxidative stress-induced damage
(Saigo et al., 2013).

4.3.1. Oxidative stress effects on DNA damage and repair
Oxidative DNA damage, indicated by levels of 8-OH-dG, was in-

creased in PBMCs from patients with MDS with IOL (SF > 500 ng/ml)
compared with those from patients with MDS without IOL or normal
controls. An increase in 8-OH-dG was seen in MDS with IOL, and also in
higher versus lower IPSS risk patients. The 8-OH-dG levels were greater
in patients with karyotypic abnormalities than in patients without ab-
normalities and were increased further with increasing cytogenetic risk
group (all p ≤ 0.03), suggesting that oxidative DNA damage may in-
duce chromosomal abnormalities and that ICT may confer protection
against this damage. The 8-OH-dG levels decreased significantly
(p≤ 0.002) after 3 months of ICT with DFX (Fig. 3) (Kikuchi et al.,
2012).

Although IOL could directly result in an increase in intracellular
ROS and molecular products of oxidative damage, some evidence in-
dicates that a defect in DNA repair mechanisms might also contribute to
oxidative DNA damage. Eight-oxoguanine glycosylase (OGG1) is the
primary enzyme responsible for excision of 8-OG, a mutagenic base
byproduct that occurs as a result of exposure to ROS; it both cleaves the

Fig. 3. Serial changes in levels of 8-OH-dG, a marker of oxidative DNA damage,
in peripheral blood mononuclear cells from patients with MDS (serum ferritin
level< 500 ng/ml prior to RBC transfusion dependence; ferritin> 500 ng/ml
following RBC transfusion dependence; following 3 months of chelation with
deferasirox).
MDS, myelodysplastic syndrome; RBC, red blood cells; 8-OH-dG, 8-hydroxy-2′-
deoxyguanosine. Modified from Kikuchi S, et al. Free Radic Biol Med.
2012;53(4):643–8.
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glycosidic bond of the mutagenic lesion and causes a strand break in the
DNA backbone. Elevated levels of 8-OG were observed in CD34+ cells
from patients with MDS. A subgroup of patients had increased expres-
sion of OGG1, and the increase in oxidative DNA damage was corre-
lated with the presence of the OGG1-Cys326 allele, which has reduced
ability to repair abasic DNA sites secondary to oxidative DNA damage
(p ≤ 0.05 (Jankowska et al., 2008)). Therefore, extrinsic factors
(transfusional IOL) and cellular intrinsic factors (defects in DNA repair)
may have an additive or synergistic effect on nucleic acid damage.

4.3.2. Oxidative stress effects on lymphoid cells, macrophages and hepcidin
levels

The effects of oxidative stress are not limited to myeloid cells. T
helper type 1 (Th1) cells (CD4+) generate cellular immunity, while Th2
cells generate humoral immunity, and similarly, CD8+ cytotoxic T-
lymphocyte type 1 (Tc1) and Tc2 cells also generate cellular and hu-
moral immunity, respectively. The effect of DFX on mitogen-stimulated
T cells from normal volunteers was investigated. Findings included a
dose-dependent increase in interferon-positive T cells (Th1, Tc1) and a
decrease in regulatory T cells, suggesting that changes in the ratio of
inflammatory to regulatory T cells may improve immune surveillance,
resulting in suppression of abnormal myeloid precursors and allowing
recovery of normal myelopoiesis (p-value not reported (Banerjee et al.,
2015)). In another study, the percentage of CD3+ T lymphocytes was
lower, and the ratio of CD4/CD8 T cells and percentage of regulatory T
cells (Tregs) was higher in patients with MDS with IOL (n=20) than in
patients with MDS without IOL (n=10) (Chen et al., 2017). The in-
vestigators also found decreases in the Th1/Th2 and Tc1/Tc2 T lym-
phocytes subset ratios in patients with IOL (all p < 0.01). The decrease
in the percentage of CD3+ cells was reproduced in a murine model of
IOL (p < 0.0001), and this effect was partially abrogated by treatment
with DFX or NAC (both p < 0.0001), though the B-cell frequency was
unaffected (p = NS). IOL-induced apoptosis of CD4+ and CD8+ cells
was abrogated by DFX or NAC (all p< 0.0001), suggesting that cellular
immune responses are disrupted in IOL, and may be mediated via T cell
intracellular ROS (Chen et al., 2017). An alteration in macrophage
subsets in transfusional IOL with an enhancement of anti-inflammatory
phenotype was recently described (Vinchi et al., 2017). These findings
have potential implications for MDS progression via disrupted immune
surveillance as well as infectious complications of MDS. Further, hep-
cidin was suppressed by ROS (Choi et al., 2007). In 19 patients with
lower IPSS risk MDS and transfusional IOL, treatment with DFX for 3
months significantly increased serum hepcidin levels compared to
baseline (p = 0.005). The increase in hepcidin levels would inhibit iron
absorption via the GI tract and iron mobilization from the RES, redu-
cing parenchymal iron loading (Ghoti et al., 2011). Thus, lymphocyte
and macrophage ratios are disrupted by oxidative stress, and hepcidin
levels are suppressed, which would be predicted to increase iron
loading. Conversely, lymphocyte ratios and hepcidin levels are restored
by ICT and antioxidants.

4.3.3. Oxidative stress effects on NFκB and myeloid blasts
An intriguing finding is an alteration in expression of NFκB fol-

lowing exposure to DFX in human myeloid leukemia cell lines (K562)
and in MDS patients (Messa et al., 2010). NFκB is activated by a broad
range of signals including ROS. NFκB was inhibited by DFX at 50 μM,
and not by either DFO or deferiprone. All three chelators effectively
depleted iron and suppressed LPI and ROS, suggesting that the inhibi-
tion of NFκB by DFX was independent of changes in these parameters.
Addition of iron to the cultures did not affect NFκB inhibition by DFX,
suggesting this effect is independent of iron status (Messa et al., 2010).
It was previously demonstrated that the H- and L- subunits of ferritin
activate NFκB signaling in an iron-independent manner in hepatic
stellate cells; whether this is also the case in HPCs remains to be de-
termined (Ruddell et al., 2009). The downstream target of NFκB re-
levant to DFX is currently unclear; however, Messa et al speculated that

DFX may specifically target blasts since the NFκB pathway is activated
in this cell population. In lower risk MDS, this would lead to inhibition
of the MDS clone and improvement in ineffective erythropoiesis (Messa
et al., 2010). These results suggest that NFκB could be a therapeutic
target in MDS. In myeloblasts, DFX synergized with the differentiating
agent vitamin D to kill AML blasts in preclinical models (p < 0.0001)
and improved the OS of elderly patients with AML following failure of
HMA at starting doses of 20–30mg/kg/day (p = 0.002 (Braun et al.,
2006; Callens et al., 2010; Paubelle et al., 2013)). In contrast, Meunier
et al reported that NFκB expression was activated at a low concentra-
tion of DFX (3 μM; equivalent to 5mg/kg/day of the dispersible for-
mulation), and associated with increased cell cycling, decreased apop-
tosis, and increased CFU-E in MDS progenitors; effects mediated by
intracellular ROS and independent of iron reduction. Of six EPO-re-
fractory patients receiving 5mg/kg/day of DFX, all became transfusion
independent (Meunier et al., 2017). While these two studies appear to
show contradictory effects of DFX on NFκB expression, both studies
indicate that this pathway is important in HI with DFX and further
investigation may resolve the mechanism of action. In summary, ex-
pression of NFκB in myeloid cells is activated by ROS, which is expected
to result in outgrowth of blasts, and conversely, NFκB expression is
inhibited by DFX, resulting in suppression of myeloid blasts.

4.4. Deferasirox; effects on mTOR and cell survival

Other molecular pathways that may be relevant to HI with DFX
include mammalian target of rapamycin (mTOR), which is important in
the initiation of protein translation and regulates cell proliferation and
survival. In myeloid leukemia cell lines (K562, U927, and HL60) and a
xenograft model, mTOR was inhibited by DFX at a 50% inhibitory
concentration of up to 50 μM in cell lines and up to 172 μM in primary
AML samples. The mRNA expression of REDD1 (regulated in develop-
ment and DNA damage response 1), a stress response gene induced by
hypoxia, was upregulated in this system (from<0.5 to>2.0 arbitrary
units in all three cell lines and from<0.2 to>0.6 arbitrary units in
two of four fresh leukemia samples). REDD1 activated the tuberous
sclerosis (TSC) 1–2 complex, which inhibited mTOR activation (from
1.0 to approximately 0.6 arbitrary units in K562 cells). The net effect of
oral administration of DFX at 50mg/kg/day was a significant reduction
in tumor volume from>20,000 to 0 mm3 at day 50 (p < 0.0001) in
the xenograft model (Ohyashiki et al., 2009).

4.5. Eltrombopag, stimulation of hematopoietic stem cell growth and
differentiation

In 2012, it was demonstrated that eltombopag (ELT) inhibits AML
cells via iron chelating activity (Roth et al., 2012). Pre-clinical data
indicate that ELT offloads organ iron (Koumoutsea et al., 2016, 2015).
In 2018, using LTC-IC and serial colony assays, HSC self-renewal and
differentiation commitment of cells isolated from human or mouse bone
marrow was assessed in vitro. These investigations demonstrated that
the growth and differentiation of long-term culture initiating cells (LTC-
IC) was stimulated via the iron chelating activity of ELT, and in-
dependent of the thrombopoietin receptor (Kao et al., 2018). Using
highly enriched human HSC, the addition of ELT resulted in a nearly
two-fold increase in LTC-IC (p < 0.0001). When HSC were preloaded
with iron (ferrous ammonium citrate), however, then treated with ELT,
LTC-IC remained at baseline levels. Gene expression profiling indicated
molecular changes consistent with intracellular iron reduction. There-
fore, ELT triggers a molecular response that is distinct from TPO-R
signaling in HSC and stimulates mouse HSCs independently of the TPO-
R, and this effect is critically dependent on the iron chelating property
of ELT. Fewer data indicated similar effects on LTC-IC by DFX
(p < 0.05). Whether ELT can be employed as an iron chelator in
clinical practice requires further study.
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4.6. Summary, mechanisms of hematologic improvement with iron
chelation,

Thus, HI with ICT appears to occur at an earlier time point with DFX
than with DFO. All three commercially available chelators suppress LPI;
DFO appears to increase EPO levels; and DFX may, by suppressing ROS,
improve erythropoiesis; reduce oxidative mitochondrial and nuclear
DNA damage; improve immune surveillance via NFκB and mTOR sup-
pression; and have an MDS/AML suppressive effect, resulting in re-
duced blast burden and improved survival in mice and humans. From
these investigations, a model emerges in which inflammatory, angio-
genic, immunomodulatory, matrix remodeling effects, increased SF le-
vels, and IOL may lead to MDS initiation and progression (Banerjee
et al., 2015; Raaijmakers, 2014; Raaijmakers et al., 2010). Therefore,
IOL reduction may attenuate MDS progression. Studies investigating
the mechanisms by which ICT with DFX, DFO and DFP may result in HI
are summarized in Table 5, and the mechanisms of suppression of he-
matopoiesis, support of MDS initiation/progression, and points at
which IOL may exacerbate these effects are shown in Fig. 4.

5. Hematologic improvement with iron chelation; unanswered
questions and future directions

Multiple clinical and preclinical studies have established that ICT
leads to HI in MDS. Going forward, it will be important to determine
which clinical or laboratory parameters predict which patients will
experience HI with ICT, and whether these parameters differ between
chelation agents or MDS subtypes. Suggested parameters predicting HI
include a negative iron balance or longer duration of LPI suppression,
but this remains to be demonstrated in clinical studies. Enhanced LPI
(eLPI) is measured using an agent that displaces LPI from serum carriers
such as albumin and citrate. In the SCT setting, the presence of elevated
eLPI prior to conditioning was strongly associated with increased early
non-relapse mortality in a multivariate analysis (p = 0.002) and OS
(p < 0.0001); whether eLPI is associated with clinical outcomes in the
non-SCT setting is particularly worthy of investigation (Wermke et al.,
2018). Alterations in factors such as hepcidin or EPO, and alterations in
ROS levels leading to alterations in redox signaling and/or cytotoxicity
may be important. Balance between subsets of T cells, natural killer
cells, and macrophages are altered in IOL and by ICT, and may be
important in influencing cell growth and differentiation. A number of
molecular mechanisms have been suggested by which HI may occur,
but it remains to be seen whether these are applicable to MDS patients
in clinical practice. It will be of interest to determine whether HI occurs
by restoration of effective myelopoiesis in normal hematopoietic pre-
cursors, within the MDS clone, or both. Ultimately, the mechanism
underlying HI may depend on the cellular context, including MDS
subtype, cytokine milieu, stromal function, degree of remaining normal
myelopoiesis, cytogenetic risk group, blast count, immune tumor sur-
veillance, and degree of IOL. Given the induction of mutations in IOL, it
will be interesting to determine whether somatic mutations associated
with MDS initiation and progression are accelerated by IOL (Bejar,
2017; Kennedy and Ebert, 2017).

Clinical guidelines for MDS recommend starting ICT for lower risk
patients after receiving 20–50 RBC units with SF levels of
1000–2500 ng/ml (Bennett, 2008; Gattermann, 2008). Myeloid ma-
turation of normal cells and decreased colony formation of MDS cells
occur at the equivalent of a low therapeutic dose of DFX, raising the
question whether ICT should be started earlier than recommended by
guidelines, at a lower dose (Pullarkat et al., 2012; Tataranni et al.,
2015), which would also reduce side effects (Meunier et al., 2017). This
approach would ideally be taken in the context of a clinical trial with
correlative studies performed. Studies suggesting that DFX inhibits
myeloblasts are intriguing (Callens et al., 2019; Messa et al., 2010;
Paubelle et al., 2013), raising the question whether combinations of ICT
with standard MDS treatments such as HMA or lenalidomide mightTa
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confer clinical benefit. Although observational studies found no in-
crease in adverse events when DFX was administered with HMA, le-
nalidomide, or EPO, these studies did not focus on tolerability of
combinations (Angelucci et al., 2014; Breccia et al., 2012; Maurillo
et al., 2015). The combination of DFX and azacitidine is the subject of
three clinical trials; two of these closed due to slow patient accrual, and
results of the third are pending (ClinicalTrials.gov, 2017a, b;
ClinicalTrials.gov, 2017c). The KALLISTO trial was designed to test
whether a low dose of DFX in combination with EPO resulted in su-
perior erythroid improvement rate compared with EPO alone. In this
small study, the combination did not improve erythroid response,
however, this trial closed after more than 2.5 years due to slow en-
rollment (n=23) (Gattermann et al., 2017). As the beneficial effects on
the cellular milieu conferred in MDS may differ with different chelators,
consideration could be given to testing combinations. Of particular
interest are observations that eltrombopag, which has iron chelating
and immunomodulatory activity, can induce trilineage responses in
aplastic anemia patients at doses too low to stimulate thrombopoiesis,
and synergizes with other chelation agents to offload iron (Desmond
et al., 2014; Olnes et al., 2012; Roth et al., 2012; Vlachodimitropoulou
et al., 2017). Facilitated transport of chelators to specific tissues and
organs is also being explored (Ma et al., 2009).

Chelators with anticancer activity are being developed, and whether
chelators increase sensitivity to chemotherapeutic agents explored
(Eberhard et al., 2009; Estrov et al., 1988; Leardi et al., 1998). Mod-
ification of existing chelators to increase their half-life is also underway
(Hamilton et al., 2017). ‘Masked’ pro-chelators that have no significant
iron chelating ability until the ‘mask’ is displaced by oxidative stress are
in development; in a preclinical model, these protected cardiomyocytes
against oxidative injury (Jansova et al., 2014). Free radical scavengers
and antioxidants may prove useful (Cortelezzi et al., 2000; Ghoti et al.,
2010). Other potential interventions include manipulation of the hep-
cidin–ferroportin system (Ramos et al., 2012; Sangkhae and Nemeth,
2017; Schmidt and Fleming, 2014).

Though there is as yet no evidence definitively linking IOL-induced
oxidative stress to clinical endpoints in MDS, clinical data showing
improvement in endpoints with ICT, including HI, are consistent with
suppression of a toxic substance in a manner too rapid to be accounted
for by removal of organ or total body iron. Although the current dis-
cussion has focused on MDS in the usual clinical setting, multiple
endpoints around SCT are influenced by IOL and ICT (reviewed in
(Leitch et al., 2017a)). Areas for future investigation of oxidative stress
include: delineating which parameters or results of oxidative stress
correlate with clinical endpoints in MDS and SCT; the duration of oxi-
dative stress suppression required to optimize clinical endpoints; mo-
lecular pathways altered by oxidative stress and whether appropriate
targeted therapies may be developed; whether IOL-induced oxidative
stress suppression should be employed earlier than is usual practice in
MDS; whether ICT can be effectively combined with other interventions
to suppress oxidative stress; and the characteristics of patients with
MDS predicting favorable response to these measures. It may be in-
structive in future clinical trials to measure longer lasting results of
oxidative stress, such as 8-OH-dG or lipid peroxidation products rather
than LPI (Gattermann and Rachmilewitz, 2011; Kikuchi et al., 2012;
Pimkova et al., 2014).

Of note for future investigations, a recent study demonstrated that
the differentiation program of MSCs from patients with MDS was dis-
turbed; MDS cells altered (“reprogrammed”) the gene expression of
MSCs, leading to alterations in cytokine production and adhesion mo-
lecules important in supporting MDS progression. The survival of
transplanted MDS cells was supported by MSCs derived from patients
with MDS, or by MSCs reprogrammed by MDS cells. This model system
lends itself to the study of molecular/cellular mechanisms of cellular
survival and progression in MDS, including IOL, and to the study of
potential treatments, including ICT (Medyouf et al., 2014). The ob-
servation that MDS colonies grow preferentially in hypoxic conditions
lends itself to future investigations of MDS in general and of IOL in
particular (Thompson et al., 2007). Questions and research tools for

Fig. 4. Does iron overload play a role in the pathology of MDS?
Replicative stress, immune interactions, radiation, and chemicals induce mutations in hematopoietic stem cells that can be exacerbated by oxidative stress from iron
overload. This results in genomic instability, leading to the acquisition of somatic mutations. Interactions with the bone marrow stroma lead to mesenchymal cell
reprogramming, which supports the proliferation and survival of MDS cells. Cytokine release and the inflammatory milieu add to impairment of myelopoiesis and
lead to selection pressure, clones with a survival advantage, clonal evolution, and progression to AML. Iron overload adds to cytokine alteration, inflammation, and
clonal evolution. Iron chelation therapy or antioxidants may ameliorate these effects. AML, acute myeloid leukemia; CIN, chromosomal instability; DFX, deferasirox;
MDS, myelodysplastic syndrome; MSI, microsatellite instability.
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future investigation of iron overload, oxidative stress, impaired mye-
lopoiesis and hematologic improvement with ICT are summarized in
Table 6.

In conclusion, multiple clinical investigations in MDS have shown
that IOL suppresses myelopoiesis and that ICT results in hematologic
improvement in a substantial minority of patients. Accumulating pre-
clinical evidence at the molecular, organelle, cellular, tissue, organ, and
whole-body levels demonstrate, with considerable biological plausi-
bility, that clinical endpoints in MDS including myelosuppression may
be influenced by IOL, possibly via oxidative stress, and are attenuated
using ICT. This evidence is sufficiently extensive to warrant serious
consideration and future investigations aimed at determining how to
best harness this phenomenon for the clinical benefit of MDS patients.
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Table 6
Iron overload, oxidative stress, impaired myelopoiesis, and iron chelation
therapy-induced hematologic improvement: future directions.

Research agenda and tools

Research agenda: iron overload-induced oxidative stress

• Which parameters of oxidative stress correlate with clinical endpoints in MDS and
SCT?
○ Measure long-lasting results of oxidative stress: 8-OH-dG; lipid peroxidation

products
○ Further investigation of enhanced LPI association with clinical endpoints
○ Duration of oxidative stress suppression required to optimize clinical endpoints
○ Molecular pathways altered by oxidative stress – develop targeted therapies?
○ Should oxidative stress suppression be employed earlier than is usual in MDS?
○ Can ICT be effectively combined with other interventions to suppress oxidative

stress?

• Determine which patient characteristics predict favorable response to these
measures

Research tools

• MDS cells reprogram MSC gene expression, altering cytokines and adhesion
molecules supporting MDS progression

• MDS colonies grow preferentially in hypoxic conditions

• These models allow analysis of MDS molecular/cellular mechanisms of survival and
progression
○ dModels allow for preclinical study of potential treatments

8-OH-dG, 8-hydroxy-2′-deoxyguanosine; ICT, iron chelation therapy; LPI, labile
plasma iron; MDS, myelodysplastic syndrome; MSC, mesenchymal stem cells;
SCT, stem cell transplantation.
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