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Abstract
Many patients who undergo hematopoietic cell transplantation (HCT) present with anemia and have
received red blood cell transfusions before HCT. As a result, iron overload is frequent and appears
to be particularly prominent in patients with myelodysplastic syndromes (MDS). There is evidence
that peritransplant events contribute to further iron accumulation, although the mechanism that
disrupts normal iron homeostasis remains to be determined. Recent studies suggest that iron overload,
as determined by ferritin levels, a surrogate marker for iron, is a risk factor for increased non-relapse
mortality after HCT. Iron overload is associated with an increased rate of infections, in particular
with fungal organisms. Furthermore. anecdotal data suggest that increased hepatic iron may mimic
the clinical picture of (chronic) graft-versus-host-disease (GVHD). Whether excess iron contributes
to GVHD and whether iron depletion, be it by phlebotomy or chelation, reduces the post-
transplantation complication rate and improves transplant outcome has yet to be determined.
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Introduction
Body iron stores are regulated at the level of intestinal absorption. While various aspects of
the regulation are still being uncovered, the following model has emerged [1]. Non-heme iron
is absorbed primarily in the duodenum where it is reduced from the ferric to ferrous form via
a ferroreductase (DCYTB) and transported across the brush border by the divalent metal
transporter 1 (DMT1). Iron is then stored in ferritin or transported across the basolateral side
of the enterocyte by ferroportin 1 (in conjunction with hephaestin, a ferroxidase that oxidizes
iron back into the ferric form) for delivery to transferrin (Tf) and entry into the circulation.
Expression of the iron transporters appears to be regulated in response to body iron stores.
Hepcidin, a peptide hormone secreted by the liver, has an inhibitory effect on iron absorption
(via interaction with ferroportin) [2]. The complex regulation of hepcidin expression is
incompletely understood, but appears to involve ‘sensing’ by Tf receptors [3], oxygen tension
[4], the growth and differentiation factor 15 (GDF15) [5], and the serine protease TMPRSS6
[6] among others.
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Many patients undergoing hematopoietic cell transplantation (HCT) for marrow disorders,
particularly patients with myelodysplastic syndromes (MDS), show iron overload, with hepatic
iron concentrations reaching levels as observed in hereditary hemochromatosis [7]. Iron
overload and ensuing liver pathology have also been described in patients with thalassemia
[8]. Contributing factors include enhanced intestinal iron absorption secondary to anemia, and
the administration of red blood cell (RBC) transfusions [9].

Recent data show a significantly shortened survival of MDS patients who are transfusion
dependent [10], and several reports suggest that transfusion dependence, iron overload or both
are also reflected in inferior outcome after HCT [11,12]. In fact, there is evidence that peri-
and post-transplant events further enhance iron accumulation. For example, cytotoxic
conditioning (in preparation for HCT), and the resulting arrest of erythropoiesis cause a period
of hyperferremia, leading to Tf saturation and appearance of potentially toxic non-Tf-bound
iron (NTBI) in the circulation [13,14].

The relationship between iron and post-transplant toxicity and mortality, related in particular
to graft-versus-host disease (GVHD) and infections, is not clear. However, both the liver and
the intestinal mucosa, which express essential iron regulatory genes including HAMP, the gene
that encodes hepcidin, and ferroportin 1, are targets of conditioning-related toxicity as well as
GVHD, initiated by donor-derived T lymphocytes [15]. The ensuing release of cytokines,
including interleukin (IL)-6, might directly affect expression of hepcidin, since IL-6 is a potent
inducer of hepcidin (via STAT 3) [1]. GVHD also involves the interaction of Fas-ligand
expressed on activated donor T lymphocytes with host tissue, including enterocytes and
hepatocytes [16]. It is conceivable, therefore, that T lymphocyte-inflicted tissue damage
disrupts iron homeostasis, thereby leading to uncontrolled iron accumulation, which in turn
may aggravate tissue damage related to the development of GVHD and infections.

Hepatic Iron Overload in Patients Undergoing HCT
Severe iron overload occurs in ptients with hemochromatosis and other genetically determined
disorders [7,17]. However, iron overload also occurs with acquired hematopoietic disorders
[8,18]. In patients with ineffective hematopoiesis and anemia, intestinal iron absorption is
increased, hepcidin is down-regulated, and binding to and internalization of ferroportin 1 is
reduced, resulting in increased influx of iron into the system [19]. Secondly, since marrow
function is impaired, iron is not effectively utilized. Thus, thirdly, patients require RBC
transfusions, adding exogenous iron loading at a rate of 200–250 mg per unit of RBC [9].

Gordon et al. were the first to show a remarkable increase in serum iron following high intensity
transplant conditioning, resulting in Tf saturation and appearance of NTBI in plasma [20].
Numerous reports suggesting dysregulation of iron homeostasis after HCT followed [8,11,
21–25]. Altes et al. studied 59 patients, 19–66 years of age with hematologic diagnoses, who
died at a median of 5 months after autologous (n=24) or allogeneic (n=35) HCT [25]. The
median HIC was 7,700 µg/g dry weight (138 µmol/g; range 31–631 µmol/g). Strasser et al.
[22] determined the iron content in marrow and liver in 10 consecutive allogeneic HCT
recipients, 1–59 years of age, who died 0.5–8.7 (median 2.2) years after HCT. Patients had
received 48 ± 26 units of RBC, 30 ± 17 of those during the peri- and post-transplant period.
The median HIC was 4,307 µg/g dry weight (range 1,832–13,120) (illustrated in Figure 1).
The biochemically determined marrow iron was 932–3,942 (median 1,999) µg/g dry weight.
There was a strong correlation between morphometric marrow iron content and biochemical
hepatic iron index [µmol Fe/g dry tissue/patient age in years] (r=0.82; p=0.004).

These data could have been biased as only autopsy samples were studied. However, Armand
et al. showed that 47% of 600 patients who received HCT after high-dose conditioning had
serum ferritin levels (used as a surrogate measure for iron) of ≥ 1,000 ng/ml pre-transplant,
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which was associated with significantly increased non-relapse mortality (p<0.0001) [11]. The
greatest impact was observed in 103 patients with a diagnosis of MDS with a hazard ratio (HR)
for non-relapse mortality of 3.0 (p=0.001). Our own data in 172 patients with MDS transplanted
with peripheral blood progenitor cells from HLA-identical donors also showed inferior survival
in patients with ferritin levels ≥1,000 ng/ml pre-HCT (p=0.03); the incidence of GHVD
increased with increasing pre-transplant ferritin levels, although differences did not reach
statistical significance [12]. However, this study revealed a strong correlation between serum
ferritin levels and the previously reported HCT-comorbidity index (HCT-CI), which has been
shown to correlate inversely with the probability of transplant success [26]. Alessandrino et
al. [27] presented data showing that the WHO Prognostic Scoring System (WPSS)
classification of patients with MDS, one parameter of which is transfusion dependence,
significantly impacted transplant outcome, with a probability of survival of 80% in low risk
patients, but only 60% in intermediate risk patients; as intermediate risk patients have a score
only one point higher than low risk, this could be accounted for by transfusion dependence
(which is scored as one point). Further, Pullarkat et al. [28] and Mahindra et al. [29] reported
in abstract form that patients with ferritin levels of >1000 and >1615 ng/ml, respectively, were
at higher risk of death both from relapse and non-relapse causes, and had a higher incidence
of GVHD than patients with lower ferritin levels. Thus, these data support the hypothesis that
iron overload in transplant patients can be severe, is associated with toxicity, and may interfere
with transplant success. However, none of the above studies were conducted in a prospective
fashion, and even the data reported by Platzbecker et al. [12] mentioned could not link
transplant outcome directly to transfusion dependence or iron, but only to ferritin levels.
Ferritin, however, is an acute phase reactant and might be elevated for various reasons. Also,
there is recent evidence that ferritin itself has pro-inflammatory effects and thereby could
contribute to complications, such as sinusoidal obstruction syndrome, after HCT [30].

Iron and GVHD
Liver and intestinal mucosa (in addition to skin) are the major target organs of GVHD [31–
33]. GVHD is initiated by alloreactive donor T lymphocytes, but also involves host
components, in particular, host antigen presenting cells (reviewed in [33]). A histologic
hallmark of GVHD is apoptosis. Liver GVHD typically presents with a rise in serum
transaminases and bilirubin, with Fas/Fas-Ligand induced hepatocyte apoptosis, and cell
mediated bile duct injury [34]. Intestinal GVHD usually causes diarrhea related to
inflammation and edema of the bowel mucosa caused by enterocyte apoptosis, crypt abscesses,
ulceration, and denudation [33]. Donor T lymphocytes, and TNFα and Fas-mediated signals
play a central role in inflicting tissue injury [35]. In murine models, signaling via the death
receptor Fas (CD95) is essential for GVHD, particularly in the liver [36,37]. Following cross-
linking of Fas receptors on hepatocytes by Fas-ligand (CD178) expressed on activated T
lymphocytes, hepatocytes undergo apoptosis, and our studies indicate that this may be
associated with iron deposition [38,39]. Endothelial injury induced by T cells and cytokines
may precede hepatocyte injury [40,41], and both inflammatory/necrotic and apoptotic changes
(necrapoptosis) may be present [16,40]. How those cellular injuries affect the expression of
iron regulatory signals is currently under study (see below).

One report [42] described six patients suspected of having hepatic GVHD who were found to
have severe iron overload with serum ferritin concentrations of 2,398–11,159 ng/ml (four
patients also had liver biopsies showing high HIC). Liver functions normalized with
phlebotomy and iron depletion without continuation of immunosuppressive therapy. Since, as
discussed, many transplant recipients are multiply transfused, it is to be expected that liver
biopsies show iron overload (even with autologous or syngeneic transplants) in addition to
signs of GVHD (with allogeneic transplants). Iron accumulation beyond that present before
HCT is presumably related to continued transfusion need until complete recovery of marrow
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function after HCT. However, additional data suggest that other factors in the peri-transplant
period contribute to iron deposition and hepatic injury [38].

A relationship of GVHD and iron has also been suggested by Gerbitz et al. in a murine model
[43]. These investigators showed that treatment of mice with cobalt-protoporphyrin (CoPP) to
induce haem oxygenase 1 (HO1, also known as heat shock protein 32, the rate limiting enzyme
for the breakdown of haem into biliverdin IX, carbon monoxide [CO] and iron) alleviated or
prevented GVHD after transplantation of allogeneic T lymphocytes [43]. Further, Ferris et al.
observed that deletion of HO1 in HEK-293 fibroblasts resulted in iron accumulation and
apoptosis, while overexpression of HO1, which enhanced iron efflux from the cells, was
cytoprotective [44]. Deletion of HO1, which is constitutively expressed in hepatocytes, resulted
in iron accumulation in the liver. Conceivably, therefore, HO1 may have a downstream
scavenging function in maintaining iron homeostasis and cellular integrity.

Janin et al. documented endothelial apoptosis as identified by immunostaining for caspase 8
that was mediated by Fas-ligand expressed on donor T lymphocytes following the infusion of
allogeneic C57BL/6 [H-2b] splenic lymphocytes into severe combined immunodeficiency
(SCID) recipients (Balb/c background [H-2d]) [16]. We established a similar model in which
we transplanted allogeneic C57Bl/6 [H-2b] T lymphocytes (splenocytes) into non-obese
diabetic (NOD)/SCID mice (H-2d) in an attempt to determine whether Fas/Fas-Ligand
mediated injury would affect iron homeostasis. The use of NOD/SCID mice allowed us to
achieve engraftment without cytotoxic conditioning. In mice fed normal chow and infused with
3.0×107 histoincompatible, but not those infused with syngeneic T lymphocytes, liver sections
(on day 14) showed iron deposition in hepatocytes. This was confirmed by quantitative analysis
of liver tissue. These mice also showed histological evidence of injury of the gut mucosa and
the liver, and serum transaminases were elevated. Control mice showed slight increases in body
weight over 14 days, whereas in mice given histoincompatible T cells the weight declined
progressively, as classically observed in murine GVHD [45]. The weight loss was prevented
or reversed in mice pre-treated with apoTf [39]. Based on previous observations [35,46], we
postulated that pre-treatment of mice with ApoTf would interfere with T lymphocyte-mediated
hepatic injury and liver iron deposition. Results supported this hypothesis by showing
substantial reduction in hepatocyte apoptosis and serum transaminase elevations [38].

We showed, in addition, that NOD/SCID mice fed diets with three different iron contents were
able to regulate expression of hepcidin and ferroportin appropriately as long as no allogeneic
T lymphocytes were infused. However, the infusion of histoincompatible T cells resulted in
significant dysregulation of iron: serum iron levels increased in mice on all diets, most
markedly in mice on high iron diet, and ferroportin expression in the duodenal mucosa
increased 10–100-fold following the infusion of allogeneic cells, even in mice on high iron
diet. Conversely, hepcidin expression in the liver declined consistently, including mice on high
iron diet and documented liver iron overload. These observations provide support for the notion
that allogeneic transplantation may contribute to iron overload.

Allogeneic GVHD, Iron Homeostasis, and the Effect of Transferrin
Hepcidin expression is typically decreased in patients with anemia. One factor involved in
suppression of hepcidin is GDF15, expressed by erythroblasts, and recent data indicate that
active erythropoiesis is required for anemia-mediated down-regulation of hepcidin to occur
[47,48]. Since many patients who undergo HCT are anemic, hepcidin levels are expected to
be low, and, as a consequence, iron uptake should be high. However, this notion does not
consider the fact that conditioning for HCT results in transient arrest of erythropoiesis, and
hepatic and intestinal injury and cytokine release which might be expected to lead to
upregulation of hepcidin. Further, as indicated above, transplant conditioning is associated with
rapid Tf saturation, changes in ferritin levels, and accumulation of NTBI [20,49,50], which
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may lead to oxidative stress, as also described by Nunez et al. [20,50,51]. Following up on the
observation of transplant conditioning-related rises in plasma iron levels and increases of
highly reactive NTBI [20], Parkkinen et al. observed that rapid Tf saturation and accumulation
of NTBI after HCT was prevented by infusion of high doses of ApoTf [14].

The mechanism of a contribution of immunocompetent, alloreactive donor T lymphocytes to
any alterations in iron homeostasis is not clear. However, donor T cells are activated by host
antigen presenting cells and cytokines, which leads to expansion and cytotoxic effects on target
organs with the histologic hallmark of apoptosis [7,16,52,53]. Fas-mediated signals (initiated
by allogeneic cells) may result in changes in redox status, which could lead to alterations in
the expression and function of hepcidin (and other regulatory factors). Inflammatory pathways,
in particular IL-6 signaling, appear to be involved, as well as bone morphogenetic proteins 2/4
among other factors [54]. However, in our murine model in which no cytotoxic conditioning
regimen is administered, primary inflammatory signals are unlikely to represent the essential
trigger, although T-cell activation will lead to cytokine release, including IL-6 and TNFα.
Inflammatory responses are likely to be more relevant in the clinical setting where cytotoxic
conditioning is administered in preparation for HCT, although one would expect IL-6-induced
upregulation of hepcidin to counteract iron uptake and accumulation. Thus, while there is little
information on the expression and function of iron regulatory proteins in the setting of
allogeneic HCT, our model suggests that hepatic iron deposition is enhanced by signals that
are directly or indirectly related to alloreactive T lymphocytes.

Pierpaoli et al. showed that treatment of rodents before HCT with Tf (from the prospective
donors) facilitated engraftment and attenuated or prevented the development of GVHD [55,
56]. Similar protection was achieved with human Tf [55]. We confirmed those data in a canine
model [57]. In vitro experiments showed that Tf, particularly in the form of ApoTf, suppressed
alloreactivity as well as mitogen-induced proliferation [39,58,59], and had profound anti-
apoptotic effects. For example, in non-transformed murine (NMH) and human (HH4)
hepatocyte cell lines, Fas-mediated apoptosis was down-modulated or prevented by ApoTf
[60]. While Fas-induced apoptosis was accompanied by a decrease in cellular glutathione
(GSH) levels, consistent with the implied changes in cellular redox potential, GSH levels were
preserved or restored in the presence of ApoTf [60], similar to the effects of N-acetylcysteine
or glutamine as reported by others [49]. ApoTf was most effective when supplied 24 hours
before Fas ligation [39,60]. Strikingly, in human HH4 hepatocytes the addition of iron saturated
HoloTf (rather than ApoTf) to cultures 24 hours before the agonistic anti-human Fas antibody
CH11 (mimicking the effect of Fas-ligand expressing T lymphocytes) in a dose-dependent
fashion increased caspase-3 activation and the proportion of apoptotic cells.

Apoptosis is central to tissue damage in GVHD, and the present data appear pertinent to the
observation of GVHD prevention by ApoTf [57,61]. Of note, the cytoprotective effect of ApoTf
was absent in mice with a genetic inactivation of Tf receptor 2 (mice homozygous for the
receptor inactivation also express low levels of hepcidin) [62], while, in contrast, neutralization
of Tf receptor 1 (CD71) did not interfere with the cytoprotective effects of Tf [59].

Summary
Iron overload is frequent in patients with ineffective hematopoiesis who undergo HCT. Causes
include enhanced iron absorption due to anemia, RBC transfusions and peri-transplant events.
Infusion of allogeneic cells may contribute to the dysregulation of iron homeostasis by way of
hepatic and intestinal injury. Fas-mediated signals appear to be involved, at least in preclinical
models, where the administration of ApoTf provides a cytoprotective effect. This effect may
be mediated via binding of NTBI or, possibly, via signals transmitted though Tf receptor 2.
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The exact pathway leading to inappropriate downregulation of hepcidin remains to be
characterized.
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Figure 1. Liver biopsy 7 months after allogeneic HCT
Iron stain (20x). Arrows indicate iron in hepatocytes, Kupffer cells and macrophages,
respectively.
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