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I INTRODUCTION






1. Erythropoiesis and iron

1.1 Erythropoiesis

1.1.1 Erythropoietic progenitors and precursors

Two million mature red blood cells (RBC) or erythrocytes are produced every day by a continuous
process called erythropoiesis. The cells involved in erythropoiesis are the erythropoietic
progenitors and precursors that derive from hematopoietic stem cells (HSCs), located in the bone
marrow (BM) (1, 2) . These cells go through a series of developmental stages before becoming
RBC that have an average lifespan of 120 days and the ability to transport oxygen throughout the
body.

HSCs are pluripotent cells capable of self-renewal, but also of differentiating into all blood cell
types by evolving into the myeloid or lymphoid lineage. The choice of the lineage to which HSCs
commit depends on signals and growth factors received by the BM. Erythropoietin (EPO), among
other factors, is key for the development of RBC from HSCs (3, 4).

Erythroid differentiation begins with the engagement of a HSC into the myeloid lineage, starting
with a common progenitor, capable of giving rise to both RBC and platelets (5). This progenitor,
at the next step, becomes an early erythroid progenitor called “burst-forming unit-erythroid”
(BFU-E). It is only at the BFU-E stage that the cells are irreversibly committed to the pathway of
RBC differentiation. Then, the BFU-E gives rise to a colony of cells called “colony-forming unit-
erythroid” (CFU-E) (1).

CFU-E are the first recognizable erythroid precursors. While BFU-E cells have a slow proliferation
rate, CFU-E progenitors divide rapidly, forming small colonies (up to 64 erythroblasts) within a
few days in methylcellulose cultures. Five to eight times more CFU-E than BFU-E cells can be
observed in the BM (6).

Erythroid precursors are the intermediate cells between erythropoietic progenitors and mature
RBC. They undergo several cycles of division and differentiation, each characterized by changes
in cell size, shape, and staining properties. The main stages of erythroid precursors are
proerythroblasts, basophilic erythroblasts, polychromatic erythroblasts and orthochromatic
erythroblasts evolving into reticulocytes. From the basophilic erythroblast stage, hemoglobin
(Hb) is produced thanks to the strong expression of transferrin receptors (TfR) allowing the
acquisition of large amounts of iron. The progressive accumulation of Hb in the cytoplasm leads
to changes in cytoplasmic appearance. The last cell division takes place at the polychromatophilic

stage.

Finally, the nucleus is expelled when erythroblasts are sufficiently mature (orthochromatic
erythroblast stage), and reticulocytes appear in the circulation while continuing active Hb

production. At this stage, the cell is filled with Hb, which gives it its characteristic red color. It takes



about a week for reticulocytes to develop into erythrocytes in healthy individuals (1). As
reticulocytes mature, ribonucleic acid (RNA), mitochondria and ribosomes are degraded and
protein synthesis ceases (7). Mature erythrocytes are shaped like a biconcave disc and contain
high concentrations of Hb, which binds and transports oxygen (Figure 1).

Erythropoiesis is thus a continuous process (including cell proliferation and differentiation).
Furthermore, this production can be increased up to 20-fold in anemia, including through a
decrease in apoptosis of erythroid progenitors (2, 3, 8).

Platelets
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Figure 1: Erythropoietic progenitors and precursors. HSC: hematopoietic stem cell; Prog: progenitor cell; BFU-E: burst-forming
unit-erythroid; CFU-E: colony-forming unit-erythroid; Pro-e: pro-erythroblast; E-bast: erythroblast; Retic: reticulocyte; RBC: red
blood cell.

1.1.2 Regulation of erythropoiesis

Erythropoiesis is influenced by the environment. The organism adapts the production of RBC
according to environmental factors (high altitude) and mechanical factors (sports).

At the cellular level, erythropoiesis is a dynamic process regulated by various cytokines and
growth factors that influence cell survival, proliferation, and differentiation. During
erythropoiesis, HSCs proliferate and differentiate into mature erythrocytes.

Several parameters influence erythroid differentiation positively or negatively. These parameters
are physical (involving cell-cell or cell-extracellular matrix interactions), chemical (cytokines,
growth factors) or genetic. Most growth factors are produced within the marrow environment
consisting of stromal cells, endothelial cells, hematopoietic cells, osteoblasts, and the extracellular
matrix (1, 2).

EPO is the main growth factor that stimulates erythropoiesis and is therefore described in more
detail in the following chapter. Other growth factors involved in the regulation of erythropoiesis

have also been identified: hypoxia-inducible factors (HIF), stem cell factor (SCF), Fms-related



tyrosine kinase 3 ligand (Flt-3L), thrombopoietin (Tpo), interleukin-11 (IL-11), interleukin-3 (IL-
3), and granulocyte-monocyte colony stimulating factor (GM-CSF) (1, 2, 7).

Erythroblast islands that regulate erythroid differentiation in the BM were described in 1958 by
Marecel Bessis (9) (Figure 2). They consist of a central macrophage (MC) surrounded by five to
thirty erythroblasts at different stages of maturation. Although erythroid differentiation is
possible in vitro without the need for co-culture with these macrophages, only interaction with
macrophages can achieve proliferation and differentiation rates that allow the generation of

approximately two million reticulocytes per second under normal erythropoietic conditions (10).
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Figure 2: The erythroblastic island. (A) Erythroblastic island in fetal liver. The cytoplasmic extensions of the central
macrophage (stained with the F4/80 antibody) (brown) are surrounding erythroid cells at various stages of differentiation.
(B) Schematic drawing of an erythroblastic island. Figure from Cold Spring Harb Perspect Med 2013 (1)

The glycoprotein erythroblast macrophage protein (EMP) is expressed by erythroblasts (EB)
and MCs, which can interact through homophilic binding. EMP therefore mediates erythroblast-
macrophage interaction during erythroid differentiation but is also essential for erythroid
proliferation and terminal differentiation. Indeed, blocking EMP with an anti-EMP antibody
induces a decrease in EB proliferation, maturation and enucleation, associated with an increase
in apoptosis (11). Mice invalidated for this protein die soon after birth and suffer from severe
anemia (12). Although EMP was the first protein identified in these EB/MC interactions, other
protein pairs have since been found; Integrin a431 expressed on the surface of EB interacts with
the VCAM1 (Vascular Cell Adhesion Molecule 1) protein expressed by MCs. Inhibition of this
interaction by antibodies disrupts islet formation and reduces the number of islets (13). Another
pair of proteins has been identified, i.e. the ICAM-4 (InterCellular Adhesion Molecule 4) (EB) / av
(MCs) pair. Blocking the interaction between these two proteins also reduces the number of islets
by 70% (14). A recent study showed, in a mouse model invalidated for agrin a5p81 expressed by
Ebs and MCs, a decrease in the number of Ebs by 30-60% as well as anemia and disorganization

of islets visible by confocal microscopy (15).



Different cytokines are involved in the initial phase of HSC differentiation into erythroid
progenitor cells and in the late phase of cell division towards mature erythroid cells (16)
(Figure 3). These cytokines are pivotal in governing normal hematopoiesis, necessitating an
equilibrium between hematopoietic growth factors and myelosuppressive factors to ensure
optimal generation of diverse hematopoietic cell lineages. Negative regulation of erythropoiesis,
under the control of a complex network of transcriptional factors such as transforming growth
factor (TGF)-B1, tumor necrosis factor (TNF)-a, interferon-gamma (IFN-y), and Fas/Fas-ligand
(FasL) and TNF-related apoptosis-inducing ligand (TRAIL), also occurs within the EB islet (17).
Consequently, the low rate of inefficient erythropoiesis under basal conditions is partly explained
by apoptotic mechanisms.

The primary phases of erythropoiesis are regulated by SCF/stem cell growth factor receptor (c-
Kit), IL-3/IL-3 receptor (IL-3R), and GM-CSF (1, 18). Indeed, SCF is a cytokine that binds to its
receptor KIT, a tyrosine kinase receptor, and triggers a signaling cascade that regulates the
differentiation of erythroid progenitor cells by activating multiple signaling pathways, including
PI-3 kinase, Src kinases, and PLC-g (19).

Zinc finger transcription factors (GATA), GATA-1 and GATA-2, are the major transcriptional
regulatory factor of erythropoiesis (20, 21). GATA-2 is expressed in early while GATA-1 is more
presentin late stages of erythropoiesis (22). GATA-2 supports erythroid proliferation and reduces
erythroid differentiation (23). Inversely, GATA-1 promotes erythroid differentiation at the end of
erythropoiesis by up-regulating specific red lineage genes. GATA-1 also induces the expression of
the anti-apoptotic protein B-cell lymphoma-extra-large (Bcl-xL) and the erythropoietin receptor
(EPO-R) with the transcription factor signaling and activator of transcription 5 (STAT5) (23, 24).
Caspases, which are a family of cysteine proteases that play key roles in apoptosis, can cleave
GATA-1 during erythropoiesis. This cleavage of GATA-1 results in the release of a truncated GATA-
1 protein, thereby stopping erythroid differentiation and generating cell death (22). Heat shock
protein 70 (Hsp70) is a chaperone protein that helps to protect cells from stress in response to
various cellular signals. Hsp70 is upregulated during erythropoiesis, and that it plays a role in
protecting erythroid cells from oxidative stress. Additionally, Hsp70 can protect cells from
apoptosis by preventing the cleavage of GATA-1 by caspase-3 (25).

Interferons (IFN-q, IFN-f, and IFN-y), TGF-f3, and TNF-a can all activate the mitogen-activated
protein kinase p38 (MAPK) in primary human hematopoietic progenitors. The activation of p38
is necessary for the myelosuppressive action of these cytokines on hematopoiesis (26). Moreover,
mature Ebs can inhibit the survival and differentiation of immature Ebs through Fas/Fas-L
interactions (27). Fas and its ligand (Fas-L) belong to the TNF and TNF receptor families,
respectively. In addition to its well-known immune functions, the Fas/FasL system may be

involved in EB apoptosis (28). Fas is expressed by all Ebs and especially the most immature cells



(proerythroblasts and basophilic erythroblasts) and can be stimulated by IFN-y (16, 17, 27, 29).
It has been proposed that mature Fas-L+ erythroblasts, through a negative feedback regulatory
mechanism, kill immature Fas+ erythroblasts, and that macrophages are responsible for the
clearance of dead erythrocytes (30). Therefore, Fas-L expressed by mature erythroblasts will bind
to Fas expressed by immature erythroblasts, triggering apoptosis pathways, thus preventing
overproduction of RBC (28, 30). This implies the activation of downstream caspases, the cleavage
of GATA-1, a key factor in erythroid differentiation, inducing apoptosis of excess erythroblasts
(30). This Fas/Fas-L pathway also cleaves TAL-1 (T-cell Acute lymphocytic Leukemia protein 1,
also known as the stem cell leukemia (SCL) gene). TAL-1 encodes a basic helix-loop-helix protein
that is essential for the formation of all hematopoietic lineages, including primitive erythropoiesis
(31). In particular, the activation cascade induced by the Fas/Fas-L interaction leads to an arrest
of erythroid maturation by activating the cleavage of GATA-1 and TAL-1 (27, 32).

More immature progenitors are protected from the FAS pathway because they express c-FLIP, an
inhibitor of Fas (33). Fas-L is expressed by mature orthochromatic erythroblasts that are
insensitive to Fas signaling, as if Fas was not related to apoptotic mechanisms in mature Ebs. The
action of Fas-L on immature Ebs is greatly diminished at high concentrations of EPO, allowing
activation of erythropoiesis (17, 27). Indeed, the expansion of Ebs in response to stress is
proportionally mediated by EPO through suppression or downregulation of Fas/Fas-L expression
in Ebs (28, 34). However, Fas receptors can bind to Fas-L overexpressed by certain tumor cells,
such as malignant plasma cells in multiple myeloma, leading to paraneoplastic anemia (35).
Nevertheless, Ipr mutant mice carrying a defective Fas gene do not exhibit major abnormalities in
erythroid development (36). Moreover, inhibition of IFN-y-induced erythroid apoptosis was only
partially restored after blocking the Fas pathway (37). These findings suggest that apoptotic
pathways, other than Fas/Fas-L, are involved in the control of erythropoiesis. Indeed, another
regulator demonstrated in erythropoiesis is TRAIL. TRAIL, also known as Apo-2L, is a
proapoptotic member of the TNF family first identified by Wiley in 1995 (38) and described to
induce apoptotic cell death in various cancers and infected cells expressing death receptor-4 or -
5 (39, 40). Unlike Fas, TRAIL is toxic to many cancer cells but spares most normal cells, and some
Fas-resistant cell lines remain sensitive to TRAIL-induced apoptosis (41). Primarily secreted by
cells of innate immunity or adaptive immunity such as NK cells, T lymphocytes, or macrophages,
TRAIL is crucial in innate and adaptive immune responses (42). Its production is triggered by pro-
inflammatory cytokines such as interferon, notably IFN-y (43).

TRAIL shares similarities with Fas, such as the negative effect on erythropoiesis by blocking
differentiation and promoting apoptosis (44-46). The signaling pathway between TRAIL and its
receptor would notably pass through the activation of caspases and the induction of ERK1/ERK2

signaling (47). Furthermore, TRAIL also regulates the maturation of myeloid cells (48) and



eliminates senescent neutrophils (49). TRAIL receptors are detectable in the early phases of
erythroid development, and are less expressed on mature Ebs, which display more TRAIL than
immature Ebs. Peripheral blood monocytes/macrophages have been identified as a potential
source of TRAIL in the bone marrow, producing this protein in response to certain signals such as
IFN-y or IFN-a (50). Furthermore, Fas/FasL and TRAIL could be effectors of IFN-y to inhibit
erythroid precursor growth and differentiation (29). On the other hand, the addition of EPO has
been found effective in counteracting erythroid cell apoptosis induced by both TRAIL and Fas-L
(45). Thus, macrophages may play a central role in the regulation of erythropoiesis by influencing
the balance between survival factors like EPO and apoptosis inducers such as TRAIL and Fas-L.
The terminal phase of erythropoiesis is dependent on iron metabolism and is regulated primarily
by EPO and SCF (51, 52). Actually, SCF synergizes with EPO in stimulating the proliferation and
expansion of developing erythroid precursors and may play a role in the phosphorylation of the
EPO receptor itself (19). In addition, vitamin B12 and folic acid, copper, zinc and iron are essential
for erythroid maturation (53). Erythroid differentiation and maturation are also negatively
regulated by members of the transferrin (Tf) group and its cellular receptor and by TGF and the
TGF-f superfamily (54, 55).

Another stimulator of erythropoiesis is serotonin. In addition to its role as a neurotransmitter,
serotonin is also produced and utilized in peripheral organs (56). Fouquet et al. demonstrated
that serotonin synthesized in the bone marrow is crucial for the survival and proliferation of
erythroid progenitors (57). Their research unveils a novel role of selective serotonin reuptake
inhibitors (SSRIs) collaborating with G-CSF in enhancing the recovery of all three hematopoietic
lineages after autologous hematopoietic stem cell transplantation (HSCT) in patients and after
sublethal irradiation in mice. However, in the absence of stress-induced hematopoiesis, SSRIs do

not appear to affect blood cell production.
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Figure 3: The main pathways and molecules involved in regulating erythropoiesis. The different stages are shown: HSC, BFU-
E, CFU-E, Pro-E, Baso-E, Poly-E, Ortho-E, and erythrocytes. Molecules involved: zinc finger factors that bind GATA sequences
(GATA-1, GATA-2); IL-3; IL-3-R; SCF; c-Kit; EPO; EPO-R; Ter-119, glycophorin A-associated protein; CD235a, glycophorin A;
CD44, cell surface adhesion molecule; CD34, transmembrane phosphoglycoprotein; CD36, platelet glycoprotein protein 4;
CD45, common marker of leukocytes; BCL-xL, anti-apoptotic protein; hemoglobin; FAS; FAS-L; Tf; TfR-1 (or CD71), transferrin
receptor 1; TGF-8; activin A; BMP-2, bone morphogenetic protein 2; GDF, growth differentiation factor. Vitamins, trace
elements, and iron metabolism proteins necessary for erythropoiesis: vitamin B12, folic acid, copper, iron, ferritin, ferroportin,
hepcidin). Figure and legend from Hao Zhang et al (16).

1.1.3 Erythropoietin and erythropoiesis-stimulating agents
After Deflandre and Carnot in 1906 identified a serum “substance” capable of stimulating red cell
production, more than 50 years of effort led to the identification of EPO in 1977 when Goldwasser

and Kung purified the protein (58), and that of its receptor (EPO-R) in 1989.

1.1.3.1 Structure and production of EPO

EPOisa 30,400 dalton glycoprotein composed of 165 amino acids. It originates from a polypeptide
encoded by the EPO gene itself discovered in 1985, and then cleaved and glycosylated (19, 59).
Throughout embryonic life, EPO is produced by neural crest- and neuroepithelium-derived cells
to promote erythrocyte differentiation in the yolk sac (60, 61). During fetal life, hepatocytes and
interstitial cells around their central vein in the liver become the primary sites of EPO production.
This hepatic production continues minimally and provides 10-20% of EPO during adult life while
the main production then takes place in the peritubular cells of the kidney, characterized by
FOXD1 expression (62-65). EPO can be translated in small amounts in the spleen, BM, lung, and
brain, but it does not replace the necessary erythropoietic regulation by the kidney (66-69).
Studies have also suggested EPO production by osteoblasts via HIF activation (70, 71).



1.1.3.2 Regulation of EPO production

Oxygen-sensing mechanisms are based on tissue oxygen concentration (3). Both high oxygen
consumption and limited oxygen supply result in oxygen gradients in the renal cortex because
oxygen can diffuse directly from arteries to veins (due to their proximity in the architecture of the
kidney) prior to the arrival of blood in tubular capillaries (3).

EPO expression is primarily regulated by HIF, a heterodimer between an 0,-dependent a subunit
(HIF-a : HIF-1a, HIF-2a, or HIF-3a), and a constitutively expressed 8 subunit (HIF-1B). HIF-2a is
particularly associated with EPO regulation (72, 73).

Under normal oxygenation conditions, prolyl hydroxylase enzymes (PHD1, PHD2, and PHD3
proteins) hydroxylate specific proline residues on the HIFa protein, which enables its recognition
by the von Hippel-Lindau (VHL) protein, a component of an E3 ubiquitin ligase complex that
targets HIFa for degradation via the ubiquitin-proteasome system (74, 75) (Figure 4). This
degradation pathway is dependent on the availability of oxygen and iron, as PHD enzymes require
both oxygen and iron as cofactors to catalyze hydroxylation of HIF-a (64, 76, 77). Mutations in
VHL, PHD2 and HIF-2a have been identified in patients with familial EPO-dependent
erythrocytosis (78-80).

Reduced blood oxygen levels, or hypoxia, is the primary stimulus for increased EPO expression
(63, 81). Under hypoxic conditions, the availability of oxygen for hydroxylation of HIF-2a by PHD
enzymes is limited. As a result, the HIF-2a protein becomes stabilized and translocated to the
nucleus, where it forms a heterodimer with HIF-13. The HIF-2a-HIF-1 complex then binds to
hypoxia-responsive elements (HREs) in the promoter/enhancer region of the EPO gene,
recruiting coactivators such as the histone acetyltransferase p300 (p300) and CREB-binding
protein (CBP) to enhance transcriptional activation of the HIF complex (82) (Figure 4). The HIFa
transactivation domain (TAD) is a critical component for the recruitment of coactivators such as
p300 and CBP (83). This domain interacts with p300/CBP through protein-protein interactions,
which leads to the acetylation of histone proteins and chromatin remodeling in the vicinity of the
EPO gene promoter (84). This process ultimately enhances the accessibility of the EPO promoter
to RNA polymerase Il and the general transcriptional machinery, resulting in increased EPO
messenger ribonucleic acid (mRNA) synthesis and subsequent erythropoiesis.

The transcriptional activity of HIFa subunits can also be negatively regulated by asparaginyl
hydroxylation, which is mediated by the asparaginyl hydroxylase hypoxia-inducible factor 1-
alpha inhibitor (FIH-1) when blood oxygen levels are correct (74, 85). Indeed, FIH-1 mediates
hydroxylation of an asparagine residue within the HIFa TAD, which prevents the binding of
coactivators such as CBP/p300 to HIFa, thereby reducing HIF-dependent transcriptional

activation. However, it is important to note that FIH-1 has higher specificity towards HIF-1a than
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Figure 4: The feedback loop that controls red blood cell production. The oxygen-sensing mechanism that regulates EPO gene
expression in the kidney is illustrated in the upper left panel. Under normoxic conditions, PHD2 hydroxylates one or both of a
pair of prolines of HIF-2a in an oxygen-dependent manner, using 2-oxoglutarate and ascorbate as cofactors. This
hydroxylation allows for specific binding by an ubiquitin ligase complex containing VHL, elongin B (B), and elongin C (C) that
leads to ubiquitination and subsequent proteasomal degradation. Under hypoxic conditions, hydroxylation of HIF-2a is
attenuated, allowing it to bind to HRE in the 5’ region of the EPO gene. This engenders the transcription of EPO. EPO enters
the circulation and binds to EPO receptors on erythroid progenitor cells (primarily CFU-erythroid cells), which induces
proliferation and differentiation of erythroid cells (upper right panel). The mass of circulating red blood cells thus depends on
the degree of hypoxia detected by PHDZ2 in the kidney and reflects the dynamic balance between EPO-induced red blood cell
production and subsequent loss or destruction of mature red blood cells. Figure and legend from Lappin et al (86).

PHD2 (87). Therefore, PHD2 remains the primary oxygen sensor in controlling EPO production,
while FIH-1 plays a more selective role in regulating HIF-1a-dependent gene expression (88).
Other molecular mechanisms of the HIF-EPO pathway may modulate the stability or activity of
HIF-2a and its partners in correlation with erythropoiesis (89).

Recent research indicates that Notch signaling is active in early hematopoiesis (90, 91). The role
of Notch signaling in erythropoiesis varies depending on whether it is induced or inhibited.
Induction of Jagl-Notch1 signaling promotes the maintenance and expansion of hematopoietic
progenitors (92), while inhibition of Notch signaling results in a higher rate of differentiation at
the expense of HSC maintenance (93). Oh et al. have uncovered a differential action between Notch
receptors, with Notch1 being associated with the lymphoid lineage and Notch2 involved in early
erythroid differentiation (94). Their investigations confirm the importance of Notch in stress
erythropoiesis, indicate that Notch regulation of erythropoiesis is specific to adult hematopoiesis
and provide insights for future therapeutic interventions (e.g., using specific Notch 2 ligands to

enhance erythropoiesis). Moreover, low oxygen concentration activates Notch signaling and



stabilizes HIFs. Indeed, Labat et al. demonstrated that HIFs, particularly HIF-2, play a crucial role
in early erythroid development, in cooperation with the Notch pathway (95). Inhibition of the
Notch pathway slightly decreased erythroid cell expansion and promoted their differentiation.
HIFs also contribute to the expression of target genes of the Notch pathway, thus influencing the
commitment and amplification of erythroid precursors. In HIF-PHD-2 deficient mice, enhanced
erythroid growth has been observed with age, primarily in the spleen (96). Hence, stabilization of
HIF-1a and HIF-2a in the spleen induced splenic erythropoiesis independently of EPO through
downregulation of genes in the Notch pathway (96).

GATA-2 and nuclear factor kB (NF-kB) are other transcription factors that can regulate EPO gene
expression. However, unlike HIFa, they have an inhibitory effect on EPO transcription. GATA-2
and NF-kB (activated by proinflammatory cytokines such as IL-1 and TNF-a) can bind to the EPO

gene promoter and inhibit its expression (3).

1.1.3.3 EPO receptor

The erythropoietin receptor (EPO-R) is a member of the class I cytokine receptor superfamily
(Figure 5). It contains a WSXWS motif in the extracellular domain, a single transmembrane
domain, and a cytoplasmic domain with tyrosine kinase activity (97-99). The EPO-R associates
with Janus kinase (JAK) and forms homodimeric, heterodimeric or heterotrimeric complexes (98,
100). The plasma half-life of EPO is approximately 8 hours (19) before binding to the EPO-R. This
binding of EPO to the extracellular portion of its receptor induces a conformational change
bringing the two cytoplasm-associated Janus kinase 2 (JAK2Z) homodimers together, allowing
transphosphorylation of JAK, phosphorylation of the receptor, phosphorylation and activation of
the signal transducer and activator of transcription (STAT) and other downstream signaling
pathways including phosphatidylinositol 3-kinase (PI3K)/AKT kinase (AKT is also known as
protein kinase B) and extracellular signal-regulated kinases (ERK) 1/2 (101, 102). The
phosphorylated subunits of STAT5, STAT5A and STAT5B, dimerize and move to the nucleus to
activate the expression of certain genes (103). Indeed, STATS5 has regulatory activity on several
cell proliferation and differentiation genes and can promote anti-apoptotic genes in erythroid
precursors (104).

Interestingly, the EPO-R can be activated by tyrosine phosphorylation by SCF (18). Recently,
another pathway involving serpin and lysosomal cathepsin has been described in Ebs with a
modulatory action on survival (105). Furthermore, as cited above, the EPO-R induces suppression

of Fas/FasL in early Ebs (28, 34).



Many publications highlight the importance of the transcription factor GATA-1 in normal
erythropoiesis (23). Indeed, in the absence of GATA-1, committed erythroid precursors fail to
mature properly and instead undergo apoptosis. GATA-1 upregulates the expression of erythroid-
specific genes, including the gene for EPO-R (106). Moreover, Grégory et al demonstrated that
EPO acts in conjunction with GATA-1 to stimulate the expression of the bcl-xL gene. Therefore,
EPO and GATA-1 cooperate to maintain the viability of erythroid cells during their late stages of
maturation (24). In fact, GATA-1 can bind to EPO-R and enhances the STAT-5 signaling pathway.
This up-regulation of the pathway leads to an increase in Bcl-xL expression, thus protecting early
erythroid progenitors from cell death mediated by caspase-3 (an enzyme involved in the

apoptosis process).
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Figure 5: Activation of the erythropoietin receptor (EPOR) by EPO. A single EPO molecule binds and stabilizes EPOR—JAK2
complex dimers, inducing a conformational change that initiates JAK2 transphosphorylation and activation. Active JAK2
phosphorylates multiple tyrosine residues on STAT5 and the cytoplasmic domain of EPOR, triggering a signaling cascade that
activates numerous effector pathways contributing to biological activity. Dashed lines represent kinase activity. For simplicity,
the kinase activity of only one JAK2 protein is indicated. Major signaling pathways activated by EPOR include Ras/MAPK,
STAT5, and PI3K/AKT, which drive the expression of genes that promote erythroid progenitor survival, proliferation, and
differentiation as well as feedback inhibition of EPOR signaling. MAPK, mitogen-activated protein kinase; PI3K,

phosphoinositide-3 kinase; STAT5, signal transducer and activator of transcription 5. Figure and legend from Bhoopalan et al
(100).



These results suggest that GATA-1 is crucial for the maturation and survival of erythroid cells, and
that its interaction with EPO and the STAT-5 pathway plays an important role in maintaining the
viability of these cells during the terminal stages of their development. Furthermore, this focuses
a hierarchical relationship in which bcl-xL acts as a crucial downstream effector of GATA-1 and
EPO-mediated signals. Note that the activation of STAT5 and Bcl-xL depends on variations in EPO

levels, rather than on its absolute values.

1.1.3.4 EPO function
EPO is essential for marrow erythropoiesis. However, in addition to its primary role in
erythropoiesis, the EPO receptor is also expressed on the surface of other cells such as muscle
cells, neurons, and immune cells. Subsequently, a pleiotropic role of the EPO response has been
demonstrated that may contribute to various physiological manifestations associated with
anemia, ischemia or pharmacological uses of EPO.
Erythropoiesis: Basal erythropoiesis may increase under hypoxic stress when oxygen supply is
acutely decreased (34, 107). In these situations, oxygen supply to the kidneys is reduced, which
activates the HIF pathway and increases EPO transcription, thereby raising circulating EPO levels
(62,108, 109). EPO promotes the expansion of BFU-E erythroid precursors and BFU-E precursors,
acting through EPO surface receptors that in turn activate signaling pathways such as those
involving STAT5, MAPK and/or PI3K/AKT via JAK2 (1, 110, 111).
In addition, Casimir et al. recently demonstrated, both in critically ill patients and in a murine
model, a physiological role of EPO in downregulating post-transfusion clearance of RBCs, thus
contributing to maintaining a vital RBC biomass to rapidly cope with hypoxemia (112). Indeed,
severe anemia has been associated with a higher-than-expected increase in Hb after transfusion
(113, 114). By observing greater post-transfusion Hb increment in anemic mice exposed to
hypoxia or receiving an erythropoiesis-stimulating agent (ESA), smaller increases in mice
depleted of macrophages or receiving EPO-neutralizing antibodies or irradiation, and no effect of
splenectomy, they suggested a mechanism involving both erythroid progenitors and
macrophages, but not specific to the spleen (112).
Other pleiotropic effects of EPO include (115):

- Bone remodeling by activation of the osteoblast bone-forming activity.

- Tissue protection: EPO has been shown to have a protective effect on various tissues

including the brain (neuroprotection), heart, kidney, and liver. EPO can reduce tissue
damage and promote tissue repair following injury or ischemia (reduced blood flow). By
protecting nerve cells from damage and degeneration, EPO can improve outcomes in

conditions such as stroke, traumatic brain injury, and multiple sclerosis.



- Angiogenesis: EPO can stimulate the growth of new blood vessels, a process known as

angiogenesis. This effect is important for tissue repair and regeneration.

- Anti-inflammatory effects: EPO has anti-inflammatory properties and can reduce
inflammation in various tissues. This effect is important for reducing tissue damage and
promoting tissue repair.

- Immunomodulatory effects: EPO can modulate the immune system and enhance the body’s

ability to fight infections.
Overall, the pleiotropic effects of EPO are believed to be mediated through a variety of
mechanisms including the activation of specific receptors on target tissues, the modulation of gene

expression, and the regulation of signaling pathways involved in tissue repair and regeneration.

1.1.3.5 Erythropoiesis-stimulating agents

The discovery of the human erythropoietin gene led to the development of recombinant human
erythropoietin (rHuEPO) in the early 1980s, in 2 forms, alpha and beta, which differ in their amino
acid sequence (59). Then came a synthetic analog called darbepoetin alpha (DA) and a pegylated
form of EPO-beta, which have a longer duration of action (116-118). RHuEPO, DA and pegylated
EPO are currently used as erythropoiesis-stimulating agents (ESAs). A comprehensive meta-
analysis of 27 studies with 5,410 patients assessed the effect of pegylated EPO compared to other
EPO (darbepoetin alfa or EPO alfa/beta) in patients with chronic kidney disease, demonstrating
similar efficacy and side effects in terms of mortality, major cardiovascular events, hypertension
and transfusion needs while requiring only one injection per month (119). In addition to ESAs,
prolyl hydroxylase (PHD) inhibitors and luspatercept are expanding our arsenal in the fight
against anemia (see below).

ESAs offer an alternative to transfusion and have been used for over 35 years to improve anemia
in patients in a variety of pathological situations. RHUEPO was initially developed to treat chronic
renal failure patients suffering from anemia (120, 121). In these patients, endogenous EPO
production is reduced, leading to severe anemia. The use of recombinant EPO has made it possible
to compensate for this deficiency and to increase RBC production, thereby improving anemia and
quality of life in patients achieving RBC transfusion independence (122). Since its introduction in
the treatment of anemia in kidney failure, the use of ESAs has spread to other clinical areas such
as the treatment of cancer-related anemia (123), in hemoglobinopathies (124), in myelodysplastic
syndromes (MDS)(125), after hematopoietic stem cell transplantation (HSCT) (126), in acquired
immune deficiency syndrome (127) and in a surgical setting with or without an autotransfusion

program (128).



Erythropoiesis-stimulating agents in the anemia of chronic disease

The Anemia of Chronic Diseases (ACD) result from persistent inflammatory disorders (129), such
as infections, solid cancers and hematological malignancies (130, 131), autoimmune and
inflammatory diseases (132), but also kidney and heart failure (133).

The chronic inflammatory process leads to hepcidin secretion via the IL-6/STAT3 pathway
(produced by macrophages) resulting in inadequate iron supply to the BM (see 1.2.2.2 Regulation
of hepcidin by inflammation and 1.2.3.1 Iron deficiency) (134, 135). In addition, overproduction
of inflammatory cytokines directly inhibits erythropoiesis, interferes with renal EPO production
in response to anemia, and shortens RBC lifespan (136).

Many cancer patients present with anemia, the cause of which is multifactorial (137) but the main
mechanism is ACD (123, 138). Decreased EPO production has been reported in multiple myeloma
(139), lymphoma or chronic lymphocytic leukemia (140), and in solid tumors (with or without
chemotherapy) (141).

Although the main treatment for ACD is that of the underlying disease, RBC transfusions are often
necessary. The use of rHUEPO, which stimulates endogenous erythropoiesis, has been tested in
various pathologies and has proved effective (142) for example in cancer with or without
chemotherapy (143), in lymphoma and in myeloma (144). However, in some cases, anemia may
be caused by complex inflammatory mechanisms, and EPO alone may not be sufficient to fully
restore erythropoiesis. Indeed, around 30% of patients with solid cancer or hematological
malignancies fail to respond to ESA therapy (143, 145, 146). The main reasons for resistance to
treatment is inflammation and absolute or functional iron deficiency (147). This is why it has been
shown that treatment of iron deficiency (by intravenous iron injection) should be carried out
before giving ESAs, as this improves the erythropoietic response, reduces its use and thereby
economic costs (131, 148, 149).

Several meta-analyses on outcomes in anemic cancer patients treated with ESA have been
published, but the largest have been the ones carried out by the Cochrane Collaboration, both as
a meta-analysis of individual data from 13,933 patients in 53 trials (150) and a later update
including 91 trials with 20,102 participants (151). ESAs significantly generate Hb responses and
reduce the need for RBC transfusions by 30-40% and the average number of RBC units transfused
by one unit. The evidence that ESAs improve quality of life (QOL) is less strong, reaching statistical
significance for all assessed QOL tools but clinical significance for only some of them. However,
there is also strong evidence that ESAs increase on-study mortality (HR 1.17 [1.06-1.29]) and
some evidence that ESAs reduce overall survival (0S, HR 1.05 [1.00-1.11]), whereas an effect on
tumor response has not been evidenced. The effects on mortality and OS are not significant in
patients with hematological malignancies, those with baseline Hb <12 gr/dL and those receiving

chemotherapy with or without radiotherapy. Indeed in lymphoproliferative diseases, ESAs during



chemotherapy do not impact mortality or disease progression (152). In addition, there is strong
evidence that ESAs increase the risk for thromboembolic events (TEE, HR 1.52 [1.34-1.74]),
essentially in solid tumors and under cancer therapy) and some evidence that they increase the
risk of hypertension (HR 1.30 [1.08-1.56], probably an overestimate) and thrombocytopenia (HR
1.21[1.04-1.42], clinical relevance unknown). There has been a suggestion that the increased risk

of TEE correlated with Hb values (153), but this has not been confirmed (154).

New classes of erythropoiesis-stimulating agents
Hypoxia inducive factor-prolyl hydroxylase domain (HIF-PHD) inhibitors, i.e. Roxadustat,

Vadadustat, Daprodustat, and Molidustat, are orally-administered innovative drugs that inhibit
the action of HIF-PHD enzymes, leading to the intracellular accumulation of HIF and subsequent
activation of erythropoiesis-related genes, creating a temporary “pseudo-hypoxic” state
mimicking the cellular hypoxic conditions responsible for EPO production (155). In addition, PHD
inhibitors enhance iron availability for erythropoiesis by reducing hepcidin levels, effectively
counteracting functional iron deficiency often observed in case of resistance to classical ESAs
(156, 157). Indeed, studies in chronic kidney disease have demonstrated similar efficacy with a
reduced need for intravenous (IV) iron supplementation with Roxadustat compared to ESA (157-
159).

In solid tumors, the proliferation of cancer cells often outpaces the growth of functional vessels,
leading to intra-tumoral hypoxia. In response to such hypoxia, HIFs increase the expression of
numerous proteins that further stimulate the growth, differentiation, and dissemination of tumor
cells. Available data show that the HIF-PDD inhibitors Roxadustat and Vadadustat do not have
tumor-promoting effects in vivo, while Daprodustat, inhibiting PHD1 and PHD3, and Molidustat,
inhibiting PHD2, reduce tumor growth and enhance vascular maturation (160), resulting in
significant anticancer effects in vivo (161). In addition, a phase 3 study of Roxadustat in patients
with low-risk MDS yielded promising results in reducing transfusions (162).

Luspatercept (Reblozyl®) is a first-in-class erythroid maturation agent approved for the
treatment of transfusion-dependent anemia in adults with low-risk MDS with ring sideroblasts
who have not responded to prior ESAs or for (-thalassemia, diseases characterized by
overactivation of the SMAD2 signaling pathway (163, 164) as well as ineffective blood cell
production and necessitating numerous RBC transfusions (165, 166). Indeed, overactivation of
p38 MAPK in bone marrow progenitors has been described in low-risk MDS patients (167).
Inhibiting the p38 MAPK signaling pathway partially rescues hematopoiesis in MDS progenitors
(26). Zou et al. demonstrated that SMAD2, a downstream mediator of TGF-$ receptor I kinase
activation, is constitutively activated in bone marrow precursors of MDS and is overexpressed in

MDS CD34+ cells, providing direct evidence of TGF-[3 pathway overactivation in this disease (164).



The ligands within the TGFf superfamily, including activins, growth differentiation factors, and
BMPs, initiate the formation of activated complexes in the SMAD pathway containing various
combinations of type I and type Il receptors that participate in erythropoiesis regulation (168).
Suppression of TGF-B signaling by a luspatercept analog (ACE-536) inhibits such SMAD2
overactivation and leads to enhanced hematopoiesis both in vitro and in vivo in a murine model
of bone marrow insufficiency induced by constitutive hepatic expression of TGF-f1 (164).
Luspatercept is a recombinant fusion protein consisting of the extracellular domain of ActRIIA
linked to the human immunoglobulin G1 Fc domain. It specifically binds and inhibits ligands of
the TGF- superfamily, particularly activin A, thereby reducing SMAD2 /3 signaling and promoting
the maturation of RBC precursors (166). Its efficacy has been demonstrated in healthy
postmenopausal women (169), as well as in low-risk MDS patients resistant to ESAs (170) or in
myelofibrosis (171) where inhibition of TGF-f signaling may halt fibrosis and reactivate normal
hematopoiesis (172).

In B-thalassemia, uneven production of the o and 3 globin chains triggers apoptosis and inhibition
of late-stage erythroid differentiation, resulting in ineffective erythropoiesis, anemia and
dysregulated iron homeostasis, with subsequent transfusion dependence (173, 174). While
clinical experience with rHUEPO is limited (174), a murine analog of luspatercept reduced
oxidative stress and improved anemia in a murine model of [-thalassemia (175, 176).
Subsequently, multiple studies have demonstrated the efficacy and safety of luspatercept, with
hemoglobin improvement and reduction of transfusion needs in a significant proportion of -

thalassemia patients (173,177, 178).

1.2 Iron

1.2.1 Iron metabolism

1.2.1.1 Role of iron

Iron is the most abundant element by mass in the Earth (179). Due to its exclusive oxidation-
reduction properties, iron readily donates and accepts electrons and exists mainly in the ferric
(Fe3+; insoluble form) and ferrous (Fe2+; soluble form) oxidation states (180). This capability
makes it a useful component of cytochromes, oxygen-binding molecules (i.e., Hb and myoglobin),
and many enzymes.

Iron is an essential element for the fundamental biological mechanisms of nearly all known life
forms. It is involved in erythropoiesis, oxygen transport, regulation of the cell cycle, cellular
respiration and energy metabolism (181). The human body contains between 3 to 5 grams of iron
(35 to 45 mg of iron per kilogram of body weight). Two-thirds of this amount (about 1800 mg of
the total body iron) is found in the heme of Hb in erythroid precursors (inside the BM) and mature

RBC. Heme is also found in myoglobin in the muscles that contain about 300 mg of iron. Iron is



also stored in the form of ferritin inside hepatocytes (1000 mg) and macrophages (600 mg) in the
liver and spleen. More than 95% of iron in plasma is bound to its circulating transport protein

transferrin (Tf; 3 mg in total) (Figure 6).
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Figure 6: Distribution of iron in the human body.

In the BM, most of the heme is incorporated into Hb to transport oxygen in the body, while in the
liver, iron is mainly used to produce cytochromes P450 (about 2/3 of hepatic heme) (182).
Cytochromes P450 are important enzymes involved in the metabolism of, among others, drugs,
steroids, fat-soluble vitamins, and carcinogenic compounds (183).

Iron plays an important role in cell proliferation. Indeed, iron-containing proteins catalyze key
reactions implicated in folate metabolism (184) and DNA synthesis (iron is a cofactor of the
ribonucleotide reductase for DNA synthesis (185)). In fact, without Fe, Cdk-cyclin complexes
(cyclin A, E, Cdc2, Cdk2) are inhibited, which leads to an arrest of the cell cycle in G1 and S phases
(the S phase corresponding to the DNA-replication phase). In addition, during DNA replication
and repair, activation of iron-sulfur (Fe-S) cluster-containing proteins, such as DNA polymerases
and DNA helicases, requires prosthetic fragments (186). Iron is as well implicated in
mitochondrial processes used in cellular respiration. It serves as a cofactor for many proteins of
the respiratory chain, such as proteins containing Fe-S iron-sulfur clusters (NADH dehydrogenase,
subunits of succinate dehydrogenase), hemoproteins (cytochromes, succinate dehydrogenase),

and proteins containing iron-ion groups, allowing electron transfer. The latter leads to the



production of ATP (adenosine triphosphate) which provides the energy necessary for the
chemical reactions of the organism (187).

Iron is also involved in cell death through ferroptosis, a concept proposed by Dixon et al in 2012,
which continues to be studied in different pathological situations (188). It is a non-apoptotic, iron-
dependent, programmed cell death characterized by an accumulation of reactive oxygen species
(ROS, Reactive Oxygen Species) derived from iron metabolism, inducing lipid peroxidation.
Excessive intracellular iron contributes to ferroptosis by producing ROS through the Fenton
reaction. Morphologically, ferroptosis is characterized by the presence of smaller than normal
mitochondria with condensed density of mitochondrial membranes, reduction or disappearance
of mitochondrial cristae, and rupture of the outer mitochondrial membrane. However, the cell
membrane remains intact, the nucleus is of normal size, and there is no chromatin condensation
distinct from other types of cell death (189). Decreasing intracellular iron overload (10) by iron
chelation inhibits chemically induced ferroptosis, whereas exogenous

iron supply stimulates it (190). Ferroptosis is involved in many physiological and pathological
processes, such as cancer cell death, neurotoxicity, neurodegenerative diseases, acute renal
failure, and liver toxicity (191-195).

Under important physiologic states, in conditions of 10, excess iron catalyzes the formation of free
radical ions via the Fenton reaction (Fe2++ HO- — Fe3+ + OH- + OH) that may be harmful to cells
(196). The formation of hydroxyl radicals leads to significant cellular damage by inducing
oxidative stress and thus oxidizing biomolecules such as DNA - by altering their electrical charge
and causing cross-links between proteins - and lipids - by inducing lipid peroxidation and
disorganization of the phospholipidic bilayer (197).

Besides, iron is also necessary for the growth of pathogens (bacteria, fungi...) (198). Consequently,
binding of iron to proteins such as ferritin, Tf and lactoferrin helps to create a low iron
environment in the body, limiting the availability of iron to pathogens and regulating its exchange

to maintain optimal iron homeostasis.

1.2.1.2 Body iron exchange

Dietary iron is the only source of iron in the body (about 10 to 20 mg of iron per food bolus/day).
One to two milligrams of iron from the food bolus are absorbed each day in the gut (199). This
intake only compensates for the daily loss of iron due to bleeding, desquamation of intestinal and
urinary tract cells, and skin cells (200). However, the human body needs much more iron, in
particular for erythropoiesis, which requires twenty to twenty-five milligrams of iron each day to
produce two hundred billion RBC (201). As the dietary intake is largely insufficient, this demand
is covered by recycling iron from senescent or damaged RBC (201). To achieve this recycling,

macrophages, the body's "lumpy" cells, capture RBC at the end of their life and recover the iron by



digesting their Hb. This process, called “erythrophagocytosis”, recycles iron to make it available to
the BM for the synthesis of new RBC (202) (Figure 7). In addition to this process, haptoglobin and
hemopexin scavenge and transport heme-derived molecules for cellular clearance. However,
pathological hemolysis may exceed the capacity of macrophages and these scavengers across a

variety of diseases (203).
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Figure 7: Body iron exchange. Tf: transferrin; RBC: red blood cells.

Duodenal enterocytes are polarized cells with an apical pole in contact with the intestinal lumen
and food bolus, and a basolateral pole oriented towards the bloodstream. The apical pole has a
brush border containing microvilli that increase the surface area for assimilation of nutrients in
the diet. Iron is absorbed by different mechanisms depending on its form (Figure 8). The iron
contained in food exists in two forms, heme iron (mainly from animal sources) and non-heme iron

(mainly from plant sources).
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Figure 8: Iron transporters in the enterocyte. Dietary non-heme iron in the acidic microclimate at the absorptive surface of
the proximal small intestine is reduced to Fe2+ by DCYTB and transported across the apical membrane of enterocytes via
DMT1. This reduction produces H+ ions which are transported by Na+/H+ exchanger 3 (NHE3) outside the enterocyte. Heme
enters through HCP1 (regulated by heme responsive gene, HRG), is then catabolized by heme oxygenase 1 (HMOX1) in the
enterocyte. Next, intracellular Fe2+ can be incorporated into ferritin, possibly through members of the poly(rC)-binding protein
(PCBP) family of metallochaperones. Alternatively, Fe2+ can be exported into the bloodstream by ferroportin (FPN). This export
is followed by oxidation by hephaestine (HP). The oxidized iron Fe3+ is then transported by transferrin (TF) to the cells
expressing transferrin receptors. DMT1: divalent metal-ion transporter-1; NHE3: Na+/H+ exchanger 3; HRG1: heme-
responsive gene-1; PCBP: poly(rC)-binding protein; FPN: ferroportin; HMOX1: heme oxygenase 1; HP: hephaestin; TF:
transferrin. Figure from Knutson et al (204).

Absorption of non-heme iron

Non-heme iron present in the intestinal lumen is in the form of ferric iron (Fe3+; the main form
of iron in food) and is converted into ferrous iron (Fe2+) by the ferroreductase DCYTB (Duodenal
CYTochrome B) present at the apical pole of enterocytes. However, Gunshin et al. have shown that
deletion of DCYTB in vivo (Cybrdl-null mice) causes little or no apparent defects in iron
metabolism even in the context of iron deficiency (205). This suggests that DCYTB can be
dispensable for iron absorption or that other ferroreductases exist. Ferrous iron (Fe2+) is then
transported across the apical membrane of duodenal enterocytes via divalent metal transporter 1
(DMT1), but also in endosomes to allow iron efflux into the cytosol (206). DMT1 is a transporter
also present on the surface of hepatocytes, macrophages and in the placenta (207).

The importance of DMT1 in iron homeostasis has been demonstrated in mice with microcytic
anemia and in Belgrade rats that exhibit systemic iron deficiency and anemia (208, 209). The
underlying cause of this condition in both models can be attributed to the same spontaneous
missense mutation (G185R) in the solute carrier family 11 member (2Slc11a2) gene encoding
DMT1. The G185R missense mutation in Slc11a2 affects the function of the protein, resulting in

impaired iron transport. As a result, affected animals are unable to effectively absorb iron from



their diet and to transport serum iron (SeFe) into erythroblasts, resulting in systemic iron
deficiency and microcytic anemia.

Another interesting fact is the case of a patient with a different missense mutation in the SLC11A2
gene causing anemia but with hepatic 10 (210). This results in incorrect splicing with two types
of mRNA molecules produced. The correctly spliced mRNA encodes a variant of the DMT1 that
retains its iron transport capacity at the gut and liver level. However, the poorly spliced mRNA
encodes a protein that lacks one of its transmembrane segments, rendering it unable to efficiently
transportiron into erythroblasts. Indeed, DMT1 is essential for intestinal absorption of non-heme

iron but also to produce Hb in erythroid precursors during erythropoiesis (207).

Absorption of heme iron

Heme iron is mainly present in the hemoproteins of meat, such as Hb and myoglobin. Heme is
released thanks to the combination of the low pH of the stomach and the proteolytic activities of
enzymes. The Heme Carrier Protein 1 (HCP1) transporter, present at the apical pole of
enterocytes, has been identified as a possible heme transporter, although it is more affine for
folate transport (211, 212). Heme oxygenase-1 (HMOX1), present in the cytoplasm, then degrades
heme, releasing iron into the cell (213). Heme iron could also be taken up by enterocytes through
endocytosis, that occurs by receptor -mediated endocytosis (RME) present on the plasma
membrane (214). Heme oxygenase-2 (HMOX2) is another isoform of the enzyme. While HOZ2 is
primarily found in the cytoplasm, there is evidence suggesting its presence in endosomes from
HO2/endosome co-labeling experiments (214). On the other hand, DMT1 is not present in
endosomes. The transporter involved in exporting iron from lysosomes/endosomes is Heme
Responsive Gene 1 (HRG1), also known as Feline Leukemia Virus Subgroup C Receptor 1
(FLVCR1) (215).

Iron is transported out of the enterocyte and into portal blood via ferroportin (SLC40A1) located
on the basolateral membrane (216). Nevertheless, part of the iron is stored by enterocytes in the
form of ferritin that is lost when enterocytes are shed into the gut lumen. The mechanism by which
iron taken up by DMT1 at the apical membrane reaches basolateral ferroportin is not fully
understood. However, it is believed that the process involves certain proteins known as poly(rC)-
binding proteins (PCBP) that act as metallochaperones. PCBP1 and PCBP2 have been identified as
iron chaperones that facilitate the transport of cytosolic iron to ferritin for storage (217).

To date, ferroportin is the only iron exporter identified in mammals. This protein is expressed
mainly on the basolateral surface of polarized epithelial cells, such as enterocytes (218), as well
as on the surface of macrophages in the spleen, Kupffer cells in the liver, kidney and heart (219)
Mice with intestine-specific deletion of ferroportin accumulate iron in duodenal enterocytes and

become severely anemic, showing that this protein is crucial for intestinal iron transfer (220).



Ferroportin transports only Fe2+ whereas plasma Tf will bind only Fe3+ (221). To bind to Tf, the
oxidation of Fe2+ to Fe3+ is mandatory and occurs through hephaestin (222). This
transmembrane oxidase is predominantly expressed in the villi, but not in the crypts. Hephaestin
contains a heme group and a copper atom in its structure. The copper atom is essential for the
enzymatic activity, as it acts as a cofactor in the oxidation of Fe2+ to Fe3+. The heme group is

believed to serve as an electron carrier in the reaction.

1.2.1.3 Iron utilization and storage

Ferritin

Iron in the enterocyte can either be used for cellular needs, be stored in ferritin, or be exported to
the bloodstream through ferroportin. When holo-transferrin (Tf bound to iron) interacts with
TfR-1 on the surface of cells, it forms the Tf/TfR1 complex, which is then internalized into
endosomes. The endosome is an acidic compartment where iron is released from Tf and
transported into the cytoplasm (180). However, iron needs to be reduced to Fe2+ before being
transported by DMT1 across the endosomal membrane into the cytoplasm. The reduction of Fe3+
to Fe2+ is catalyzed by the six-transmembrane epithelial antigen of the prostate 3 (STEAP3)
reductase in the endosomal membrane (223). Once in the cytoplasm, Fe2+ can be further
transported into mitochondria to be incorporated into heme or iron-sulfur clusters. The latter are
important components of many cellular processes, including electron transport and DNA
synthesis. Alternatively, Fe2+ can be incorporated into iron-containing proteins, such as

myoglobin and cytochromes, which also play important roles in cellular function (Figure 9).
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Figure 9: Cellular iron metabolism. Serum iron is bound to transferrin (holo-transferrin) which interacts with its cell surface
receptor TfR-1. The Tf/TfR1 complex is internalized in the endosomes. Iron is reduced to Fe2+ before being transported by
DMT1 across the endosomal membrane to be released into the cytoplasm. The reduction of Fe3+ to Fe2+ is catalyzed by six-
transmembrane epithelial antigen of prostate 3 (Steap3). Once in the cytoplasm, iron is either stored as ferritin or transported
into the mitochondria to be incorporated into heme or other iron-containing proteins (myoglobin). Holo-Tf: holo-transferrin;
TfR1: transferrin receptor 1; apo-Tf: apo transferrin; Steap3: six-transmembrane epithelial antigen of prostate 3; Fe: iron; Fe-
S:iron-sulfur. Figure from Iwai et al (224).

However, when there is an excess of iron that cannot be immediately used by the cell, it is stored
in the form of ferritin. Ferritin is a ubiquitous protein allowing the storage of 4500 iron atoms in
a non-toxic form, which can be degraded to make it bioavailable (225). It serves as a sensor of
intracellular iron levels and responds to fluctuations in iron availability. When iron levels are low,
ferritin synthesis is repressed to conserve iron, while high iron levels lead to increased ferritin
synthesis to store excess iron. Ferritin is composed of 24 subunits, including heavy (H) and light
(L) chains (226, 227). The expression of ferritin genes can vary across different tissues and cell
types. The H subunit possesses ferroxidase activity, which is responsible for the conversion of
Fe2+ (ferrous iron) to Fe3+ (ferric iron) when iron enters the ferritin shell, sequestering iron in a
stable and less reactive form to minimize the risk of oxidative damage (228). H chain expression
is often higher in the heart. On the other hand, the L subunit facilitates the nucleation of the iron
nucleus and its expression is higher in the liver or spleen (228). Together, the H and L subunits
work in concert to control the entry, oxidation, and storage of iron within the ferritin protein
complex. In general, both ferritin H and L chains are expressed in most cell types, but H/L ratios
can vary. In response to pro-inflammatory cytokines, such as interleukin-6 (IL-6) and TNF-q, the

abundance of H subunits tends to increase (229). The H subunit has been suggested to have anti-



inflammatory properties by sequestering free iron and reducing iron-mediated oxidative stress.
Additionally, it may contribute to modulating immune responses and regulating iron availability
during inflammatory processes. In mice, complete invalidation of the ferritin H gene leads to early
embryonic lethality (230). The ferritin-H+/- haploinsufficiency model shows alterations in the
brain, a halving of the stock of H chain associated with an increase in TfR, L chain subunit, DMT1
and ceruloplasmin, suggesting a state of iron deficiency. These mice would also show oxidative
stress in the brain (231).

In addition to its role as a cytosolic intracellular iron storage protein, ferritin can be found
associated with various vesicles (lysosomes, endosomes, autophagosomes) within the cell as a
reservoir from which iron can be released when cellular iron demand increases (232). Then,
cytosolic ferritin can be induced, as a protector, to counteract the effects of oxidative stress or
inflammation. Moreover, some cells, such as neuronal cells and pancreatic islet cells, also express
a mitochondrial form of ferritin (233). Mitochondrial ferritin plays a role in iron storage and
metabolism within the mitochondria, which is important for maintaining mitochondrial function
and preventing iron-dependent oxidative damage (234).

Under normal physiological conditions, a small amount of ferritin is present in the serum. Serum
ferritin (SF) is mostly composed of light, iron-poor and partly glycosylated L chains, indicating
predominantly hepatocyte secretion (235). Other cell types, such as Kupffer cells (236) and
alveolar macrophages (237), can also release ferritin. Several secretion pathways have been
described. Studies initially demonstrated secretion via the classical reticulum-endoplasmic and
Golgi pathways (235). However, the selective autophagy receptor NCOA4 (nuclear receptor
coactivator 4) plays a crucial role in the entry of ferritin into lysosomes, bypassing the
endoplasmic reticulum (229). NCOA4 recognizes and binds to ferritin, facilitating its delivery to
the lysosomes through a process called ferritinophagy (238). Once inside the lysosome, ferritin is
degraded, and the iron is released for cellular utilization. This pathway increases when the cell
needs iron for its cellular utilization. Conversely, when iron levels are high, the entry of ferritin
into the lysosome is decreased (239). Other non-classical, NCO4-independent lysosomal secretion
pathways have also recently been described (240).

It has been known for nearly 50 years that SF levels reflect storage iron status (241). By
performing phlebotomies in healthy subjects, Walters et al demonstrated a correlation between
SF levels and iron stores, where 1 ng/mL ferritin corresponds approximately to 8 mg/kg of
storage iron (242). Normal SF levels are between 12-25 and 300 ng/mL, depending on age and
sex. In clinical practice, SF can be used to diagnose absolute iron deficiency or 10, except in certain

circumstances that will be discussed later.



Hemosiderin

Hemosiderin serves as a long-term insoluble form of storage iron that is less bioavailable than
ferritin. It is commonly detected in cells of the reticuloendothelial system, including splenic
macrophages, Kupffer cells, and BM macrophages. When there is an excess of iron, cellular ferritin
becomes saturated and unable to accommodate further iron storage. As a result, it is converted
into hemosiderin through ferritinophagy (243) whereby iron is converted to a crystalline form
and deposited in complex aggregates along with residual ferritin, proteins, and lipids (244) within
intracellular endomembrane structures called siderosomes (Figure 10) (245). When reacting
with potassium ferrocyanide, hemosiderin produces an intense blue color (Prussian blue),
allowing for its identification and localization within tissues (246). Under the microscope,
hemosiderin is observed as brown granules located. The current iron mobilization/storage model
follows a labile iron pool (LIP)-hemosiderin flux and vice versa. LIP is the fraction of iron that is
not tightly bound to proteins or stored in ferritin or hemosiderin and is readily available for
cellular processes. Only the LIP to ferritin and hemosiderin to LIP pathways have been confirmed

experimentally (243) (Figure 10).
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Figure 10: Left (adapted from Saito et al (243): Iron mobilization/storage model that fits a labile iron pool flux to ferritin or
hemosiderin and vice versa. Right: Hepatocyte in electron microscopy (unstained; X 100000) from a child with homozygous
thalassemia published by lancu et al (247): In iron overload, ferritin becomes saturated. Some ferritin particles in the cytosol
can then form siderosomes (larger, electron-dense particles contained within an intracellular membrane; arrow). Other
particles, unable to form siderosomes, coalesce into agglomerates called hemosiderin (broad arrow).
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1.2.2 Iron homeostasis

As described above, iron is essential for many cellular processes, but it can also be toxic if it
accumulates to excessive levels. Its cellular metabolism is therefore tightly regulated.

The regulation of iron absorption, storage and utilization in the body is a complex process
involving multiple proteins and mechanisms. The fine regulation of iron storage and utilization at

the cellular level is achieved by regulating the expression of iron uptake and storage proteins



(TfR1 and ferritin, respectively) according to cellular iron levels. When iron levels are high, cells
decrease TfR1 expression to prevent uptake of SeFe and increase ferritin expression to store
excess iron. In contrast, when iron levels are low, TfR1 synthesis increases, facilitating iron uptake
and ferritin synthesis decreases, enabling storage iron release.

The body must also regulate the entry and recycling of iron at a more global level, involving

systemic mechanisms.

1.2.2.1 Intracellular regulation

Iron Responsive Elements (IRE) - Iron Regulatory Proteins (IRP)

IRP1 and IRP2 (also known as IRE-Binding Protein 1 and 2) are stem-loop RNA structures present
in the untranslated regions (UTR) of certain messenger ribonucleic acids (mRNA) that encode
proteins involved in iron metabolism (248). They can bind to specific RNA sequences called iron
responsive elements (IRE) that are in the 5'UTR or 3' UTR of mRNAs. Five IREs are in the central
part of the 3' UTR region of TfR1 mRNA, whereas one IRE is in the 5'-UTR region of ferritin (L and
H) mRNA. No IRE could be found on the mitochondrial ferritin transcript although it is also
involved in the regulation of cellular iron metabolism. IREs function as cis-regulatory elements
that control the post-transcriptional expression of genes (including tTf, ferritin and DMT1) in
response to changes in cellular iron levels (249).

When IRP1 and IRP2 bind to an IRE in the 5' UTR of the ferritin mRNA, they prevent the translation
of the mRNA into protein, decreasing ferritin production. In contrast, when IRP1 and IRP2 bind to
an IRE in the 3' UTR of the TfR1 and DMT1 mRNA , they stabilize the mRNA and increase its
translation into protein (Figure 11 (224)).
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Figure 11: Intracellular regulation of iron by the IRE/IRP system. When iron requirements increase, iron responsive element
protein 1 and 2 (IRP 1 and 2) bind to an iron responsive element (IRE) in the 5' UTR of ferritin mRNA preventing its translation
into protein, which decreases ferritin production. In contrast, when IRP1 and IRP2 bind to an IRE in the 3' UTR of TfR1 and
DMTI1 mRNA, they stabilize the mRNA and enhance its translation into proteins, increasing iron acquisition. In the condition
of iron overload or when iron needs are satisfied, IRPs no longer bind to IREs, and the reverse occurs. Figure from Iwai et al
(224).



IRP1 and 2 regulate ferritin and TfR1 gene expression by binding to IRE with high affinity only
under iron-depleted conditions. When cells are depleted of iron, IRPs bind to IREs, increasing
TfR1 and decreasing ferritin synthesis. This enhances cellular iron supply and consumes iron
stored in the form of ferritin. Conversely, under conditions of high iron availability, the ability of
IRPs to bind to mRNA is lost when the IRP1 protein incorporates iron atoms into a Fe-S cluster
present in its structure. The ubiquitin system is also involved in cellular iron regulation, and the
ubiquitin ligase SCFFBXL5 plays a key role in this process (250). When cellular iron levels are
normal or high, the substrate recognition subunit of the SCFFBXL5 complex, FBXL5, can sense this
change via its hemerythrin-like domain. This leads to the ubiquitination and subsequent
degradation of both IRP1 and IRP2. As a result, IRPs no longer bind to the 3'-UTR region of TfR1
mRNA or the 5-UTR region of ferritin mRNA resulting in decreased expression of TfR1 and
increased expression of ferritin. This feedback loop helps maintain iron homeostasis in the cell by
regulating the expression of iron-related genes in response to changes in iron availability.

There are other genes transcribed into mRNAs containing IREs. These mRNAs include the
erythroid form of aminolevulinate synthase (ALAS2), ferroportin, and HIF, all of which have an
IRE in their 5'-UTR (251). Heme synthesis involves the insertion of Fe2+ into protoporphyrin IX,
which is synthesized through a series of enzymatic reactions, including the rate-limiting step
catalyzed by ALAS2 (erythroid-specific form that is primarily responsible for heme synthesis in
RBC). Under conditions of low iron availability, IRPs bind to IREs present in the mRNA of ALAS2,
suppressing its translation and thus reducing the rate of protoporphyrin IX synthesis. This
mechanism ensures that cells do not waste iron by synthesizing heme when iron supply is limited.
Consequently, the IRE/IRP system plays a critical role in regulating heme synthesis in response to
changes in cellular iron availability.

HIF-2a is also suppressed by the IRE/IRP system (252). Indeed, Sanchez et al showed that HIF-
2a is inhibited in hypoxia and iron deficiency, resulting in decreased production of EPO and thus
erythropoiesis. However, as described above, HIF-2a is regulated by its proteasome-mediated and
oxygen-dependent degradation. Therefore, the regulation of HIF-2a is very complex, and both iron
and oxygen are involved (Figure 12 (252)).

Both DMT1 and ferroportin mRNAs contain an IRE that is only present in a subset of their mRNA
variants among the multiple splice variants reported. Therefore, the direct involvement of the
IRE/IRP system in systemic iron regulation through the regulation of these two genes is still a
topic of debate. It is known that the expression of these genes is also regulated by other factors
such as HIF and hepcidin. Nonetheless, the presence of the IRE in their mRNA suggests that the
IRE/IRP system may have a regulatory role in their expression, especially under conditions of

altered iron availability.
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Figure 12: Proposed model for the feedback regulation between iron and oxygen metabolism via the IRE-IRP regulatory
system and the 5’-UTR IRE of HIF-2a mRNA. HIF-2a is degraded by the proteasome in normoxic cells, whereas it is stable
during hypoxia, stimulating EPO synthesis and enhancing erythropoiesis. When iron levels are adequate and meet the demand
of increased heme synthesis, the mechanism controlling HIF-2a protein stability serves physiologic needs. However, under
conditions of iron deficiency, stimulation of erythropoiesis would lead to the accumulation of hypochromic and microcytic red
blood cells. To avoid such a situation, EPO stimulation of erythropoiesis should be diminished under low-oxygen conditions
when iron is limiting. Sanchez et al propose that this can be achieved by the IRE-IRP system, which would attenuate translation
of HIF-2a via its 5’-UTR IRE and allow negative-feedback control when iron is scarce. Question mark at top right denotes that
reports on the effect of hypoxia on the IRPs in cultured cells have been contradictory (253). Figure from Sanchez et al (252).

Other intracellular regulation systems

Other systems, independent of the IRE-IRP pathway, regulate intracellular iron metabolism.

The first system involves the HIF factor, which can regulate the transcription of genes encoding
proteins involved in intracellular iron transport. Oxygen transport, erythropoiesis and iron
metabolism are strongly linked (53). HIF-1a and HIF-2a are expressed differently: HIF-1a is
ubiquitous, while HIF-2a expression is restricted to certain tissues, mainly the duodenum, kidney,
and lung. As described in section 1.1.3, HIF-1a is the main regulator of EPO expression. Iron
deficiency or anemia can induce tissue hypo-oxygenation, leading to increased expression of HIF-
la. HIFs are sensors of intracellular iron levels but also regulators of iron-related proteins. Indeed,
HIF can suppress hepcidin production. The hepcidin-inhibiting effect of HIF was thought to be
direct (254) but is now considered as an indirect action via erythroferrone (255). Then, HIF-2a
plays a role in regulating intestinal iron absorption. In mice, specific deletion of the HIF-2a gene

in enterocytes results in a significant decrease in the expression of DMT1, DCYTB and ferroportin



involved in iron absorption (256, 257). This reduction of iron absorption caused by deletion of
the HIF-2a gene in the intestine may even reduce 10 in mice lacking the Hamp1 gene (Hamp1-/-)
(258). The regulation of DMT1 and DCYTB by HIF-2a was confirmed by the identification of
specific HRE sites recognized by HIF-2« in their promoters (257). Overall, deletion of HIF-2a in
the gut results in reduced iron absorption and, subsequently, iron deficiency in the body. These
observations suggest that HIF-2a enhances iron transport from cells (intestinal and
macrophages) to plasma Tf. HIF-1a has also been described to induce heme oxygenase (259),
ceruloplasmin (essential for Fe2+ iron oxidation), Tf and TfR1 (260-262), implying that HIF also
promotes iron transport in the blood and iron uptake in hematopoietic cells. NCOA4, which is
involved as a receptor in ferritinophagy, has also been described to be induced by HIF2q,
suggesting that iron uptake from iron stores is also enhanced (263).

The second system involves the regulation of intestinal iron absorption by a mechanism called
the "mucosal block". The mucosal block refers to a phenomenon whereby the absorption of oral
iron is inhibited following the administration of a recent prior dose of oral iron (264). The
administration of oral iron increases hepcidin levels (see 1.2.2.2 below), which in turn inhibit the
absorption of subsequent iron doses by internalization of ferroportin. However, in mice with
intestinal ferritin H deficiency (265), iron absorption is elevated even when hepcidin regulation
is intact. These results indicate that hepcidin-mediated regulation alone is insufficient to restrict
iron absorption and that intestinal ferritin H is also required to limit iron efflux from intestinal
cells (266). By simultaneously deleting IRP1 and IRP2 specifically in mouse enterocytes, Galy et al
showed that despite increased expression of both the apical and basolateral iron transporters,
derepressed ferritin expression produces a mucosal block by sequestering iron in the cytoplasm (267).
Therefore, IRPs appear to ensure adequate iron transport through enterocytes by restricting the
ferritin mucosal block and defining baseline iron absorption upon which IRP-independent

hepcidin-driven systemic regulation takes place.

1.2.2.2 Hepcidin, master regulator of systemic iron homeostasis

Discovery

Hepcidin is the key regulator of systemic iron metabolism (268). It is mainly produced by
hepatocytes and acts as a hyposideremic peptide hormone. Initially, hepcidin was identified as an
antimicrobial peptide called liver-expressed antimicrobial peptide 1 (LEAP-1) (269, 270). Human
hepcidin is encoded by a single gene called hepcidin anti-microbial peptide gene (HAMP).
Interestingly, mice have two genes, Hampl and Hamp2. However, the Hamp2 gene has no
significant impact on iron metabolism (271). In contrast, the regulation of the mouse Hamp1 gene
closely resembles that of the human HAMP gene, making it the closest homolog to the human

hepcidin gene (272). The role of hepcidin in the regulation of iron metabolism has been confirmed



by studies using genetically modified mice. Usf2-/- mice, in which the Hamp1 and Hamp2 genes
were accidentally inactivated, were the first model to demonstrate 10 resulting from hepcidin
deficiency (273). To provide further evidence of hepcidin's role, TTR-Hamp1l mice were
generated. These mice constitutively overexpress hepcidin in the liver using a specific promoter
called transthyretin (TTR) (274), resulting in very low iron stores and anemia. The identification
of mutations in the HAMP gene in hemochromatosis patients, resulting in hepcidin deficiency,
provided definitive evidence of the crucial role of hepcidin in human iron metabolism (275).
Hepcidin-deficient mice develop enormous IO in many organs (liver, pancreas, heart...), which
appears early in life (276). The spleen of Hamp1-/- mice is devoid of iron, showing that splenic
macrophages are depleted of their iron stores. These different mouse models have established
that hepcidin can negatively regulate iron release into the blood in both enterocytes and

macrophages.

Synthesis and excretion

In humans, the hepcidin peptide is encoded by three small exons within the HAMP gene located
on chromosome 19q13.1. The gene encodes a pre-propeptide consisting of 84 amino acids and
containing a furin cleavage site responsible for its processing into the mature form of hepcidin
(277). Hepcidin is primarily expressed and processed by hepatocytes and is eventually excreted
by the kidneys. In the urine, the predominant form of hepcidin is a 25-amino acid peptide known
as hep-25 (269). This peptide carries a charge of +2 due to the presence of positively charged
amino acid residues. Additionally, two shorter inactive forms of hepcidin, hep-22 and hep-20,
have been detected in the urine as well. Although easily crossing the glomerular membrane, the
fraction of hepcidin that is finally excreted in the urine is relatively small, suggesting that a
significant portion is reabsorbed by the proximal tubule (278). This reabsorption is facilitated by
endocytosis, with the megalin receptor playing a key role in this process (279). Megalin is a
multiligand receptor expressed on the apical surface of the proximal tubule cells to internalize

various molecules, including proteins and peptides, from the tubular fluid.

Function

Once in the bloodstream, hepcidin plays a crucial role in regulating iron metabolism. It acts by
inducing the internalization of ferroportin, the sole known iron exporter in mammals (216),
leading to its degradation in the lysosome (280). Ferroportin consists of 12 transmembrane
domains and is expressed in various cell types, including duodenal enterocytes, hepatocytes, and
macrophages (281, 282). Upon binding to ferroportin, hepcidin induces the ubiquitination of
specific lysine residues, primarily lysine 240 and 258 (283). This ubiquitination leads to the

internalization of ferroportin through endocytosis and its subsequent degradation. When



ferroportin is degraded, iron is trapped inside the cell, reducing plasma iron concentration.
Aschemeyer et al shed light on another mechanism independent of lysosomal degradation,
whereby hepcidin binding in the main cavity of the ferroportin protein leads to occlusion of the
cavity, thereby inhibiting iron export through ferroportin (284).

When the iron load is high, hepcidin production increases and induces internalization of
ferroportin, leading to reduced iron absorption by the gut and reduced iron release by
macrophages, thus helping to prevent 10. Conversely, when iron levels are low, hepcidin
production decreases, encouraging increased absorption and release of storage iron to meet the

body's iron requirements (Figure 13).
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Figure 13: Requlation of ferroportin by hepcidin. Hepcidin binds to the transmembrane protein ferroportin on the cell surface
of enterocytes, macrophages, and hepatocytes. Hepcidin binding induces ubiquitination of specific lysine residues on
ferroportin. Ubiquitination leads to internalization and subsequent degradation of ferroportin within lysosomes. FPN:
ferroportin; U: ubiquitination.

Other localizations and local roles of hepcidin

While hepatocytes are the primary source of plasma hepcidin, it is now recognized that other
organs/tissues, such as the heart (285), kidney (286), macrophages (287), brain (288) and
adipocytes (289), also contribute to its production. The presence of hepcidin in these cells and
tissues suggests their participation in local iron homeostasis and potentially in specialized iron-
related functions within their respective systems.

Heart. Cardiomyocytes do express hepcidin and this expression is influenced by hypoxia and

inflammation (290). Locally produced hepcidin reduces ferroportin expression and iron export



from cardiomyocytes, while specific deletion of hepcidin in cardiomyocytes or the expression of a
hepcidin-resistant ferroportin isoform can lead to lethal cardiac dysfunction (291).

Kidney. Hepcidin expression has been shown in the distal nephron of the kidney (292), and
particularly in the cortical thick ascending limb, in connecting tubules, and in the collecting ducts
(286). Interestingly, the distal nephron expresses the DMT1 and ferroportin transporters at the
apical and the basolateral membranes, respectively (293, 294),suggesting that the distal nephron
may be involved in the reabsorption of nonheme iron from the tubular fluid and its subsequent
return to the circulation. By acting on the expression and activity of ferroportin, hepcidin could
thus modulate the reabsorption, renal accumulation, and blood transfer of iron. It has also been
suggested that Escherichia coli may target renal hepcidin to attenuate its overall antibacterial
activity during the early phase of a urinary tract infection (292).

Pancreas. Hepcidin is expressed and directly regulated by iron in human pancreas, specifically in
islet B-cells (295). Mouse models have shown that excess iron negatively impacts [3-cell function,
leading to islet iron accumulation, decreased insulin secretion and increased apoptosis (296),
while iron deficiency protects against loss of -cell function and diabetes (297). DMT1 and
ferroportin are also expressed in [-cells. In a B-cell-specific DMT1 knockout mouse model],
glucose-stimulated insulin secretion is reduced (298). This supports a role for -cell-produced
hepcidin in pancreatic iron homeostasis as well as in 3-cell function.

Adipocytes. In obese patients, adipose tissue synthesizes hepcidin, with a correlation between
hepcidin mRNA expression and inflammatory markers such as IL-6 and CRP (299). The
production of hepcidin by adipose tissue can exacerbate iron-deficiency anemia, commonly
observed in obesity (300).

Macrophages. Hepcidin production can be induced in the reticuloendothelial system and alveolar
macrophages in response to inflammation or infection (301). Such induction of hepcidin may
serve as a defense mechanism by restricting bacterial access to iron and inhibiting bacterial
growth. In the liver, hepcidin can be induced by both bacterial and viral infections. In the brain
and kidney, hepcidin induction can occur specifically in response to gram-negative bacteria, often
mediated by the lipopolysaccharide (LPS)-toll-like receptor (TLR) pathway (292, 302). Such
induction of hepcidin highlights its complex and multifaceted role in the immune response and
host defense mechanisms.

Stomach parietal cells may also secrete hepcidin, playing a protective role against helicobacter
pylori by increasing local acidity (303). Other studies have reported the production of hepcidin in
the lungs (304), prostate (305), placenta (306), and retina (307), among others, possibly playing

arole in defense against bacterial invasion.



1.2.2.3 Hepcidin regulatory pathway

Hepcidin, the major regulator of iron homeostasis, is itself finely regulated. Multiple signals play
arole in regulating hepcidin levels, including iron, inflammation, and erythropoiesis (308). These

pathways are summarized in (Figure 14).
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Figure 14: Major mechanisms regulating hepcidin expression. Hepcidin is regulated by various systemic stimuli, the three
main ones being: (1) erythropoietic activity via Erythroferrone released by erythroblasts in response to erythropoietin.
Erythroferrone inhibits the production of hepcidin by sequestering BMP 2 and 6, inhibiting activation of the BMP receptor and
the BMP-SMAD pathway. (2) The body's iron status: increased intracellular (through increased BMP 2 and 6 and activation of
the BMP receptor) and extracellular (through transferrin binding to its receptor) iron activates the BMP-SMAD pathway and
therefore HAMP transcription. In case of intra or extracellular iron deficiency, the opposite occurs. (3) Inflammation, via IL-6
secreted by macrophages in response to the binding of bacterial lipopolysaccharides to their toll-like receptor 4, activating the
JAK2-STAT4 pathway via the IL-6 receptor and inducing HAMP transcription. Activation of hepcidin by IL-6 also involves the
BMP-SMAD pathway. At the protein level, matriptase-2 is a major negative regulator of hepcidin expression. One of the
mechanisms is the degradation of hemojuvelin by matriptase-2, preventing the activation of the BMP receptor by its BMP
ligands, which decreases hepcidin production. LSECs: liver sinusoidal endothelial cells; BMP: bone morphogenic protein; ERFE:
erythroferrone; Tf: transferrin; TfR: transferrin receptor; HJV: hemojuvelin; TMPRSS6: matriptase-2; LPS: lipopolysaccharide;
TLR: toll-like receptor; IL-6: interleukin 6; SMAD: Son of Mothers Against Decapentaplegic; STAT: signal transducer and
activator of transcription; HAMP: hepcidin gene. Figure from Scaramellini et al (309).



Iron regulation

As mentioned above, during iron deficiency, hepcidin expression declines, stabilizing ferroportin
and facilitating iron absorption by duodenal enterocytes and iron release by macrophages. As a
result, plasma iron availability increases. Conversely, in 10, hepcidin expression increases, causing
ferroportin degradation and preventing iron export from enterocytes, macrophages, and
hepatocytes. As a result, plasma iron levels drop.

The Bone Morphogenetic Protein (BMP) - Son of Mother Against Decapentaplegic (SMAD)
pathway is the major pathway regulating hepcidin expression in response to iron (310). BMPs
are a group of proteins belonging to the TGF-f superfamily involved in various biological
processes, including embryonic development and bone growth. BMP ligands are initially
produced as longer precursor proteins and undergo proteolytic cleavage to become mature and
functional. There are more than twenty known BMP ligands, and several of them are produced in
the liver, including Bmp2, Bmp4, Bmp5, Bmp6, and Bmp9 (311). Among these BMP ligands, Bmp2
and Bmp6 have been identified as the key regulators of hepcidin expression (312, 313). In the
liver, these two ligands are primarily produced by liver sinusoidal endothelial cells (LSEC) (311).
This suggests a paracrine regulation of hepcidin expression, whereby BMP ligands produced by
LSECs act on neighboring hepatocytes to modulate hepcidin production. BMP ligands interact with
serine-threonine kinase receptors known as Activin-Like Receptors (ALK). There are two main
types of ALK receptors involved in the BMP signaling pathway: BMP receptor type I (BMPRI) and
BMP receptor type Il (BMPRII) (314, 315). BMPRI is constitutively active, while BMPRII requires
phosphorylation for activation (315). Hemojuvelin (HJV) is a co-receptor for BMPRs (316). In
vivo, the BMP ligands BMP2 and BMP6 in dimeric form bind to the BMPR complex. The BMPR
complex contains a BMPRI dimer, a BMPRII dimer, and co-receptors such as HJV and neogenin.
Upon binding of BMP ligands to the BMPR complex, BMPRII hosphorylates BMPRI, which in turn
phosphorylates the SMAD1/5/8 complex. The phosphorylated SMAD1/5/8 complex binds to the
SMAD4 protein. This activated complex translocates into the nucleus and binds to BMP response
elements (BMP-REs), inducing transcription of target genes such as HAMP (317) (Figure 15).
Under normal iron conditions, BMP2 is the main ligand responsible for regulating hepcidin
expression (318), while BMP6 prevails under conditions of 10 since its expression is induced by
hepatic iron (319) through the action of transcription factor nuclear erythroid 2-Related Factor
(essential for the modulation of gene expression by oxidative stress) (320). Furthermore, BMP2
expression can be regulated by reactive oxygen species (ROS) to increase hepcidin and limit iron
toxicity (321). The importance of BMP6 in humans has been demonstrated through the
identification of heterozygous nonsense mutations in patients. These mutations result in a
decrease in the BMP-SMAD pathway and hepcidin synthesis, leading to moderate 10 in affected
individuals (322).
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Figure 15: Mechanism of activation of the BMP-SMAD pathway by BMP ligands. BMP ligands, such as BMP2 and BMP6,
bind to their respective BMP type Il receptors (BMPRII) on the cell surface. This leads to the phosphorylation and activation of
BMP type | receptors (BMPRI). Activated BMPRIs phosphorylate regulatory SMAD proteins, SMAD1, SMAD5 and SMAD8
(called SMAD1/5/8), which are the effector proteins of the BMP-SMAD pathway. The phosphorylated SMAD1/5/8 proteins
form complexes with SMAD4. The interaction between phosphorylated SMAD1/5/8 and SMAD4 is essential for signaling
downstream of the BMIP-SMAD pathway. SMAD complexes, consisting of phosphorylated SMAD1/5/8 and SMADA4, translocate
into the nucleus facilitated by nuclear import factors. Once inside the nucleus, SMAD complexes bind to specific DNA sequences
called BMP reactive elements (BRE) into the promoter regions of target genes such as the hepcidin HAMP gene. BMP: bone
morphogenetic protein; BMPR | and Il: BMP type | or Il receptor; BRE: bone morphogenetic protein reactive elements. Figure
from Silvestry et al, 2019 (311).

HVJ is present in the liver and skeletal muscle. In humans, mutations in the HV] gene can lead to
juvenile hemochromatosis, characterized by severe hepcidin deficiency and 10 (323). This
highlights the importance of HJV as a co-receptor of BMPRs in the regulation of hepcidin by iron.
In addition to the membrane form, a soluble form of HVJ exists. It is the cleavage product of
membrane HJV and is released into the extracellular environment (324). Soluble HJV acts as a
negative regulator of hepcidin expression by competing with membrane HJV for binding to BMP
ligands, preventing their interaction with the BMPR complex. Therefore, the BMP-SMAD pathway
is not activated and hepcidin transcription is repressed. Membrane H]JV and soluble HJV therefore
have opposing roles, the first inducing the expression of hepcidin and the second repressing it.
Hepcidin expression is also inhibited by SMAD7 and matriptase-2, through their effects on the
BMP-SMAD pathway. SMAD7 was identified using a siRNA screen in HuH7 cells, a human
hepatocarcinoma cell line. SMAD7 acts by binding to BMPRI and competing with SMAD1/5/8 for
phosphorylation, thereby inhibiting the BMP-SMAD pathway (325).

Matriptase-2, a serine protease encoded by the TMPRSS6 gene, is primarily expressed in the liver.

The major role of matriptase-2 as negative regulator of hepcidin production was discovered in



2008 when Du et al. induced chemical mutations in its gene (mask mice), resulting in the loss of
its proteolytic domain (326). In mask mice lacking matriptase-2, microcytic hypochromic anemia,
low SeFe and reduced transferrin saturation (Tsat) are observed. In vitro studies have
demonstrated that matriptase-2 plays a role in regulating hepcidin expression by cleaving H]V. By
cleaving HJV, matriptase-2 attenuates the activation of the BMP-SMAD pathway, resulting in
reduced hepcidin expression (327). However, it is surprising that mask mice and TMPRSS6-
deficient mice showed reduced rather than increased total hepatic HJV protein content (328).
Recently, matriptase-2 has been proposed to also regulate hepcidin expression through the
cleavage of several components of the BMP-SMAD signaling pathway, such as BMPRIs, HFE and
TfR2, independently of HJV cleavage (329, 330). This might provide an explanation for the lack of
elevated HJV levels in mask mice. In humans, mutations in the TMPRSS6 gene lead to a hereditary
autosomal recessive disease known as iron-refractory iron-deficiency anemia (IRIDA) (331).
These matriptase-2 mutations induce an abnormally high level of ferroportin-degrading hepcidin,
which blocks iron uptake by enterocytes and iron recycling by macrophages (326). The amounts
of iron are then insufficient to meet the erythropoietic demand and consequently lead to
congenital microcytic and hypochromic anemia. SF is normal or high (reflecting iron trapped in
macrophages) and Tsat is collapsed (<5%; corresponding to the absence of SeFe available for
erythropoiesis) (332). Most IRIDA patients do not respond to oral iron treatment, requiring IV
iron to correct their anemia by circumventing the intestinal barrier (333). Moreover, Meynard et
al. demonstrated that BMP6 and iron not only induce hepcidin but also matriptase-2 expression
(334). This regulation could serve as a negative feedback inhibition to avoid excessive hepcidin
induction by iron. Finally, maptriptase-2 expression increases during hypoxia, decreasing
membrane HJV as well as the response of the BMP-RE proximal to the hepcidin promoter.
Maptriptase-2 regulation by hypoxia depends on HIF-1a and HIF-2a, through a HRE in the
promoter of the TMPRSS6 gene (335). However, the inhibition of hepcidin expression by hypoxia
does not depend solely on maptriptase-2, because TMPRSS6 -/- mask mice inhibit hepcidin
expression in hypoxic conditions (336).

The HFE/TfR1/TfR2 pathway is another important pathway involved in the regulation of
hepcidin expression by Tsat. The HFE gene encodes a transmembrane glycoprotein that is
classified as a non-classical major histocompatibility complex (MHC) class I protein. Mutations in
the HFE gene are the common mutations associated with hereditary hemochromatosis (337).
TfR1 is responsible for the uptake of iron-bound transferrin into cells, while TfR2 is involved in
signaling iron levels to regulate hepcidin expression (338). When iron-bound transferrin (holo-
Tf) is absent or low, HFE and TfR1 form a complex (339). However, as transferrin becomes
saturated with iron, TfR1 exhibits a higher affinity for holo-Tf than for HFE, leading to the
dissociation of the HFE-TfR1 complex. The released HFE then binds to TfR2. The formation of the



HFE-TfR2 complex, independently of Bmp6 induction, activates the phosphorylation of
SMAD1/5/8 proteins (340). These phosphorylated SMADs can translocate into the nucleus and

enhance hepcidin transcription (Figure 16).
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Figure 16: The HFE/TfR1/TfR2 pathway. As transferrin saturation increases, the affinity of HFE binding to TfR1 decreases,
while it increases for TfR2. Binding of HFE to TfR2 leads to phosphorylation of the SMAD1/5/8 protein complex, which binds
to SMAD4. The SMADs complex migrates into the nucleus to activate expression of the HAMP gene encoding hepcidin. BMP:
bone morphogenetic protein, TfR1: transferrin receptor 1, TfR2: transferrin receptor 2; P: phosphorylation. Figure adapted
from Zheng et al 2023 (341).

Inflammatory regulation

Infection and inflammation induce the production of hepcidin (342), which inhibits iron efflux
from enterocytes and macrophages, thereby decreasing SeFe concentrations (343). It has been
proposed that this rapid defense mechanism could provide an advantage during certain bacterial
(344) and fungal infections (345) by limiting the availability of iron for pathogens. Indeed, some
pathogens rely on iron for their growth and survival and have developed sophisticated
mechanisms to acquire iron from the host (345-347). A protective role of hepcidin and
hypoferremia is established for siderophilic bacteria, including Vibrio vulnificus (344) and
Yersinia enterocolitica, which can be lethal in patients with hepcidin deficiency and subsequent

hemochromatosis (348). Bacteria and fungi maintain iron homeostasis by synthesizing iron-



chelating molecules called siderophores that enhance their virulence (349). IL-6 production in
mice infected with Aspergillus fumigatus could modulate siderophore production while
neutrophils synthesize lipocalin-1, which sequesters fungal siderophores (345). Hence, topical
application of lipocalin-1 restricts fungal growth in vivo while exogenous iron promotes fungal
growth in infected mice (345). Conversely, despite hypoferremia, intracellular organisms residing
within macrophages, such as Salmonella Typhi, may exhibit increased pathogenicity upon
hepcidin activation, which sequestrates iron within macrophages (350).

TLRs are key sensors of the innate immune system. They accept pathogen-associated molecular
patterns (PAMPs) and control the hypoferremic response of the host. For example, LPS is a cell
wall component of gram-negative bacteria recognized by TLR4. Hepcidin has similarities to
antimicrobial peptides induced by LPS. Injection of LPS in mice (134, 272, 351) and in healthy
subjects (352) induces the transcription of hepcidin in the liver and decreased SeFe levels. LPS
induces the production of various pro-inflammatory cytokines, such as IL-6, IL-13 and TNF-a
(311). IL-6 is one of the main cytokines involved in the induction of hepcidin during inflammation
(134). Indeed, in healthy subjects, IL-6 injection increases the amount of urinary hepcidin (134).
During inflammation, IL-6 binds to its receptor, the IL-6 receptor, which phosphorylates JAK?2 (p-
JAK2). p-JAK2 in turn phosphorylates the transcription factor STAT3, which translocates into the
nucleus and binds to the STAT3-Responsive Element (STAT3-RE) binding site present in the
hepcidin promoter, thereby to induce its transcription (353, 354). Moreover, the BMP-SMAD
pathway is also required to produce hepcidin through the IL-6 pathway. Indeed, hepcidin is not
induced in response to IL-6/LPS in mice deleted for either SMAD4 (355) or ALK3 (356). The
importance of the proximal BMP-RE in addition to the STAT-RE in the hepcidin promoter during
inflammation has also been shown in vitro (357, 358). In addition, inflammation via activin b, a
cytokine of the TGF-B family that can bind to the BMP receptor, further activates hepcidin
transcription (359). This shows a close link between the BMP-SMAD pathway and the IL-6 /STAT-
3 pathway during inflammation.

Hepcidin can also be induced in vivo and in vitro via other TLRs than TLR4. Indeed, the ligands of
TLR3, TLR7/8 and TLRY induce the expression of hepcidin, while Pam3CSK4 and ImQ, the
respective ligands of TLR 1/2 and TLR3, decrease ferroportin expression (360, 361).

Moreover, Meynard et al. showed that inflammation via IL-6 not only induces hepcidin expression,
but also inhibits matriptase-2 expression by decreasing STAT-5 phosphorylation (362). Analysis
of the TMPRSS6 promoter shows the presence of a STAT5-RE, suggesting that STATS5 directly
regulates the expression of matriptase-2. Given that TMPRSS6 functions as an inhibitor within the
BMP-SMAD pathway and hepcidin expression, this mechanism entails a negative feedback loop
involving TMPRSS6 modulated by inflammation through the BMP-SMAD pathway. Consequently,

this intricate interplay contributes to the induction of hepcidin production in response to IL-6.



Besides hepcidin-induced hypoferremia, the anemia of inflammation arises from multiple other
factors, including plasma expansion, diminished RBC survival, reduced EPO production and

interferon-mediated inhibition of erythroid precursors (129).

Erythropoietic regulation: Erythroferrone

Erythropoiesis inhibits hepcidin expression more efficiently than anemia or hypoxia (363).
Studies in mice (364) and humans (365, 366) have provided evidence for the link between
hepcidin suppression and erythropoiesis. In experiments with healthy volunteers, subcutaneous
injections of EPO or phlebotomies induced a rapid, persistent drop in hepcidin levels in plasma
(367, 368). Other studies in mice have demonstrated that irradiation, which destroys
hematopoietic cells, prevents the inhibition of hepcidin expression by EPO (369). These reports
suggest that a factor associated with erythropoiesis and produced by hematopoietic cells, possibly
circulating in the bloodstream, is responsible for hepcidin suppression during erythroid stress.
Several proteins have been proposed as regulators of hepcidin expression by erythroid stress.
Growth Differentiation Factor 15 (GDF-15), a member of the TGF- family, is produced during
erythroblast maturation and has been associated positively with EPO. Plasma levels of GDF-15 are
elevated in non-transfusion-dependent 3-thalassemia and in congenital dyserythropoietic anemia
and have been suggested to suppress hepcidin expression, contributing to the 10 observed in these
pathologies (370-372). However, GDF-15 knockout mice still suppress hepcidin expression after
phlebotomy (373), while only exceptionally elevated GDF-15 concentrations reduce hepcidin
levels ex vivo (374). Hence, GDF-15 does not appear to be a physiological regulator of hepcidin
during normal erythropoiesis, but could play a role in stress erythropoiesis, for instance resulting
from oxidative stress in 3-thalassemia (375). It is likely that GDF-15 is primarily a marker of
ineffective erythropoiesis in disorders such as [-thalassemia, congenital dyserythropoietic
anemias, or, to a lesser extent, pyruvate kinase deficiency (376, 377). Twisted gastrulation BMP
signaling modulator 1 (TWGS1), another hormone secreted by erythroblasts, has been also
incriminated, but EPO administration or phlebotomies do not induce its transcription (378).

In 2008, Pinto demonstrated the regulation of hepcidin expression by EPO, in a dose-dependent
manner, suggesting the contribution of a transcription factor in the response of hepcidin to EPO
(379). Later, Kautz et al. identified the erythroid regulator as erythroferrone or ERFE (380). Using
ERFE knockout mice, they demonstrated suppression of hepcidin expression during the initial 24
hours after phlebotomy or in response to EPO administration (380). In response to EPO, ERFE is
produced by erythroid precursors in the BM and spleen, and its production is mediated by the
signaling molecule STAT5 in mice (380) and humans (381). Recent research has revealed that
ERFE acts by sequestering BMP ligands, specifically BMP2 and BMP6, preventing them from
forming a heterodimer complex (382) and interacting with ALK3, one of the BMP type I receptors,



thereby blocking the BMP-SMAD pathway and subsequent hepcidin expression (382). By
inhibiting the production of hepcidin, ERFE facilitates iron absorption and mobilization, making

it available for active erythropoiesis (Figure 17).
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Figure 17: Erythroid regulation of hepcidin mediated by erythroferrone. In conditions of increased erythropoiesis consecutive
to anemia or hypoxia, hepcidin synthesis is greatly reduced. Erythroferrone, released by proliferating erythroblasts in response
to erythropoietin, will inhibit the production of hepcidin to increase iron supply available for active erythropoiesis. Once iron
availability is increased in the blood, hepcidin synthesis via the BMP-6 pathway increases again and closes this regulatory
loop.

In addition, matriptase-2 plays a crucial role in the regulation of hepcidin through erythropoiesis.
Indeed, Nai et al. have shown that EPO administration increases ERFE and TMPRSS6, while
inhibiting hepcidin expression in wild-type mice, but not in TMPRSS6 -/- mice (mask mice) (383).
Therefore, the inhibition of hepcidin by ERFE depends on the presence of matriptase-2, which acts
to attenuate the BMP-SMAD signaling pathway and, subsequently, hepcidin expression. Although,
TMPRSS6 -/- mask mice are resistant to EPO treatment, EPO injections induce extramedullary
erythropoiesis and increase spleen size, but the systemic iron deficiency (due to excess hepcidin)
hampers erythroblast maturation (224). After systemic injection of iron dextran, RBC parameters
normalize, and the response to EPO is restored, but elevated hepcidin expression persists (221).
The lack of EPO effect on hepcidin expression in iron overloaded mask mice suggests that
downregulation of hepcidin synthesis by erythropoietic activity occurs only when iron levels are
within the physiological range (225). It is acknowledged that hyper-activation of the BMP-SMAD
pathway, linked to the absence of matriptase-2, outweighs the inhibition of hepcidin by erythroid

stress (the impact of ERFE) in mask mice. Overall, these findings suggest that two signaling



pathways are simultaneously activated in response to EPO; the ERFE pathway (via BMP6) and the
matriptase-2 pathway. However, the involvement of matriptase-2 has not been widely accepted.
Indeed, the study of Aschemeyer et al. indicated that TMPRSS6 -/- mice exhibit high levels of
hepcidin, but the additional absence of ERFE has only a minor effect on their phenotype (384).

Animal models of inflammation and thalassemia have demonstrated that this negative
erythropoietic regulator of hepcidin dominates the positive effect of inflammation (385) or 10
(386). We also previously showed that, after autologous hematopoietic cell transplantation (HCT),
the major determinants of hepcidin production were iron stores and erythropoietic activity while

inflammation exerted a minor role (387).

Other regulators

Liu et al. have recently shown that lactate binds to soluble adenylyl cyclase in normal mouse
hepatocytes, influencing systemic iron homeostasis (388). They demonstrated in vitro and in vivo
that this interaction led to elevated levels of cyclic adenosine monophosphate, thus activating the
PKA-SMAD1/5/8 signaling pathway and promoting hepcidin transcription. This induction of
hepcidin was suggested to reduce the concentration and activity of ferroportin, elevating
intracellular iron and facilitating mitochondrial clearance of lactate. This regulation has been
confirmed in wild-type mice and those with disruptions in iron homeostasis. Furthermore, lactate
regulates hepcidin in individuals at rest and subjected to intense exercise, thereby generating
elevated lactate levels. This establishes a connection between hyperlactatemia and iron
deficiency, explaining the anemias observed in athletes (389) and patients with lactic acidosis as
during cancer (390), sepsis (391) or diabetes (392).

Sardo et al. have identified FGL1, a hepatokine, as a novel suppressor of hepcidin, induced in the
liver during the recovery phase from anemia and in thalassemic mice in response to hypoxia
(393). FGL1 effectively suppressed hepcidin both in vitro and in vivo. When FGL1 was deleted in
mice, baseline and post-phlebotomy hepcidin levels were higher. FGL1 functions by directly
interacting with BMP6, thereby impeding the canonical BMP-SMAD signaling pathway
responsible for regulating hepcidin transcription.

Other less important regulators have been reported such as positive regulation by ER stress
(394) or negative regulation by testosterone on hepcidin expression (395), explaining differences
in hepcidin expression levels between male and female mice. Testosterone would act through the

EGF (Epidermal Growth Factor) receptor that inhibits the BMP-SMAD pathway (134).



1.2.3 Iron disorders

Hepcidin regulation is thus central to systemic iron metabolism. Any dysregulation of its
production will modify iron availability, both within cells and in the blood. A lack of iron can be
responsible for disordered erythropoiesis and anemia, while 10 can be harmful due to its toxicity.
SF represents body iron stores and is commonly measured in clinical practice (241). Indeed, a
study performing phlebotomies in healthy subjects showed a correlation between SF and iron
stores, with 1 ng/mL ferritin corresponding approximately to 8 mg/kg iron stores (242). Under
physiological conditions, SF is mostly composed of the L-chain, is low in iron and partly
glycosylated, indicating mainly hepatocyte secretion (235, 236). Normal SF levels are between 20-
200 ng/mL in women and 20-300 ng/mL in men. A value <20 ng/mL is 100% specific for absolute
iron deficiency (no iron stores), whereas high values indicate 10. However, hepatic cytolysis,
inflammation, renal insufficiency, hyperthyroidism, and certain tumors... are associated with an
inappropriate elevation of SF, which does not reflect real 10 but only ferritin release or secretion
in the blood (396). Interpretation of elevated SF levels can therefore be difficult.

Another blood parameter, i.e., Tf saturation (which can be calculated as the ratio serum
iron/transferrin*1.42) is used in current practice to provide information on immediate iron
availability for erythropoietic and other cells. A normal Tsat is between 20-40%. A Tsat < 20%
demonstrates insufficient iron supply to meet the demand (as found in absolute as well as
functional iron deficiency). Conversely, a high Tsat > 45% defines iron availability exceeding iron
demand and is found for instance in genetic hemochromatosis or erythroid marrow aplasia. Iron
and RBC parameters encountered in normal conditions or in the case of iron deficiency or

hyperferritinemia (with or without 10) are listed in Table 1.

Table 1: Iron and red blood cell parameters in physiological and pathological conditions.

Iron overload:
Iron overload:

Absolute iron

Fonctional iron

Hyperferritinemia

transfusions and

Iron parameters Normal range ey ey without iron 5 g‘enetlc ineffective
overload hemochr N
erythrop
Serum iron (umol/L) 8-30 l l 1 l t
Transferrin saturation (%) 20-45 <20 <20 20-45 >45 >45
Serum ferritin (ng/mL) 20-200 (F) or 20-300 (M) <20 >200 (F) or > 300 (M) | > 200 (F) or > 300 (M) | > 200 (F) or > 300 (M) | > 200 (F) or > 300 (M)

Red blood cells (10°/uL)

4.0-5.2 (F) or 4.4-5.7 (M)

!

normal

normal

!

Hemoglobin (gr/dL)

12.0-15.0 (F) or 13.5-17.0 (M)

|

normal

normal

!

Hematocrit (%)

36-45 (F) or 40-52 (M)

}

normal

normal

|

Mean corpuscular volume (1*)

80-100

<80

normal

normal

variable

Hemoglobin per red blood cell (pg)

27-33

<27

normal

normal

normal

Hypochromicred blood cells (%)

<5

normal

normal

normal

Reticulocytes (10°/pL)

25-100

normal

normal

variable

Hemoglobin per reticulocyte (pg)

26-31

normal

normal

normal




1.2.3.1 Iron deficiency
A distinction is made between absolute iron deficiency (i.e. no iron stores in macrophages) and

functional iron deficiency (normal or increased iron stores but insufficient storage iron release to

meet the demand of erythroblasts; the BM ultimately lacks iron).

Absolute iron deficiency (AID)

Nutritional iron deficiency is the most prevalent cause of anemia (>50% of global cases), affecting
approximately 1 billion people worldwide in 2019 (397). It occurs when iron intake is not
sufficient to meet physiological needs or when tissue iron stores are depleted due to bleeding or
poor iron absorption at the duodenal level. In the absence of inflammation (which results in
increased ferritin through increased hepcidin via the IL-6 pathway), absolute iron deficiency
anemia (IDA) is characterized by low SF concentration (<20 ng/mL), indicating depleted body
iron stores, low Tsat (<20%), and increased soluble TfR1 (this soluble form correlates with the
total mass of TfR on iron-deficient erythroblasts) (398). AID is hypochromic and microcytic
(defined by an Hb<12 g/dL in women and <13 g/dL in men with a mean corpuscular volume
(MCV) <80 fl). Hepcidin in the serum of patients with iron deficiency anemia is almost always
undetectable (399). Iron deficiency manifests with a broad clinical picture that may or may not be
associated with anemia depending on the degree of deficiency and time since deficiency (400).
Iron deficiency anemia preferentially affects children and pregnant women, with a higher

prevalence in developing countries. Oral iron supplementation is the first-line treatment.

Functional iron deficiency (FID

Functional iron deficiency is second in terms of frequency, after AID. FID occurs in patients with
inflammation because increased hepcidin expression in response to the inflammatory reaction
induces iron sequestration in macrophages. The iron needs for erythropoiesis are no longer
satisfied, which leads to the progressive development of ACD. FID is normocytic at first, then
microcytic in the long run. SeFe is low, SF remains normal or increases, indicating that iron stores
are preserved. [ron retained in macrophages inactivates IRPs, leading to increased transcription
of ferritin, also increasing SF. This mechanism is found in inflammatory pathological situations
such as infection, cancer, chronic renal failure, or autoimmune diseases (401). Treatment of this
anemia by oral iron intake is not effective; indeed, the overexpression of hepcidin blocks iron
absorption by enterocytes and iron recycling by macrophages. Consideration should therefore be
given to treating the inflammation; when such treatment is effective, there is usually a return to
normal blood parameters.

Absolute iron deficiency may occur in patients with ACD. A ferritin value < 100 pg/L among

patients with chronic inflammation indicates an absolute deficiency since ferritin levels are



“falsely” elevated by chronic inflammation. These patients can therefore benefit from an IV iron
supply to support erythropoiesis, while oral iron is generally poorly absorbed. As discussed under
1.1.3.5, EPO therapy is effective in cancer-related inflammatory anemias. However, it is essential
in clinical practice to first treat any absolute iron deficiency before starting ESAs. In fact, re-
establishing a correct supply of IV iron has been shown to improve EPO efficacy, reduce its use

and lower its economic cost (402).

1.2.3.2 Iron overload

[0 translates into elevated SF levels mostly associated with increased Tsat. Hyperferritinemia is
defined by a blood ferritin level above 200 ng/mL in women (non-menopausal) and 300 ng/mL
in men (403). The main etiologies of hyperferritinemia (with or without I0) are summarized in

Table 2.

Table 2: Main causes of hyperferritinemia. NASH: nonalcoholic steatohepatitis; RBC: red blood cells. Table adapted from
Sandnes et al (396).

Categories

Inflammation
Cancer
Hepatocyte damage
Diabetes and insulin resistance

Gaucher disease

Hyperferritinemia Metabolic syndrome - NASH- Chronic liver disease
with or without iron overload Alcohol consumption
Primary causes
Without anemia

Genetic hemochromatosis (HFE and non-HFE)
Ferroportin disease type Il
With anemia
Ferroportin disease type I

Aceruloplasminemia
Atransferrinemia
Hyperferritinemia DMT1 mutation
with iron overload Secondary causes
Without anemia

Excessive intravenous iron
With anemia
Chronic RBC transfusions

Ineffective erythropoiesis
Thalassemia and other hemoglobinopathies
Chronic hemolytic anemia
Myelodysplastic syndrome




Increased ferritin with a normal Tsat is associated with true 10 in < 10% of cases (404).
Hyperferritinemia without 10 therefore represents most situations (396). The causes can be
secondary to ferritin release in the blood (as encountered in hepatocyte lysis or in inflammation),
or be primary, of genetic origin (mutation of the ferritin gene).

10 occurs when total body iron exceeds ~3-4 g. In practice, as soon as the transferrin saturation
exceeds 45%, there is a formation of non-transferrin bound iron (NTBI). Such free SeFe rapidly
penetrates inside cells, where it may lead to an increased labile iron pool (LIP). Such free iron is
oxidized by the Fenton reaction and leads to the production of ROS which cause cellular damage,
including the destruction of the endoplasmic reticulum, mitochondria as well as DNA
damage(405). This leads to cell apoptosis and progressively to organ failure (406).

Iron can theoretically accumulate in all cells and organs, but the first and most frequently affected
are liver hepatocytes. Such IO in the liver can ultimately lead to cirrhosis and hepatocellular
insufficiency as well as hepatocarcinoma (405). The other affected organs are the heart, with a
risk of heart failure and arrhythmia; the pancreas, with the onset of diabetes; and the gonads,
pituitary, thyroid, and parathyroid glands, leading to multiple endocrine insufficiencies. Advanced
organ damages are preceded by signs of incipient IO, such as asthenia, painful arthralgias
(typically joint pain in the 2nd and 3rd phalanges through the development of microcrystalline
arthropathy) and hepatic cytolysis (407).

NTBI is not measured in routine clinical practice. It is the combination of Tsat and ferritin assays
that points to 10. A Tsat >45% indicates iron supply exceeding iron demand and therefore
suggests the formation of free toxic iron. Ferritin assays are routinely used for quantifying
excessive iron stores but can be falsely elevated in many conditions such as inflammatory
disorders, hepatic cytolysis, or the metabolic syndrome (396). In cases where ferritin values seem
unreliable, magnetic resonance imaging (MRI) is the gold standard for quantifying true liver 10
(408, 409).

10 can be primary (genetic) or secondary. Commonly, hereditary genetic hemochromatosis
is due to insufficient production of hepcidin or to resistance to the hepcidin signal secondary to a
mutation of one of the proteins involved in the regulation of hepcidin by the iron pathway (410).
The diagnosis is based on iron parameters (Tsat > 45% and ferritin increase > 200 ng/mL in
women or 300 ng/mL in men) and must be confirmed by genetic testing. The most common form
of hemochromatosis in Caucasians is due to homozygous C282Y mutation in the HFE gene (411).
This mutation has a prevalence of 1/200 in the northern European population (412), leading to a
defect in HFE, the essential co-receptor of the TFR, and to the activation of the BMP-SMAD
pathway by plasma iron bound to transferrin. Without HFE, there is no production of hepcidin,
and macrophages and enterocytes no longer can retain iron, which is thus massively released into

the circulation. The first biological abnormality that appears is an increased Tsat, and later around



the age of 20, SF increases because of the accumulation of iron in hepatocytes (406). There are
also non-HFE forms of hemochromatosis that are rarer, multi-ethnic, and affect younger patients
with more severe hepatic [0 (323, 413). Non-HFE forms result from mutations in HV], TfR2,
hepcidin or ferroportin. Patients with ferroportin (SLC40A1) mutations fall into two classes, with
distinct phenotypes depending on the mutation they possess. The first type of autosomal
dominant mutation produces a loss of function of ferroportin, resulting in ferroportin disease. FPN
disease is characterized by a reduction in FPN expression on the plasma membrane, leading to
reduced cellular iron export and iron accumulation in cells, particularly in spleen macrophages
(414). In the liver, iron accumulation is primarily seen in Kupffer cells, in contrast to the
hepatocyte-dominated periportal distribution observed in the early stages of HFE-related
hemochromatosis. These patients therefore have a clinical (splenic>hepatic 10) and biological
(normal or low plasma iron and Tsat) presentation that is different from classical
hemochromatosis. Ferritin levels are very high with a normal or low Tsat (because iron is blocked
in macrophages) and patients develop microcytic anemia due to functional iron deficiency,
particularly when phlebotomies are performed. The second type of ferroportin mutations,
characterized by an autosomal recessive mode of inheritance, is caused by a missense mutation
in SLC401 that generates a gain-of -function FPN protein with reduced responsiveness to hepcidin
(415). The phenotype is quite like that associated with HFE, TfR2, HJV and hepcidin mutations,
with elevated transferrin saturation and periportal iron deposition in liver hepatocytes. The
treatment here also consists in phlebotomies (416).

10 may also be secondary to chronic transfusions. In fact, each RBC transfusion contains
approximately 200 milligrams of iron. Therefore, if a patient is transfused with 2 units per month,
he or she accumulates 5 grams of iron within one year! 10 secondary to chronic transfusions
occurs after of the transfusion of 10 to 20 units of RBCs, with accumulation of free iron that can
lead to cellular damage and organ failure (417).

Finally, another common cause of secondary (non-genetic) 10 associated with anemia may be
induced by a mechanism of ineffective erythropoiesis encountered in various hematological
diseases. Indeed, it has been shown that in nontransfused and transfused (3-thalassemia (418),
hemolysis (immune and non-immune) (419) and MDS (420), the inhibition of hepcidin production
leads to increased intestinal iron absorption and aggravates the pre-existing 10 (421). In these
diseases, erythroblasts proliferate sometimes considerably but die prematurely of apoptosis,
secreting a lot of ERFE and releasing the iron contained in their hemoglobin (419, 422). In these
conditions, the erythropoiesis-driven ERFE pathway inhibiting hepcidin production is more
powerful than the iron-induced mechanism stimulating hepcidin production via the BMP-SMAD

pathway. This leads to 10 via overall reduced hepcidin production (423) (Figure 18).
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Figure 18: Ineffective erythropoiesis in 8-thalassemia or myelodysplastic syndrome. Erythroblasts proliferate but die
prematurely of apoptosis, leading to anemia. Active erythropoiesis secretes a lot of erythroferrone, which inhibits hepcidin
production, leading to continuous entry of iron into the body. Since iron is not fully used for erythropoiesis, it accumulates
in organs such as the liver, heart, pancreas and gonads. The positive feedback of iron on the production of hepcidin is less
powerful than the inhibitory effect of erythroferrone. This results in overall iron overload. EPO: erythropoietin.

On the other hand, studies have highlighted the role of GDF-15 in hepcidin inhibition among
thalassemic patients, with negative associations between these two parameters (424). However,
this relationship remains controversial (425). Indeed, the variability in GDF-15 levels and other
parameters (such as Hb, hepcidin, and ferritin) could be explained by the different therapeutic
regimens used in the management of thalassemic patients. For instance, lower GDF-15 levels were
measured following appropriate chelation protocols and in patients undergoing hydroxyurea
therapy (426), likely due to reduced ineffective erythropoiesis. On the other hand, under-
transfused patients (pre-transfusion levels < 8 g/dl) displayed higher erythroid activity and
ineffective erythropoiesis (427). As mentioned in section 1.2.2.3, GDF-15 appears to be primarily
produced in situations of ineffective erythropoiesis.

[0 in patients with (-thalassemia or MDS has been shown to be associated with poorer survival
(428, 429). Subsequent studies demonstrated that the use of iron chelators in these patients could
improve survival (430, 431). It is therefore important to reduce excess iron not by phlebotomies
(since patients are anemic) but by using oral iron chelators such as Deferasirox, which is the oral
form most used in clinical practice (432).

Sickle cell disease (SCD) results from specific homozygous mutations (HbSS) or compound

heterozygous mutations involving hemoglobin S (HbS) combined with hemoglobin C (HbSC) or



beta-thalassemia (HbS/beta-thalassemia), leading to RBC deformation under certain conditions,
causing vaso-occlusion, inflammation and hemolysis (433). The regulation of iron metabolism is
not fully understood in SCD (434). In patients with SCD, there is both some degree of ineffective
erythropoiesis (illustrated by slightly elevated GDF15 and increased EPO and sTfR levels) and
significant inflammation explaining IL-6-driven hepcidin production (433, 435, 436). ERFE levels
are elevated, although less so than in other diseases, but show no correlation with hepcidin (436,
437). RBC transfusions are restricted to life-threatening emergencies to reduce the risk of
transfusion reactions (438), partly explaining less prominent IO compared to beta-thalassemia
(439). In addition, suppression of hepcidin by ERFE may be partially countered by its induction
by IL-6, which could also limit the development of iron overload. However, contradictory evidence
exists regarding the correlations between hepcidin on the one hand, and both inflammation and
erythropoiesis on the other, illustrating the complex interplay of factors that may occur

differentially in individual patients (440, 441).



2. Allogeneic hematopoietic stem cell transplantation

2.1 Transplant procedures and outcomes

Allogeneic HSCT (allo-HSCT) is a complex therapeutic procedure involving the infusion of
hematopoietic stem cells from a donor to a recipient who has undergone a short period of
conditioning with chemotherapy and/or radiotherapy (442). Although early attempts were
largely unsuccessful, the procedure has evolved considerably over recent decades (443).1In 2019,
the European Society for Bone and Marrow Transplantation reported that over 40,000 allo-HSCT
had been performed at 700 international centers, representing an exponential growth rate, with
over 800,000 HSCTs recorded in 30 years (444)! The World Blood and Marrow Transplant
Network has also recorded increasing allo-HSCT activity since 1957 (445). Historically reserved
for the treatment of acute leukemia, chronic myeloid leukemia and aplastic anemia, the
indications for allo-HSCT have gradually been extended to other hematological malignancies
(MDS, myeloproliferative neoplasia, lymphoid hemopathies...) (446), hemoglobinopathies
(thalassemia 3 major, sickle cell disease) (447), severe congenital immune deficiencies and other
severe diseases (448).

Recipient eligibility for HSCT is discussed according to age, comorbidities, and donor availability
(449). The choice of a donor is based first and foremost on Human Leukocyte Antigen (HLA)
histocompatibility between donor and recipient. The HLA system comprises over 200 genes
located in a region of the short arm of chromosome 6 and divided into 3 parts (HLA class [, Il and
I1I) (450, 451). The genes of the HLA system are mainly involved in the immune response and
have the common feature of being polymorphic and co-dominantly expressed. Transmission to
offsprings respects complete haplotypes but crossovers are sometimes encountered. HLA-
compatible donors may be related (familial) to the recipient. They can be "Genoidentical” (siblings
with a 10/10 HLA match for HLA-A, B, C, DRB1 and DQB1) or "Haploidentical" (parents, children,
siblings or other family members sharing a haplotype, with a resulting match of atleast 5/10 HLA
antigens) (452). The probability of having a 10/10 HLA-matched sibling is only 30%. In that case,
a haploidentical donor can be selected or a search for an unrelated donor can be initiated. The
search for a healthy volunteer unrelated donor is carried out through an international network of
mostly national registries called BM Donors Worldwide. Once the donor has been selected,
various graft sources are available, including peripheral blood stem cells (PBSC), BM (BM) and
placental cord blood (CB from voluntary donations). PBSCs are often chosen over BM because they
are technically easier to collect and have a higher content of HSCs and T lymphocytes. In addition,
compared with a stem cell transplant obtained from BM or CB, a transplant using PBSC offers the
advantages of faster hematopoietic and the immune recoveries in the recipient, and a lower rate
of graft failure. However, these advantages are offset by a higher incidence of graft-versus-host

disease (GVHD), whereby donor immune cells react against the recipient cells, leading to multiple



organ damages. To prevent graft rejection and GVHD, patients receive immunosuppressive agents

for a period of months.

2.1.1 Conditioning, aplasia and post-engraftment period

Allo-HSCT generally begins with a short period of chemotherapy and/or total body irradiation
called conditioning. This conditioning aims to destroy the recipient's BM, including the cancer
cells. It also suppresses the patient's immune system and induces sufficient immunosuppression
to allow the donor HSCs to engraft. In addition, donor immune cells will exert a non-specific
immune action against recipient tumor cells known as graft-versus-tumor effects, essential for
ongoing disease control. Allogeneic transplantation therefore exerts myeloablative,
immunosuppressive and antitumoral effects. The intensity of conditioning regimens may range
from the most intensive myeloablative (MA) to less intense reduced-intensity (RIC) or even non-
myeloablative (NMA) conditioning, chosen based on the recipient's disease status, age and
physical condition. The distinction between these different regimens is based on criteria that
encompass factors such as host hematopoiesis, hematologic recovery timeline, and the presence
of mixed chimerism upon engraftment (453). RIC regimens combine moderate doses of
immunosuppressive agents like fludarabine with NMA doses of alkylating agents to achieve
substantial anti-tumor effects and control malignancy before graft-related immune effects against
the tumor emerge (454, 455). In contrast, NMA conditioning relies on potent immunosuppression
to facilitate engraftment of donor hematopoietic and immune cells, primarily eradicating both
host hematopoiesis and tumor cells through graft-versus-host immune effects (456).

Once conditioning is completed and chemotherapy agents cleared from the recipient’s blood, the
graft is infused intravenously. Recipients also benefit from prophylaxis against various infectious
(bacterial, fungal, viral or parasitic infections) (457) and non-infectious complications, including

hepatic sinusoidal obstruction syndrome (458) and GVHD (459).

2.1.2 Outcomes after allogeneic HSC transplantation

The growing number of allo-HSCT is attributable to multiple factors, including improved donor
availability (unrelated and haploidentical donors) (445), RIC regimens (460), advances in the
prevention and treatment of toxicities (infections and GVHD)(461, 462) and improved general
supportive care. Despite these advances, allo-HSCT remains associated with significantly high
rates of mortality, relapse, and complications (463).

Indeed, long-term survival after allo-HSCT has improved in recent years but ranges from 10% to
90% depending on the patient populations (464-468). The most frequent cause of mortality after
allo-HSCT, both early and late, is relapse of the initial disease (464, 465). This is followed by

transplant-related complications, notably infections and GVHD, leading to non-relapse mortality



(NRM) (465, 468, 469). Survival is associated with several factors, including patient age and
comorbidities, disease characteristics (type of disease and cytogenetic risk) and status at
transplantation (complete remission or not, and positive or negative minimal residual disease
(MRD)), type of conditioning and source of hematopoietic stem cells, donor age and sex, HLA
compatibility and cytomegalovirus (CMV) status (467, 470, 471). Moreover, the presence of
moderate/severe cGVHD is a risk factor for mortality due to prolonged immunosuppression with
a higher risk of infection, while limited cGVHD has been associated in some studies with better
survival due to stronger GvL effects (472). In clinical practice, several prognostic scoring systems
for survival after allo-HSCT are used to predict transplant outcomes more accurately before
making decisions about transplant eligibility. These scores include, among others, the Disease
Risk Index (DRI) (473-475), the Hematopoietic Cell Transplantation-Comorbidity Index (HCT-CI)
(476) and the European Group for Blood and Marrow Transplantation (EBMT) risk score (477-
479). The DRI is a powerful prognostic indicator of overall survival (OS) but does not consider
patient comorbidities nor transplant characteristics (473, 474). On the contrary, the HCT-CI score
(Table 3) only considers variables related to recipient comorbidities (476). While several donor
and transplant factors are considered in the EBMT risk score, including donor type, sex and CMV
matching, this score is based on old registry data that may not be that relevant nowadays.
Relapse is the leading cause of death after transplantation, but its incidence decreases with time
elapsed since the transplant (464-467). For instance, Wong et al. reported disease relapse as the
primary cause of early but not late mortality (50% of deaths in the overall cohort but only 10%
among 15-year survivors) (464). Among 10,632 patients alive and disease-free 2 years after
receiving MA allo-HSCT for hematological malignancies, late relapses remained the leading cause
of death (27% to 42% of all deaths) (465), a finding also reported in other series (466, 467, 480-
483). Many studies have shown that the greatest risk factors for relapse are incomplete response
(including measurable residual disease) or relapse before transplantation, as well as high-risk
cytogenetics in certain diseases. The number of such high-risk transplants (with high DRI) has
significantly increased in recent years. Several studies have also demonstrated lower survival
rates among patients with early (<6 months) compared to late relapse after allo-HSCT (471, 484).
High-risk patients as well as those showing early signs of relapse after transplantation may benefit
from preventive or preemptive strategies ranging from drugs aiming at targetable mutations to
rapid infusion of donor lymphocytes (DLI) (485, 486).

NRM comprises all other causes of death besides persistence or relapse of the disease for which
the transplant was performed. NRM decreases among patients transplanted in more recent years,
illustrating improvements in preventive and curative treatments (464). However, NRM is not

restricted to the early posttransplant period and the emergence of secondary neoplasms and



cardiopulmonary diseases is increasingly responsible for late non-disease-related deaths (464,

466, 467).

Table 3: Hematopoietic Cell Transplantation-Comorbidity Index score. ULN, upper limit of normal;, ASAT, aspartate
aminotransferase; ALAT, alanine aminotransferase; BMI, body mass index; SLE, systemic lupus erythematosus; RA,
rheumatoid arthritis; CTD, connective tissue disease; DLCO, diffusion capacity of carbon monoxide; and FEV1, forced expiratory
volume in one second. Table adapted from Sorror et al (476).

HCT-CI
Comorbidities Definitions weighted
scores
Arrhythmia Atrial fibrillation or flutter, sick smgs syndrome, or ventricular 1
arrhythmia
. Coronary artery disease, congestive heart failure, myocardial
Cardiac . . Lo . 1
infarction, or ejection fraction<50%
Inﬂamn-latory Crohn's disease or ulcerative colitis 1
bowel disease
Diabetes Requiring treatment with msul.m or oral hypoglycemic, but not 1
controlled with diet alone
Cereb_r Dby Transient ischemic attacks or cerebrovascular accident 1
disease
Psychiatric Depression/anxiety requiring psychiatric consult and/or treatment at 1
disturbance the time of HCT
. . Chronic hepatitis, bilirubin >ULN to 1.5x ULN, or ASAT/ALAT >ULN
Hepatic, mild 1
to 2.5x ULN
Obesity Patients with a BMI of >35 for adults or with BMI-for-age percentile 1

of = 95th percentile for children

Documented infection or fever of unknown etiology requiring
Infection antimicrobial treatment before, during, and after the start of 1
conditioning regimen

Rheumatologic SLE, RA, polymyositis, mixed CTD, and polymyalgia rheumatica 2
Peptic ulcer Requiring treatment 2
Moderate/severe Serum creatinine > 2 mg/dL; on dialysis or prior to renal 2
renal transplantation
i DLco and/or FEV1 66%-80% or dyspnea on slight activity 2
pulmonary
Prior solid Treated at any time point in the patient's history, excluding 3
malignancy nonmelanoma skin cancer
Heart valve disease Except asymptomatic mitral valve prolapse 3
Severe pulmonary DLco and/or FEV1 <65% or dyspnea at rest or requiring oxygen 3
M°d‘:1r:1::{isce"ere Liver cirrhosis, bilirubin >1.5x ULN, or AST/ALT >2.5x ULN 3

Conditioning-related toxicities can occur in the cutaneous, mucosal, gastrointestinal,

pulmonary, cardiac, urinary, endothelial, or neurological systems. Hepatic veno-occlusive disease



(VOD), also known as sinusoidal obstruction syndrome (SOS), is a serious complication that can
occur mainly after MA conditioning, but cases after RIC have also been reported (487). A meta-
analysis of 135 studies reported an overall incidence of VOD of 13.7%, with a mortality rate of
84.3% in severe cases (487).

Infections are the most frequent complications because of immune suppression and prolonged
neutropenia. During the early, pre-engraftment, posttransplant period, they are mainly associated
with gram-positive and gram-negative bacteria, herpes simplex virus and CMV, candidiasis, and
invasive aspergillosis (457). During the intermediate posttransplant period (from neutrophil
recovery to day 100 posttransplant), despite recovery from neutropenia, cellular and humoral
immunity remains impaired, and there is a risk of opportunistic infections, such as
aspergillosis, Pneumocystis Jirovecii and CMV, and increased susceptibility to common respiratory
viruses such as influenza, respiratory syncytial virus, and adenovirus (488, 489). Moreover, the
presence of GVHD and its treatment entail a greater degree of immunosuppression. Consequently,
recipients with active GVHD are at higher risk of invasive fungal infections and viral reactivation
(490). Indeed, invasive fungal pneumonia has become increasingly common after allo-HSCT due
to prolonged neutropenia and immunosuppressive therapies and the widespread use of broad-
spectrum antibiotics (490, 491). The risk of late infections is also present. Indeed, after allo-HSCT
and particularly after MA conditioning, immune reconstitution remains incomplete, which results
in partial responses to vaccination and an increased risk of late opportunistic infections,
particularly varicella zoster virus reactivations (472). However, bacterial infections remain the
predominant cause of late infection-related mortality.

GVHD is an alloimmune disease caused by the recognition of recipient antigens by
immunocompetent donor cells. This frequent complication is the source of significant morbidity
and mortality. Prevention of GVHD is essential, and most often involves combining a calcineurin
inhibitor such as cyclosporine or tacrolimus with an antimetabolite such as MTX or
mycophenolate mofetil (MMF). The administration of anti-thymocyte globulins as part of allo-
HSCT conditioning also contributes to the prevention of acute GvHD (492, 493). The mechanism
of GVHD and the clinical presentation differ according to whether it is acute or chronic form. In
2005, the National Institute of Health consensus conference defined acute and chronic GvHD
based on the type of clinical manifestations, rather than the timing of their onset relative to
transplantation (494). This 2005 consensus was updated in 2014, introducing new criteria to
diagnose and assess the severity of chronic GVHD (495). The 2014 NIH consensus includes a
clarification of the overlap GVHD subcategory, adjustments to diagnostic criteria for each organ,
and a revision of organ-specific severity scoring. Mild cases can be managed through observation
or local treatments, while more severe cases require systemic treatment. Optimal management

aims to use the least amount of treatment necessary until immunological tolerance develops.



Acute GVHD (aGVHD) affects around 30-50% of patients and generally occurs in the first few
weeks after transplantation. The broad category of acute GVHD encompasses (1) classic acute
GVHD occurring within 100 days after transplantation or DLI in a patient not meeting criteria for
the diagnosis of chronic GVHD and (2) persistent, recurrent, or late onset acute GVHD with
features of classic acute GVHD occurring beyond 100 days post transplantation or DLI in a patient
not meeting criteria for the diagnosis of chronic GVHD (495). The most affected organs are the
skin, digestive tract, and liver (496). The severity of aGVHD ranges from grade I for the mildest
forms to grade IV for the most severe (497). Severe aGVHD is associated with poorer survival
(498). Systemic corticosteroids are the primary treatment for aGVHD (499). They have anti-
inflammatory and immunosuppressive effects, which help suppress the immune response and
control the GVHD. However, some cases of GVHD do not respond well to corticosteroids and are
considered steroid-refractory. Available options for steroid-resistant aGVHD encompass anti-
thymocyte globulins, various monoclonal antibodies (alemtuzumab, basiliximab, daclizumab,
vedolizumab...), mTOR inhibitors (sirolimus, everolimus...), JAK inhibitors (ruxolitinib...), MMF,
MTX, pentostatin, al-antitrypsin, extracorporeal photopheresis, fecal microbiota transplantation,
and cellular therapies such as mesenchymal stromal cells (MSC) (499), but only ruxolitinib has
proven to be superior to best available therapies in this setting (500).

Chronic GvHD (cGVHD) affects 40-70% of patients after allo-HSCT and is the main medium- and
short-term complication (501). Chronic GVHD shares similarities with autoimmune diseases, and
the most frequently observed clinical manifestations of chronic GvHD are cutaneous (65-80%),
oral (48-72%), hepatic (40-73%) and ocular (18-47%) disorders. The median onset is 6 months
posttransplant, with most cases occurring within 2 years posttransplant (502). Although its
prevalence declines after 2-3 years, nearly 20% of patients with cGVHD require
immunosuppressive therapy for up to 5 years posttransplant (503). In addition, many patients
present sequelae of chronic GvHD that impair quality of life (dry eye syndrome, bronchiolitis
obliterans, etc.). Steroids are the primary therapy for chronic GVHD and second-line therapies in
steroid-refractory, -dependent or -intolerant patients include many of the treatments already
mentioned for aGVHD (499, 504). However, here also ruxolitinib is the only drug that has
demonstrated efficacy compared to best available treatment in such patients (505). Nevertheless,
inhibition of the wild-type JAK2 protein can lead to myelosuppression, primarily characterized by
anemia and thrombocytopenia and less frequently by neutropenia, possibly leading to
complications following allogeneic transplantation (506, 507).

After HSCT, hematopoietic recovery occurs after engrafted HSCs proliferate and differentiate to
produce donor-derived mature blood cells. Granulocytes and platelets recover first, whereas
complete erythrocyte engraftment takes more time (508). Neutrophil engraftment, defined as the

first occurrence of three consecutive days with a neutrophil count exceeding 0.5x109/L, typically



falls within 10 to 21 days when using PBSC, up to 30 days when using BM, and extending to 42
days when utilizing umbilical cord blood (UCB) (509). Platelet engraftment, the first of three
consecutive days with a platelet count of 20,000/uL without transfusion for seven consecutive
days (509), ranges between 15 and 30 days with PBSC or BM, but may take up to 100 days with
UCB (509). RBC engraftment typically occurs within a variable timeframe of 3 to 12 months (509).
This variability depends on the type of conditioning (MA, RIC, or NMA) (510), the dose and source
of hematopoietic stem cells (511, 512), and whether growth factors such as G-CSF and/or ESAs
are prescribed. During engraftment, the patient will typically receive multiple RBC and/or platelet
transfusions, but the need for transfusions is substantially reduced after non-myeloablative or RIC
compared to myeloablative conditioning, although it is also influenced by pre-transplantation
platelet counts and hemoglobin levels, the source and dose of hematopoietic stem cells, minor and
major ABO mismatch, as well as the occurrence and severity of acute GVHD and other

complications (513).

2.2 Erythropoiesis and iron during allogeneic HSC transplantation
2.2.1 Erythropoiesis

2.2.1.1 Erythropoietic recovery and EPO production

After HSCT, complete recovery of erythrocytes is delayed. Several mechanisms are involved, such
as delayed engraftment, BM toxicity induced by chemo-radiotherapy, cytotoxic drugs, and the
production of inhibitory cytokines (514). However, one of the most incriminating factors is
defective erythropoietin production (515). Indeed, variations in EPO production during allo-HSCT
are well described: after allo-HSCT conditioning, serum EPO levels rise rapidly (516, 517). Then,
EPO levels decrease during engraftment, and this is even followed by EPO deficiency for 1 to 3
weeks thereafter (516).

After conditioning, serum EPO levels increase transiently, peaking between days 0 and 7 post-
transplant when erythropoietic activity is at its lowest (518, 519). This increase occurs even in
the absence of Hb variations, whether in the context of autologous HSCT (auto-HSCT) or allo-HSCT
and does not depend on the type of graft (BM or PBSC) or type of conditioning (with or without
TBI). Indeed, the rate of EPO utilization by erythroid precursors can lead to variations in serum
EPO levels (520, 521). Consequently, the EPO peak during conditioning-induced
myelosuppression is secondary to reduced EPO consumption. Decreased EPO clearance because
of marrow aplasia therefore prolongs EPO lifespan. This involvement of the BM in EPO clearance
has been confirmed in animal models, where a progressive decrease in EPO clearance after
myelosuppressive treatment has been observed (522).

During engraftment, BM erythroid precursors recover and proliferate, consuming EPO and

leading to a progressive decrease of EPO levels to the normal range (516). The speed of



engraftment is inversely correlated with the duration of this correction phase; thus, insufficient
EPO levels for the degree of anemia are sometimes observed in patients whose erythropoiesis is
very active during marrow recovery. Our group has confirmed this hypothesis by showing that
EPO production is inversely correlated with erythropoietic activity (515). Indirect observations
in EPO-treated or hypoxia-exposed mice suggest that increased erythropoiesis may also depress
endogenous EPO production by unknown mechanisms (523).

After erythropoietic recovery, serum EPO levels evolve differently depending on the type of
transplantation (autologous or allogeneic) (516, 519, 524). After auto-HSCT, serum EPO levels
remain adequate for the degree of anemia (516, 525), while they are inadequately low after allo-
HSCT. Hence, after auto-HSCT, the recovery of erythropoiesis is more limited by the insufficient
number of erythroid precursors (517) than by insufficient EPO production, even if EPO levels may
be transiently inadequate (517, 526). On the other hand, after MA allo-HSCT, EPO levels increase
in absolute terms but not sufficiently for the degree of anemia, resulting in inadequate EPO
production and prolonged anemia (516). In contrast, following NMA allo-HSCT, serum EPO levels
remain adequate throughout the posttransplant period (527).

Finally, EPO production during allo-HSCT is also negatively influenced by various other factors,
including drugs and conditioning-induced cytokines.

Cyclosporine or tacrolimus can impair renal function and EPO production. Indeed, EPO deficiency
is more severe if GVHD prophylaxis consists in cyclosporine rather than T-cell depletion (528),
and the degree of EPO insufficiency correlates with the dose of cyclosporine (515,516, 518). Some
studies have shown that this is even independent of renal function (518, 525). However, after
NMA conditioning, EPO levels remain adequate, even in recipients with elevated cyclosporine
blood concentrations (527). Importantly, EPO production is not influenced by azathioprine or
mycophenolate mofetil (527, 529), two other immunosuppressive drugs used after allo-HSCT, but
these two agents can induce EPO resistance in renal transplant recipients (529).

Acute GVHD is another factor aggravating EPO deficiency (515, 516, 524), but this has not been
observed in all studies (518). In contrast, cGVHD had no effect on EPO production (515, 516, 524).
After NMA conditioning, aGVHD is less frequent (527) than after MA conditioning, suggesting that
this may contribute to maintaining adequate EPO levels after NMA conditioning.

CMV reactivation or infection are also associated with decreased serum EPO levels (515, 518),
whereas CMV-positive status per se does not result in decreased EPO production (524). However,
as CMV reactivation rates are similar after NMA or MA conditioning (527), this cannot explain the
difference in EPO levels between patients undergoing MA or NMA allo-HSCT.

Lastly, many cytokines produced in excess during GVHD (530) or CMV infection (531) may also
influence serum EPO levels. Indeed, as mentioned above, IL-6 stimulates EPO production, while

IL-1, TNF-qa, IFN-y and TGF-f inhibit it (532). Holler et al have shown that increased serum levels



of TNF-a precede major complications of HSCT (such as CMV reactivation, infection or GVHD) and

can suppress EPO production (533).

2.2.1.2 Erythropoiesis-stimulating agents after transplantation

To date, there are only two treatments for anemia after allogeneic HSCT: RBC transfusions and
the use of ESAs (534).

The efficacy of rHUEPO in stimulating RBC production has also led to its use in HSCT to help
accelerate hematopoietic recovery after transplantation (535-537). Initially, rHuUEPO was
surprisingly shown to be effective after allogeneic HSCT in patients suspected of pure red cell
aplasia (PRCA) (538) of alloimmune origin in ABO incompatibilities (539, 540). The source of
auto- or allo-immunity may be donor- or recipient-related, including passive antibody
transfusion, passenger lymphocyte syndrome, alloantibodies formed against transplanted
hematopoietic cells, or new auto- or allo-antibodies resulting from transfusions (538).
Approximately 30-50% of allo-HSCT are performed with ABO blood group minor and/or major
incompatibility. This ABO incompatibility can lead to serious clinical complications, including
acute hemolysis in 10-15% of cases (538), and pure red cell aplasia (540, 541). The efficacy of
rHuEPO in the setting of PRCA could be that when erythrocyte production exceeds a certain
agglutinin threshold, the agglutinin titer would decrease by absorption and increased
erythropoiesis would overcome residual inhibition. However, subsequent studies have not
demonstrated the efficacy of rHUEPO in PRCA (542, 543).

However, as mentioned above, one of the main mechanisms of anemia after allogeneic HSCT is a
pronounced deficit of EPO production in response to anemia (515, 516, 544), except after
nonmyeloablative HSCT (527). After autologous HSCT, the limiting factor for erythroid
regeneration is above all the relative paucity of hematopoietic progenitors (517). It was therefore
not surprising to find out that rHUEPO treatment immediately after transplantation did not
accelerate the recovery of the red blood lineage after auto-HSCT but showed some evidence of
efficacy after allo-HSCT (126). Subsequently, it was shown that the use of rHUEPO was highly
effective after auto-HSCT (526) or allo-HSCT (545, 546), provided that it is started after initial
engraftment. The use of rHuEPO accelerates erythroid recovery and reduces transfusion
requirements after both MA and NMA (547), without altering the risk of relapse or survival (548).
After NMA, starting rHuEpo administration as soon as from day 0 posttransplant significantly
reduced the need for RBC transfusions in the first month after transplantation (549). Higher
levels of donor T-cell chimerism were identified as the strongest predictor for achieving Hb values
of 13 g/dl, suggesting the potential inhibitory effect of residual recipient lymphocytes on donor
erythropoiesis (513, 549). Subsequently, our group observed a poorer response to rHUEPO in

patients with aGVHD, while cGVHD did not appear to affect EPO response (515). Finally, the



addition of IV iron supplementation, as now recommended by published guidelines on EPO
therapy in cancer patients (149), increased response rates and reduced the number of rHuUEPO
doses required to achieve a complete response to ESAs (550) without significant short- or long-

term toxicity (548, 551).

2.2.2 Iron metabolism

Over the past decade, hyperferritinemia before and after allogeneic HSCT has been extensively
reported (552-557). These high SF levels have been initially considered as a marker of I0 in most
studies. Already before conditioning, many patients have elevated SF levels (557-565). The most
common cause of elevated SF levels before and after transplantation is thought to be the
transfusion of multiple RBC units during conventional treatment of hematologic malignancies or
severe non-malignant disorders involving the red cell lineage, as 10 can already be observed after
transfusion of only 10 to 20 RBC units (417). After conditioning, ferritin usually peaks in the first
few months after transplantation and declines very slowly thereafter (565-569). In addition,
elevated NTBI has been reported in several studies and a number of mechanisms have been

invoked to explain these observations, as described in Table 4 (570).

Table 4: Causes of increased NTBI in HSCT. Table adapted from Pullarkat et al (570).

Timing relative to . . .
8 . Source of iron Underlying mechanism
transplantation
Before and after Increased macrophage iron Red cell transfusion therapy
Before Increased intestinal iron absorption | Feature of some chronic anemias (e.g.,
due to low hepcidin MDS, thalassemia intermedia)
Destruction of bone marrow and tumor
Release of cellular iron cells as a result of cytotoxic therapy used
During conditioning as part of the conditioning regimen
e . Inhibition of hepatocytes decreases
Underutilization of plasma iron p yies @
transferrin production
Inhibition of erythropoiesis because of
cytotoxic therapy used as part of the
After c_ondltlon_mg, Urnidlerarilhasifion @ msmn from conditioning regimen
during aplasia
Inhibition of hepatocytes decreases
transferrin production

Prior to transplantation, as mentioned above, the primary cause of 10-related high SF is the
number of transfusions. Another mechanism is ineffective erythropoiesis. Indeed, as mentioned

under 1.2.3.2 “iron overload”, ineffective erythropoiesis, as encountered in MDS, induces the



secretion of erythroferrone, which inhibits hepcidin production and thus increases iron
absorption by the gut and iron release by macrophages (423). This contributes to increase NTBI,
a toxic form of SeFe then taken up by parenchymal tissues through a TfR-independent mechanism.
During conditioning, the cytotoxic action of chemotherapy can lead to iron release from dying
RBCs and hepatocytes, further increasing NTBI (569, 571). Naoum et al demonstrated that NTBI
levels, albeit normal at baseline, increased substantially 48 hours after the start of conditioning in
HSCT patients, with a peak around Day 0, and remained increased until engraftment, when they
returned to normal levels (572).

After conditioning, suppression of erythropoiesis also contributes to this 10, resulting in
decreased marrow demand for iron, increased transferrin saturation because of non-utilization
of SeFe, and further iron deposition in tissues. Indeed, our group has demonstrated that serum
sTfR levels (quantitative marker of erythropoietic activity) decreased by more than 50% after
conditioning in allo-HSCT, before gradually returning to adequate levels thereafter (517).
Consequently, this contributes to 10 as the SeFe pool is not utilized during aplasia (573). Similarly,
after conditioning, Tsat is very high and corrects only with the resumption of erythropoiesis (569,
574, 575); this also points to the non-utilization of iron by the BM. Finally, hepatocytes, destroyed
by chemotherapy, are unable to produce the transferrin that should transport SeFe, which also
contributes to an increase in the free iron pool (557). In this early phase, the pro-oxidant
properties of NTBI can exacerbate toxic complications (405).

Normally, endogenous antioxidants help scavenge free radicals and prevent cellular damage
(576). However, it has been shown that during allo-HSCT there is a loss of these natural
antioxidant mechanisms (a measure of the overall capacity of human plasma to inhibit free
radical-induced lipid peroxidation) in favor of a pro-oxidant status (575, 577). The imbalance of
the pro-oxidant/antioxidant ratio in the plasma of patients undergoing allo-HSCT can therefore
participate to increase NTBI toxicity (575).

However, several studies (Table 5) have highlighted (in addition to the obvious relation with the
number of transfusions) a correlation between elevated pretransplant SF levels and CRP, IL-6
and hepcidin. Some studies have also shown that pre-transplant ferritin levels are significantly
higher with low serum albumin, in AML patients, when International Prognostic Scoring System
(IPPS), DRI and HCT-CI scores are poorer, when the number of previous treatment lines is higher
and when the donor is unrelated. This highlights that, in addition to the mechanisms leading to IO
during allo-HSCT, serum ferritin may be elevated due to inflammation secondary to severe
malignant diseases, recipient comorbidities, multiple chemotherapies or infections, and is not
solely a reflection of systemic 10.

As mentioned above, animal models of inflammation (385) and thalassemia (386) have

demonstrated that the negative impact of erythropoietic activity dominates the positive effect of



inflammation or IO in hepcidin regulation. After autologous HSCT, our group observed that the
main determinants of hepcidin production were iron stores and erythropoietic activity, while
inflammation played a minor role, confirming the findings in animal models (387). In allogeneic
HSCT, few studies have looked at the predictors of hepcidin levels during allogeneic
transplantation. Table 5 also lists the studies that measured serum hepcidin values during allo-
HSCT. All studies showed relatively high pretransplant hepcidin levels compared with normal
individuals. The largest cohort is that of Sakamoto et al. on 166 patients who underwent MA and
RIC allo-HSCT for acute leukemia (578). Median pretransplant hepcidin levels were 35 ng/mL and
positively correlated with pretransplant ferritin levels (r=0.57, p< 0.001). Curiously, AKki et al did
not demonstrate such a correlation between pretransplant ferritin and hepcidin or between
pretransplant hepcidin and I1-6, whereas there was a positive correlation between pretransplant
ferritin and IL-6 (560). Armand et al, in addition to observing a positive correlation between
pretransplant hepcidin and ferritin (r=0.70), showed a correlation between pretransplant
hepcidin and previous RBC transfusions (r=0.65), as well as, to a lesser extent, between hepcidin
and liver iron concentrations (measured by MRI) (r=0.53) or with C-reactive protein (CRP)
(r=0.39) (579). Kanda also compared patient characteristics between two groups separated on
the basis of pretransplant hepcidin values: no differences were observed according to recipient
age or gender, type of disease, DRI, type of conditioning, GVHD prophylaxis, type of donor, or
source of HSCs (580). Similarly, Eisfeld et al reported no correlation with recipient age or gender,
liver or kidney function, number of prior chemotherapies and type of conditioning (557).
However, they showed that AML patients had very high serum hepcidin levels before and after
transplantation compared those in the control group (p<0.0001), and that pre- and post-
transplant hepcidin levels were correlated with the number of pre- and post-transplant RBC
transfusions (p<0.001), as well as with low pre- and post-transplant Hb levels (p=0.02). Curiously,
no correlation was found between pretransplant ferritin and hepcidin levels.

Table 5 summarizes the studies that investigated factors affecting pre-HSCT serum ferritin and
hepcidin values. None of them considered the full range of patient characteristics, disease,

transplant and donor characteristics.



Table 5: Summary of studies analyzing the factors influencing pretransplant serum ferritin and hepcidin in allogeneic HSCT. AL: acute leukemia; AML: acute myeloid leukemia; AMLs: secondary acute myeloid leukemia;
ALAT: alanine aminotransferase; allo-HSCT: allogeneic hematopoietic stem cell transplantation; auto-HSCT: autologous hematopoietic stem cell transplantation; BEAM: Carmustine, Etoposide, Cytarabine, Melphalan;
CML: chronic myeloid leukemia; CR: complete remission; CRP: C-reactive protein; DRI: disease risk index; EBMT: European Group for Blood and Marrow Transplantation; ESR: erythrocyte sedimentation rate; a/c GVHD:
acute/chronic graft-versus-host disease; Hb: hemoglobin; HCT-CI score: Hematopoietic Cell Transplantation-Comorbidity Index; IFl: invasive fungal infection; IL-6: interleukin-6 ; IPSS: International Prognostic Scoring
System; LIC: liver iron concentration; M: mean; MA: myeloablative; MDS: myelodysplastic syndrome; MM: multiple myeloma;, MUD: matched unrelated donor; MV: multivariate analysis; N: number; NMA:
nonmyeloablative; NR: not reported; NS: no significant; postT: posttransplant; preT: pretransplant; RBC: red blood cells; RIC: reduced-intensity conditioning; sTfR: transferrin soluble receptor; SF: serum ferritin; SD:

standard deviation; Tsat: transferrin saturation; Tx: transfusion; UD: unrelated donor; UV: univariate analysis; y: year.

Author Characteristics of the cohort Pretransplant serum ferritin Pretransplant serum hepcidin
)
year N . Transplant & | Pretransplant serum . q
Type of study| | iones Disease conditioning ferritin & hepcidin Associated factors Associated factors
Kanda Hematologic Allo-HSCT PreT SF: median NR High preT SF = high hepcidin (UV; MV not done)
2009 Retrospective 55 malignancies MA, RIC PreT hepcidin: median High preT hepcidin = high SF (UV; MV not done) Reticulocytes, CRP, age, sex, disease, DRI NS effect
21.6 ng/mL (1.4-371)
PreT SF: M+SD
Aki, . Hematologic Allo-HSCT 1,222 + 1,304 ng/mL. High preT CRP or ESR or IL-6 = high SF (UV; MV not done) ) 5
2011 Retrospective 100 malignancies MA, NMA PreT hepcidin: M+SD High preT hepcidin =» NS effect on SF PreT SForIL-6 ¥ NS effect on hepcidin
137.1 £ 54.7 ng/mL
PreT SF: median
Armand, . Allo-HSCT 1,549 ng/mL (20-6,989) . . . . High preT SF or MRI LIC or CRP or RBC Tx
2011 Prospective 48 AL, MDS MA PreT hepcidin: median High preT hepcidin or MRI LIC =»high SF (UV; MV not done) > high hepcidin (UV; MV not done)
59 ng/mL (10-468)
PreT SF: median High preT RBC Tx, low preT Hb =» high hepcidin
Eisfeld, Prospective 42 AML Allo-HSCT 1,945 ng/mL (617-6,981)| High preT RBC Tx, low preT Hb =» high SF (UV; MV not done) (UV; MV not done)
2011 p MA, RIC PreT hepcidin: median High preT hepcidin =» NS effect on SF PreT SF, age, sex, liver or renal function, N treatment
358 ng/mL (56-1,096) lines =» NS effect on hepcidin
PreT SF: median
Sakamoto, . Hematologic Allo-HSCT 694 ng/mL . L . . . . - .
2017 Retrospective 166 malignancies MA, RIC PreT hepcidin: median High preT hepcidin = high SF (UV; MV not done) High preT SF =» high hepcidin (UV; MV not done)
35 ng/mL
Altes, . Auto & allo-HSCT . . High preT RBC Tx = high SF (UV; MV not done)
2002 Prospective 25 AL, CML, lymphoma MA, BEAM PreT SF: median NR High preT Tsat & NS effect on SF
PreT SF: median in
. . ) - low SF (<1,000 ng/mL)
é(ononé Retrospective 38 rﬂzﬁ]aﬁgllocics AlloR:-éSCT group: 739 ng/mL High preT RBC Tx =» high SF (UV; MV not done)
g - high SF (>1,000 ng/mL)
group: 1,578 ng/mL
Platzbecker, . Allo-HSCT PreT SF: median . . .
2008 Retrospective 172 AL, MDS MA 924 pg/LL (27-6,500) Tx dependence, high HCT-CI =» high SF (UV; MV not done)
Mahindra, . Allo-HSCT PreT SF: median . . .
2009 Retrospective 222 AL, CML, MDS, NHL MA 1,433 ng/mL (7-17,029) AL, N treatment lines =» high SF (UV; MV not done)
Alessandrino, . Allo-HSCT PreT SF: median . . .
2010 Retrospective 129 MDS MA, RIC 1270 ng/mL High preT RBC Tx =» high SF (UV; MV not done)
Lim, . Allo-HSCT PreT SF: median AML, high IPSS, N treatment lines, >5% blasts =» high SF
2010  |Retrospective| 99 MDS, AML RIC 1,992 ng/mL (6-9,580) (UV: MV not done)




Characteristics of the cohort

Author, Pretransplant serum ferritin Pretransplant serum hepcidin
year N . Transplant & | Pretransplant serum . q
G patients R conditionin& ferritin & hepcidin Associated factors Associated factors
sucak, | oo ol as0 nl\giﬂlga‘}f‘;tait Allo & auto-HSCT|  PreT SF: median Allo: high HCT-CI or PS = high SF (UV; MV not done)
2010 P vign MA, RIC 1,403 ng/mL Auto: high PS = high SF (UV; MV not done)
hematologic disorders
. PreT SF: median
Tachibana, | o\ cnective | 143 AL Allo-HSCT 1,200 ng/ml (AML) AML & ALL: high DRI 9 high SF (UV: MV not done)
2011a MA, RIC
& 960 ng/mL (ALL)
Kanda, . Hematologic Allo-HSCT PreT SF: median .
2011 Retrospective 112 malignancies MA, RIC 695 ng/mL High preT CRP =» NS effect on SF
Wahlin, Retrospective 309 Hematologic Allo-HSCT PreT SF: median AML/MDS, high preT ALAT or CRP =» high SF
2011 P malignancies MA, RIC 1,159 ng/mL (UV; MV not done)
Aki, . Allo-HSCT PreT SF: median High preT CRP, HCT-CI, previous IFI = high SF
2012 Retrospective 106 AL MA 1,337 ng/mL (UV; MV not done)
’ EBMT risk score =» NS effect on SF
Malignant & Low preT sTfR, high preT SeFe or Tsat, hi
¢ i . . preT sTfR, high preT SeFe or Tsat, high preT RBC Tx, AML
Bazzou 1aéve, Retrospective | 230 nonmalignant AHOMIZSCT PiegT 452th>igian (vs other diagnoses), male = high SF (UV; MV not done)
hematologic disorders S%eng/mb. High preT CRP = NS effect on SF
Malignant & PreT SF: median in
Sivgin, | porospective | 84 hem‘;gﬁ‘;‘;ﬁ%’i‘;‘:rt ors|  AlloHSCT [ Z’rvt‘)’lf; g;léor?go/;*‘i/ mL) High preT SeFe or Tsat 9 high SF (UV: MV not done)
2012 MA, NMA - high SF (>1,000 ng/mL) High preT albumin =» NS effect on SF
group: 1,705 ng/mL
Tachibana, . Allo-HSCT PreT SF: median . . .
2012 Retrospective 261 AL, MDS MA, RIC 970 ng/mL PreT disease status (not CR), AML =» high SF (UV; MV not done)
Wermke, . Allo-HSCT PreT SF: median High preT RBC Tx or Tsat or CRP, high HCT-CI =» high SF
2012 Retrospective 88 AML, MDS MA RIC 1,928 ng/ml (26-14,179) (UV; MV not done)
’ ’ & ’ High MRI LIC (= 125 pmol/g) = high SF
Malignant & .
Sakamoto, ) ) Allo-HSCT PreT SF: median . ) .
2013 Retrospective 211 nonma.llgrllant MA, RIC 470 ng/mL High preT CRP =» high SF (UV; MV not done)
hematologic disorders
PreT SF: median in
) - low SF (<1,000 ng/mL)
Tanaka, Prospective 190 AL, MDS Allo-HSCT group: 541 ng/mL. Male sex, high preT RBC Tx = high SF (UV; MV not done)
2015 MA, RIC :
- high SF (>1,000 ng/mL)
group: 1,610 ng/mL
Artz, . Allo-HSCT PreT SF: median AML, high preT CRP, high HCT-CI=» high SF (UV; MV not done)
2016 Retrospective | 784 AML, MDS MA, RIC, NMA 1,148 ng/mL (51-14,298) Age > NS effect on SF
Fingrut, | . ive| 229 n]\(/)[r?::lga]}?r;tagxit Allo-HSCT PreT SF: median AML, high PS, high HCT-CI ® high SF
2021 P g MA,RIC  [1,052 ng/mL (32-12,074) Age, sex, DRI & NS effect on SF

hematologic disorders




2.2.3 Prognostic impact of iron parameters on outcomes after allogeneic HSC
transplantation

Table 6 summarizes all studies analyzing the impact of pretransplant serum ferritin (and/or
hepcidin when mentioned) on OS, PFS and NRM after allo-HSCT, while table 7 presents its impact
on various complications (conditioning-induced toxicities, infections and GVHD) and table 8 on
hematologic recovery.

There is strong evidence suggesting that elevated pretransplant SF is associated with poor
outcomes after allo-HSCT (578, 579, 581-584). Indeed, several studies demonstrated that
elevated pretransplant SF was associated with inferior OS and progression-free survival (PFS),
as well as higher NRM (Table 6). Yan et al published the largest meta-analysis including 25 studies
investigating the prognostic impact of pretransplant SF on different outcomes in 4,545 patients
undergoing allo-HSCT (585). The results showed that high pretransplant SF was significantly
associated with lower overall OS and PFS (hazard ratio (HR) 1.5 and 1.72, respectively, p<0.001
for both) as well as a high incidence of NRM (HR 2.28, p<0.001). Moreover, Vaughn et al.
demonstrated that the addition of three relevant biomarkers (SF > 2,500 ng/ml, albumin <30 g/L,
and platelets < 20,000/uL) to the HCT-CI score was independently associated with increased NRM
and decreased OS (586).

However, most studies have shown no impact of ferritin on disease relapse, except for some
reporting higher pretransplant SF (100 days to 2 weeks prior to HSCT) in AML patients who
relapsed post-HSCT (559, 587-589). Then, only 2 studies have observed an impact of
pretransplant SF on the risk of relapse in multivariate analyses. Jang et al observed that low
pretransplant SF (<1,400 ng/mL), together with CR and favorable cytogenetics before HSCT, as
well as early CMV replication and cGVHD after HSCT, decreased the risk of relapse in 74 AML
patients (590). Sakamoto et al also demonstrated a negative effect of pretransplant SF on relapse
in multivariate analysis (high pretransplant CRP and high-risk DRI were also found as risk factors
for relapse) (591).

Only four studies investigated the impact of pretransplant hepcidin on outcomes after allo-HSCT
(557,560,578, 580), and only Sakamoto et al (578) demonstrated a significantly negative impact
of high pretransplant hepcidin (= 35 ng/mL) levels on OS in 166 patients (HR: 1.94, p=0.007).
Indeed, at 3 years, patients in the high hepcidin group had lower OS than those with low hepcidin
(49.2 vs. 69.0%, respectively, p=0.006), although no significant difference was observed in terms
of NRM (14 vs 11 events) or disease relapse (30 vs 16 events). In multivariate analysis, high
pretransplant serum hepcidin (HR 2.01, p=0.005), male gender (HR 1.92, p=0.008), and high DRI
(HR 2.37, p<0.001) were independently associated with mortality (578). Similarly, Eisfeld et al

did not show a significant influence of pretransplant hepcidin on NRM or relapse (557).



Several teams have studied the impact of pretransplant SF on conditioning-related toxicities,
and particularly on the risk of developing VOD (Table 7) (560, 564, 592-596). Morado et al.
were the first to demonstrate an association between elevated pretransplant SF levels and the
development of VOD in patients after auto-HSCT (597) and subsequent publications reported the
same association in allo-HSCT (560, 564, 592, 594). Furthermore, several studies based on hepatic
biopsies have clarified that the primary cause of hepatic test abnormalities following allo-HSCT
was 10, then correlating with elevated SF levels (598). However, alternative investigations failed
to substantiate a significant correlation between pretransplant SF and the risk of VOD (593, 595,
596). Aki et al are the only ones who investigated the impact of high pretransplant hepcidin levels
on various toxicities, finding an association with mucositis, but no significant effect on VOD or
hepatic, cardiac, renal, and pulmonary toxicities (560).

Iron acquisition is essential for the growth and virulence of many pathogenic microorganisms,
including Aspergillosis species (599). It is therefore likely that 10 would increase the incidence
of infection (Table 7) and NRM after allo-HSCT. Indeed, some studies have shown an association
between high pretransplant SF levels and the risk of bacterial infections (mainly bloodstream
infections) (581, 582, 600-605) but also of invasive fungal infections (564, 594, 605, 606).
However, the extensive meta-analysis by Yan et al, involving 25 studies with 4,545 patients, did
not demonstrate that pre-transplant serum ferritin contributed to an increased incidence of
infections (OR 1.67, p=0.09) (585). Similarly, two studies reported that pretransplant serum
hepcidin was associated with a higher infection rate in multivariate analysis (HR 28.46, p=0.007)
(580) as well as with an increase in the number of days of febrile neutropenia (560). No significant
association has been reported between SF (593) or hepcidin (580) and CMV reactivation.

Most studies have not shown a significant effect of pretransplant SF on the risk of acute or

chronic GVHD (Table 7). Only 3 studies showed a positive association between pretransplant SF
and the development of aGVHD (561, 607, 608), while 2 studies (558, 591) showed a negative
association with the development of cGVHD and especially in AML (591). These observations were
clarified by the meta-analysis of Yan et al who demonstrated a lower incidence of cGVHD with
high pretransplant SF levels (OR=0.74, P<0.05) but no significant relationship with aGVHD (585).
The impact of pretransplant hepcidin on the incidence of aGVHD was studied by Sakamoto et al
and no significant effect was demonstrated (578). No study has examined the impact of
pretransplant hepcidin on cGVHD.

As previously mentioned, pretransplant SF (557, 593) or hepcidin (557) levels are correlated with
the number of previous RBC transfusions. These biomarkers have also been sometimes associated
with slower or poorer hematological recovery after transplantation. Indeed, Aki et al and Tanaka
et al showed that high pretransplant SF correlated with poorer neutrophil recovery (560, 563).

Once again, results diverge as most other studies have not demonstrated a significant effect on



neutrophil, platelet or Hb recovery (578, 593, 602, 605, 609). Very few studies have investigated
the impact of pretransplant SF on the number of transfusions after allo-HSCT. AKi et al showed a
positive correlation between pretransplant SF and the number of RBC (r=0.26, p=0.01) and
platelet (r=0.25, p=0.02) transfusions after allo-HSCT (560). Concerning pretransplant hepcidin,
no significant impact on neutrophil (560, 578, 610) or Hb (578) recoveries, nor on posttransplant
RBC or platelet transfusions (560), has been observed. A significant negative effect on platelet
recovery has been reported in a single study in uni- as well as multi-variate analyses (HR 0.59,
p=0.003) (578) but not in another one (560) . Other variables negatively influencing platelet
recovery in a multivariate Cox model were high DRI (HR 0.65, p=0.02), use of unrelated cord blood
grafts (HR 0.37, p<0.001) and male sex (HR 0.69, p=0.037).

The impact of posttransplant SF levels has also been shown to be pejorative for some outcomes
after allo-HSCT. As mentioned above, shortly after transplantation, Tsat and SF levels are
considerably elevated (567, 568, 611). In this early phase, the pro-oxidant properties of elevated
NTBI levels can exacerbate the toxic effects of the conditioning regimen (612) as well as short-
and long-term complications, including infections (fungal and bacterial) and GVHD (613). Meyer
et al were the first to study the effects of SF measured at different times after allo-HSCT in 290
patients (608). Their multivariate Cox model prediction of OS, adjusted for patient age, donor type
and year of transplantation, confirmed that SF levels above the median at different time points
(pre-transplant, at 6, 12 and 24 months) were predictive of increased mortality in all periods
analyzed. Similarly, Fingrut et al showed in 229 allo-HSCT patients that the group with high day 0
or posttransplant SF (measured between 1 month and 1 year posttransplant) had lower OS at 3
years and higher NRM (independently of pretransplant SF or GVHD), with no difference in terms
of relapse (565). Multivariate analysis confirmed that posttransplant SF was an independent
prognostic factor for OS (HR 2.32, p=0.001) and NRM (HR 3.91, p=0.001). However, in that study,
pretransplant SF did notimpact on OS or NRM. Furthermore, posttransplant but not pretransplant
SF was also shown to be an independent prognostic marker for OS and NRM in patients who
developed GVHD (565).

However, SF is not specific for 10 and may also increase because of infection/inflammation, renal
failure or hepatic cytolysis secondary to conditioning (308). Thus, while many studies claimed to
show a causal relationship between 10 (using ferritin as a surrogate marker) and unfavorable
outcomes after allo-HSCT, these results must be interpreted with caution. Indeed, Armand et al
demonstrated that LIC, more specific than SF at quantifying true 10, was very poorly predictive of
posttransplant outcomes such as OS, NRM, PFS, relapse, VOD or GVHD, whereas pretransplant SF
retained a negative impact on these outcomes (614). This indicates that elevated SF during allo-
HSCT does not fully represent 10 but probably involves other factors. Subsequently, other studies
also investigated the impact of LIC (through its hepatic quantification by MRI), on morbidity and



mortality after transplantation (615-617). Indeed, these two studies demonstrated, in 45 and 88
allograft recipients, respectively, that pretransplant SF had a pejorative impact on OS and NRM
whereas LIC quantified by pretransplant MRI had no significant effect on these outcomes! These
results support that the prognostic impact of SF is at least partly independent of 10.

To our knowledge, no study has analyzed the impact of pretransplant serum hepcidin and ferritin
on allogeneic HSCT outcomes, considering iron parameters, other biomarkers and multiple
clinical characteristics (related to patient, disease, donor and transplant characteristics) in a large

cohort of patients.



Table 6. Summary of studies analyzing the impact of pretransplant serum ferritin and/or hepcidin on survival outcomes after allogeneic HSCT. AL: acute leukemia; ALL: acute lymphoblastic leukemia; allo-HSCT:
allogeneic hematopoietic stem cell transplantation; AML: acute myeloid leukemia; ARDS: Acute Respiratory Distress Syndrome; auto-HSCT: autologous hematopoietic stem cell transplantation; BEAM: Carmustine,
Etoposide, Cytarabine, Melphalan ; BM: bone marrow; CML: chronic myeloid leukemia; CMV: cytomegalovirus; CRP: C-reactive protein; DRI: disease risk index; a/c GVHD: acute/chronic graft-versus-host disease; Hb:
hemoglobin; HCT-CI: Hematopoietic Cell Transplantation-Comorbidity Index; IFl: invasive fungal infection; 10: iron overload; LDH: lactate dehydrogenase; LIC: liver iron content ; LPD: lymphoproliferative disorder; MA:
myeloablative ; MDS: myelodysplastic syndrome; MM: multiple myeloma; MRI: magnetic resonance imaging; MV: multivariate analysis; N: number; NHL: non-Hodgkin lymphoma; NMA: nonmyeloablative; NRM: non-
relapse mortality; NS: not significant; OS: overall survival; p-JAK2: phosphorylated Janus kinase 2; PMN: neutrophils; PFS: progression-free survival; plt: platelets; preT: pretransplant; postT: posttransplant; radioT:
radiotherapy; RBC: red blood cells; RIC: reduced-intensity conditioning; sTfR: soluble transferrin receptor; SF: serum ferritin; Tsat: transferrin saturation; Tx: transfusion; Tx-depend transplant dependency. UCB: unrelated

cord blood; UD: unrelated donor; UV: univariate analysis; VOD: veno-occlusive disease; y: year

Author, Characteristics of the cohort . Progression-free survival .
T - T — Overall survival & rel Non-relapse mortality
year yp . Disease spran Outcome measures relapse
study patients conditioning
Altes, . Allo & auto-HSCT . o High SF & Tsat=100% =» high TRM
2002 Prospective 25 AL, CML, lymphoma MA, BEAM 0S, NRM High SF & Tsat=100% =» poor OS (UV & MV) (UV, only Tsat in MV)
All: high SF =» poor PFS (UV, not MV)
Armand, Hematologic Allo-HSCT 0S, PFS, relapse, NRM, |All patients: high SF =» poor 0S (UV, not MV) MDS: high SF =» poor PFS All: high SF =» high TRM (UV, not MV)
2007 ’ |Retrospective| 590 mali nanciges MA VOD, aGVHD MDS or AL: high SF =» poor OS (UV & MV) (UV & MV) but NS effect on relapse MDS: high SF =» high TRM (UV & MV)
5 (5yrs) CML or NHL: NS effect Other diseases: NS effect on PFS & Other diseases: NS effect
relapse (UV & MV)
Armand, . Allo-HSCT .
2008 Retrospective| 445 AL, MDS MA, RIC 0S High SF (22,500) =» poor OS (UV & MV)
0S, PFS, NRM, VOD,
Kim, . Hematologic Allo-HSCT infection, aGVHD, High SF (21,000) =» poor 3y-0S High SF & high Tsat = poor 3y-PFS .
2008  |Retrospective| 38 malignancies RIC cGVHD, plt & PMN (UV: MV not done) (UV & MV) High SF =¥ NS effect
engraftment, chimerism
) High SF (>1,000) =» poor OS (UV, not MV)
PIatzzgggker, Retrospective| 172 MDS AHOMHASCT O:(';:/e]-l[?)psc%\l;lg]g/ll Tx dependence =» NS effect (UV & MV) High SF =» NS effect on relapse High SF =» NS effect
! MYV: marrow blasts & HCT-CI =» poor 0S
Pullarkat, . Hematologic Allo-HSCT 0S, infection, aGVHD High SF (21,000) % poor OS (UV & MV)
2008 Prospective 190 malignancies MA (day 100 & long-term) MV: male, AML/MDS, MUD, MA = poor 0S
Diagnosis & disease status =» NS effect
Kanda, . Hematologic Allo-HSCT 0S, early infections, . .
2009 Retrospective 55 malignancies MA, RIC engraftment High hepcidin (>50 ng/mL) =» NS effect
0S, relapse, NRM, . . .
Kataoka, . Hematologic Allo-HSCT infection, aGVHD, High SF (>599) ¥ poor 0S (UI./& M.V] . ngh SF 3 high NRM (UV & MV) .
2009 Retrospective| 264 malignancies MA NMA <GVHD MV: high DRI, alemtuzumab, high-risk High SF =» NS effect MV: interm. DRI, alemtuzumab, high-risk
g ' HCT-CI ® poor 0S HCT-CI ® high NRM
(5yrs)
. 0S, NRM, VOD, hepatic
Malignant & T 4
Lee, . . Allo-HSCT toxicity, ARDS, . . .
2009 Retrospective| 101 nonma.llgr?ant MA infections, CMV High SF (>1,000) = poor OS (UV & MV) High SF =» high NRM (UV & MV)
hematologic disorders A
reactivation, GVHD
Mahindra, . Hematologic Allo-HSCT High SF (>1,615) =» poor OS (UV & MV) . .
2009 Retrospective| 64 malignancies NMA 0S, relapse, NRM, GVHD MV: age, prior transplant & poor 0S High SF =» NS effect High SF =» NS effect
. High SF = poor PFS (UV & MV)
Mahindra, Retrospective| 222 AL CML MDS. NHL Allo-HSCT 0S, PFS, relapse, NRM, I\?I:'gl;lSt]:egz;zi?%izspoifo?igi]i[(:’f A/Irle/:)T but NS effect on relapse High SF =» high NRM
2009b p ’ ’ ’ MA VOD, aGVHD, cGVHD i ' P P MV: N treatment lines, prior radioT, (UV; MV not done)
LDH = poor 0S e
preT bilirubin = poor PFS




Characteristics of the cohort

Author, . Progression-free survival .
Overall survival Non-relapse mortality
year Type of N Disease Transplant & Outcome measures & relapse
study patients conditioning
Maradei, . Hematologic Auto & allo-HSCT High SF (>1,000) = poor OS
2009 Retrospective| 427 malignancies MA, NMA 0S (5 yrs), VOD (UV; MV not done)
g S 1) s v ) S e
Alessandrino|, .| 129 MDS Allo-HSCT 05 relanse. NRM | TX-depend. & burden = poor 0S (UV & MV) High SF = NS effect pend. V& MY) 5
2010 p (357) MA, RIC ! pse, MYV: age, WHO, disease status, HCT-CI, donor | Tx-depend. & burden =» NS effect .
type 9 poor 0S MV: age, year HSCT, HCT-CI, donor type,
yP conditioning = high NRM
Lim Allo-HSCT 0S, PFS, relapse, NRM, | High SF (>1,500) =»poor 3y-0S (UV & MV)
’ Retrospective| 99 MDS infections, aGvHD, MV: >5% BM blasts at transplant High SF =» poor PFS (UV, not MV) High SF =» NS effect
2010 RIC
cGVHD => poor 3y-0S
Oakes, . Hematologic Allo-HSCT High SF (>1,000) =» poor 2y-0S (UV & MV) . . . : .
2010 Retrospective| 47 malignancies RIC 0S, PFS, NRM MV: no other factor & poor 2y-0S High SF =» NS effect High SF =» high 1y-NRM (UV; MV not done)
Malignant & . .
Sucak, . . Allo & auto-HSCT| OS, NRM, toxicities, High SF (>500) =» poor 0S (UV & MV) .
2010 Retrospective| 250 nonma.llgr.lant MA, RIC infections, aGVHD MV: HCT-CI > poor 0S High SF =» NS effect
hematologic disorders
. . 0S, early toxicities
Aki, . Hematologic Allo-HSCT . . ! . Lo
2011 Retrospective| 100 malignancies MA, NMA infections, engraftment, High SF or hepcidin =» NS effect
transfusions
Eisfeld, Prospective 42 AML Allo-HSCT 0S, PFS, relapse, NRM, | High SF or hepcidin, postT SF or hepcidin High SF or hepcidin, postT SF or |High SF or hepcidin, postT SF or hepcidin
2011 p MA, RIC RBC Tx (3-5 mo postT) =» NS effect hepcidin (3-5 mo postT) = NS effect (3-5 mo postT) =» NS effect
Kanda, Retrospectivel 112 Hematologic Allo-HSCT 0S, NRM, bacterial High SF (>700) =» poor 0S (UV & MV) High SF (>700) =» high NRM (UV & MV)
2011 p malignancies MA, RIC infections MYV: recent chemo = poor 0S MV: CRP =» high NRM
All patients & AML: high SF (>1,000)
. ) => poor OS (UV & MV) AML: high SF =» high relapse AML: high SF =» high NRM
Ta;lol;blaana, Retrospective| 143 AL AIBIOA HRSI((::T 0s, re(l;pi:') NRM MV all patients: adv. disease, UD =» poor 0S (UV, MV not done) (UV, MV not done)
! y MV AML: adv. disease, =» poor 0S ALL: high SF =» NS effect ALL: high SF =» NS effect
ALL: high SF =» NS effect
Tachibana, . Allo-HSCT 0S, bacteremia .
2011b Retrospective| 114 AML, MDS MA, RIC (day 100) High SF =» NS effect
. . High SF =» poor PFS, T relapse
Tachibana, 1o o spective| 119 AML, MDS Allo-HSCT 08, relapse, NRM High SF (>1000) = poor OS (UV & MV) (UV & MV) High SF = NS effect
2011c MA, RIC MYV: advanced disease = poor OS .
MV: adv. disease = poor PFS, T relapse
High SF =» poor PFS, T relapse
Wahlin, Retrospectivel 309 Hematologic Allo-HSCT 0S, PFS, relapse, NRM, High SF (>400) =» poor 0S (UV & MV) (UV & MV) High SF (>400) =» high NRM (UV, not MV)
2011 p malignancies MA, RIC cGVHD MYV: advanced disease = poor 0S MV: advanced disease = poor PFS MV: advanced disease = high NRM
Previous transplant = T relapse
Aki, . Allo-HSCT e . . .
2012 Retrospective| 106 AL MA 0S, PFS, NRM, toxicities | High SF (>1,500) =» poor OS (UV, not MV) High SF =» NS effect High SF =» NS effect
Armand, |\ e | as AL MDS Allo-HSCT | 0S, PFS, relapse, NRM, | 80 SF (>2'50(()1'1le/0£ jwllgOOJ > poor 05 High SF - N effect High SF 9 NS effect
2012 MA VOD, GVHD High MRI LIC > NS effect High MRI LIC =» NS effect High MRI LIC =» NS effect




Characteristics of the cohort

Author . Progression-free survival .
B Tooeof - el Overall survival g & rel Non-relapse mortality
year yp o Disease sp-an Outcome measures relapse
study patients conditioning
Bazuaye, Malignant & Allo-HSCT High SF < poor 0S (UV & MV)
2012 Retrospective| 230 nonmgllgr}ant MA 03 (5yrs) MV: high Tsat, low sTfR, low Tf =» poor OS
hematologic disorders
. 0S, PFS, relapse, .
sivgin, |oo ool ga n“gﬁgli?fmntait Allo-HSCT infections, aGVHD, High SF (>1,000) = poor 0S (UV & MV) Eb‘ghTiF d;) Er?gipfzs I{) lévill‘([avn)/l
2012 P vign MA, NMA cGVHD, plt & PMN | MV: Tx-depend. >12 mo,>1 MM = poor 0S| pend. '
hematologic disorders =>poor PFS
engraftment
Tachibana, Retrospective| 261 AL MDS Allo-HSCT 0S, PFS, NRM High SF (>1,000) =» poor OS (UV & MV) High SF =» poor PFS (UV & MV) High SF =» high NRM (UV & MV)
2012 P ' MA, RIC (5yrs) MV: advanced disease, UCB = poor 0S MV: adv. disease, UCB =» poor PFS MYV: adv. disease, UCB, UD =» high NRM
. High SF =» poor PFS, T relapse
Tanaka, o o ospective| 47 AML, MDS Allo-HSCT | (1o ppg relapse, NRM | High SF (>1000) = poor OS (UV & MV) (UV & MV) High SF = NS effect
2012 MA, RIC MYV: advanced disease =» poor 0S .
MYV: adv. disease = poor PFS, T relapse
05, relapse, NRM, liver | High N][-[};%}E,ISCF(EZfZSSO33n:))1/1\glf)e§elcatoor 0s High SF =¥ NS effect
Wermbke. . Allo-HSCT : o - High SF =» NS effect High MRI LIC = high NRM (UV & MV)
Prospective 88 AML, MDS & cardiac toxicity, (UV & MV) . . : .
2012 MA, RIC . . . . . High MRI LIC = NS effect MV: age, time from diagnosis, DRI, HCT-CI,
infections, IFI, aGVHD | MV: age, time from diagnosis, DRI, HCT-CI, MA. UD = high NRM
MA, UD = poor 0S ! 18
i 0S, relapse, NRM, . High SF =» high NRM (UV & MV)
Barba, g rospective| 201 LPD, MM Allo-HSCT infectious mortality, High SF (>399) = poor 0S (UV & MV) High SF = NS effect MV: age>60, female, MM or NHL, HCT-CI>2
2013 RIC MV: age>60, female, HCT-CI>2 =» poor 0S !
engraftment = high NRM
Malienant & High SF (>1,332) =» poor 0S (UV & MV) High SF =» high relapse High SF =» high NRM
Meyer, Retrospective| 290 nonmgali nant Allo-HSCT 0S. relapse. NRM. GHVH High postT SF (0-6-12-24 mo) =» poor 0S (UV, MV not done) (UV, MV not done)
2013 P ematolo ic%isor ders]  MARIC » refapse, N (UV, MV not done) High postT SF = high relapse High postT SF & high NRM
5 UV: high Tsat or SeFe, low sTfR = poor 0S (UV, MV not done) (UV, MV not done)
Sakamoto, Retrospective 211 nl\(;lrallglgzﬁ? nrfa%t Allo-HSCT 0S, NRM, aGVHD, H;\%I}Il/'s(l;l?\(sgag(g?o pfz(r)tfa(l)es I(llijz(g];ﬂfglv} High SF - high NRM (UV & MV)
2013 P vign MA, RIC cGVHD H LRE, age=ob, -8 MV: CRP, female = high NRM
hematologic disorders => poor 0S
Tachibana, . Allo-HSCT High SF (>1000) =» poor OS (UV & MV) Score (high SF & advanced disease) Score (high SF & advanced disease)
2013 Retrospective| 153 AML, MDS MA, RIC 0S, PFS, relapse, NRM MYV: advanced disease =» poor 0S => poor PFS, T relapse => NS effect
Trottier, Prospective 88 nl\(;lrgill;li??gr::ait Allo-HSCT oezgze}ZiF;ii;:NiPr{lg'c\t/igr?s' High SF (>1,000) % poor 1y-0S (UV & MV) High MRI LIC = NS effect High SF'= high NRM (UV & MV)
2013 hematologic disorders MA, RIC GVHD (1 yr) High MRI LIC (>5 mg/gr) =» NS effect High MRI LIC =» NS effect
" Malignant & . .
Virtanen, . ) Allo-HSCT 0S, NRM, infections, . .
2013 Prospective 68 nonma}llgr.lant MA, RIC aGVHD, cGVHD High MRI LIC (>150 pmol/gr) =» NS effect High MRI LIC =» NS effect
hematologic disorders
Boehm, . Allo-HSCT . High SF = poor PFS (UV & MV) .
2014 Retrospective 66 MDS, secondary AML MA, RIC 0S, PFS, relapse, NRM High SF (>1,000) =» poor OS (UV & MV) High SF 9 high relapse (UV & MV) High SF =» NS effect
0S, relapse, aGVHD,
K"z”o';’;‘“' Retrospective| 133 AL, MDS A“"l\'&SCT cGVHD, PMN High SF = NS effect High SF = NS effect
engraftment
Matsumoto, . Allo-HSCT .
2014 Retrospective 54 AL MA, RIC oS High SF (>1,000) =» poor OS (UV & MV)




Characteristics of the cohort

Author, . Progression-free survival .
Tvoe of . et Overall survival 1 Non-relapse mortality
year yp - Disease span Outcome measures &re apse
study patients conditioning
Oran, . Allo-HSCT . High SF = poor PFS (UV & MV) . .
2014 Retrospective| 256 MDS MA, RIC 0S, PFS, relapse, NRM High SF (>1,130) =» poor 0S (UV & MV) High SF - NS effect on relapse High SF =» high NRM (UV, not MV)
. . . High SF =» NS effect
Tachibana, . Hematologic Allo-HSCT High SF (>1,000) =» NS effect . 3
2014 Retrospective) 110 malignancies MA, RIC 0S, NRM High 1y-postT SF =» poor OS (UV & MV) High 1y-postT SIl\;/))poor NRM (UV &
Jang, . Allo-HSCT . High SF (>1,400) =» high relapse
2015 Retrospective 74 AML MA, RIC 0S, PFS, relapse High SF (>1,400) = NS effect High SF (>1,400) > NS effect on PFS
0S, relapse, NRM,
Tanaka, . Allo-HSCT infections, aGVHD, High SF (>1,000) =» poor 0S (UV & MV) . .
2015 Retrospective| 190 AML, MDS MA, RIC, NMA GVHD. PMN MV: high DRI & poor 0S High SF =» NS effect High SF =» NS effect
engraftment
Vauahn Malignant & Allo-HSCT High SF (>2,500) =» poor OS (UV & MV) High SF (>2,500) = high NRM (UV & MV)
20‘25 ’  |Retrospective| 3917 nonmalignant MA RIC. NMA 0S, NRM MV: high SF, low albumin, low plt and high MV: high SF, low albumin, low plt and
hematologic disorders T HCT-CI = poor 0S (UV & MV) high HCT-CI = high NRM (UV & MV)
. High SF =» NS effect
) High SF (>2,500) = NS effect _ . o
Artz, Retrospective| 784 AML, MDS Allo-HSCT 0S, relapse, NRM, MV: high SF included in 3-biomarker score High SF =» NS effect MV: hlg.’h SF. included in 3 blomal."ker
2016 MA aGVHD, cGVHD ] . ] score with high CRP & low albumin =
with high CRP & low albumin =» poor 0S .
high NRM
. High SF =» NS effect .
Cremers, . Allo-HSCT High SF (>1,000) =» NS effect . . High SF =» NS effect
2016  |Retrospective| 201 AL, lymphoma MA, NMA 0S, relapse, NRM High Tx burden = poor 0S (UV & MV) High Tx b“(rgs‘jﬁ'])m}})‘gh relapse | yioh Tx burden = high NRM (UV & MV)
Sivgin, . Hematologic Allo-HSCT . .
2016 Retrospective| 125 malignancies MA, RIC 0S, PFS High SF (>1,400) =» NS effect High SF =» NS effect
Chee, . Hematologic Allo-HSCT High SF (>1000) =» poor OS (UV & MV) High SF =» high 1y-relapse (UV & MV) | High SF = high 1-yr NRM (UV & MV)
2017  |Retrospective| 602 malignancies MA,NMA, RIC | OSrelapse, NRM 4, 0 lbumin or Hb, high DRI = poor 0S|  MV: high DRI - high 1y- relapse MV: age>60, low Hb = high NRM
High SF (>694) & hepcidin (>35 ng/mL)
Sakamoto, . Allo-HSCT 0S, PFS, NRM, toxicities, =» poor 3y-0S (UV) . . . .
2017 Retrospective| 166 AML, MDS MA, RIC, NMA aGVHD, engraftment MV: high hepcidin, disease status, male High SF & hepcidin =» NS effect High SF & hepcidin = NS effect
=> poor 3y-0S (SF not tested)
. Malignant & High SF =» NS effect . High SF =» NS effect
Flzanzr;lt, Retrospective| 229 nonmalignant A]{}[(Xlg(éT 0S, relapse, NRM, GVHD| High postT SF (1 mo-1 yr post & on day 0) Hi ]};hg(}’lssg,-s)l:l\i)s ?\]fgeecftfect High postT SF = high NRM (UV & MV)
hematologic disorders ! => poor 3y-0S (UV & MV) snp MV: aGVHD =» high NRM
Dzuodzdza, Retrospective| 102 MDS A;}[(XIEET 0S, PFS High SF (>1,000) =» poor OS (UV & MV) High SF = poor PFS (UV & MV)




Table 7. Summary of studies analyzing the impact of pretransplant serum ferritin and/or hepcidin on toxicities after allogeneic HSCT. AML: acute myeloid leukemia; allo-HSCT: allogeneic hematopoietic stem cell

transplantation; ARDS: acute respiratory distress syndrome; auto-HSCT: autologous hematopoietic stem cell transplantation;, BEAM: Carmustine, Etoposide, Cytarabine, Melphalan; BM: bone marrow; bacteriemia; CMV
reactivation/disease; CML: chronic myeloid leukemia; CR: complete remission; CRP: C-reactive protein; a/c GVHD: acute/chronic graft-versus-host disease; DLCO: diffusing capacity of the lungs for carbon monoxide; HCT-
Cl: Hematopoietic Cell Transplantation-Comorbidity Index; IFl: invasive fungal infection; IPS: idiopathic pneumonia syndrome ; LIC: liver iron content; MA: myeloablative; MM: multiple myeloma; MRI: magnetic resonance
imaging; MV: multivariate analysis; N: number; NS: not significant; NRM: non-relapse mortality; OS: overall survival; plt: platelets; PMN engraftment; postT: posttransplant; preT: pretransplant; PFS: progression-free
survival; RBC Tx; RIC: reduced-intensity conditioning; SF: serum ferritin; TBI: total body irradiation; tox: toxicity; Tx: transfusion; UD: unrelated donor; UV: univariate analysis; VOD: veno-occlusive disease; y: year

Author Characteristics of the cohort
"| Typeof N . Transplant & Toxicities Infections Acute / chronic GVHD
year : Disease A Outcome measures
study patients conditioning
High SF (>1,500) & T mucositis High SF =27 ba'cteremla & fevell" days (UV & MV)
(UV & MV) MYV: TBI = T bacteriemia
Altes, Prospective 81 AL, MDS, lymphoma, |Allo & auto-HSCT | Mucositis, bacteriemia, llo: hieh SF = NS effect MYV: auto, neutropenia duration =» T fever days
2007 P MM MA, RIC, BEAM N febrile days A70: g - Allo: high SF & NS effect
Auto: high SF = T mucositis s >1 in & f
(UV & MV) Auto: high SF bacteremia & fever days
(UV & MV)
. 0S, PFS, relapse, NRM,
Armand, Retrospective| 590 Hen}atologlc Allo-HSCT VOD, aGVHD High SF =» NS effect on VOD High SF =» NS effect on aGVHD
2007 malignancies MA (5 yrs)
0S, PFS, NRM, VOD,
Kim, . Hematologic Allo-HSCT infection, aGVHD, High SF (21,000 ng/mL) =» NS effect High SF =» NS effect on infection, CMV .
2008 Retrospective 38 malignancies RIC cGVHD, plt & PMN on VOD reactivation/disease High SF =¥ NS effect on a/cGVHD
engraftment, chimerism
) High SF (22,500 ng/mL)
PIatzzgzgker, Retrospective| 172 MDS AHOMIXSCT O:(,;;:I_llaDpsce(,“l;ll_I[{]I;/l ! => T grade 3-4 aGVHD (UV, MV not done)
’ => NS effect on cGVHD
Pullarkat, . Hematologic Allo-HSCT 0S, infection, aGVHD High SF (>1,000mg/mL) =» T bacteremia .
2008 Prospective 190 malignancies MA (day 100 & long-term) (UV & MV) High SF =» NS effect on aGVHD
. } . . High hepcidin (>50 ng/mL)
Kzag Od; ’ |Retrospective 55 He;patologlc AI{/]& l-LSI(éT 0S, early 1f1:fect1to s, => T bacterial infections (UV & MV)
malighancies ! engrattmen => NS effect on CMV reactivation
0S, NRM, relapse,
Kataoka, . Hematologic Allo-HSCT infections, aGVHD, High SF (2599 ng/mL) = T infections .
2009 Retrospective| 264 malignancies MA, NMA <GVHD (UV, MV not done) High SF =» NS effect on a/cGVHD
(5 yrs)
. 0S, NRM, VOD, hepatic .
Malignant & ) R 4 High SF (>1,000 ng/mL) . L
Lee, Retrospective| 101 nonmalignant Allo-HSCT .tox1c1.ty, ARDS, => T ARDS (UV, not MV) High SF = NS effect on b.acterlemla or CMV High SF =» NS effect on aGVHD
2009 . O MA infections, CMV . reactivation
hematologic disorders P => NS effect on VOD or hepatic tox
reactivation, aGVHD
Mahindra, . Hematologic Allo-HSCT High SF (>1,615 ng/mL)
2009 (a) Retrospective 64 malignancies NMA 0S, relapse, NRM, GVHD = NS effect on a/cGVHD
Mabhindra, . Allo-HSCT 0S, PFS, relapse, NRM, High SF (>1,910 ng/mL) High SF =» | aGVHD & cGVHD
2009 (p) |REtrospectivel 222 | AL, CML, MDS, NHL MA VOD, aGVHD, cGVHD S NS effect on VOD (UV, MV not done)




Characteristics of the cohort

Author .. . .
"I Typeof N Transplant & Toxicities Infections Acute / chronic GVHD
year . Disease e Outcome measures
study patients condltlonmg
Maradei, . Hematologic Auto & allo-HSCT High SF (>1,000 ng/mL) ¥ TVOD
2009 Retrospective| 427 malignancies MA NMA 0S (5yrs), VOD (UV &MV)
’ MYV: allo, imatinib, busulfan = T VOD
Lim Allo-HSCT 0S, PFS, relapse, NRM,
’ Retrospective 99 MDS infections, aGvHD, High SF (>1,500 ng/mL) =» NS effect High SF =» NS effect on a/cGVHD
2010 RIC
cGVHD
Ozyilmaz, |o. o 148 n“gﬁ:;i‘;f‘:ai‘t Allo-HSCT |0 e umonia| High SF (>1,000 ng/mL) > T vOD High SF = 1 fungal pneumonia (UV & MV)
2010 P vign MA » fungalp (UV, MV not done) MV:VOD =» T fungal pneumonia
hematologic disorders
. High SF (>500) =» T mucositis .
Malignant & s Allo: high SF
Sucak, . ) Allo & auto-HSCT| OS, NRM, toxicities, (UV, MV not done) .
2010 Retrospective| 250 nonma.llgr.lant MA, RIC infections, aGVHD Allo: high SF = 1 VOD (UV, MV not = TIFI (UV, MV n.ot done) o High SF =» NS effect on aGVHD
hematologic disorders s = NS effect on pneumonia / bacteriemia
done), NS effect on mucositis
High SF
. . 0S, early toxicities, 1 VOD & liver tox (U, MV.m.)t. done) High SF & high hepcidin
Aki, . Hematologic Allo-HSCT . . => NS effect on other toxicities . .
Retrospective| 100 . ; infections, engraftment, . .. => T neutropenic fever & N febrile days
2011 malignancies MA, NMA transfusions High hepcidin (UV, MV not done)
=>» T mucositis (UV, MV not done) !
= NS effect on VOD & other toxicities
Eisfeld, Prospective 42 AML Allo-HSCT 0S, PFS, relapse, NRM, High SF or hepcidin, postT SF or hepcidin (3- High SF or hepcidin, postT SF or
2011 P MA, RIC RBC Tx 5 mo postT) = NS effect hepcidin (3-5 mo postT) =» NS effect
Kanda, . Hematologic Allo-HSCT 0S, NRM, bacterial High SF (>700 ng/mL) =3 T bacterial infections
2011 Retrospective| 112 malignancies MA, RIC infections (UV & MV)
8 ’ MYV: high preT CRP =» T bacterial infections
Tachibana, . Allo-HSCT 0S, bacteremia . .
2011b Retrospective| 114 AML, MDS MA, RIC (day 100) High SF =» T bacteremia (UV & MV)
High SF (>400 ng/mL) = T cGVHD
Wahlin, Retrospectivel 309 Hematologic Allo-HSCT 0S, PFS, relapse, NRM, (UV & MV)
2011 P malignancies MA, RIC cGVHD MYV: previous transplant, UD, transplant
centre = T cGVHD
Aki, . Allo-HSCT — High SF (>1,500 ng/mL)
2012 Retrospective 106 AL MA 0S, PFS, NRM, toxicities 3 NS effect on toxicities
Armand, . Allo-HSCT 0S, PFS, relapse, NRM, . - High MRI LIC
2012 Prospective 45 AL, MDS MA VOD, GVHD High MRI LIC =» NS effect on VOD 3 NS effect on a/cGVHD
Malignant & 0S, PFS, relapse,
Sivgin, . . Allo-HSCT infections, aGVHD, High SF (>1,000 ng/mL) = T infections .
2012 Retrospective 84 nonmalignant MA, NMA CGVHD, plt & PMN (UV, MV not done) High SF =» NS effect on a/cGVHD

hematologic disorders

engraftment




Characteristics of the cohort

Author s . .
"1 Typeof N Transplant & Toxicities Infections Acute / chronic GVHD
year . Disease . Outcome measures
study patients conditioning
. High SF (= 2500 ng/ml) . -
Wermke, . Allo-Hsct | 05 relapse, NRM, liver S NS effect on toxicities High SF =¥ NS effect on bacterial infect. or IF] High SF & NS effect on aGVHD
2012  |Retrospective| 88 AML, MDS MA, RIC & cardiac toxicity, High MRI LIC (= 125 pmol/gr) High MRI LIC High MRI LIC 9 NS effect on aGVHD
! infections, IFI, aGVHD g - (= 1e0 HMOYE => NS effect on bacterial infections or IFI & ’ : !
= NS effect on toxicities
i 0S, relapse, NRM, High SF (>399 ng/mL)
Bzaor';);l, Retrospective| 201 LPD, MM AI{/]& l-LSI(éT infectious mortality, => T infectious mortality (UV & MV)
’ engraftment MV: age>60, female =» T infectious mortality
. High SF (>1,000 ng/mL)
Goto, Retrospectivel 122 nl\(;[;i;g;?ﬁait Allo-HSCT Hepatic toxicity, => T hepatic tox & diabetes (UV & MV)
2013 P hematolo icgdisorders MA diabetes MYV: HLA mismatch = T hepatic tox
8 MYV: age, steroids, male =2 T diabetes
. High SF (>1,332ng/mL)
Malignant &
Meyer, . ) Allo-HSCT = T aGVHD & cGVHD (UV, MV not done)
2013 Retrospective| 290 heng;r:ailcl%?s::ders MA, RIC 0S, relapse, NRM, GHVH High postT SF (0-6-12-24 mo)
& = 1 aGVHD & cGVHD (UV, MV not done)
Nishimoto, (o ; 63 Mal‘g‘;?‘“t &t Allo-HSCT Cardiac toxici High SF 1 cardiac tox (UV & MV)
2013 etrospective nonmaignan MA, RIC ardiac toxicity MV: MA < 1 cardiac tox
hematologic disorders
Sakamoto, . Mallgn?nt & Allo-HSCT 0S, NRM, aGVHD, High SF = .NS effect ona/cGVHD
2013 Retrospective| 211 nonmalignant MA. RIC <GVHD AML: high SF = | cGVHD
hematologic disorders ! (UV, MV not done)
Sivgin, Retrospective 73 nl\(frallgg;? I:ait Allo-HSCT Fungal pneumonia High SF = T fungal pneumonia
2013 P vign MA, NMA salp (UV, MV not done)
hematologic disorders
Malignant & 0S, relapse, NRM, VOD, High SF (>1,000ng/mL)
Trottier, Retrospective 88 nonmg;lli nant Allo-HSCT organ failure, infections,| =» NS effect on VOD or organ failure High SF =» NS effect on infections High SF =» NS effect on a/cGVHD
2013 P vign MA, RIC GVHD High MRI LIC (>5 mg/gr) High MRI LIC =» NS effect on infections High MRI LIC =» NS effect on a/cGVHD
hematologic disorders et
(1yr) = NS effect on VOD or organ failure
virtanen, |, | g n%ﬁlﬂ??aﬁt Allo-HSCT 0S, NRM, infections, High MRI LIC (>150 pmol/gr) High MRI LIC & | aGVHD (UV, MV not
2013 P 161 MA, RIC aGVHD, cGVHD > T infections (UV, MV not done) done) & L cGVHD (UV & MV)
hematologic disorders
0S, relapse, aGVHD,
Konuma, Retrospective| 133 AL, MDS Allo-HSCT cGVHD, PMN High SF =» NS effect on a/cGVHD
2014 MA
engraftment
. High SF 2 1 IFI (UV & MV)
Dgg‘;lsa l Retrospective| 477 rl;[lg?ilarfgilocics AHOI\_/[]ZSCT IFI in all patients & RIC (NS effect in MA)
8 MV: aGVHD 9 T IFI
0S, relapse, NRM,
Tanaka Allo-HSCT bloodstream / bacterial High SF (>1,000 ng/mL) High SF
2015 ’  |Retrospective| 190 AML, MDS MA. RIC. NMA / fungal infections, =>» NS effect on bloodstream / bacterial / fungal = NS effect on aGVHD
! ’ aGVHD, cGVHD, PMN infections =71 cGVHD (UV & MV)

engraftment




Characteristics of the cohort

Author s . .
"1 Typeof N Transplant & Toxicities Infections Acute / chronic GVHD
year . Disease e . Outcome measures
study patients conditioning
Artz, . Allo-HSCT | OS, relapse, NRM, aGVHD, .
2016 Retrospective| 784 AML, MDS MA <GVHD High SF =» NS effect on aGVHD or cGVHD
Sakamoto, . Allo-HSCT 0S, PFS, NRM, toxicities, High SF (>694 mg/mL) & hepcidin (>35
2017  |Retrospective) 166 AML, MDS MA, RIC, NMA | aGVHD, engraftment ng/mL) & NS effect on aGVHD
. Malignant & High SF =» NS effect on a/c GVHD
Flzngzr;lt, Retrospective| 229 nonmalignant AI{/II(,)A IEET 0S, relapse, NRM, GVHD High postT SF = T aGVHD (UV, MV not
hematologic disorders ! done), NS effect on cGVHD
High SF =» TIPS & clinical IPS
. Malignant & . . . (UV & MV)
Tamaki, . - Allo-HSCT Idiopathic pneumonia . e
2022 Retrospective| 444 nonmalignant MA, RIC syndrome MV: age, MA conditioning, low DLCO,

hematologic disorders

2nd allo for graft failure
=> T clinical IPS




Table 8. Summary of studies analyzing impact of pretransplant serum ferritin and/or hepcidin on posttransplant transfusions and on neutrophil, platelet and Hb engraftment after allogeneic HSCT. AML: acute myeloid;
AL: acute leukemia; allo-HSCT: allogeneic hematopoietic stem cell transplantation; ARDS: acute respiratory distress syndrome; auto-HSCT: autologous hematopoietic stem cell transplantation; BEAM: Carmustine, Etoposide,
Cytarabine, Melphalan; BM: bone marrow; chimerism; CMV reactivation/disease; CR: complete remission; CRP: C-reactive protein; DRI: disease risk index; a/c GVHD: acute/chronic graft-versus-host disease; Hb: hemoglobin;
HCT-CI: Hematopoietic Cell Transplantation-Comorbidity Index; IFl: invasive fungal infection; 10: iron overload; LIC: liver iron content; MA: myeloablative; MDS: myelodysplastic syndrome; MM: multiple myeloma; MV:
multivariate analysis; N: number; NMA: nonmyeloablative; NS: not significant; NRM: non-relapse mortality; OS: overall survival; plt: platelets; PMN: neutrophils; postT: posttransplant; preT: pretransplant; PFS:
progression-free survival; RBC: red blood cells; RBC Tx; RIC: reduced-intensity conditioning; SF: serum ferritin; TBI: total body irradiation; Tx: transfusion; UD: unrelated donor; UV: univariate analysis; VOD: veno-
occlusive disease; y: year

Auth Characteristics of the cohort
uthor, q
ear Type of N ) TG RBC and/or PIlt transfusions Engraftment
y . Disease . Outcome measures
study patients conditioning
0S, PFS, NRM, VOD,
Kim, . Hematologic Allo-HSCT infection, aGVHD, cGVHD, .
2008 Retrospective 38 malignancies RIC PMN & plt engraftment, High SF (>1,000ng/mL) =» NS effect on PMN or plt engraftment
chimerism
Kanda, . Hematologic Allo-HSCT | OS, early infections, PMN . o
2009 Retrospective 55 malignancies MA, RIC engraftment High hepcidin (>50 ng/mL) =» NS effect on PMN engraftment
Aki, Retrospectivel 100 Hematologic Allo-HSCT infgcséiiil;lyetri)x;zlfilrise’nt High SF =» T RBC or plt Tx (UV, MV not done) High SF =» | PMN (UV, MV not done), NS effect on plt engraftment
2011 P malignancies MA, NMA tranlsfusgions ! High hepcidin =» NS effect on RBC or plt Tx High hepcidin = NS effect on PMN or plt engraftment
Eisfeld, . Allo-HSCT 0S, PFS, NRM, relapse, High postT SF or hepcidin (3-5 mo postT)
2011 Prospective | 42 AML MA, RIC RBC Tx = 1 RBC Tx (UV, MV not done)
Sivgin, . Malignant & Allo-HscT | . OS PFS relapse, .
Retrospective 84 nonmalignant infections, aGVHD, cGVHD, High SF (>1,000 ng/mL) =» NS effect on PMN or plt engraftment
2012 Lo MA, NMA
hematologic disorders plt & PMN engraftment
0S, relapse, NRM .
Barba, . Allo-HSCT R ’ . High SF (>399 ng/mL)
2013 Retrospective| 201 LPD, MM RIC infectious mortality, = | PMN (UV, MV not done) but NS effect on plt engraftment
engraftment
Konuma, . Allo-HSCT 0S, relapse, aGVHD, .
2014 Retrospective| 133 AL, MDS MA CGVHD, PMN engraftment High SF (>1,000 ng/mL) =» NS effect on PMN engraftment
0S, relapse, NRM,
Tanaka, o .\ ospective| 190 AML, MDS Allo-HSCT . tions, aGVHD, cGVHD, High SF (>1,000 ng/mL) < | PMN engraftment (UV & MV)
2015 MA, RIC, NMA
PMN engraftment
High SF (>694 mg/mL) & hepcidin (>35 ng/mL)
Sakamoto, ) Allo-HSCT 0S, PFS, NRM, toxicities, = NS effect on PMN or Hb engraftment
2017 Retrospective) 166 AML, MDS MA, RIC, NMA aGVHD, engraftment => | plt engraftment (UV)
MYV: high hepcidin, high DRI, male, UCB =» | plt engraftment
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In this work, our first objective was to investigate erythropoiesis and iron metabolism after allo-
HSCT. As described in detail in the introduction, erythropoiesis and iron metabolism are closely
linked. The discovery of ERFE has enabled us to understand the inhibitory regulatory mechanism
of erythropoiesis on hepcidin. This negative effect of erythropoietic activity on hepcidin
production usually, for instance in thalassemia, dominates the positive action of inflammation or
[0. Our group has also shown that after auto-HSCT, the main determinants of hepcidin production
are iron stores and erythropoietic activity, while inflammation plays a minor role. However, no
study has analyzed the link between erythropoiesis and iron parameters by incorporating ERFE
and hepcidin assays after allo-HSCT. Erythropoiesis and iron metabolism are profoundly
disrupted after allo-HSCT, with insufficient endogenous EPO production (but consequent anemia
responding very well to rHUEPO) and very high SF levels. Therefore, in the first part of this work,
we sought to extend our knowledge of erythropoiesis and iron metabolism by incorporating ERFE
and hepcidin assays (along with other classic iron parameters) in patients who received or not
rHUEPO after allo-HSCT. In addition, we followed patients sequentially up to six months
posttransplant and performed a detailed study of the determinants of serum hepcidin and ERFE

levels at different times.

Our second objective was to study the prognostic impact of pretransplant serum ferritin (SF)
and serum hepcidin on different outcomes after allo-HSCT. Indeed, several studies have
demonstrated the adverse prognostic impact of high pretransplant SF levels on survival and
complications after allo-HSCT. Only four studies have investigated the impact of pretransplant
hepcidin, with some of them reporting a negative effect on outcomes (one reporting increased
bacterial infections and another decreased platelet engraftment and OS, in multivariate analyses).
However, these unfavorable associations are the matter of debate since results are contradictory
between studies. Moreover, SF has been used as a surrogate marker for 0. However, two studies
have observed that 10 accurately quantified by MRI prior to transplantation had no impact on
survival or complications after allo-HSCT. Some authors have therefore speculated that SF levels
are more likely to reflect an inflammatory state linked to the patient's comorbidities or disease.
However, no study analyzed the determinants of pretransplant SF and hepcidin neither their
impact on outcomes considering a comprehensive array of biological and clinical characteristics.
Therefore, our second aim was to analyze the effect of pretransplant SF and serum hepcidin along
other iron parameters, biological markers and clinical characteristics (related to patient, disease,
donor and transplant procedures) on critical outcomes in a large cohort of 502 patients with at
least 5 years of follow-up after allo-HSCT. First, we looked at determinants of pretransplant SF
and serum hepcidin levels in this large cohort to re-examine the results of the first part in a much
larger group of patients. Second, we examined whether elevated pre-transplant SF or hepcidin

levels were independent prognostic markers on survival outcomes (0OS, PFS and NRM),
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complications (toxicities, infections and GVHD) and hematological recovery (neutrophil, platelet
and red blood cell engraftment and transfusions) after allo-HSCT. Finally, we determined which

of the two biological markers was most predictive of these outcomes.
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Abstract

Hematopoietic cell transplantation (HCT) brings important alterations in erythropoie-
sis and iron metabolism. Hepcidin, which regulates iron metabolism, increases in iron
overload or inflammation and decreases with iron deficiency or activated erythropoi-
esis. Erythroferrone (ERFE) is the erythroid regulator of hepcidin. We investigated
erythropoiesis and iron metabolism after allogeneic HCT in 70 patients randomized
between erythropoietin (EPO) treatment or no EPO, by serially measuring hepcidin,
ERFE, CRP (inflammation), soluble transferrin receptor (sTfR, erythropoiesis), serum
iron and transferrin saturation (Tsat; iron for erythropoiesis) and ferritin (iron stores).
We identified biological and clinical factors associated with serum hepcidin and ERFE
leveks. Serum ERFE correlated overall with sTfR and reticulocytes and inversely with
hepcidin. Erythroferrone paralleled sTfR levels, dropping during conditioning and
recovering with engraftment. Inversely, hepcidin peaked after conditioning and
decreased during engraftment. Erythroferrone and hepcidin were not significantly
different with or without EPO. Multivariate analyses showed that the major determi-
nant of ERFE was erythropoiesis (sTfR, reticulocytes or serum Epo). Pretransplant
hepcidin was associated with previous RBC transfusions and ferritin. After transplan-
tation, the major determinants of hepcidin were iron status (ferritin at all time points
and Tsat at day 56) and erythropoiesis (STfR or reticulocytes or ERFE), while the
impact of inflammation was less clear and clinical parameters had no detectable influ-
ence. Hepcidin remained significantly higher in patients with high compared to low
pretransplant ferritin. After allogeneic HCT with or without EPO therapy, significant
alterations of hepcidin occur between pretransplant and day 180, in correlation with
iron status and inversely with erythroid ERFE.
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1.1 Introduction

Erythropoiesis and iron metabolism are closely related, as iron is critical to produce RBC, and
erythropoiesis is an essential actor in the regulation of hepcidin, the regulator of iron
metabolism (1).

Hepcidin limits iron absorption by the gut and iron release by macrophages and hepatocytes
through binding to and degradation of ferroportin, the iron exporter protein, or through occlusion
of its central cavity (2-5). Hepcidin synthesis is up-regulated by 10 and inflammation leading to
reduced iron availability, and down-regulated by iron deficiency, anemia, erythropoiesis and
hypoxia, thereby better meeting iron requirements during erythrocyte production (3, 5).

Iron regulates hepcidin production through BMP-2 and 6, acting via their receptors and co-
receptors including HJV. This induces a phosphorylation cascade leading to activation of the
SMAD1/5/8 complex that binds to SMAD4, translocates into the nucleus, binds BMP response
elements, and induces HAMP gene transcription (5-7). Matriptase-2, a protease encoded by the
TMPRSS6 gene, causes reduced activation of the BMP-SMAD pathway upon BMP binding to its
receptor and HJV (5, 8). Mutations in matriptase thus induce large excesses of hepcidin leading to
IRIDA (9). Iron also regulates hepcidin expression by activating the SMAD pathway through the
HFE/TFR1/TFR2 complex independently of BMP (5, 10).

Inflammation-based regulation is mainly dependent on inflammatory cytokines such as IL-6,
which upregulates hepcidin expression by activating the IL-6 receptor-JAK2-STAT3 pathway, the
later binding to STAT3-responsive elements in the hepcidin promoter to induce its transcription
(5, 11, 12). In addition, the BMP-SMAD pathway is also involved in hepcidin production during
inflammation (12).

Erythropoiesis inhibits hepcidin expression more efficiently than anemia or hypoxia (13). Arapid,
persistent drop in hepcidin levels was observed after injection of EPO in mice (14), healthy
volunteers (15) and patients with renal failure (16). In 2008, Pinto demonstrated the regulation
of hepcidin expression by EPO, in a dose-dependent manner, suggesting the contribution of a
transcription factor in the response of hepcidin to EPO (17). Later, Kautz identified the erythroid
regulator of iron metabolism in ERFE, establishing the link between EPO and hepcidin (18). ERFE
is released by erythroblasts through STAT-5 activation upon EPO stimulation and mediates
inhibition of hepcidin production when erythropoiesis is stimulated by EPO in mice (18) and
humans (19), but matriptase is also essential for regulation of hepcidin by erythropoiesis (8).
Animal models of inflammation and thalassemia have demonstrated that this negative
erythropoietic regulator dominates the positive effect of inflammation (20) or 10 (21) in hepcidin
regulation. We also previously showed that, after auto-HSCT, the major determinants of hepcidin
production were iron stores and erythropoietic activity while inflammation exerted a minor role

(22).
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HSCT offers the opportunity to recapitulate the development of erythropoietic activity from newly
developed precursors through fully recovered erythropoiesis. We previously demonstrated that
HSCT is associated with EPO deficiency (23-29) and that HSCT-associated anemia is exquisitely
sensitive to EPO therapy after autologous (23, 30, 31) and allogeneic (31, 32) HSCT. Efficacy of
EPO therapy is further enhanced by iron supplementation (30, 33-38), without significant short-
term or long-term toxicity (33, 39), as now recommended in published guidelines (40).

Here we aimed to broaden our knowledge of erythropoiesis and iron metabolism during the first
6 months after allogeneic HSCT. We investigated longitudinally serum levels of: CRP (marker of
inflammation); soluble transferrin receptor (sTfR, quantitative marker of erythropoietic activity);
SeFe; Tsat (markers of iron availability for erythropoiesis) and SF (marker of iron stores);
hepcidin (regulator of iron metabolism); and ERFE (erythroid regulator of hepcidin). We
compared their evolution with or without ESAs according to two different schedules. We also
examined biological and clinical factors correlated with serum hepcidin and ERFE levels

measured at different time points during follow-up.

1.2 Patients and methods

1.2.1 Study population

We previously published (41) the results of a prospective trial in which 119 patients undergoing
allo-HSCT with PBSC for malignant or non-malignant diseases at the University Hospital of Liege
were randomized between treatment with weekly EPO (Neorecormon®, kindly provided by
Roche) (n=57) or no EPO treatment (n=62).

There were 3 cohorts of patients, i.e. those undergoing MA conditioning who started EPO at day
28 posttransplant (control arm=19; EPO arm=15), and those undergoing NMA conditioning with
EPO started at either day 1 (control arm=25; EPO arm=23) or day 28 (control arm=18; EPO
arm=19). Complete blood counts, Tsat and SF were measured routinely and biobanking serum
samples were collected prospectively before conditioning and weekly thereafter through day 180
posttransplant. The trial was approved by the Ethics Committee of the University Hospital of Liege
under number 2003/59 and patients (or his/her guardian if of minor age) signed an informed
consent for the clinical study, as well as to collect and analyze blood samples. The primary
endpoint of achieving a normal Hb value = 13 gr/dL was reached by 63.1 % in the EPO arm after
a median time of 90 days vs 8.1 % in the control arm (p<0.0001).

Among these 119 patients, we excluded those who experienced death, relapse, or graft rejection
and those given donor lymphocyte infusion the first 100 days after transplantation. Patients
without sufficient stored samples were also excluded. Consequently, 70 patients were included in
the current study, 35 patients in the EPO arm and 35 in the control arm. There were 24 patients

in cohort 1, 25 in cohort 2 and 21 in cohort 3. In the EPO arm, 4 patients received 300 mg of IV
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iron saccharate (Venofer®) for functional iron deficiency (Tsat < 20 %): 1 patient in cohort 1
received IV iron at day 120, 1 in cohort 2 at day 87, and 2 in cohort 3 at day 120 or 130,
respectively. Iron was omitted in patients with severe IO (SF >2,500 ng/mL without inflammation
or liver damage). Control patients never received IV iron. Clinical and biological characteristics of
patients are described in Table 1 and Table 2, respectively. Posttransplant complications,

including infections and acute or chronic GVHD, were recorded.

1.2.2 Laboratory measurements

Laboratory data were monitored from prior to administration of the conditioning regimen (day -
10) until day 180 posttransplant, partly on fresh blood and partly on serum samples stored at
-80°C until analysis.

Complete blood counts (Hb, white blood cells (WBC) and differential, platelets, percentage, and
absolute reticulocyte counts) and percentage of hypochromic red cells (38, 44, 45), CRP,
creatinine, liver function tests (bilirubin, aspartame amino transferase (ASAT), lactate
dehydrogenase (LDH), albumin and uric acid. Parameters of iron metabolism (SeFe, Tsat and SF
were measured weekly using standard laboratory techniques. The SF peak was defined as the
highest value between day 0 and day 100 posttransplant.

sTfR, a quantitative measure of total erythropoietic activity, was measured weekly on stored
samples by a commercially available ELISA (R&D, Minneapolis, MN), with normal values ranging
from 3,000 to 7,000 ug/L, as previously reported (44, 46-49).

Serum hepcidin-25 was quantified on serum samples stored before conditioning and on days 0, 7,
14, 28, 60, 100 and 180, by a liquid chromatography coupled to triple quadrupole mass
spectrometry method validated, among others, by the MS-8 lab of our institution (50).

Serum ERFE was measured on stored samples at the same time points by a specific ELISA kit
(Intrinsic Lifesciences, The Bio Iron Company, USA, SKU# ERF-001) in 62 patients (31 controls
and 31 in EPO arm). The kit has a detection range of 0.16-10 ng/ml.

Serum EPO levels were measured by a commercially available radioimmunoassay (Incstar Corp.,
Stillwater, MN), as previously published (51, 52), before starting EPO administration, i.e., at day
28 posttransplant.

1.2.3 Statistical analyses

Results were expressed as mean + standard deviation (SD) unless otherwise stated. Some
parameters underwent a logarithm or a square root transformation to normalize their
distribution (logarithm for SF, SeFe, Tsat, sTfR, CRP, creatinine, bilirubin, ASAT, LDH, Hepcidin,
EPO and SF peak; square root for WBC and differential, platelets, and reticulocytes).
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Student’s t tests were used to compare the means of biological parameters between the control
and EPO arms at each predetermined time over a follow-up of 6 months in the 3 cohorts and in
the cumulative group. A generalized linear mixed model (GLMM) was used to compare their
evolution with respect to time and treatment arm.

Pearson R correlations were used to assess the relations between biological parameters.
Univariate and multivariate linear regression models were used to explain hepcidin and ERFE at
each time point with respect to covariates. All variables whose p-value was < 0.15 in univariate
analysis were included in multivariate analysis using the stepwise method. P-values < 0.05 were
considered as statistically significant. Clinical parameters (age, sex, diagnosis, DRI, HCT-CI score,
performance status (PS), conditioning type, donor type, transplant source, ABO compatibility,
pretransplant RBC and platelet transfusions, CMV status, GVHD prophylaxis, infections, and EPO
treatment) were tested in univariate analyses but did not qualify for multivariate analyses.

In multivariate analyses, we reported r-square value (R?) to give a global appreciation of the
accuracy of the model, as well as beta-coefficients for significant individual parameters.
Statistical analyses were performed in SAS version 9.4 (SAS Institute, Cary, NC, USA) and graphs
were done using R version 3.6.1. or GraphPad Prism version 7 (GraphPad Software, San Diego,

CA).
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Table 1: Patient clinical characteristics.

Clinical characteristics All (n=70) Co'(lrt:gsa)m E(l:l Z;Sn p-value
Age (years) M+ SD 49+ 13 48 +13 51+13 NS
o Male 44 (63%) | 23 (66%) | 21 (60%) NS
Female 26 (37%) | 12(34%) | 14 (40%) NS
Performance status (PS) 0 11 (16%) 6 (17%) 5 (14%) NS
1 54 (77%) | 26 (74%) | 28 (80%) NS
2 5 (7%) 3 (9%) 2 (6%) NS
Disease Acute leukemia 20 (29%) 9(26%) 11 (31%) NS
MDS or MPN 12(17%) | 9(26%) 3 (9%) NS
Lymphoid malignancy 36 (51%) 16 (45%) | 20 (57%) NS
Other 2 (3%) 1 (3%) 1(3%) NS
Disease Risk Index (42) Low 17 (24%) 7 (20%) 10 (29%) NS
Intermediate 34 (49%) 17 (48%) | 17 (48%) NS
High 17 (24%) | 9(26%) | 8(23%) NS
Very high 2 (3%) 2 (6%) 0 NS
Number treatment lines 0 7 (10%) 5(14%) 2 (6%) NS
1 22(31%) | 8(23%) | 14 (40%) NS
20r3 30 (43%) | 16 (46%) | 14 (40%) NS
>4 11 (16%) 6(17%) 5 (14%) NS
Pretransplant RBC transfusions M + SD 1721 14 +17 21+24 NS
Pretransplant platelet transfusions M = SD 14+ 18 10 +13 17 +22 NS
Comorbidity score (HCT-CI) (43) 0 48 (69%) | 24 (69%) | 24 (69%) NS
I 13(18%) | 7(20%) | 6(17%) NS
23 9 (13%) 4(11%) 5 (14%) NS
Transplant number First transplant 43 (61%) 19 (54%) | 24 (69%) NS
2xd or 3= transplant 27 (39%) 16 (46%) | 11 (31%) NS
CD34+ cell dose (10¢/Kg) (all PBSC) M £ SD 4604277 | 4612285 | L0 NS
Conditioning Myeloablative (MA) 24 (34%) | 14(40%) | 10 (29%) NS
Nonmyeloablative (NMA) 46 (66%) 21 (60%) | 25 (71%) NS
Cohort MA, EPO at day 28 24 (34%) | 14 (40%) | 10 (29%) NS
NMA, EPO at day 0 25(36%) | 11(31%) | 14 (40%) NS
NMA, EPO at day 28 21(30%) | 10(29%) | 11 (31%) NS
ATG No 65(93%) | 32(91%) | 33(94%) NS
Yes 5 (7%) 3 (9%) 2 (6%) NS
GVHD prophylaxis Tacrolimus-based 17 (24%) 8(23%) 9 (26%) NS
Ciclosporin-based 46 (66%) 21 (60%) | 25(71%) NS
Methotrexate +/- other IS 7 (10%) 6 (17%) 1 (3%) NS
Donor relationship and HLA Related 10/10 25 (36%) 14 (40%) | 11 (31%) NS
Related HLA-mismatched 2 (3%) 2 (6%) 0 NS
Unrelated 10/10 25 (36%) 12 (34%) | 13 (38%) NS
Unrelated HLA-mismatched | 18 (25%) 7 (20%) 11 (31%) NS
ABO compatibility Identical 33 (47%) 12 (34%) | 21 (60%) NS
Major mismatch 11 (16%) 3 (9%) 8 (23%) NS
Minor mismatch 7 (10%) 3 (9%) 4 (11%) NS
Major + minor mismatch 19 (27%) 17 (48%) 2 (6%) NS
Donor sex match F donor > M recipient 15 (21%) 6 (17%) 9 (26%) NS
Other 55 (79%) | 29 (83%) | 26 (74%) NS
Acute GVHD No 27 (39%) | 11(31%) | 16 (46%) NS
Yes 43 (61%) 24 (69%) | 19 (54%) NS
Chronic GVHD No 8 (11%) 5 (14%) 3 (9%) NS
Yes 62 (89%) | 30(86%) | 32 (91%) NS
Infection before day 180 No 6 (9%) 2 (6%) 2 (6%) NS
Yes 64 (91%) 33 (94%) 33 (94%) NS

M: mean; SD: standard deviation; NS: not significant; MDS: myelodysplastic syndrome; MPN:
myeloproliferative neoplasm; PBSC: peripheral blood stem cells; IV: intravenous; ATG: Anti-thymocyte
globulin; GVHD: graft-versus-host disease; IS: Immunosuppressive drug; HLA: human leukocyte antigen;

F: female; M: male.
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Table 2: Patient pretransplant (except *) biological characteristics.

Pretransplant (except *) values All Control arm EPO arm P
(MSD) (n=70) (n=35) (n=35) value

Hemoglobin (g/dL) 10.8 £ 2.2 109 +2.0 10.8+2.3 NS
Reticulocyte count (103/uL) 75+ 61 77 + 74 73 +46 NS
WBC (103/uL) 48+4.0 47+3.3 50+4.6 NS
Neutrophils (103/uL) 26+17 26+20 2614 NS
Lymphocytes (103/uL) 14+23 1.3+1.0 1.6+3.1 NS
Platelets (103/uL) 153+ 94 158 £92 148 £ 96 NS
Serum ferritin (ng/dL) 1,149 +1,443 | 932+1,142 | 1,366+1,681 | NS
Ferritin peak day 0-100 (ng/mL) * | 4,295 + 4,230 | 3,429 +2,462 | 5,162 +5,369 [ NS
Serum iron (umol/mL) 224 +11.6 253+119 19.4 +10.7 NS
Tsat (%) 0.52+£0.28 0.57+0.26 0.47 +0.28 NS
sTfR (ng/ml) 4,521 +3,058 | 4,523 +3,383 | 4,519+2,746 | NS
Serum Hepcidin (ng/mL) 24.2+204 20.5+13.8 28.0+£25.1 NS
Serum ERFE (ng/mL) 3.57+£9.88 4.09+£12.02 3.06+7.30 NS
CRP (mg/dL) 10.2+16.8 11.1 £ 20.5 9.3+12.2 NS
Total bilirubin (mg/dL) 0.53+0.32 0.62 +0.39 0.45+0.20 NS
ASAT (UI/L) 26+29 31+39 21+11 NS
LDH (UI/L) 379 +£126 408 + 139 350+ 107 NS
Albumin (g/L) 39.4+1938 38.8+19.9 40.0+19.0 NS
Creatinine (mg/dL) 0.93+0.36 0.91+£0.28 0.94+£0.42 NS
Serum Epo at day 28 (ng/mL) * 60.8+74.6 78.1 £+ 84.8 44.0 £ 60.0 NS

M: mean; SD: standard deviation; NS: not significant; WBC: white blood cells; Tsat: transferrin
saturation; sTfR: soluble transferrin receptor; ERFE: erythroferrone; CRP: C-reactive protein; ASAT:
aspartate aminotransferase; LDH: lactate dehydrogenase; Epo: erythropoietin.
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1.3 Results

1.3.1 Posttransplant course of iron and erythropoietic parameters

First, we analyzed the means of the various parameters over time between the control and EPO
arms.

Figure 1A represents the evolution of serum ERFE. After an initial rapid decrease during
conditioning until day 7, fast recovery occurred in both arms until day 56, after which ERFE
stabilized in the control arm while fluctuating with EPO doses in the EPO arm. GLMM confirmed
the effect of time on ERFE levels (p=0.017) but not the effect of treatment arm (control Vs EPO,
p=0.85) in the whole cohort nor in the different subgroups (MA with EPO at day 28; NMA with
EPO at day 0 and NMA with EPO at day 28). The difference between the two arms was maximum
on day 56 without being significant (4.53+9.23 ng/ml in controls Vs 7.16+15.29 ng/ml in EPO
arm; p=0.09).

Figure 1B displays the evolution sTfR, which was quite similar to that of ERFE: a rapid drop after
conditioning until day 7, followed by a sharp increase with engraftment in both arms. However,
the EPO arm had significantly higher sTfR levels at each time point from day 42 to day 180
posttransplant. GLMM confirmed the effect of posttransplant time (p<0.0001) and treatment arm
(p=0.0001) on sTfR values.

Figure 1C shows serum hepcidin over time in the control and EPO arms, with the curve following
an inverse kinetics to that of ERFE. Before HSCT, hepcidin values were 20.5+13.8 and 27.98+25.06
ng/mL in the control and EPO arms, respectively. Hepcidin peaked 7 days after HSCT, followed by
a progressive decrease until day 56 and stabilization thereafter. GLMM confirmed the effect of
time (P<0.001) but not treatment arm (p=0.69) on hepcidin levels.

Figure 1 also describes the posttransplant course of SF (D), transferrin saturation (E),
hemoglobin (F), hypochromic red blood cells (G) and CRP (H), while reticulocyte counts (A),
albumin (B), LDH (C) and ASAT (D) are displayed in Figure 2. SF peaked 28-42 days after HSCT
in the 2 arms, before slowly decreasing to values below those measured at baseline in the EPO
arm but remaining higher than at baseline in the control arm. Tsat was highest on day 7, then
decreased until day 56, with a significantly larger decrease in the EPO arm (P=0.01). The
difference between the 2 arms was most pronounced on day 21 (5225 % in control Vs 3522 %
in EPO arm, p=0.013). GLMM confirmed the effect of time (p<0.0001) and treatment arm
(p=0.014) on Tsat values. After their initial drop following conditioning, Hb and percentages of
hypochromic red cells increased much more significantly in the EPO arm (effect of time and
treatment arm confirmed in GLMM, p<0.0001). CRP peaked during aplasia and changed more
randomly thereafter when few patients were infected at the same time point. GLMM
demonstrated the effect of time on CRP levels (p<0.0001) but showed no effect of treatment arm

(p=0.56).
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Figure 1: Temporal evolution of meanz* standard error of the mean (SEM) erythroferrone (A),
sTfR (B), hepcidin (C), ferritin (D), transferrin saturation (E), hemoglobin (F), hypochromic red
blood cells (G) and CRP (H) following HSCT (day 0), in the control (in black, n=35) and EPO (in
red, n=35) arms. *: <0.05; **: <0.01; ***: <0.001; ****: <0.0001. The gray zone represents the
reference interval in normal subjects.
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Figure 2: Temporal evolution of mean reticulocyte counts (A), serum albumin (B), serum LDH (C)
and serum ASAT (D) following HSCT (day 0), in the control (in black, n=35) and the EPO (in red,
n=35) arms. *: < 0.05; **: < 0.01; ***: < 0.001; ****: < 0.0001. The gray zone represents the
reference interval in normal subjects.

Serum hepcidin levels have been shown to correlate positively with SF (5) and this was confirmed
pretransplant in our study. Therefore, we examined the evolution of serum hepcidin and sTfR
(Figure 3) in patients separated into two groups based on their pretransplant SF value. The cutoff
for SF levels was their median values (< or > 820 ng/ml). Baseline hepcidin was significantly
higher in patients with higher pretransplant SF (13.9+8.6 vs 4.4+23.6 ng/ml, p<0001) and
remained so throughout the posttransplant course (p<0.0001) (Figure 3A). When we
investigated the course of serum hepcidin in the control and EPO arms separately, there was a
small effect of EPO therapy (significant at day 56) in patients with low baseline SF (Figure 3B)
but not in those with high pretransplant SF levels (Figure 3C).

Patients with high baseline SF were more likely to have myeloid than lymphoid malignancies
(p=0.0075), had received more RBC (28+25 vs 8%9, p<0.0001) and platelet (20£22 vs 7+9,
p<0.001) transfusions and had significantly lower baseline sTfR values (5,193%3,327 vs
3,849+2,644 ng/ml, p=0.014) (Figure 3D). During erythropoietic recovery, sTfR increments were
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observed in the two arms and were clearly stronger in patients receiving EPO therapy, with no
major difference between those with low (Figure 3E) or high (Figure 3F) baseline SF. Because of
a wider range of values, baseline or later ERFE values did not significantly differ between patients
with low or high SF.

As type of conditioning probably influences erythropoiesis, we compared the means of the
different parameters after MA compared to NMA conditioning. Figure 4 illustrates the evolution
of serum ERFE (A), sTfR (B), hepcidin (C), SF (D), Tsat (E), hemoglobin (F), hypochromic red blood
cells (G) and CRP (H) according to conditioning. The overall pattern of evolution remained similar
with the two types of conditioning, but the magnitude of change was less prominent after NMA
than after MA conditioning, particularly in the early posttransplant period. ERFE at day 7
(p=0.049) and sTfR from day O until day 14 (p=0.004 to <0.0001) were significantly lower after
MA conditioning, resulting into more anemia (p=0.007) until day 112. Hepcidin at days 7
(p=0.0003) and 14 (p=0.04), SF from day 0 until day 70 (p=0.02 to 0.0007) and Tsat at many time
points (p=0.02 to <0.0001) were higher in patients undergoing MA compared to NMA
conditioning. In the NMA cohorts, EPO therapy was started on day 0 in cohort 2 or on day 28 in
cohort 3. Changes induced by EPO treatment were quite comparable in their kinetics and range,
although a little delayed in patients started on day 28.

Next, we analyzed correlations between ERFE and hepcidin at a given time point and
corresponding values at previous and subsequent time, and investigated factors associated with

serum hepcidin and ERFE levels overall as well as at each individual time point.
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1.3.2 Factors associated with serum hepcidin levels

In univariate analyses, hepcidin at any time point correlated well with values at nearly all later
time points (p<0.0001). All hepcidin values also correlated with preceding or subsequent SF levels
(r=0.39t0 0.74, p<0.0001). Hepcidin also correlated positively with Tsat (except at day 7; r=0.25
to 0.36, p=0.04 to 0.002), CRP (from day -10 to day 14: r=0.23 to 0.45, p=0.046 to 0.0001), and
inversely with sTfR (from day -10 to day 28, r=-0.43 to -0.48, p=0.0002 to < 0.0001), ERFE (on
day 14, r=-0.29, p=0.02), Hb (from day -10 to day 28, r=-0.25 to -0.52, p=0.04 to <0.0001) and
reticulocytes (from day -10 to day 28, r=-0.26 to -0.40, p=0.03 to 0.0005) at early time points.
Negative correlations were also observed between hepcidin and platelets (from day -10 to day
100: r=-0.25 to -0.42, p=0.04 to 0.0003), and WBC (from day -10 to day 14: r =-0.27 to -0.32,
p=0.03t0 0.007), but not serum EPO at day 28, creatinine, uric acid, ASAT, bilirubin or LDH. Figure
5 displays the most significant overall correlations, comprising all time points, between hepcidin
and SF (Figure 5A), Tsat (Figure 5B), ERFE (Figure 5C), sTfR (Figure 5D), reticulocytes (Figure
5E) or Hb (Figure 5F). Finally, based on the median number of 4 RBC transfusions received
between days 0 and 100, we compared hepcidin levels in patients receiving 0-4 vs >4 RBC
transfusions. Hepcidin was significantly higher in patients who received >4 RBC transfusions
(Figure 6).

In multivariate linear regressions, number of RBC transfusions (-coefficient=0.11, p=0.02)
and pretransplant SF (B-coefficient=0.29, p=0.001) explained 52 % of the variation of
pretransplant hepcidin (R?=0.52, p<0.0001). After transplantation, iron (SF at all time points
except day 7 (B-coefficient between 0.38 and 0.65, p<0.0001), Tsat at day 56 (-coefficient=-0.62,
p=0.0003)) and erythropoietic parameters (reticulocytes at day 7 (3-coefficient=-0.10, p=0.004)
and 100 (B-coefficient=-0.05, p=0.05), ERFE at day 14 (B-coefficient=-0.23, p=0.0001), and sTfR
at days 28 (B-coefficient=-0.27, p=0.02) and 56 (B-coefficient=-0.38, p=0.006)) were the most
predictive factors of hepcidin levels (R2=0.36 to 0.60, p<0.0001). Age, sex, diagnosis, DRI, HCT-CI,
PS, conditioning, donor type, graft type, ABO, platelet transfusions, CMV status, GVHD prophylaxis,
GVHD, infections and EPO treatment did not contribute to this prediction.

1.3.3 Factors associated with serum ERFE levels

In univariate analyses, ERFE at any time point correlated only with ERFE values at the next 2
time points. During conditioning and engraftment until day 14, all ERFE values correlated with
preceding, same day or subsequent sTfR levels (r=0.27 to 0.45, p=0.03 to 0.0002) and reticulocyte
counts (except day 28; r=0.27 to 0.61, p=0.05 to <0.0001) and the correlations were strong on
same day samples considering all time points together for sTfR (r=0.31, p<0.0001, Figure 3G) and
reticulocytes (r=0.40, p<0.0001, Figure 3H). After engraftment, ERFE correlated negatively with
Hb (r=-0.38, p=0.002 on day 100; r=-0.35, p=0.01 on day 180). The overall correlation between
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same day ERFE and hepcidin was weak (r=-0.13, p=0.0095, Figure 5C). We also observed
correlations between ERFE and LDH (from day 14 to day 180: r=0.28 to 0.39, p=0.03 to 0.009),
WBC (from day 7 to day 14: r=0.25 to 0.45, p=0.05 to 0.0003), platelets (on days 100 (r=-0.28,
p=0.03) and 180 (r=-0.33, p=0.03)), but not with SF, CRP, renal or liver parameters. ERFE was
higher in males compares to females overall (p=0.03), but this was true only in the control arm
(p=0.01) and not in the EPO arm. ERFE was significantly lower in patients with >4 RBC
transfusions between days 0 and 100, but only at days 7 and 14 (Figure 6). This may be explained
by the fact that patients with low transfusion needs were less anemic (11.5%+2.0 vs 10.0£2.0 gr/dL)
before transplantation and more frequently received NMA conditioning (only 4 patients with MA
among the 36 patients with <4 transfusions) and therefore had less suppression of erythropoiesis.
In multivariate analyses, the major determinant of ERFE during conditioning and engraftment
(R2=0.18 to 0.39, p=0.0008 to <0.0001) was erythropoietic activity as measured by sTfR (at days
7 (B-coefficient=0.69, p=0.0008) or 100 (B-coefficient=0.73, p=0.0029)), reticulocytes (at days -
10 (B-coefficient=0.16, p=0.001), 14 (B-coefficient=0.14, p=0.004) or 100 (B-coefficient=0.20,
p<0.0001)) or day 28 serum EPO (B-coefficient=0.45, p=0.0032). This is also illustrated by the
relatively parallel kinetics of ERFE and sTfR levels (Figure 1). At day 180, ERFE correlated mostly
with neutrophils (B-coefficient=0.75, p=0.0042) and negatively with Tsat ((3-coefficient=-0.88,
p=0.0009). ERFE correlated with male sex pretransplant (3-coefficient=0.68, p=0.03) and at day
14 (B-coefficient=0.81, p=0.02). The other clinical parameters listed for hepcidin did not

contribute to prediction of ERFE values.
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Figure 5: Correlations between same day hepcidin or ERFE and parameters of iron metabolism
and erythropoiesis in the whole group of patients, each of them being sampled at all time points
after allo-HSCT. [A-F] Hepcidin correlated strongly with (A) ferritin (R =0.54, p <0.0001), (B) Tsat
(R = 0.36, p<0.0001), (C) ERFE (R = -0.13, p=0.0095), (D) sTfR (R = -0.41, p<0.0001), (E)
reticulocytes (R =-0.34, p<0.0001) or (F) Hb (R=-0.33, p<0.0001). [G-H] ERFE correlated strongly
with (G) sTfR (R = 0.31, p<0.0001) or (H) reticulocytes (R = 0.40, p<0.0001).
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1.4 Discussion

Few studies have examined the significance of serum hepcidin in the context of allogeneic HSCT
(53-57) and none has analyzed in detail the interplay between iron metabolism and
erythropoietic activity in this setting. In 2014, Kautz identified ERFE, an erythropoietic regulator
of iron mobilization and absorption through hepcidin suppression (18). Subsequently, studies
demonstrated increased serum ERFE low serum hepcidin in subjects living at high altitude and
healthy subjects after EPO injection (58, 59). This prompted us to investigate ERFE regulation and
role in the pathophysiology of iron metabolism and erythropoiesis after allo-HSCT. A randomized
trial of EPO therapy (41) provided a further opportunity to investigate the interactions between
iron, inflammation and erythropoietic activity over time after transplantation.

After destruction of erythroid precursors following conditioning, marrow erythroid activity is
strongly suppressed (24, 60). Indeed, we observed that erythropoiesis decreased consistently,
and as expected more severely so after MA than NMA conditioning. Both myelosuppression and
defective EPO production could contribute, as we previously showed that endogenous EPO
remained appropriate for the degree of anemia after NMA conditioning but rapidly became
inadequately low after MA transplantation (25). Hb, reticulocytes, hypochromic red cells and sTfR
decreased sharply and, in addition, we demonstrated for the first time that this also led to a
significant drop in ERFE levels. Suppression of erythropoiesis resulted in a significant peak in Tsat
values. The close relationship between erythropoietic activity and serum ERFE is also illustrated
by significant correlations between ERFE and sTfR or reticulocytes, as well as by the relative
parallelism between sTfR and ERFE evolutions from before conditioning through six months
posttransplant. Although sTfR and ERFE have similar time course (Figure 1A and 1B), there is a
striking difference between the response of sTfR and ERFE to exogenous EPO. EPO therapy per se
did not translate into further enhancement of ERFE as shown in healthy subjects (59). One likely
explanation is that sTfR (but not ERFE) also responds to EPO-induced functional iron deficiency,
as illustrated by decreasing transferrin saturation and the appearance of hypochromic red cells
(Figure 1E and 1G), sensed by erythroblasts. Moreover, it is possible that, contrarily to EPO
therapy in normal individuals with stable erythropoiesis, EPO treatment in the setting of a
dynamically changing erythropoietic environment after allo-HSCT, with large inter-patient
variations, may not produce further statistically significant modifications in ERFE production
rates. Finally, it could be speculated that nascent erythroblasts in an altered environment could
have an inappropriate secretion of ERFE upon EPO injection or that still unknown inhibitory
factors of ERFE secretion may operate in the setting of allo-HSCT, but this remains to be
investigated.

We also observed a strong surge of SF values culminating on day 42 in the control arm and 28 in

the EPO arm. This SF peak has been observed previously (61, 62) and may be explained in part by
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inactive erythropoiesis resulting in decreased marrow demand for iron, Tsat elevation by non-
utilization of SeFe, and further iron deposition in tissues. However, the SF peak was delayed
relative to engraftment. To explain that other factors must be involved, such as conditioning-
induced inflammation and hepatic cytolysis (63). Indeed, there was an early, moderate, rise in
ASAT and a later increase of LDH (Figure 2D and 2C), but a relationship with the SF course is not
evident. On the other hand, CRP also peaked very early (Figure 1H) but its normalization did not
prevent SF from further increasing. CRP remained stable after NMA conditioning (Figure 4H), but
this did not prevent SF from raising in this setting also (Figure 4D). Serum albumin decreased
until day 14 and slowly recovered thereafter (Figure 2B), also preceding SF changes. We have not
measured other, more specific, markers of inflammation. Of course, I0 worsens posttransplant
with RBC transfusions, but only 4 patients received IV iron and none before day 87, excluding IV
iron as a culprit. On the other hand, compared to histocompatible HSCT, mice given
histoincompatible T cells show a loss of expression of hepatic hepcidin, enhancing iron
absorption, rising SeFe and contributing to liver 10 after allo-HSCT (64). Therefore, the
pathophysiology of SF kinetics after transplantation remains very complex and this study lacks
the power to dissect all these potential explanatory pathways. Hence, we are engaged in another
study specifically addressing this issue in a group of >500 patients.

Pretransplant hepcidin was strongly associated with the number of previous RBC transfusions
and SF. Paralleling the kinetics of SF and Tsat and inversely following those of ERFE and sTfR,
hepcidin increased significantly over baseline and peaked at day 7. This increase could be
explained by hepcidin upregulation from inflammation and 10 through the BMP complex and
SMAD pathway (5) and through downregulation of ERFE production following post-conditioning
myelosuppression (19). This also supports the experimental evidence that suppression of
hepcidin during anemia requires erythropoietic activity (22, 65). Kanda (54) attributed a similar
SF peak after auto-SCT to inflammation because of a concomitant elevation of serum IL-6 levels
(not measured in our study), but, although CRP also peaked at day 7, we did not observe any
correlation between hepcidin and CRP values.

After day 7, hepcidin progressively returned to baseline, despite persistence of very high SF
values. Although this was similar with or without EPO therapy, it suggests that engraftment and
erythropoietic recovery were capable of a certain degree of regulation of hepcidin production.
Hepcidin at all time points correlated positively with SF and Tsat and inversely with sTfR, ERFE,
Hb and reticulocytes. In addition, there was a strong overall correlation between hepcidin and SF
(r=0.54, p<0.0001) and a much weaker negative correlation with ERFE (r=-0.13, p=0.0095).
Furthermore, multivariate disclosed very strong associations between hepcidin and SF from day
14 through day 180 after HSCT, and weaker associations with erythropoietic markers. This could

indicate that, contrarily to thalassemia where negative erythropoietic regulators dominate
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positive iron regulators of hepcidin production (21), the reverse is true after allo-HSCT even with
EPO therapy. This apparently contradicts our previous study after auto-HSCT (22), where EPO
therapy induced stronger inhibition of hepcidin production than in the current study. However,
separate analyses of patients with low and high baseline SF (Figure 2) showed that EPO therapy
modulated hepcidin levels when iron burden was low (as in auto-HSCT), but also indicated that
the hepcidin-inducing ability of IO in heavily transfused patients with myeloid malignancies (66)
was capable to annihilate erythroid regulation of hepcidin by EPO therapy. Likewise, hepcidin was
significantly higher and ERFE lower in patients receiving >4 RBC transfusions between days 0 and
100. These were patients who arrived more anemic at transplantation and received more
frequently MA conditioning, but this additional iron burden also contributed to higher hepcidin
values.

Furthermore, similar sTfR kinetics in patients with low or high baseline SF suggest that this is not
due to an impact of iron burden on response to EPO (Figure 3E and 3F). Serum sTfR depends on
the number of cells bearing TfR receptors (elevated with increased erythropoietic activity, for
instance with EPO therapy (Figure 3D) and on TfR receptor density on cells (elevated in iron
deficiency but not inflammation). Thus, sTfR is a good quantitative marker of erythropoietic
activity (high positive correlation between sTfR and Hb, Figure 7) and, to a lesser extent, iron

status (67).
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Figure 7: Correlations between same day sTfR and hemoglobin at all time points in the control
(black points; R = 0.43,p<0.0001) and EPO (red points; R=0.41, p=0.0001) arms (overall R = 0.45,
p<0.0001).
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In conclusion, we investigated hepcidin regulation in the setting of allo-HSCT with a variety of
parameters of iron metabolism and erythropoiesis. The kinetics and correlations of ERFE,
hepcidin and sTfR after transplantation confirm the strong regulatory effects of erythropoiesis
and iron status on posttransplant hepcidin. However, contrarily to other situations, the inhibitory
effect of 10 appears to dominate the stimulating effect of erythropoietic activity on hepcidin
production. Inflammation did not appear to exert a major effect on hepcidin. However, besides
CRP, which is not well coordinated among the overall patient population as it may vary abruptly
in individual patients, inflammation was only assessed by a limited number of less specific
markers. For example, Kanda demonstrated an elevation of serum IL-6 levels concomitantly with
the SF peak (54). Another limitation in this study is potential collinearity in multivariable analyses.
Indeed, some explanatory variables are highly correlated with each other, and therefore only
some remain significant in multivariate analyzes.

The study also supports the role of erythropoiesis in ERFE production (18, 59). Investigations of
hepcidin and ERFE, in addition to the more classical parameters of iron metabolism and
erythropoiesis, may shed additional light on the interplay between erythropoiesis and iron

metabolism during allo-HSCT as well as in other settings.
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2. Factors influencing pretransplant serum ferritin and hepcidin levels
and their impact on outcomes after allogeneic hematopoietic stem cell

transplantation
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Abstract

Objectives: Elevated pre-transplant serum ferritin (SF) levels have been associated with reduced
overall survival (0S) and progression-free survival (PFS) as well as an increased risk of infections.
Hepcidin, the regulator of iron metabolism, has been minimally studied after allogeneic
hematopoietic stem cell transplantation (allo-HSCT), with an uncertain impact on survival and
infections. We explore the association between pretransplant SF and hepcidin with OS, PFS,
relapse, non-relapse mortality (NRM), infections, engraftment, and graft-versus-host disease
(GVHD) in 502 patients.

Materials and Methods: 502 consecutive patients who underwent allo-HSCT at the University
Hospital of Liege between 1999 and 2012 and had a minimal follow-up of 5 years were included.
Pretransplant serum hepcidin (measured by mass spectrometry) and SF levels were investigated
using univariate and multivariate linear regression. Patients were grouped into quartiles based
on their values. OS, PFS, relapse, engraftment, infections, and GVHD were estimated using the
Kaplan-Meier method, compared between subgroups (log-rank test), and analyzed in multivariate
Cox models. Cumulative incidence of NRM was estimated by standard methods, with relapse and
progression treated as competing risks.

Results: Median pretransplant hepcidin levels was 25.13 ng/mL, and SF 1,083 ng/mL, with a
median SF peak of 3,419 ng/mL within the first 100 days post-transplantation. High SF, CRP,
pretransplant red blood cell (RBC) transfusions, HCT-CI, performance status (PS) and low
neutrophils were independently associated with elevated pretransplant hepcidin (R* = 0.44,
p<0.0001). Pre-transplant SF levels were positively associated with pre-transplant hepcidin,
transferrin saturation, alanine aminotransferase, creatinine, pretransplant RBC and platelet
transfusions, PS, negatively correlated with Hb levels and influenced by diagnostic type (R?>=0.67,
p<0.0001). OS and PFS were significantly lower in the highest hepcidin (p<0.0001 & p=0.0006)
and SF (p<0.0001 & p=0.0003) groups compared to groups with lower values. The predictive
power of SF surpassed that of hepcidin on survival outcomes in UV analysis. In MV analysis,
pretransplant SF was significantly correlated with decreased survival, but hepcidin was not.
Elevated pretransplant SF was also associated with an increased risk of post-transplant infections
in UV but not in MV analysis, yielding to transferrin saturation (Tsat), while hepcidin did not have
a significant effect on infections. SF, but not hepcidin, correlated with slower engraftment in UV
but not in MV analysis. No significant association was observed between the 2 parameters and
GVHD.

Discussion: The significance of pretransplant hepcidin and SF levels is complex. Pretransplant SF
and hepcidin levels not only serve as markers of iron overload due to prior transfusions but also
depend on other factors reflecting patient comorbidities (inflammation, renal insufficiency,
hepatic cytolysis, anemia, and overall comorbidities) and the underlying hematologic disease.
Elevated pretransplant SF levels are associated with adverse outcomes, including reduced OS, PFS
and NRM and an increased risk of infections and poor engraftment. However, it largely loses its
predictive power in multivariate analysis.

Conclusion: Elevated pretransplant SF levels are more strongly associated with adverse post-
transplant outcomes than increased hepcidin. This study highlights the complexity of iron
metabolism and its impact on outcomes after allo-HSCT, underscoring the need to consider
multiple biological and clinical variables in transplantation prognosis.
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2.1 Introduction

Allo-HSCT is an important treatment modality for various malignant and nonmalignant diseases.
Nevertheless, transplantation-related morbidity and mortality is considerable, the most frequent
being infections, conditioning regimen-related toxicities and GVHD (1). This mortality is
influenced by several factors, including patient age and comorbidities, initial diagnosis and
disease status, donor type and transplant modalities (2). More effective approaches for prevention
of GVHD (3, 4), fungal infection, and CMV disease (5) have been introduced to prevent and reduce
this mortality (6). Several scoring systems, such as the HCT-CI score (7), have been introduced to
estimate the risk of transplant-related mortality. In recent years, pretransplant or posttransplant
serum ferritin (SF) (8, 9), thought to be a reliable marker of iron overload (I0), has been
recognized as another marker of poor outcome after transplantation.

SF levels are frequently elevated in transplant candidates, usually peak in the first few months
after transplantation and decrease only very slowly after the transplant (10). This SF peak has
been reported previously (11, 12) and we also observed, in our previous study of 70 patients
undergoing allo-HSCT, a strong surge of SF values that culminated on day 42 (13). The most
common cause for iron overload (I0) during allo-HSCT is the transfusion of numerous RBC units
administered before and after transplantation and IO may already be seen after transfusion of
only 10-20 units (14). Then, suppression of erythropoiesis after conditioning also contributes to
this 10, resulting in decreased marrow demand for iron, saturation of transferrin by non-
utilization of SeFe, and further iron deposition in tissues (15). Finally, the cytotoxic action of the
conditioning chemotherapy may lead to iron release from dying RBC (16).

Many studies have reported that pretransplant SF predicts for poor outcomes of patients after
allo-HSCT (17-27). Indeed, several studies demonstrated that elevated pretransplant SF was
associated with inferior OS (17, 19-23, 27-36) and PFS (17, 24, 31, 36-39), as well as a higher risk
of NRM (20, 24, 27, 28, 31, 36, 40-42), VOD (22, 23, 43) and infectious events (18, 20, 21, 25).
Surprisingly, some studies showed that there was an inverse relationship between raised
pretransplant SF and cGVHD but no effect on the incidence of aGVHD (31, 42).

High posttransplant SF could also have a negative prognostic impact (9, 41). Indeed, shortly after
allo-HSCT, SF levels are considerably elevated (11, 12). Likewise, after conditioning, Tsat is very
high and only corrects itself with recovery of erythropoiesis (44). In this early phase, the pro-
oxidant properties of elevated levels of NTBI may exacerbate the toxic effects of the conditioning
regimen (45) as well as short and long-term complications, including infections (both fungal and
bacterial), VOD and GVHD (46).

However, four studies investigated associations between more specific quantitative markers of
10, such as the liver iron concentration (LIC) measured by MRI and outcomes (47). Among them,

two prospective studies by Armand et al. and Trottier et al. found that LIC was not significantly
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associated with OS, relapse, NRM, infections, VOD or GVHD (32, 33). These contrasting results
indicate that high pretransplant SF might not be such an accurate marker of 10 before allo-HSCT.
Indeed, SF does not only correlate with 10, but other factors, such as inflammation, infections,
hepatic cytolysis, and renal failure, contribute to increasing its serum levels (48). This suggests
that high SF during allo-HSCT is not only related to iron stores but also to several other factors.
However, the multifaceted significance of SF and its multiple associations with outcomes have
never been addressed comprehensively in the context of allo-HSCT.

Hepcidin, a peptide produced by hepatocytes, is the key regulator of systemic iron balance (49).
Hepcidin synthesis is increased by 10 and inflammation and decreased in case of iron deficiency,
anemia, stimulated erythropoiesis or hypoxia, leading to reduced versus enhanced iron
availability for erythropoiesis, respectively (48, 49). Iron regulates hepcidin production through
BMP-6 that activates the BMP-SMAD pathway (49, 50). Inflammation-based regulation is mainly
dependent on inflammatory cytokines such as IL-6 (49) but the BMP-SMAD pathway is also
involved (51, 52). ERFE, which is released by erythroblasts through STAT-5 activation upon
erythropoietin stimulation, is the erythroid regulator of iron metabolism, inhibiting hepcidin
production (53, 54).

We previously demonstrated significant changes of serum hepcidin levels from pretransplant
through day 180 in patients with hematological malignancies after autologous and allogeneic
HSCT (13, 55). Our data indicated that hepcidin levels before allo-HSCT were higher than hepcidin
levels before auto-HSCT or in normal subjects. Levels then increased significantly over baseline
and peaked on day 7, paralleling the kinetics of SF and Tsat and inversely following those of ERFE
and sTfR, a quantitative marker of erythropoiesis. This increase could be explained by hepcidin
upregulation from inflammation and 10 (49) and by downregulation of ERFE production following
post-conditioning myelosuppression (56). Moreover, we showed that pretransplant hepcidin was
strongly associated with the number of previous RBC transfusions as well as with SF values.
Nevertheless, after conditioning, the major determinants of hepcidin production were iron stores
and erythropoietic activity, supporting the experimental evidence that suppression of hepcidin
during anemia requires erythropoietic activity (55, 57). However, contrarily to other situations,
the stimulating effect of 10 during allo-HSCT appeared to dominate the inhibitory effect of
erythropoietic activity on hepcidin production (13).

Only four studies have explored the effect of pretransplant hepcidin on allo-HSCT outcomes (58-
61). Among them, Sakamoto et al (61) were the only ones to report that elevated pretransplant
hepcidin levels were associated with poor OS at 3 years, a high incidence of infectious events and
decreased platelet engraftment, but not with NRM or disease relapse. However, to our knowledge,

no study analyzed the impact of pretransplant serum hepcidin and SF on allo-HSCT outcomes
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considering iron parameters, other biological markers, and multiple clinical characteristics in a
large cohort of patients.

In this study, we examined the association of an array of biological (including pretransplant SF
and hepcidin levels) and clinical factors with OS, PFS, engraftment, toxicities, infections, and acute
or chronic GVHD in a large cohort of 502 patients with atleast 5 years of follow-up after allo-HSCT.
First, we aimed at determining the influence of pretransplant SF and pretransplant hepcidin levels
on early and long-term outcomes after allogeneic HCT. Secondly, we examined whether high

pretransplant SF is an independent prognostic marker after allogeneic HCT.

2.2 Patients and methods

2.2.1 Study population

We collected, in a prospective database of transplant patients, biological parameters,
pretransplant clinical data and posttransplant clinical outcomes in 502 patients who underwent
allogeneic HSCT at the CHU of Lieége between 1999 and 2012. Serum samples were also collected
and stored prospectively in our biobank before conditioning, weekly thereafter through day 100,
and at subsequent visits during follow-up. Patients (or their guardian if of minor age) signed an
Ethics Committee-approved informed consent form for the collection of clinical data as well as
blood samples for research purposes. Pretransplant patient characteristics are described in Table
1. The conditioning regimens were classified as myeloablative (MA) and non-myeloablative
(NMA) according to Bacigalupo et al (62). The patients were divided into groups depending on
their pretransplant levels of serum hepcidin (4 subgroups) or SF (4 subgroups). The cutoff points
for the hepcidin and SF levels were set at their quartile values (Q). Of the 502 patients, all patients

had an available pretransplant level hepcidin and 403 (80%) had an available pretransplant SF.

2.2.2 Laboratory measurements

Laboratory data were routinely monitored on fresh blood from the days prior to the
administration of the conditioning regimen (pre-conditioning or pretransplant refers to such
measurements obtained around day -10 before transplantation) until last follow-up
posttransplant. Complete blood counts (Hb, neutrophils, lymphocytes, platelets, CRP, creatinine,
liver function tests (total bilirubin and alanine amino transferase (ALAT)), albumin and uric acid,
parameters of iron metabolism (SeFe, Tsat and SF) were measured using standard laboratory
techniques. The SF peak was defined as the highest value between day 0 and day 100
posttransplant. Serum hepcidin-25 was quantified on biobanked serum samples collected before
conditioning, by a liquid chromatography coupled to triple quadrupole mass spectrometry

method validated, among others, by the MS-8 lab of our institution (63).



Table 1: Pretransplant patient clinical characteristics (N=502)
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Age (years) M £ SD

48 +17

Sex Male 313 (62%)
Female 189 (38%)
Performance status (PS) 0 90 (18%)
1 325 (65%)
2 87 (17%)
Time between diagnostic and transplantation (days) M + SD 812+ 1160
Disease Acute leukemia 185 (37%)
MDS 67 (13%)
MPN 36 (7%)
Lymphoid malignancy 184 (37%)
Other 30 (6%)
Disease Risk Index (DRI) [47] Low 91 (18%)
Intermediate 226 (45%)
High 153 (30%)
Very high 23 (5%)
Not applicable 9 (2%)
Number of treatment lines 0 52 (10%)
1 170 (34%)
2or3 183 (36%)
24 97 (20%)
Number of pretransplant RBC transfusions M + SD 19 + 22
Number of pretransplant platelet transfusions M * SD 16 + 20

Unrelated HLA-mismatched

Comorbidity score (HCT-CI) [7] 0 243 (48%)
1-2 142 (29%)
>3 117 (23%)
Transplant number First transplant 344 (69%)
2nd or 3rd transplant 158 (31%)
Conditioning Myeloablative 195 (39%)
Non myeloablative 307 (61%)
ATG No 403 (80%)
Yes 99 (20%)
GVHD prophylaxis CNI + MMF 302 (60%)
CNI + MTX 83 (17%)
CNI + other 117 (23%)
Source of stem cells Peripheral blood 459 (91%)
Bone marrow 22 (4%)
Cord blood 21 (4%)
CD34+ cell dose (10°/Kg) M + SD 5.37 +4.16
Graft manipulations 160 (32%)
Donor age (years) M + SD 37 +15
Donor relationship and HLA Related 10/10 174 (35%)
Related HLA-mismatched 28 (5%)
Unrelated 10/10 174 (35%)

126 (25%)

ABO compatibility

Identical
Major mismatch

278 (56%)
102 (20%)

Minor mismatch 98 (20%)
Major + minor mismatch 23 (4%)
unknown 1 (0.2%)

Donor sex match

F donor > M recipient
Other

120 (24%)
382 (76%)

Recipient/donor CMV status

Recipient - /donor -

Recipient + /donor -
Recipient - /donor +
Recipient + /donor +

142 (28%)
160 (32%)
55 (11%)
145 (29%)

ATG: anti-thymocyte globulin; CMV: cytomegalovirus; CNI: calcineurin inhibitor; F: female; GVHD: graft-
versus-host disease; M: mean; M recipient: male recipient; MDS: myelodysplastic syndrome; MMF:
mycophenolate mofetil; MPN: myeloproliferative neoplasm; MTX: methotrexate; PBSC: peripheral blood
stem cells; RBC: red blood cells; SD: standard deviation.
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2.2.3 Posttransplant outcomes

Posttransplant outcomes are listed in Table 2.

Table 2: Posttransplant clinical outcomes in all patients (N=502)

Conditioning-induced toxicities (N; %)

Cardiac
Pulmonary
Renal

Urinary
Neurological
Cutaneous
Mucosal
Gastro-intestinal
Hepatic

VOD

32 (6%)
27 (5%)
37 (7%)
13 (3%)
9 (2%)
27 (5%)
168 (33%)
119 (24%)
94 (19%)
22 (4%)

Engraftment: median time (days) to (N; %) *

Neutrophils = 1 10°/L
Platelets = 50 10°/L
Reticulocytes =1 %
Hemoglobin = 10 g/dL

13 (434; 95%)
19 (307; 80%)
16 (419; 93%)
73 (309; 89%)

Number of posttransplant RBC transfusions: M + SD

19 +£23

Number of posttransplant platelet transfusions: M + SD

19 +28

Transfusion independence: median time (days) to (N; %) ** RBC 38 (266; 58%)
Platelets 15 (250; 61%)
Grade II-IV acute GVHD: median time (days) to (N; %) NR (163; 32%)
Chronic GVHD: median time (months) to (N; %) 11.2 (187; 37%)
Chronic GVHD: NIH score (N; %) 0 315 (63%)
Mild 41 (8%)
Moderate 65 (13%)
Severe 81 (16%)

Antibiotic prophylaxis (N; %)

142 (28%)

Mycotic prophylaxis (N; %)

500 (99%)

First infection: median time (days) to (N; %) ***

24 (415; 89%)

CMV infection: median time (days) to

Reactivation (N; %)
Clinical infection (N; %)

33
171 (34%)
52 (10%)

Zoster infection: median time (days) to (N; %)

NR (60; 12%)

Interstitial pneumonia: median time (days) to (N; %) ****

NR (73; 15%)

Second cancer: median time (months) to (N; %)

NR (42; 8%)

Overall survival: median duration (months) (N; %)

25 (221; 44%)

Progression-free survival: median duration (months) (N; %)

12 (184; 37%)

Non-relapse mortality: median time (months) to (N; %)

NR (141; 28%)

Relapse: median time (months) to (N; %)

NR (146; 29%)

CMV: cytomegalovirus; GVHD: graft-versus-host disease; M: mean; NR: not reached; N: number; RBC: red blood cells;
SD: standard deviation; VOD: veno-occlusive disease.

% Represents the absolute % of all patients, not as a survival function

* Patients never decreasing below these thresholds were excluded from this analysis
ok Patients never transfused were excluded from this analysis

ok Patients already infected by day 0 were excluded from this analysis

oKk Patients who already had an interstitial pneumonia by day 0 were excluded from this analysis
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Conditioning-induced toxicities were graded as previously published (64) and VOD was
determined based on the EBMT 2016 diagnostic criteria (65). We also collected data on OS, PFS,
NRM, infections, acute and chronic GVHD, as well as the recovery of neutrophils (0.5, 1 or 2 x
109/L), reticulocytes (20.5, 1 or2%), hemoglobin (=9 or 10 g/dL or normal (defined as 12 g/dL
for women and 13,5 g/dL for men, 10.5 g/dL for children 1-2 years and 11.5 g/dL for children 2-
12 years of age)), and platelets (=25, 50, 100 or 150 x 109/L) without transfusion support. The
number of posttransplant RBC units transfused was calculated between day 0 and day 180, and
the number of platelet transfusions between day 0 and day 100. We also calculated time to RBC
and platelet transfusion independence (and the number of pre and posttransplant transfusions),
time to develop a first infectious episode, a CMV infection (reactivation or disease), acute and
chronic GVHD, or a second cancer. We graded acute GVHD from I to IV according to the consensus
published by Harris et al in 2016 (66). Chronic GVHD was diagnosed and graded according to the
National Institutes of Health Consensus criteria (67). The competing events in analyses of

cumulative incidence were defined as death or second allo-HSCT.

2.2.4 Statistical analyses

Results were expressed as mean + SD unless otherwise stated. Before statistical analyses, some
parameters were log-transformed or square root-transformed to normalize their distribution
(logarithm for SeFe, Tsat, SF, CRP, creatinine, total bilirubin, ALAT, hepcidin and SF peak; square
root for neutrophils, lymphocytes, monocytes, and platelets).

Pretransplant patient characteristics were compared between subgroups (pretransplant hepcidin
or SF quartiles (Q)) using the Chi-square test for qualitative variables and Kruskal-Wallis test for
quantitative variables.

Univariate and multivariate linear regression models were used to explain hepcidin and SF levels
pretransplant and at each time point with respect to covariates. In multivariate analyses, we
report R? to provide a global appreciation of the accuracy of the model, as well as B-coefficients
(and standard error (SE)) for significant individual parameters.

Survival (OS and PFS), relapse, engraftment (hemoglobin, reticulocytes, neutrophils, platelets, and
transfusion independence), as well as GVHD and infection incidences were estimated using the
Kaplan-Meier method. We also compared these outcomes with the log-rank test between groups
stratified according to Q of pretransplant serum hepcidin or SF. The Harrel’s C statistics
(concordance index) was utilized to assess which parameter, among hepcidin and SF, exhibited
best goodness of fit for these outcomes. Chi-square tests were used to investigate the difference
in frequency of conditioning-related toxicities between the same subgroups. Cumulative
incidence of NRM was estimated by standard methods, with relapse and progression treated as

competing risks. Groups were compared by the Gray test.
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We then investigated biological and clinical parameters associated with these outcomes. All
biological values measured before conditioning and on the day of transplantation and all clinical
characteristics listed in Table 1 were considered confounders and were tested as covariates in
univariate analyses. All pre-conditioning biological and all clinical variables with a p-value < 0.15
in univariate analysis were included in multivariate analyses using the stepwise method.

Factors influencing conditioning-related toxicities (considered as binary variables) were analyzed
using logistic regression and odds ratios (OR) were reported, whereas a Cox proportional-hazard
model (HR) was applied to assess factors that potentially influenced survival outcome (OS, PFS
and NRM), engraftment, GVHD and infectious complications and hazard ratios (HR) were
reported. Linear regression models including pretransplant biological values and clinical
parameters were performed to explain the numbers of pretransplant and posttransplant RBC and
platelet transfusions (-coefficients and SE for significant individual parameters are mentioned).
Statistical analyses were performed in SAS version 9.4 (SAS Institute, Cary, NC, USA) and graphs
were done using R version 3.6.1. or GraphPad Prism version 9 (GraphPad Software, San Diego,

CA). P-values < 0.05 were considered as statistically significant.

2.3 Results

2.3.1 Significance of pre-conditioning serum ferritin and hepcidin values

Pretransplant clinical characteristics of the 502 patients are described in Table 1. Mean age was
48 years (range 2-74 years). Our cohort also included a small pediatric population, consisting of
33 patients. The median pre-conditioning serum hepcidin level was 25.13 ng/mL (range 0.4-
345.1) and the median SF level was 1,083 ng/mL (range 6-21,466). The two values were highly
correlated with each other (r=0.61, p<0.0001; Figure 1).

SF on day 0 remained strongly correlated with pretransplant SF (r=0.91, p<0.0001). The median
SF peak was 3,419 ng/ml (range 76-168,306) in the first 100 days after transplantation, which
was reached after a median of 42 days. This peak correlated significantly with pretransplant

hepcidin (r=0.36, p<0.0001) or SF (r=0.65, p<0.0001).
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Figure 1: Correlations between same day pre-conditioning serum hepcidin and pretransplant
serum ferritin in the whole group of patients (n=401; r=0.61, p<0.0001)

Patients were divided into four quartiles according to pre-conditioning serum hepcidin levels, i.e.
the Q1-hepcidin group (< 12.36 ng/mL; n=126), Q2-hepcidin group (> 12.37 and < 25.13 ng/mL;
n=125), Q3-hepcidin group (> 25.13 and < 46.36 ng/mL; n=126) and the Q4-hepcidin group (>
46.36 ng/mL; n=125).PS (p<0.0001), HCT-CI score (p=0.009), number of previous treatment lines
(p=0.04), as well as numbers of pretransplant RBC (p<0.0001) and platelet (p<0.0001)
transfusions were significantly higher in the Q4-hepcidin group compared to the others. There
were also more acute leukemias (AL) (52% vs 21%, p<0.0001), NMA conditionings (62% vs 32%,
p=0.03), as well as more HLA-mismatched unrelated (33% vs 24%; p=0.01), but fewer HLA-
identical sibling donors, in the Q4-hepcidin compared to the Q1-hepcidin group. There was no
significant difference for the other characteristics between the groups based on hepcidin
quartiles.

Patients were also divided into four quartiles according to pre-conditioning SF levels, i.e. the Q1-
SF group (SF <390 ng/ml; n=101), the Q2-SF group (SF > 390 and < 1083 ng/ml; n=101), the Q3-
SF group (SF > 1083 and < 1933 ng/ml; n=101) and the Q4-SF group (SF > 1933 ng/ml; n=100).
The same differences were observed between SF quartiles, except for the HCT-CI score and donor
relationships for which no significant difference was observed. In addition, there were more high-
risk and fewer low-risk DRI (68) in the Q4-SF quartile compared to the others (p=0.02). There
was also a larger use of MMF and a lower use of MTX for GVHD prophylaxis (p=0.002) in the Q1-
SF than in the other quartiles. Finally, time between diagnostic and transplantation was

significantly higher in the Q1-SF compared to other groups (p=0.0002). Of note, among patients
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in the Q1-, Q2-, Q3- and Q4-SF quartiles, 60%, 37%, 35% and 53% were in the respective same
quartile for hepcidin.

Pretransplant biological characteristics of the 502 patients divided in groups based on hepcidin
and SF quartiles are described in Table 3. As expected, pre-conditioning iron status (SF, SeFe and
Tsat) was significantly higher in patients with high (Q3 and Q4) than those with low (Q1 and Q2)
pre-conditioning hepcidin levels (P<0.0001). Patients in the high hepcidin or SF groups (Q3-Q4)
had significantly lower Hb, neutrophils, lymphocytes, platelets and serum albumin, and higher
CRP and ALAT levels than those in the low hepcidin or SF groups (Q1-Q2), respectively. No
differences were observed for total bilirubin, creatinine, or uric acid values.

Multivariate analyses of clinical and biological parameters associated with pre-conditioning
serum hepcidin and SF values, as well as the determinants of the SF peak are displayed in Table
4. RBC transfusions, CRP, HCT-CI score, PS and low neutrophil count were found to be
independently associated with elevated pretransplant serum hepcidin levels (Table 4.a). Pre-
conditioning SF levels were positively associated with Tsat, ALAT, creatinine, PS score,
pretransplant RBC and platelet transfusions, and negatively with Hb, lymphocytes and a diagnosis
of MPN or lymphoid malignancy instead of AL (Table 4.b). Pre-conditioning hepcidin, peaks of
Tsat, CRP, ALAT and creatinine, as well as pretransplant RBC transfusions and HLA-mismatched
unrelated donors were positively associated with high SF peaks, whereas nadirs of platelets,
neutrophils and albumin, as well as 2nd or 3rd transplants and minor + major ABO mismatches
where negatively correlated with the SF peak (Table 4.c).

As bilirubin was found associated with survival outcomes (see below), we also examined the
significance of pretransplant bilirubin levels. Mean pretransplant bilirubin was normal (Table 3)
and only 4% of patients had a pretransplant bilirubin value above normal. In multivariate
analyses, pretransplant total bilirubin was positively associated with serum iron, ALAT, as well as
a diagnosis of myeloproliferative neoplasm or non-malignant hematological disorders compared

to AL (data not shown).
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Table 3: Pretransplant biological characteristics and ferritin peak (** between days 0 and
100) of patients divided according to quartiles of pretransplant hepcidin or ferritin.

A: Quartiles of pretransplant hepcidin: 1st quartile (Q1): £ 12.37 ng/ml; 2nd quartile (Q2): > 12.37 and
< 25.13 ng/ml; 3rd quartile (Q3): > 25.13 and < 46.36 ng/ml; and 4t quartile (Q4): > 46.36 ng/ml.
*Hepcidin normal range: 1.35-42.39 ng/m

Whole cohort

Values in quartiles of hepcidin (MxSD)

Biological variables (MSD) o1 0z Q3 Qs P-value
Hepcidin (ng/mL) 36.17 + 38.22 6.14 +3.42 18.4 + 3.45 35.60+6.12 84.68 +47.29 -
Serum iron (umol/L) 21.5+11.7 17.3+10.4 221+124 23.7+115 23.1+11.5 | <0.0001
Tsat (%) 53+29 40 £ 27 56 +28 56 +29 62 %29 <0.0001
Ferritin (ng/mL) 1,622 + 2,344 588 + 881 1,282 £ 1,293 1,727 £2,012 | 3,160 £ 3,554 | <0.0001
Hemoglobin (g/dL) 10.5 + 2.0 113+1.8 10.8+19 10.3+1.9 9.4+18 <0.0001
Ferritin peak (ng/mL)** | 5,710+ 10,935 | 3,304 + 3,350 | 4,493 +4,570 | 7,114+ 18,270 | 8,225+ 9,860 0.002
Neutrophils (109/L) 293 £4.38 399778 2.86 £ 2.24 2.54 £ 2.06 2.31+2.34 0.0002
Lymphocytes (109/L) 1.10 £ 1.33 130+ 1.66 1.03+£0.72 1.14 £1.63 0.94 £1.05 0.02
Platelets (10°/L) 144+ 105 166 + 91 156 + 102 137+ 114 118+104 | <0.0001
CRP (mg/L) 18+35 9+15 9.8+ 14 10.4+17.2 42.4+582 | <0.0001
Total bilirubin (mg/dL) 0.57 £ 0.60 0.56 +0.59 0.52+0.31 0.55+0.32 0.65 +0.93 0.41
ALAT (U/L) 34+41 2622 37 £48 31+33 41 +52 0.02
Albumin (g/L) 383+49 3948 384 4.1 39+4.6 36.7+5.6 0.001
Creatinine (mg/dL) 0.89 £0.38 0.86+0.3 0.88+0.3 0.88 +0.33 0.95+0.53 0.87
Uric acid (mg/dL) 47+18 47+15 48+18 47+18 435+19 0.18

B: Quartiles of pretransplant ferritin: 1st quartile (Q1): < 390 ng/ml; 2nd quartile (Q2): > 390 and <

1,083 ng/ml; 3rd quartile (Q3): > 1,083 and < 1,933 ng/ml; and 4t quartile (Q4): > 1,933 ng/ml.

Whole cohort

Values in quartiles of ferritin (M+SD)

Biological variables P-value
8 (M£SD) o @ B m
Hepcidin (ng/mL) 36.17 +38.22 13.77 £12.45 | 24.13+£20.76 | 41.51+27.26 | 64.70 £ 58.82 | <0.0001
Serum iron (umol/L) 21.5+11.7 15.0+8.3 20.8+10.3 25.1+125 234+11.2 | <0.0001
Tsat (%) 53+29 29+18 51+26 62 +28 73+ 25 <0.0001
Ferritin (ng/mL) 1,622 £ 2.344 163 +110 770 207 1,486 £ 279 | 4,254 + 3,500 -
Ferritin peak (ng/mL)** | 5,730 £ 10,935 | 2,188+ 2,925 | 4,146 +4,388 | 7,486 + 17,26 | 9,260 + 8,904 | <0.0001
Hemoglobin (g/dL) 10.5+2.0 119+ 1.7 10.8+1.9 10.2+1.7 9.0+ 1.6 <0.0001
Neutrophils (109/L] 293+4.38 4.06+7.08 2.68+1.97 246 +1.82 210+ 244 0.0001
Lymphocytes (10°/L) 1.10 + 1.33 138+1.76 | 120169 | 093+1.03 | 092+0.80 | <0.0001
Platelets (109/L) 144 + 105 187 + 94 143 +92 128+ 78 106 £118 <0.0001
CRP (mg/L) 1835 9+10 10+21 14 +23 38+ 58 <0.0001
Total bilirubin (mg/dL) 0.57 +£0.60 0.56 £ 0.61 0.54 £ 0.39 0.55+0.28 0.72+1.01 0.09
ALAT (U/L) 34+41 23+£25 2719 41+63 52 +48 <0.0001
Albumin (g/L) 383+4.9 39.8+4 38.5+4.2 38.6+4.5 36.6+53 | <0.0001
Creatinine (mg/dL) 0.89 +0.38 0.87 +£0.31 0.87 £0.32 0.86 +0.37 0.99 £0.50 0.15
Uric acid (mg/dL) 47+18 48+16 46+17 46+19 46+21 0.85

ALAT: alanine aminotransferase; CRP: C reactive protein; Tsat: transferrin saturation.
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Table 4: Multiple linear regression of parameters (that had a p-value<0.15 in univariate
analyses) influencing pretransplant serum hepcidin (R2=0.44, p<0.0001) and ferritin
(R2=0.67, p<0.0001), as well as posttransplant ferritin peak (R?=0.72, p<0.0001). Other
parameters were included into the model but were found not significant in multivariate
analyses:

For pretransplant hepcidin (4.a): diagnosis, DRI score, pretransplant platelet transfusions,
serum iron, hemoglobin, platelets, lymphocytes, total bilirubin, ALAT, creatinine, and uric acid.
For pretransplant ferritin (4.b): age, sex, BMI, number of previous treatment lines, transplant
number, DRI score, HTC-CI score, serum iron, platelets, neutrophils, CRP, total bilirubin, and uric
acid.

For ferritin peak (4.c): age, BMI, performance status, HCT-CI, DRI score, diagnosis, delay
between diagnosis and transplant, number of treatment lines, pretransplant platelet transfusions,
conditioning, use of ATG, donor age, graft manipulations, GVHD prophylaxis, antibiotic
prophylaxis, CMV status, CD34+ cell dose; serum iron peak, hemoglobin nadir, lymphocyte nadir,
peak of total bilirubin and nadir of uric acid before day 100.

4.a Multivariate analysis of pretransplant serum hepcidin | B-coefficient SE P-value
Pretransplant serum CRP (mg/L) 0.13 0.04 0.0003
Pretransplant neutrophils (10°/L) -0.14 0.06 0.01
Pretransplant RBC transfusions (N) 0.18 0.02 <0.0001
Comorbidity score (HCT-CI) 0.09 0.03 0.0008
PS score 0.24 0.08 0.02
4.b Multivariate analysis of pretransplant serum ferritin B-coefficient SE P-value
Pretransplant transferrin saturation (%) 0.47 0.08 <0.0001
Pretransplant hemoglobin (g/dL) -1.25 0.28 <0.0001
Pretransplant ALAT (U/L) 0.23 0.06 0.0003
Pretransplant creatinine (mg/dL) 0.37 0.11 0.0006
Pretransplant lymphocytes (10°/L) -0.20 0.09 0.02
Pretransplant RBC transfusions (N) 0.16 0.03 <0.0001
Pretransplant platelet transfusions (N) 0.06 0.03 0.046
Myeloproliferative neoplasm (vs acute leukemia) -0.75 0.17 <0.0001
Lymphoid malignancy (vs acute leukemia) -0.44 0.11 <0.0001
PS score 0.23 0.08 0.006
4.c Multivariate analysis of posttransplant ferritin peak B-coefficient SE P-value
Pretransplant serum hepcidin (ng/mL) 0.15 0.04 <0.0001
Transferrin saturation peak (%) before day 100 0.59 0.12 <0.0001
Platelet nadir (10°/L) before day 100 -0.04 0.02 0.007
Neutrophil nadir (10°/L) before day 100 -0.29 0.09 0.003
CRP peak (mg/L) before day 100 0.13 0.04 0.0005
ALAT peak (U/L) before day 100 0.19 0.04 <0.0001
Creatinine peak (mg/dL) before day 100 0.16 0.08 0.04
Serum albumin nadir (g/L) before day 100 -0.04 0.01 <0.0001
Pretransplant RBC transfusions (N) 0.08 0.02 <0.0001
HLA-mismatched unrelated vs HLA identical sibling donor 0.22 0.07 0.002
ABO compatibility (minor + major mismatch vs identical) -0.46 0.15 0.003
2nd or 3rd transplant (vs first transplant) -0.19 0.07 0.01

ALAT: alanine aminotransferase; ATG: anti-thymocyte globulin, BMI: body mass index; CMV: cytomegalovirus;
CRP: Creactive protein; DRI: disease risk index; GVHD: graft-versus-host disease; HCT-CI: comorbidity score; HLA:
human leucocyte antigen; PS: performance status; RBC: red blood cells; SE: standard error.
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2.3.2 Pre-conditioning serum ferritin and hepcidin as predictors of posttransplant outcomes

Overall posttransplant patient outcomes are shown in Table 2. The minimum follow-up duration
for living patients was set at 5 years, with a median follow-up time of 9.3 years (range 5-15.8

years).

Overall survival (0S), progression-free survival (PFS), relapse and non-relapse mortality (NRM)

O0S was 81% at 100 days, 60% at 1 year and 32% at 10 years (median 25.1 months; Figure 2A).
The main causes of death within the first 100 days were relapse (n=28, 29% of deaths), bacterial
infections (n=14, 14% of deaths) and organ failure (n=10, 10% of deaths). Between days 100 and
365, relapse (n=47, 56% of deaths) was the leading causes of death, while after day 365, relapse
(n=31, 45% of deaths) and chronic GVHD (n=12, 17% of deaths) were the most prevalent.
Patients in the Q4-hepcidin group had a significantly lower OS than those in the other groups
(p<0.0001; Figure 2B). Likewise, OS was significantly lower in the Q4-SF group, but also in the
Q3-SF group, compared to the others (p<0.0001; Figure 2C). PFS was 75% at 100 days, 50% at 1
year and 26% at 10 years (median 12.1 months; Figure 2D). Patients in the Q4-hepcidin group
(P=0.0006; Figure 2E) as well as those in the Q4-SF group (p=0.0003; Figure 2F) had inferior PFS
compared to patients with lower hepcidin or SF values.

In univariate Cox proportional-hazard models, high pre-conditioning serum hepcidin or high pre-
conditioning SF were associated with decreased OS at day 100 (HR 1.49 and 1.54, p=0.0003 and
p<0.0001, respectively), 1 year (HR 1.30 and 1.43, p=0.0006 and p<0.0001, respectively) and 10
years (HR 1.24 and 1.25, p=0.0005 and p<0.0001, respectively). In bivariate analyses with
stepwise selection, pre-conditioning SF was a better predictor than pre-conditioning hepcidin for
0S at day 100 (HR 1.54, p<0.0001 and Harrell’'s C=0.64), 1 year (HR 2.13, p<0.0001 and Harrell’s
C=0.61) or 10 years (HR 1.25, p<0.0001 and Harrell’s C=0.61) after transplantation.

In multivariate analyses, pre-conditioning serum hepcidin levels were no longer significantly
associated with OS at day 100, 1 year and 10 years, while pretransplant SF was significantly
correlated with poor long-term OS (Table 5). Other determinants of 100-day OS (Table 5.a) were
pretransplant total bilirubin, donor type, source of stem cells and fungal prophylaxis. SF on day 0
would also be a significant risk factor of poor OS if we included it in the model (HR 1.65, p=0.0009;
data not shown). High pretransplant total bilirubin, PS score, donor type, fungal prophylaxis and
type of conditioning were significant risk factors for death at 1 year (Table 5.b). CRP on day 0
would also be linked to worse OS if we included it into the model (HR 1.36, p<0.0001; data not
shown). High pretransplant SF and total bilirubin, DRI score, PS score and age were determinants
of worse long-term OS (Table 5.c). SF on day 0 would also be a risk factor of poor OS if we included

it in the model (HR 1.46, p<0.0001; data not shown).
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Figure 2: Survival outcome after allogeneic HSCT: Long-term overall survival (4, B, C) and long-term
PFS (D, E, F) in all patients (A, D) as well as in patients stratified by pretransplant serum hepcidin
quartiles (B and E) or pretransplant serum ferritin quartiles (C and F).
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Table 5: Cox proportional-hazard model of parameters (that had a p-value <0.15 in
univariate analyses) impacting OS at 100 days (5.a), 1 year (5.b) and 10 years (5.c) after
HCT. Other parameters were included into the model but were found not significant in
multivariate analyses:

For 100-day OS (5.a): age, BMI, PS, DRI score, number of treatment lines, conditioning, graft
manipulations, GVHD prophylaxis; pretransplant RBC and platelet transfusions, hepcidin
(p=0.0003), ferritin (p<0.0001), Tsat, CRP, creatinine, Hb, platelets, neutrophils, and lymphocytes.
For 1-year OS (5.b): DRI score, diagnosis, number of treatment lines, source of stem cells, graft
manipulations, GVHD prophylaxis; pretransplant RBC and platelet transfusions, hepcidin
(p=0.0006), ferritin (p<0.0001), serum iron, CRP, creatinine, Hb, platelets, and lymphocytes.

For 10-year OS (5.c): number of treatment lines, HCT-CI score, donor type, CMV status, mycotic
prophylaxis; pretransplant RBC and platelet transfusions, hepcidin (p=0.0005), CRP, creatinine,
Hb, and platelets.

5.a Multivariate analysis of 100-day overall survival

Significant parameters P value HR 95% CI

Pretransplant total bilirubin 0.004 1.97 1.24 3.15
Bone marrow vs peripheral blood (+ bone marrow) 0.0009 4.16 1.79 9.67
HLA-mismatched related vs HLA-identical sibling donor 0.001 4.76 1.89 12.00
Mycotic prophylaxis (other vs fluconazole) 0.01 2.15 1.21 3.84

5.b Multivariate analysis of 1-year overall survival

Significant parameters P value HR 95% CI

Pretransplant total bilirubin 0.0004 1.87 1.32 2.63
PS score <0.0001 1.83 1.36 2.46
HLA-identical unrelated vs HLA-identical sibling donor 0.0001 2.70 1.63 4.49
HLA-mismatched related vs HLA-identical sibling donor 0.001 3.46 1.64 7.30
Mycotic prophylaxis (other vs fluconazole) 0.02 1.58 1.09 2.29
Type of conditioning (MA vs NMA) 0.03 1.55 1.05 2.28

5.c Multivariate analysis of 10-year overall survival

Significant parameters P value HR 95% CI

Pretransplant serum ferritin 0.01 1.17 1.03 1.33
Pretransplant total bilirubin 0.01 1.45 1.09 1.92
DRI score 0.0004 1.43 1.17 1.74
PS score 0.001 1.58 1.20 2.08
Age 0.002 1.02 1.01 1.03

BMI: body mass index; CI: confidence interval, CMV: cytomegalovirus; CRP: C reactive protein; DRI: disease
risk index; HCT-CI: comorbidity score; HR: hazard ratio; GVHD: graft-versus-host disease; HLA: human
leucocyte antigen; PS: performance status; RBC: red blood cells; Tsat: transferrin saturation.
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In univariate Cox-proportional-hazard models, high pre-conditioning serum hepcidin or SF were
associated with reduced PFS onday 100 (HR 1.38 and 1.45, p=0.0008 and p<0.0001, respectively),
1 year (HR 1.16 and 1.26, p=0.03 and p=0.0002, respectively) and 10 years (HR 1.15 and 1.14,
p=0.01 and p=0.009, respectively). On bivariate analyses with stepwise selection, pre-
conditioning SF was again a better predictor of PFS at day 100 (HR 1.45, p<0.0001 and Harrell’s
C=0.63), 1 year (HR 1.26, p=0.0002 and Harrell’'s C=0.60) or 10 years (HR 1.14, p=0.009 and
Harrell’s C=0.58) after transplantation than pre-conditioning hepcidin. Pre-conditioning hepcidin
levels were not found as risk factors in multivariate analyses of PFS (Table 6). However, high pre-
conditioning SF levels were significantly associated with poor PFS at day 100 (Table 6.a) and 1
year (Table 6.b) but not in the long-term (Table 6.c). Other predictors of PFS are listed in Table
6. SF on day 0 would also be a significant risk factor of poor PFS at day 100 and at 1 year if we
included itin the model (HR 1.61 and 1.31, p=0.0002 and p=0.0005, respectively; data not shown);
likewise, CRP at day 0 would also predict poorer long-term PFS if included into the model (HR
1.14, p=0.02; data not shown).

The relapse incidence at 100 days, 1 year, and 10 years was 10%, 30%, and 44%, respectively.
Relapse rates were not different between ferritin or hepcidin quartiles. In univariate Cox analysis,
neither hepcidin nor ferritin was significantly associated with an increased risk of relapse. The
DRI score was the only independent risk factor associated with an increased risk of relapse at 1
year (HR 1.43, p<0.0001). In multivariable analyses, in the long term, the DRI (HR 2.88, p<0.0001),
age (HR1.02, p=0.006), number of treatment lines (HR 1.11, p=0.03), and total bilirubin (HR 1.44,
p=0.046) were significantly associated with more relapses.

However, among the 185 patients with AL (146 acute myeloblastic leukemias and 39 acute
lymphoblastic leukemias), median pretransplant hepcidin was 36 ng/mL (63% in Q3-4 hepcidin
groups) and SF 1548 ng/mL (73% of AL were in the Q3-4 SF groups). Hepcidin levels did not
correlate with relapse. Genetic risk categories were not different between patients below or above
this threshold, with 31% vs 41% with normal cytogentics, and 8% vs 11%, 18% vs 10% and 41%
vs 36%, respectively with favorable, intermediate or unfavorable cytogenetics. We observed a
higher rate of relapse among AL patients with pretransplant SF above compared to those below
the median (30% vs 18%, respectively, p=0.005). In this cohort of AL patients, pretransplant SF
was significantly associated with relapse in univariate analysis (HR 1.63, p=0.03). However, in
multivariate analyses, the only predictive factor for relapse was the DRI score.

NRM was 14% at 100 days, 22% at 1 year and 34% at 10 years. Patients in the Q4-hepcidin group
(p=0.02) as well as those in the Q3- and Q4-SF groups (p=0.03) had higher NRM compared to
patients with lower pre-conditioning hepcidin or SF. In univariate Cox proportional hazard
models, elevated pre-conditioning serum hepcidin or SF levels were both associated with

increased NRM at day 100 (HR 1.32 and HR 1.47, p=0.048 and p=0.003, respectively), but only
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pre-conditioning SF was associated with high NRM at 1 year (HR 1.34, p=0.005) and 10 years (HR
1.21, p=0.02) following transplantation. However, none of them emerged as a significant risk
factor in multivariate analyses of NRM (Table 7).

We also analyzed survival outcomes across four subgroups based on pretransplant high/low SF
(according to the median of 1083 ng/mL) and high/low Tsat (according to the median of 36%).
The log-rank test on OS (p<0.0009) and PFS (p=0.004), and the Gray test on NRM (p=0.007)
showed significant differences in survival among the subgroups (data not shown). The two
subgroups with high SF values ("Low Tsat-High SF" and "High Tsat-High SF") exhibited the worst

prognosis in terms of OS, PFS, and NRM, but not for relapse.
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Table 6: Cox proportional-hazard model of parameters (that had a p-value <0.15 in
univariate analyses) impacting PFS at 100 days (6.a), 1 year (6.b) and 10 years (6.c) after
HCT. Other parameters were included into the model but were found not significant in
multivariate analyses:

For 100-day PFS (6.a): DRI, conditioning, GVHD prophylaxis; pretransplant RBC and platelet
transfusions, hepcidin (p=0.0008), Tsat, CRP, creatinine, uric acid, Hb, platelets, and neutrophils.
For 1-year PFS (6.b): PS, source of stem cells, conditioning, GVHD prophylaxis; pretransplant
RBC and platelet transfusions, hepcidin (p=0.03), Tsat, CRP, Hb, platelets, and neutrophils.

For 10-year PFS (6.c): HCT-CI, donor type, CMV status; pretransplant RBC and platelet
transfusions, hepcidin (p=0.01), ferritin (p=0.009), CRP, creatinine, and Hb.

6.a Multivariate analysis of 100-day PFS

Significant parameters P value HR 95% CI

Pretransplant serum ferritin 0.04 1.25 1.02 1.53
Pretransplant total bilirubin 0.006 1.71 1.17 2.52
HLA-mismatched related vs HLA-identical sibling donor 0.0007 4.24 1.84 9.76
PS score 0.003 1.89 1.24 2.88
Bone marrow vs peripheral blood (+ bone marrow) 0.003 0.30 0.14 0.67
Number of treatment lines 0.01 1.19 1.04 1.36
Mycotic prophylaxis (other vs fluconazole) 0.03 1.68 1.04 2.71

6.b Multivariate analysis of 1-year PFS

Significant parameters P value HR 95% CI

Pretransplant serum ferritin 0.02 1.19 1.03 1.37
Pretransplant total bilirubin 0.02 1.46 1.06 2.02
Myelodysplastic syndrome (vs acute leukemia) 0.002 2.07 1.31 3.26
DRI score 0.004 1.40 1.11 1.77
Number of treatment lines 0.006 1.19 1.05 1.35
Sex match (other vs F donor to M recipient) 0.007 0.56 0.37 0.85
Mycotic prophylaxis (other vs fluconazole) 0.03 1.43 1.04 1.98

6.c Multivariate analysis of 10-year PFS

Significant parameters P value HR 95% CI

Pretransplant total bilirubin 0.002 1.51 1.16 1.95
DRI score <0.0001 1.55 1.28 1.88
PS score 0.001 1.48 1.17 1.87
Age 0.006 1.01 1.00 1.02
Number of treatment lines 0.04 1.09 1.00 1.17
Mycotic prophylaxis (other vs fluconazole) 0.02 1.37 1.04 1.80

CI: confidence interval; CMV: cytomegalovirus; CRP: C reactive protein; DRI: disease risk index; F: female;
HCT-CI: comorbidity score; GVHD: graft-versus-host disease; HLA: human leucocyte antigen; HR: hazard
ratio; M: male; PS: performance status; RBC: red blood cells; Tsat: saturation of transferrin.
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Table 7: Cox proportional-hazard model of parameters (that had a p-value <0.15 in
univariate analyses) impacting NRM at 100 days (7.a), 1 year (7.b) and 10 years (7.c) after
HCT. Other parameters were included into the model but were found not significant in
multivariate analyses:

For 100-day NRM (7.a): age, BMI, PS, GVHD prophylaxis, conditioning, donor type, CMV status,
CD34+ dose; pretransplant hepcidin (p=0.048), ferritin (p=0.003), serum iron, CRP, creatinine,
Hb, platelets, neutrophils, lymphocytes, and albumin.

For 1-year NRM (7.b): PS, conditioning, donor type, CMV status, source of stem cells, CD34+ dose,
GVHD prophylaxis; pretransplant RBC and platelet transfusions, ferritin (p=0.005), serum iron,
Tsat, creatinine and platelets.

For 10-year NRM (7.c): PS, GVHD prophylaxis, graft manipulations; pretransplant hepcidin
(p=0.13), ferritin (p=0.02), Tsat, CRP, creatinine, total bilirubin, and albumin.

7.a Multivariate analysis of 100-day NRM

Significant parameters P value HR 95% CI

Pretransplant total bilirubin 0.003 1.87 1.24 2.80
Pretransplant RBC transfusions 0.02 1.12 1.02 1.23
Bone marrow vs peripheral blood (+ bone marrow) <0.0001 4.73 2.30 9.74
Mycotic prophylaxis (other vs fluconazole) 0.004 2.47 1.34 4.54

7.b Multivariate analysis of 1-year NRM

Significant parameters P value HR 95% CI

Pretransplant total bilirubin 0.0003 1.91 1.34 2.72
Pretransplant albumin 0.01 0.93 0.89 0.98
Mycotic prophylaxis (other vs fluconazole) 0.006 1.96 1.22 3.16

7.c Multivariate analysis of 10-year NRM

Significant parameters P value HR 95% CI

Pretransplant RBC transfusions 0.007 1.11 1.03 1.20
Type of conditioning (NMA vs MA) 0.03 0.65 0.45 0.95
HLA-mismatched unrelated vs HLA-identical sibling donor 0.02 1.70 1.08 2.68
Mycotic prophylaxis (other vs fluconazole) 0.003 1.77 1.22 2.56

CI: confidence interval; CMV: cytomegalovirus; CRP: C reactive protein; HCT-CI: comorbidity score; GVHD:
graft-versus-host disease; HLA: human leucocyte antigen; HR: hazard ratio; MA: myeloablative conditioning;
NMA: nonmyeloablative conditioning, PS: performance status; RBC: red blood cells; Tsat: transferrin
saturation.
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Conditioning-induced toxicities (64)

The rate of each organ toxicity is shown in Table 2 and in Figure 3. Among the 502 patients,
the most frequent toxicities were mucosal (33%), gastrointestinal (24%) and hepatic (19%)
toxicities (Figure 3A). There was significantly more cutaneous toxicity in the Q3/Q4-hepcidin
compared to the Q1-hepcidin quartiles (28% vs 17%, respectively; p=0.007), while there was no
significant difference in the rates of other toxicities between hepcidin quartiles (Figure 3B).
Similarly, in the Q3/Q4-SF compared to Q1-SF quartile, there was more gastro-intestinal (33% vs
10%; p=0.0002), mucosal (42% vs 19%; p=0.0006) and renal toxicities (12 % vs 2 %, respectively;
p=0.04), but there was no difference for the other toxicities (Figure 3C). High pre-conditioning
serum hepcidin was associated with a high risk of cardiac (OR 1.53, p=0.03), renal (OR 1.69,
p=0.005) and cutaneous (OR 2.04, p=0.002) toxicities in univariate but not in multivariate models.
High pre-conditioning SF was associated with a high risk of cardiac (OR 1.69, p=0.004), renal (OR
1.67, p=0.004), mucosal (OR 1.44, p<0.0001) and gastrointestinal (OR 1.64, p<0.0001) toxicities
or VOD (OR 1.54, p=0.047) in univariate but not in multivariate models, except for gastrointestinal
toxicity (OR 1.57, p=0.003). On bivariate analyses with stepwise selection, pre-conditioning SF
was more predictive than pre-conditioning hepcidin for all (except cutaneous) toxicities.

On multivariate analyses, performance status (OR 3.52, p=0.003) and MA conditioning (OR 16.67,
p=0.0002) were identified as the two risk factors for developing cardiac toxicity. MA
conditioning was the only risk factor explaining lung toxicity (OR 8.33, p=0.0002). High
pretransplant creatinine (OR 7.18, p=0.002), CRP (OR 1.53, p=0.02) and performance status (OR
2.27,p=0.046), as well as the use of methotrexate (MTX) in the immunosuppressive regimen (OR
23.81, p<0.0001), were risk factors for kidney toxicity. Cutaneous toxicity was associated with
high pre-conditioning hepcidin (OR 1.95, p=0.02) and MA conditioning (OR 33.33, p=0.001). Low
pre-conditioning uric acid (OR 1.23, p=0.04), MA conditioning (OR 16.39, p<0.0001), low CD34
cell dose in the graft (OR 1.79, p=0.04) and use of MTX (OR 21.28, p<0.0001) were risk factors for
mucosal toxicity. Gastrointestinal toxicity was more prevalent with high pre-conditioning SF
(OR 1.46, p=0.007), low pre-conditioning uric acid (OR 1.49, p<0.0001), and use of MTX (OR 14.9,
p<0.0001) or prophylactic quinolones (OR 3.34, p=0.0006). Finally, liver toxicity was more likely
with older age (OR 1.03, p=0.003), treatment lines before transplant (OR 0.67, p=0.0004), a long
delay between diagnosis and transplantation (OR 1.40, p=0.02), high pre-conditioning total
bilirubin (OR 2.13, p=0.004), and MA conditioning (OR 10.31, p<0.0001). No variable appeared to

be predictive in our multivariate model for VOD.
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Figure 3: Conditioning-related toxicities after allogeneic HSCT in all patients (A), according to
serum hepcidin quartiles (B) or serum ferritin quartiles (C).
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Pre and posttransplant transfusions

Large numbers of pretransplant RBC and platelet transfusions were associated with high pre-
conditioning serum hepcidin (B-coefficient=1.15, SE=0.09, p<0.0001, and B-coefficient=0.87,
SE=0.09, p<0.0001, respectively) and SF (B-coefficient=1.19, SE=0.07, p<0.0001, and -
coefficient=1.00, SE=0.07, p<0.0001, respectively) in univariate but not multivariate analyses. On
bivariate analyses with stepwise selection, pre-conditioning SF outperformed hepcidin to predict
the number of pretransplant RBC transfusions ([3-coefficient=0.59, SE=0.07, p<0.0001 for SF, and
[B-coefficient=0.36, SE=0.09, p=0.0001 for hepcidin) whereas both contributed to prediction of
platelet transfusion rates. In multivariate analyses, diagnosis (MPN had more pretransplant RBC
transfusions than AL) and PS were significantly associated with more pretransplant RBC
transfusions, whereas age, lymphoproliferative diseases (vs AL) and HCT-CI score were
associated with fewer pretransplant RBC transfusions (R2=0.29, p-values between 0.03 and
<0.0001). The same parameters (but also the number of pretransplant RBC transfusions) were
found to be significantly correlated with the number of pretransplant platelet transfusions
(R2=0.36, p-values between 0.02 and <0.0001).

Regarding posttransplant transfusions, high pre-conditioning SF levels were positively
associated with higher rates of RBC (B-coefficient=0.41, SE=0.09, p<0.0001) and platelet (-
coefficient=0.61, SE=0.08, p<0.0001) transfusions in univariate analysis, while hepcidin was not.
In multivariate analyses, high pre-conditioning SF, low Hb, MA conditioning, the use of ATG, a
diagnosis of MPN, and a poor PS score were associated with increased posttransplant RBC
transfusion needs (Table 8.a). Numbers of pretransplant platelet transfusions, pre-conditioning
platelet counts, MA conditioning, minor ABO incompatibility, a diagnosis of MPN, and the use of
MTX for GVHD prophylaxis, but not SF, were identified as factors associated with a higher number
of posttransplant platelet transfusions (Table 8.b).

After transplantation, among the 458 (91%) patients transfused with RBC and 407 (81%) with
platelets, times to RBC (70% at 1 year, median 38 days) and platelet (80% at 1 year, median 15
days) transfusion independence were longer in the Q4-SF group (p=0.008 and p=0.03,
respectively) but did not differ among hepcidin quartiles (Figures 4A-4F). In univariate analyses,
high pre-conditioning SF, but not hepcidin, was associated with delayed RBC transfusion
independence (HR 0.90, p=0.03) and both were correlated with delayed platelet transfusion
independence (HR 0.87, p=0.007 for SF, and HR 0.88, p=0.04 for hepcidin). In multivariate
analyses, high pre-conditioning CRP, major ABO incompatibility, poor PS and low CD34+ cell
doses were correlated with slower RBC transfusion independence (Table 9.a). CD34+ cell dose
and type of GVH prophylaxis were associated with platelet transfusion independence, whereas

poor PS predicted for delayed independence (Table 9.b).
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Table 8: Multiple linear regression of parameters (that had a p-value <0.15 in univariate
analyses) impacting the number of posttransplant RBC (8.a, R2=0.62, p<0.0001) and
platelet (8.b, R2=0.67, p<0.0001) transfusions. Other parameters were included into the
model but were found not significant in multivariate analyses:

For posttransplant RBC transfusions (8.a): age, number of treatment lines, delay between
diagnosis and transplant, HCT-CI score, previous transplant, ABO compatibility, source of stem
cells, graft manipulations, CD34+ cell dose, GVHD prophylaxis, antibiotic prophylaxis, mycotic
prophylaxis; pretransplant RBC or platelet transfusions, Tsat, serum iron, CRP, uric acid, total
bilirubin, albumin, platelets, neutrophils, and lymphocytes.

For posttransplant platelet transfusions (8.b): age, BMI, PS score, DRI score, number of
treatment lines, delay between diagnosis and transplant, HCT-CI score, previous transplant,
source of stem cells, graft manipulations, CD34+ cell dose, donor age, antibiotic prophylaxis,
mycotic prophylaxis, use of ATG; pretransplant RBC transfusions, ferritin (p<0.0001), hepcidin
(p=0.14), serum iron, Tsat, CRP, creatinine, uric acid, total bilirubin, ALAT, albumin, Hb,
neutrophils and lymphocytes.

8.a Multivariate analysis of posttransplant RBC transfusions

Significant parameters B-coefficient SE P-value
Pretransplant serum ferritin 0.28 0.51 0.002
Pretransplant hemoglobin -2.27 0.83 0.008
Myeloproliferative neoplasm (vs acute leukemia) 2.30 0.51 <0.0001
Type of conditioning (NMA vs MA) -0.005 0.01 <0.0001
Use of ATG 0.72 0.28 0.01
PS score 0.57 0.24 0.02

8.b Multivariate analysis of posttransplant platelet transfusions

Significant parameters B-coefficient SE P-value
Pretransplant platelets -0.10 0.03 0.0009
Pretransplant platelet transfusions 0.20 0.05 0.0003
Myeloproliferative neoplasm (vs acute leukemia) 1.03 0.51 0.04
Type of conditioning (NMA vs MA) -0.01 0.01 <0.0001
ABO compatibility (minor mismatch vs identical) 1.02 0.32 0.002
GVHD prophylaxis (CNI % other vs CNI £ MTX) -0.75 0.32 0.02

ATG: anti-thymocyte globulin; BMI: body mass index; CMV: cytomegalovirus; CRP: C reactive protein; DRI:
disease risk index; GVHD: graft-versus-host disease; HCT-CI: comorbidity score; HLA: human leucocyte
antigen; MA: myeloablative; NMA: nonmyeloablative; MNP: myeloproliferative neoplasm; PS: performance
status; RBC: red blood cells; SE: standard error; Tsat: transferrin saturation.
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Table 9: Cox proportional-hazard model of parameters (that had a p-value <0.15 in
univariate analyses) impacting time to posttransplant RBC (9.a) and platelet (9.b)
transfusion independence. Other parameters were included into the model but were
found not significant in multivariate analyses:

For time to posttransplant RBC transfusion independence (9.a): diagnosis, DRI score, donor
sex match, source of stem cells, conditioning, GVHD prophylaxis, CMV status, CD34+ cell dose;
pretransplant RBC transfusions, hepcidin (p=0.061), ferritin (p=0.03), and neutrophils.

For time to posttransplant platelet transfusion independence (9.b): age, donor type and age,
source of stem cells, transplant number, conditioning, use of ATG, mycotic prophylaxis;
pretransplant RBC and platelet transfusions, hepcidin (p=0.04), ferritin (p=0.007), CRP, and Hb.

9.a Multivariate analysis of time to RBC transfusion independence
Significant parameters P value HR 95% CI
Pretransplant CRP 0.04 0.88 0.78 0.99
PS score 0.01 0.70 0.53 0.93
CD34+ cell dose 0.03 1.25 1.02 1.52
Major ABO mismatch vs ABO identical 0.001 0.55 0.38 0.79

9.b Multivariate analysis of time to platelet transfusion independence

Significant parameters P value HR 95% CI

PS score 0.0003 0.64 0.50 0.82
CD34+ cell dose <0.0001 2.35 1.60 3.45
GVHD prophylaxis (CNI + MMF vs CNI £ MTX) <0.0001 1.74 1.40 2.17
GVHD prophylaxis (CNI + other vs CNI £ MTX) 0.0004 2.02 1.37 2.97

CI: confidence interval; CRP: C-reactive protein; CNI: calcineurin inhibitor; CMV: cytomegalovirus;
DRI: disease risk index; GVHD: graft-versus-host disease; HR: hazard ratio; MTX: methotrexate;
MMEF: mycophenolate mofetil; PS: performance status; RBC: red blood cells.

Engraftment

Times to engraftment were analyzed after excluding patients who never decreased counts below
the thresholds (47 (9%) patients for neutrophil recovery to > 1 10°/L, 117 (23%) for platelet
recovery to 50 10°/L, and 43 (8%) for Hb 10 gr/dL). Neutrophil recovery was 96% by day 28
(median 13 days) (Figure 5A) and this was significantly slower with higher pre-conditioning SF
(Figure 5C) but not hepcidin (Figure 5B) quartiles. Platelet recovery was 80% by day 50 (median
19 days) (Figure 5D) and this was significantly different according to pre-conditioning ferritin
(Figure 5F) or hepcidin (Figure 5E) quartiles. Hemoglobin recovery was 89% at 1 year (median
73 days) (Figure 5G) and this was significantly slower with higher SF (Figure 5I) but not hepcidin
(Figure 5H) quartiles.
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In univariate Cox proportional-hazard models, high pre-conditioning SF, but not hepcidin, was
associated with delayed neutrophil recovery (HR 0.89, p=0.003) and both variables were
correlated with platelet recovery (HR 0.84, p=0.0003 for SF, and HR 0.90, p=0.04 for hepcidin).
Hb recovery to 10 g/dL did not correlate with pre-conditioning SF but with hepcidin (HR 0.90,
p=0.04). Moreover, hematocrit (Hct) recovery to 30% was delayed in patients with higher pre-
conditioning hepcidin, while recoveries to Hb 9 gr/dL or Hct 27% or 0.5-1-2% reticulocytes were
all delayed in the presence of higher pre-conditioning SF values (data not shown).

In multivariate analyses (Table 10): neutrophil recovery was delayed with cord blood, major ABO
incompatibility and use of ATG, while it was faster when using MMF or other immunosuppressive
(IS) drugs (vs MTX) (Table 10.a). Platelet recovery was significantly delayed with high pre-
conditioning CRP, poor PS, minor ABO incompatibility, graft manipulations and use of ATG,
whereas CD34 cell dose and use of MMF or other IS (vs MTX) were associated with faster platelet
recovery (Table 10.b). Hb recovery was delayed in cases of major ABO mismatch, recipient
positive CMV status and poor PS. Conversely, earlier Hb recovery was observed with the use of
MMF or other IS (vs MTX) and a higher CD34+ cell dose (Table 10.c). CRP level on day 0 would
also be a significant risk factor of delayed engraftment of neutrophils, platelets, and Hb if we

included it in the model (data not shown).



177

Table 10: Cox proportional-hazard model of parameters (that had a p-value <0.15 in
univariate analyses) impacting time to 1.0 10°/L neutrophils (9.a), 50 10%/L platelets
(9.b) and 10 g/dL hemoglobin (9.c). Other parameters were included into the model but
were found not significant in multivariate analyses:

For neutrophils (10.a): age, diagnosis, number of treatment lines, previous transplant, donor
type and donor age, donor sex match, CD34+ cell dose, conditioning, antibiotic prophylaxis;
pretransplant RBC and platelet transfusions, ferritin (p=0.003), Tsat, total bilirubin, creatinine,
uric acid, and Hb.

For platelets (10.b): age, diagnosis, DRI, number of treatment lines, delay between diagnosis and
transplant, HCT-CI score, source of stem cells, transplant number, donor age, conditioning,
antibiotic prophylaxis, mycotic prophylaxis; pretransplant RBC and platelet transfusions,
hepcidin (p=0.04), ferritin (p=0.0003), serum iron, Tsat, total bilirubin, uric acid, Hb, platelets, and
neutrophils.

For Hb (10.c): BM], diagnosis, DRI score, transplant number, conditioning, use of ATG, antibiotic
prophylaxis, mycotic prophylaxis; pretransplant RBC transfusions, hepcidin (p=0.04), serum iron,
Tsat, CRP, creatinine, hemoglobin, and lymphocytes.

10.a Multivariate analysis of time to 1.0 10°/L neutrophils

Significant parameters P value HR 95% CI

Cord blood (+ bone marrow/PBSC) vs PBSC (+ bone marrow) | <0.0001 021 (012 037
Use of ATG 0.04 0.73 054 098
GVHD prophylaxis (CNI + MMF vs CNI £ MTX) 0.002 1.73 1.22 244
GVHD prophylaxis (CNI % other vs CNI + MTX) 0.0002 2.09 142 3.08
ABO compatibility (major mismatch vs identical) 0.009 0.68 |051 091

10.b Multivariate analysis of time to 50 10°/L platelets

Significant parameters P value HR 95% CI

Pretransplant CRP 0.001 0.84 ]0.75 0.93
PS score 0.0002 0.62 |048 0.80
CD34+ cell dose <0.0001 2.05 |1.63 254
Graft manipulations 0.009 0.64 |046 0.90
Use of ATG 0.045 0.72 [052 0.99
GVHD prophylaxis (CNI + MMF vs CNI £ MTX) <0.0001 341 231 5.05
GVHD prophylaxis (CNI % other vs CNI + MTX) 0.0005 2.20 141 342
ABO compatibility (minor mismatch vs identical) 0.006 059 041 086

10.c Multivariate analysis of time to 10 g/dL hemoglobin

Significant parameters P value HR 95% CI

PS score 0.008 0.72 [0.57 092
CD34+ cell dose 0.02 1.30 |1.04 1.63
CMV: Don neg & Rec + vs Don & Rec neg 0.0005 0.55 039 0.77
CMV: Don & Rec + vs Don & Rec neg <0.0001 046 |032 0.66
GVHD prophylaxis (CNI + MMF vs CNI £ MTX) <0.0001 248 |1.61 3.84
GVHD prophylaxis (CNI * other vs CNI £ MTX) <0.0001 2.80 1.70  4.59
ABO compatibility (major mismatch vs identical) <0.0001 049 1034 0.69

ATG: anti-thymocyte globulin; BMI: body mass index; CI: confidence interval; CMV: cytomegalovirus; CNI:
calcineurin inhibitor; CRP: C reactive protein; DRI: disease risk index; Don: donor; GVHD: graft-versus-host
disease; HCT-CI: comorbidity score; HR: hazard ratio, MMF: mycophenolate mofetil; MTX: methotrexate;
PBSC: peripheral blood stem cells; PS: performance status; RBC: red blood cells; Rec: recipient; Tsat:
transferrin saturation.
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Infections

About 83% of patients developed at least a first infectious episode by 1 year, most of them in
the first 2 months after transplantation (Figure 6A); 35 (7%) patients who had a first infectious
event by day 0 were excluded from these analyses. While pre-conditioning hepcidin had no
discernable effect (Figure 6B), patients in the Q4-SF quartile had more infections than those with
lower SF values and particularly those in the Q1-SF quartile (p=0.002; Figure 6C). Pre-
conditioning SF, but not hepcidin, was associated with a higher incidence of a first infectious event
in univariate analysis (HR 1.17, p=0.0003). In multivariate analysis, high Tsat, female sex and the
use of an unrelated donor were associated with a higher risk of infection. Conversely, NMA
conditioning and quinolone prophylaxis were identified as protective factors (Table 11.a). SF
level on day 0 would also be a significant risk factor for infections if we included it in the model
(HR 1.16, p=0.04; data not shown).

About 54 % of patients developed a first sepsis by 1 year, most of them in the first months after
transplantation (Figure 6D); 5 (1%) patients who had sepsis by day 0 were excluded. While pre-
conditioning hepcidin had no discernable effect (Figure 6E), patients in the Q4-SF quartile had
more sepsis than those with lower SF values and particularly those in the Q1-SF quartile (p=0.02;
Figure 6F). However, neither pre-conditioning SF nor hepcidin correlated with the incidence of
sepsis in univariate Cox models. In multivariate analyses, high pre-conditioning creatinine, a
mismatched unrelated donor and graft manipulations increased, while NMA conditioning
decreased, the risk of sepsis (Table 11.b).

The cumulative incidence of CMV reactivation/infection was 48% at 1 year, and that of zoster
infection was 34% at 10 years. There was no significant correlation between pre-conditioning
hepcidin or SF levels and these outcomes. The significant variables in multivariate analyses are
presented in Table 11.c-d.

Lastly, 13% of patients developed interstitial pneumonia (IP) within the first year, with the
majority occurring in the initial 2 months after transplantation (Figure 7A). Five (1%) patients
who had IP by day 0 were excluded. Pre-conditioning hepcidin did not predict IP, while patients
in the Q4-SF quartile experienced IP more frequently than those with lower SF values (p=0.01;
Figure 7B & 7C). High pre-conditioning SF, but not hepcidin, was associated with a higher risk of
[P at 1 year (HR 1.29, p=0.004) in univariate analysis but not in multivariate analysis. Multivariate

analyses identified several other predictors of I[P (Table 11.e).
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Figure 6: Time to first infection (A, B, C) or first sepsis (D, E, F) after allogeneic HSCT in all
patients (A, D) as well as in patients stratified by pretransplant serum hepcidin quartiles (B,
E,) or pretransplant serum ferritin quartiles (C, F).
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Table 11: Cox proportional-hazard model of parameters (that had a p-value <0.15 in
univariate analyses) impacting time to first infection (10.a), sepsis (10.b), CMV
reactivation (10.c), zoster infection (10.d) and interstitial pneumonia (10.e). Other
parameters were included into the model but were found not significant in multivariate
analyses:

For first infection (11.a): age, PS, BM], diagnosis, DRI, delay between diagnosis and transplant,
number of treatment lines, transplant number, HCT-CI score, donor age, source of stem cells, graft
manipulations, use of ATG, GVHD prophylaxis, mycotic prophylaxis, CD34+ cell dose;
pretransplant RBC and platelet transfusions, ferritin (p=0.0003), serum iron, total bilirubin, CRP,
uric acid, Hb, platelets, and lymphocytes.

For first sepsis (11.b): age, PS, diagnosis, delay between diagnosis and transplant, transplant
number, HCT-CI score, source of stem cells, GVHD prophylaxis, antibiotic prophylaxis, CD34+ cell
dose; pretransplant RBC and platelet transfusions, ferritin (p=0.05), and Tsat.

For CMV reactivation/infection (11.c): DRI, sex, donor age, source of stem cells, mycotic
prophylaxis, CD34+ cell dose; pretransplant RBC transfusions, creatinine, Hb, and lymphocytes.
For zoster infection (11.d): age, HCT-CI score, conditioning, GVHD prophylaxis, antibiotic
prophylaxis, CD34+ cell dose; pretransplant serum iron, Tsat, total bilirubin, CRP, and uric acid.
For interstitial pneumonia (11.e): age, DRI, HCT-CI score, source of stem cells, transplant
number, CD34+ cell dose, graft manipulations, conditioning, use of ATG, mycotic prophylaxis;
pretransplant ferritin (p=0.004), serum iron, Tsat, total bilirubin, ALAT, Hb and neutrophils.

11.a Multivariate analysis of time to first infection

Significant parameters P value HR 95% CI

Pretransplant Tsat 0.03 1.25 1.03 1.53
Type of conditioning (NMA vs MA) <0.0001 0.17 0.12 0.25
Sex (F vs M) 0.045 1.30 1.01 1.68
HLA-matched unrelated vs HLA identical sibling donor 0.03 1.41 1.03 1.93
HLA-mismatched unrelated vs HLA identical sibling donor <0.0001 191 1.38 2.63
Use of antibiotic prophylaxis 0.03 0.69 0.50 0.96

11.b Multivariate analysis of time to first sepsis

Significant parameters P value HR 95% CI

Pretransplant creatinine 0.008 1.69 1.15 2.50
Type of conditioning (NMA vs MA) <0.0001 0.50 0.36 0.70
HLA-mismatched unrelated vs HLA identical sibling donor <0.0001 2.28 1.52 341
Graft manipulations 0.002 1.76 1.23 2.52

11.c Multivariate analysis of time to CMV reactivation or infection

Significant parameters P value HR 95% CI

Age 0.006 1.02 1.00 1.03
CMV: Don neg & Rec + vs Don & Rec neg <0.0001 | 29.57 | 10.81 8091
CMV: Don + & Rec neg vs Don & Rec neg 0.0001 8.92 291 27.39
CMV :Don & Rec + vs Don & Rec neg <0.0001 | 36.40 | 13.31 99.53

11.d Multivariate analysis of time to zoster infection

Significant parameters P value HR 95% CI

Bone marrow manipulations 0.03 1.95 1.07 3.57
Cord blood (+ bone marrow/PBSC) vs PBSC (+ bone marrow) 0.0002 5.79 2.32 14.45
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11.e Multivariate analysis of time to interstitial pneumonia
Significant parameters P value HR 95% CI
GVHD prophylaxis (CNI + MMF vs CNI £ MTX) 0.0002 0.24 0.11 0.50
CMV: Don neg & Rec + vs Don & Rec neg 0.004 4.26 1.60 11.32
CMV: Don & Rec + vs Don & Rec neg 0.006 4.02 1.48 10.87

ATG: anti-thymocyte globulin; BMI: body mass index; CMV: cytomegalovirus; CNI: calcineurin inhibitor; CRP:
C reactive protein; DRI: disease risk index; Don: donor; F: female; GVHD: graft-versus-host disease; HCT-CI:
comorbidity score; HLA: human leukocyte antigen; MA: myeloablative; M: male; MMF: mycophenolate
mofetil; MTX: methotrexate; NMA: nonmyeloablative; PBSC: peripheral blood stem cells; PS: performance
status; RBC: red blood cells; Rec: recipient; Tsat: transferrin saturation.
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Figure 7: Time to first interstitial pneumopathy after allogeneic HSCT in all patients (A) as well as in
patients stratified by pretransplant serum hepcidin quartiles (B) or pretransplant serum ferritin

quartiles (C).
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Secondary malignancies
The cumulative incidence of secondary malignancies was 8 %, with a median onset of 13.5 years
among 42 affected patients. No association between pre-conditioning hepcidin or SF was found

with development of secondary malignancies in univariate and multivariate analyses.

GVHD

The cumulative incidence of grade II-IV acute GVHD was 37% (median not reached), and that of
chronic GVHD was 53% (median 11.2 months) at 1 year (Figure 8A and 8D). No difference in the
incidence of acute GVHD was demonstrated between hepcidin or SF quartiles (Figure 8B and 8C).
Similarly, no difference in chronic GVHD was found between the Q-hepcidin subgroups (Figure
8E). Surprisingly, there was a trend (p=0.053) for a higher incidence of chronic GVHD in the Q1-
SF group (Figure 8F).

In univariate Cox proportional-hazard models, no significant correlation was shown between pre-
conditioning hepcidin and the rates of acute or chronic GVHD nor between pre-conditioning SF
and the incidence of acute GVHD. Pre-conditioning SF predicted for a reduced risk of chronic
GVHD in univariate (HR: 0.87, p=0.02) but not multivariate analyses. Factors significantly
associated with acute and chronic GVHD in multivariate analyses are displayed in Tables 12.a

and 12.b, respectively.
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Figure 8: Time to develop grade II-IV acute graft-versus-host disease (GVHD) (4, B, C) or chronic
GVHD (D, E, F) after allogeneic-HSCT in all patients (A) as well as in patients stratified by pretransplant
serum hepcidin quartiles (B) or pretransplant serum ferritin quartiles (C).
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Table 12: Cox proportional-hazard model of parameters (that had a p-value <0.15 in
univariate analyses) impacting time to grade II-IV acute GVHD (11.a) or chronic GVHD
(11.b). Other parameters were included into the model but were found not significant in
multivariate analyses:

For acute GVHD (12.a): PS, DRI score, sex, number of treatment lines, donor age, graft
manipulations, GVHD prophylaxis, antibiotic prophylaxis; pretransplant serum iron, and Hb.

For chronic GVHD (12.b): BMI, diagnosis, delay between diagnosis and transplant, number of
treatment lines, HCT-CI score, source of stem cells, donor type and donor age, conditioning, GVHD
prophylaxis, mycotic prophylaxis; pretransplant ferritin (p=0.02), serum iron, Tsat, total bilirubin,
ALAT, creatinine, and uric acid.

12.a Multivariate analysis of grade II-IV acute GVHD
Significant parameters P value HR 95% CI
Pretransplant lymphocytes 0.002 0.49 0.31 0.76
Use of ATG 0.02 0.51 0.30 0.88
HLA-mismatched related vs HLA-identical sibling donor 0.01 3.06 1,27 7.38
HLA-matched unrelated vs HLA-identical sibling donor <0.0001 4.65 2.70 8.00
HLA-mismatched unrelated vs HLA-identical sibling donor <0.0001 4.77 2.68 8.47
Mycotic prophylaxis (other than fluconazole vs fluconazole) | 0.0001 2.04 1.42 2.92
12.b Multivariate analysis of chronic GVHD
Significant parameters P value HR 95% CI
Graft manipulations 0.0008 0.49 0.32 0.74
Age 0.01 1.01 1.00 1.03
Transplant number 0.02 1.52 1.08 2.13

ALAT: alanine amino transferase; ATG: anti-thymocyte globulin; BMI: body mass index; CI: confidence
interval; DRI: disease risk index; GVHD: graft-versus-host disease; HCT-CI: comorbidity score; HLA: human
leukocyte antigen; HR: hazard ratio; PS: performance status; Tsat: transferrin saturation.
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2.4 Discussion

The impact of pre-conditioning SF and hepcidin on outcomes following allo-HSCT has yielded
conflicting results, sparking a debate (8, 9, 17, 20, 40, 69, 70). SF has often served as a surrogate
marker for IO, but it can be influenced by various confounding factors, such as inflammation and
liver disease (71). Indeed, a meta-analysis comprising four prospective studies that quantified 10
through MRI in 276 patients prior to allo-HSCT showed no significant impact on OS or NRM, with
the exception of higher NRM among 10 patients undergoing allo-HCT with a RIC regimen (47).
Since hepcidin plays a central role in the regulation of iron homeostasis, several studies have also
analyzed the association between pre-conditioning serum hepcidin levels and various post-allo-
HSCT complications. For instance, Sakamoto et al. observed a significant association between high
pre-conditioning hepcidin levels and poor OS (61), but this was not confirmed by other
investigators (58-60). The determinants of pre-conditioning SF and hepcidin, as well as their
comprehensive impact on outcomes, remain relatively unexplored. In the initial part of our study,
we investigated hepcidin regulation within the context of allo-HSCT, considering a variety of
parameters of iron metabolism, and confirmed a strong positive correlation between pre-
conditioning hepcidin and pre-conditioning SF (13). Furthermore, in contrast to other
pathological situations, we demonstrated that during allo-HSCT, the activating effect of iron status

dominated the inhibitory effect of erythropoiesis on hepcidin production (13).

Determinants of pre-conditioning hepcidin and SF

Four previous studies, involving patient cohorts ranging from 16 to 166 individuals, have
explored the significance of serum hepcidin levels prior to transplantation (58-61). However,
some of them (59, 60) measured serum hepcidin by commercial ELISA, which are known to be
less reliable compared to mass spectrometry. In three studies, serum hepcidin was higher in
pretransplant patients compared with normal controls (60, 61, 72), but this was not the case in
the report by Kanda et al. (58). Our study is the largest to date, encompassing 502 allo-HSCT
patients, and we also found elevated serum hepcidin values before transplantation. Sakamoto et
al. (n=166,r=0.57, p<0.0001) (61) and Armand et al. (n=39, r=0.70) (72) demonstrated a positive
correlation between pre-conditioning hepcidin and SF, and Kanda et al. reported significantly
higher SF values in patients with high hepcidin (58), but this was not a reproducible finding in the
two studies using ELISA (59, 60). We confirm here a robust positive correlation between pre-
conditioning SF and hepcidin levels in more than 400 patients (Figure 1). Armand et al. also
observed a positive correlation between, on the one hand, pre-conditioning hepcidin and, on the
other hand, various factors including previous RBC transfusions (r=0.65), LIC (measured by MRI)
(r=0.53), and CRP (r=0.39) (72). Eisfeld et al. reported that high hepcidin levels in AML patients

before transplantation correlated with the number of previous RBC transfusions and low Hb
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values, but not with age, sex, liver or renal function, or the number of previous lines of
chemotherapy (60). Kanda et al. reported no significant relationship between hepcidin and age,
sex, disease, disease risk, CRP, or reticulocytes (58), while Aki et al. found no association with CRP
or interleukin-6 (59). However, none of these reports included multivariate analyses, leaving the
significance of elevated hepcidin values somewhat elusive. In our study, univariate analysis
revealed that patients with the highest hepcidin values had a significantly poorer PS, a higher HCT-
CI score, more frequently a diagnosis of AL, a larger number of previous treatment lines, and more
prior RBC and platelet transfusions. They also featured lower Hb, neutrophils, lymphocytes,
platelets, and albumin, along with higher SF, serum iron, Tsat, CRP, and ALAT levels. Our extensive
multivariate analysis on this substantial cohort revealed that pre-conditioning hepcidin is
influenced not only by the number of RBC transfusions, but also by the HCT-CI and PS scores, as
well as inflammation (neutrophil count and CRP). When SF is added to the list of covariates, it also
stands out as a significant predictor of hepcidin values.

Many previous studies have reported elevated SF values before transplantation. Several of them
found significant associations of SF with pretransplant clinical or biological patient characteristics
in univariate correlation or group analyses. For instance, higher SF levels have been found in
patients with elevated LIC values (29, 33, 60, 70, 73-75), serum iron or Tsat (37, 73, 74), CRP or
interleukin-6 (24, 26, 42, 59, 76), ALAT (24), or low Hb (60), but these findings are not
reproducible in other studies for CRP (21, 73) or Tsat (70). Male sex (73, 75), age (26), AL (26,
31, 34, 36, 73), number of previous treatment lines (31, 34), more advanced disease status (34,
36, 77), transfusion dependence or number of previous RBC transfusions (29, 33, 60, 70, 73-75),
previous IFI (76), high HCT-CI (23, 26, 29, 74, 76), poor PS (23, 26, 29, 74, 76), but not the EBMT
score (76), have been reported in association with high pre-conditioning SF. Nevertheless, there
is no report that examined the significance of pre-conditioning SF in multivariate analysis. This
may in part be explained by the difficulty to retrospectively collect the number of previous RBC
transfusions, a factor strongly determining the importance of iron overload before
transplantation. We managed to collect this information in our large cohort of patients to perform
reliable multivariate analyses considering this indispensable parameter. We indeed confirmed
markedly elevated SF levels at time of transplantation (1,622 * 2,344 ng/mL). Patients with the
highest SF values had the same characteristics as those with the highest hepcidin values, except
for the HCT-CI score; they additionally had more advanced disease and a shorter time between
diagnostic and transplantation. In our multiple linear regression analysis, pre-conditioning SF
correlated positively with the degree of anemia, Tsat, liver (ALAT) and renal (creatinine)
dysfunction, number of previous RBC and platelet transfusions, a diagnosis of AL (versus
lymphoid malignancies or MPN) and the PS score. Pre-conditioning hepcidin was also associated

with SF in a secondary analysis adjusting for this covariate. Notably, CRP as well as other factors,
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such as age, sex, BMI, number of previous treatment lines, transplant number, DRI, HTC-CI, serum
iron, platelets, neutrophils, lymphocytes, total bilirubin, and uric acid, were also found to be
associated with elevated SF in univariate but no longer in multivariate analyses.

We observed an almost 4-fold surge of SF values in the first 100 days after transplantation. The
average value of this peak was 5,730 + 10,935 ng/ml, with a median of 3,419 ng/ml (range 76-
168,306), which was reached after a median of 42 days. This peak strongly correlated with pre-
conditioning hepcidin or SF but was observed in all their quartiles (Table 3). In our multivariate
analysis, the SF peak was explained by a combination of factors, i.e. iron overload, marrow aplasia,
inflammation, hepatic and renal dysfunction, transplant number and use of HLA- and ABO-
mismatched donors (Table 4.c). Other factors were also significantly associated with the ferritin
peak in univariate analyses but did not confirm in multivariate regression analyses (Table 4).
Therefore, the determinants of the ferritin peak mostly confirm those of pre-conditioning SF.
When included in secondary analyses, the ferritin peak also predicted for poor OS (HR 1.42,
p<0.0001), poor PFS (HR 1.25, p=0.0002) and high NRM (HR 1.67, p<0.0001) at all timepoints in
univariate but not in multivariate analyses (data not shown).

These findings highlight the complex interplay of multiple factors that impact SF levels both
before and after transplantation. Pre-conditioning SF levels are influenced not only by the number
of prior RBC transfusions resulting in iron overload in the liver and other organs, but also by a
combination of biological and clinical factors that reflect patient comorbidities or the toxicity of
previous treatments (liver damage, renal failure, and inflammation) and the severity of the
disease. Pretransplant comorbidities and disease severity, in turn, can drive a greater need for

treatments and transfusions.

Impact of SF and hepcidin on survival

Our next objective was to evaluate the influence of pre-conditioning SF and hepcidin levels on
outcomes following allo-HSCT. We undertook this assessment through investigation of differences
between subgroups based on hepcidin and SF quartiles as well as univariate and multivariate Cox
proportional-hazard models.

Our findings unveiled that high levels of hepcidin (Q4, >46.36 ng/ml) and SF (Q4, >1,933 ng/ml)
were associated with significantly poorer OS and PFS (Figure 2) or increased NRM. Univariate
analyses indicated that both parameters were significantly associated with reduced OS and PFS
and increased 100-day NRM, while only pre-conditioning SF was significantly associated with
longer-term NRM. However, SF consistently demonstrated greater predictive power than
hepcidin in bivariate analyses, and hepcidin did not retain its predictive value in multivariate
analyses of OS, PFS or NRM. Three (58-61, 72) out of four previous studies failed to identify such

an impact of pre-conditioning hepcidin on OS and all studies that analyzed it also failed to detect
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an impact on PFS (58-61, 72) or NRM (58-61, 72). Only Sakamoto et al. (61) observed a significant
association between high pre-conditioning hepcidin levels (>35 ng/ml) and poor OS, which
persisted in multivariate analyses together with male sex and disease status, but not high SF.
Although our study is by far the largest, hepcidin did not confirm its predictive value in
multivariate analyses for day 100, 1-year or long-term survival (Table 5).

Our findings of a high predictive value of pre-conditioning SF align with previous reports,
supporting the negative impact of pre-conditioning SF on OS, PFS and NRM. Indeed, many
previous publications report this prediction of poor OS by elevated SF in UV (17, 22, 28, 29, 61,
76), or both in UV and MV (20, 21, 23, 24, 26, 27, 30, 31, 34-42, 69, 70, 73, 75, 77-84) analyses,
while other studies did not (9, 33, 59, 60, 74, 85-90) or only in UV but not in MV analyses (17, 29,
61, 76) or only in subgroups in MV analyses (20, 21, 23, 24, 26, 27, 30, 31, 34-42, 69, 70, 73, 75,
77-83).

Elevated SF levels predicted much less for poor PFS or high relapse risk in both UV and MV
analyses (24, 27, 28, 31, 36-39, 80, 82-84), as most studies did not find any association (9, 20, 26,
29, 32, 33, 35, 40, 60, 61, 74-76, 78, 87, 88, 90) or only in UV and not in MV analyses (17, 34) or
only in subgroups in MV analyses (20, 21, 23, 24, 26, 27, 30, 31, 34-42, 69, 70, 73, 75, 77-83). It is
noteworthy that studies demonstrating a significant association between pretransplant SF and
relapse primarily focused on patients with AL (77, 80, 82-84, 87, 90). In our entire cohort, SF did
not impact relapse in univariate analysis, and relapse rates were not different between SF
quartiles. However, among patients with AL, we observed a higher rate of relapse in those with
pretransplant SF, but not hepcidin, above compared to those below the median. Pretransplant SF
was significantly associated with relapse in univariate cox models, but the DRI score was the only
predictive factor for relapse in multivariate analyses. We did not confirm previous report showing
a correlation between high SF and adverse cytogenetics in AL (91, 92).

Pretransplant hepcidin and SF levels were also higher in AL compared to other patients. Elevated
serum hepcidin levels have been described at diagnosis and before/after HSCT in two small
cohorts of AML patients (60, 93). SF levels have been reported to follow the leukemic burden in
AML, being elevated at initial diagnosis, normalizing during remission, but increasing again at
relapse (91, 94, 95). Elevated SF has been attributed to impaired erythropoiesis and inflammation,
which are exacerbated by RBC transfusions after chemotherapy, creating an environment
conducive to ferroptosis in AML cells (95). Ferroptosis refers to a form of cell demise triggered by
deregulated lipid peroxidation and consequential membrane damage (96). The metabolic
characteristics, genetic mutation patterns and mitochondrial dependency of AML cells greatly
enhance their susceptibility to ferroptosis, but AML cells can employ various strategies to evade
ferroptosis and maintain survival (97). On the other hand, some data suggest a correlation

between HFE gene mutations, associated with genetic hemochromatosis due to insufficient
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hepcidin production, and predisposition to develop AL (98-100). Although we did not explore the
presence of HFE gene mutations in our cohort, it would be interesting to investigate whether the
presence of such mutations could enhance iron stores and/or be associated with an increased risk
of relapse or reduced survival.

For NRM, high SF values foretold high NRM in a minority of studies as some of them were positive
in UV (31, 35, 77) or both in UV and MV (20, 21, 26, 27, 30, 36, 40, 42, 79) analyses , while the
majority was negative both in UV and MV (9, 23, 28, 29, 32-34, 60, 61, 74-76, 78, 80, 82-84, 89,
90), or positive in UV but negative in MV (17, 24, 38, 41, 70) analyses. A meta-analysis of 25
studies, almost all of them retrospective and with a total of 4545 patients enrolled between 1988
and 2013, confirmed that high pre-conditioning SF is strongly associated with poor OS (HR 1.82;
95% CI 1.47-2.26; p<0.001) and PFS (HR 1.72; 95% CI 1.27-2.33; p<0.001) and increased NRM
(HR 2.28; 95% CI 1.79-2.89; p<0.001) (8).

The array of parameters analyzed in our study unveiled predictors that were rarely considered in
investigations by others. Indeed, the literature review shows that limiting the range of factors
analyzed to a few known predictors in addition to SF itself may result in pre-conditioning SF being
more often incorporated in the final predictive model while ignoring potentially better clinical or
biological markers. We took a less restrictive approach for the selection of potential predictors of
outcomes. For instance, pre-conditioning total bilirubin and type of mycotic prophylaxis emerged
as reproducible predictors of outcomes in most of our models (Tables 5, 6 and 7). Pretransplant
liver function indeed influenced pre-conditioning SF values and the inclusion of total bilirubin in
the stepwise analysis may have resulted in pre-conditioning SF not being incorporated, although
SF retained additional value for the prediction of long-term OS (Table 5) or short- and mid-term
PFS (Table 6). Mycotic prophylaxis was based on itraconazole in earlier transplants, later
replaced by fluconazole. Hence, the association of fluconazole use with short- and mid-term OS,
PFS and NRM, may simply represent general progress in transplant outcomes over time but this
was not specifically studied. Alternatively, as itraconazole brings about considerably more drug
interactions than fluconazole, increased drug toxicity (in particular with cyclosporine that was
only used in the itraconazole era) may have contributed to increased OS and NRM, but this
remains speculative. Analogously, the incorporation of pretransplant RBC transfusions probably
excluded pre-conditioning SF from multivariate models of NRM, because they are strongly
correlated with each other. These findings exactly match those reported by Alessandrino et al.
(33) and Cremers et al. (90) who also identified pre-conditioning SF and pretransplant RBC
transfusions as risk factors for NRM, but only pretransplant RBC transfusions stood out in
multivariate analyses. Finally, CRP has also been identified as predictor of inferior OS in some

reports (26, 42), but most studies did not examine its potential impact. In our investigations, pre-
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conditioning CRP predicted outcomes only in univariate analyses, but day 0 CRP emerged as an
adverse prognostic factor in secondary analyses of OS at each time point.

Discrepant results among studies may also in part relate to the duration of follow-up. Indeed, in
our multivariate analysis, pre-conditioning SF remained an independent marker of long-term
mortality (HR 1.17, p=0.01) but this was not the case for 100-day or 1-year OS (Table 5).
Conversely, our multivariate analysis showed that pre-conditioning SF was an independent
predictor of poor PFS at 100 days (HR 1.25, p=0.04) or 1 year (HR 1.20, p=0.02) but not in the long
term (Table 6). In secondary analyses, SF values on day 0 were likewise predictive of short- and
long-term OS, as well as of short- and mid-term PFS. Fingrut et al also observed that
posttransplant rather than pre-conditioning SF had a sizable impact on OS and NRM (9), but other
studies did not look at the prognostic significance of posttransplant SF levels. Such differences
between predictive models of short-, mid- and long-term survival were not limited to pre-
conditioning SF. The only parameters that retained significance across all three time periods were
pre-conditioning total bilirubin for OS and PFS (not included in the long-term NRM model), type
of mycotic prophylaxis for PFS and NRM (not included in the long-term OS model) and number of
treatment lines for PFS. The PS score was also relevant for many outcomes and periods.
Contrarywise, the DRI was important for late but not early OS and PFS outcomes, while the impact
of donor HLA matching was restricted to early versus late timelines depending on the outcome
being analyzed.

Other studies have also identified the DRI or similar parameters (diagnosis, disease status,
number of treatment lines, advanced disease, prior transplant) alongside SF as powerful
predictors of relapse, PFS, or OS after allogeneic transplantation (20, 24, 29, 31, 32, 34, 36, 42, 61,
69, 75, 77). Some of these variables (age, DRI, and SF) have been included in a prognostic scoring
system proposed by Armand et al. for 445 patients with AL or MDS undergoing allo-HSCT (19).
Indeed, the authors projected a scoring system based on five variables (age, disease type, disease
stage at transplantation, cytogenetics, and pre-conditioning SF) that categorized patients into
three groups with 5-year OS rates of 56% (low risk), 22% (intermediate risk), and 5% (high risk).
Artz et al. constructed a score based on 3 simple biomarkers in a large cohort of 784 patients, i.e.
pre-conditioning CRP, SF and albumin, leading to 3 groups with 1-year OS of 74%, 67% and 56%,
respectively (26). In a cohort of 602 patients, Chee et al. aimed at enhancing the predictive
capability of the DRI by incorporating 3 biomarkers, i.e. pre-conditioning SF 21000 pg/L (HR
1.94), Hb <10 g/dL (HR 1.71) and albumin <30 g/L (HR 2.65) (27). They established four
prognostic groups for OS, relapse and NRM, and these models retained their validity at 100 days,
12 and 24 months post-transplantation.

As SF levels are the result of a combination of multiple determinant factors identified by our

investigations, a remaining open question is whether iron overload per se, the presumably major
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cause of elevated SF, is associated with poor outcomes after allogeneic transplantation. One
approach to answering this question has consisted in prospectively measure the iron content of
the liver (LIC) by MRI before conditioning. Although a meta-analysis by Armand et al. concluded
that LIC had no significant impact on OS or NRM, except for higher NRM in 10 patients undergoing
allo-HCT with a RIC regimen (78, 79), the detailed results of the four studies are not uniform.
Indeed, two prospective studies quantifying 10 by MRI in 45 and 88 patients prior to allo-HSCT
showed no significant impact on OS, relapse, NRM, VOD, organ failure, infections, aGVHD nor
cGVHD (78, 79), while two others showed that high LIC was associated with higher NRM and
poorer OS (74) or with increased infections but decreased incidences of aGVHD or cGVHD (101).
In our analysis of survival outcomes in four subgroups based on pretransplant high/low SF and
Tsat, the two subgroups with high SF values ("Low Tsat-High SF" and "High Tsat-High SF")
exhibited the worst prognosis in terms of OS, PFS, and NRM, but not for relapse. These findings
support the notion that SF remains a prognostic indicator, regardless of Tsat levels, which may
reflect inflammation or other factors rather than actual 10. The true contribution of tissue iron to
posttransplant survival and complications remains to be further studied.

Pretransplant total bilirubin was surprisingly associated with most survival outcomes in our
multivariate analyses. Unfortunately, we did not collect data on unconjugated bilirubin and thus
cannot comment on the relative contributions of the liver and hemolysis or ineffective
erythropoiesis. However, in our multivariate model, pretransplant total bilirubin increased
together with serum iron, ALAT, and a diagnosis of myeloproliferative neoplasm or non-malignant
hematological disorders. To fully understand the significance of pretransplant bilirubin, it would
be necessary to measure unconjugated bilirubin as well as markers of ineffective erythropoiesis

such as GDF-15 (102, 103).

Impact of SF and hepcidin on transfusions dependance and engraftment

Large numbers of pretransplant RBC and platelet transfusions were associated with high pre-
conditioning serum hepcidin and SF in univariate but not multivariate analyses. Pretransplant
RBC and platelet transfusions were both mainly associated with the patient’s age, PS, HCT-CI and
disease type. Nevertheless, in bivariate analyses, pre-conditioning SF outperformed hepcidin as
biomarker of previous RBC transfusions whereas both indicated platelet transfusion rates.

The impact of pre-conditioning SF or hepcidin on posttransplant transfusion requirements has
been the subject of very limited investigations (59). In that study, elevated pre-conditioning SF,
but not hepcidin, levels were associated with increased posttransplant RBC and platelet
transfusion requirements, although no multivariate analysis was performed. Our study expands
upon these limited investigations by analyzing the number of platelet and RBC transfusions

received in the first 100 and 180 days post-transplantation, respectively. High pre-conditioning
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SF, low pre-conditioning Hb, a diagnosis of MPN, poor PS, MA conditioning and the use of ATG
were significantly associated with increased RBC transfusion needs (Table 8.a). In contrast,
previous platelet transfusions, low pre-conditioning platelet counts, a diagnosis of MPN, MA
conditioning, minor ABO incompatibility, and the use of MTX for GVHD prophylaxis, but not pre-
conditioning SF, were linked to elevated platelet transfusion requirements (Table 8.b). The
increased number of post-transplant RBC and platelet transfusions in MPN patients may be linked
to splenomegaly and/or fibrosis delaying marrow recovery. The use of ATG has also been
associated with higher transfusion needs in randomized studies (104, 105). Finally, we previously
demonstrated the overall preservation of erythropoietic activity after NMA, resulting in fewer
transfusions compared to MA conditioning (106).

No previous work examined the impact of SF on the time required to achieve transfusion
independence after transplantation. In our study, high pre-conditioning SF predicted for delayed
transfusion independence for both RBC and platelets and serum hepcidin only for platelets in
univariate (Figure 4), but not multivariate (Table 9), analyses. Rather, poor PS, low CD34+ cell
doses, major ABO incompatibility and inflammation slowed RBC transfusion independence
(Table 9.a), while poor PS, low CD34+ cell doses, and the use of MTX as GVHD prophylaxis delayed
platelet transfusion independence (Table 9.b).

Finally, our study showed that higher pre-conditioning SF levels were associated with longer
times to neutrophil, platelet, and Hb recoveries in UV analyses (Figure 5). On the other hand, pre-
conditioning hepcidin did not significantly impact the speed of hematological recovery, except for
a borderline effect on platelet and Hb recoveries. None of these observations was confirmed in
multivariate analyses. This is in agreement with two studies who found no association of pre-
conditioning hepcidin with platelet or neutrophil engraftment (58, 59) whereas a third one found
an association with delayed platelet recovery in MV analysis (61). While most studies have shown
no association between pre-conditioning SF and neutrophil, platelet or RBC engraftment (28, 37,
40, 58) two found that SF was associated with slower neutrophil recovery in UV (40) or both UV
and MV (75) analyses. High CRP levels were also associated with delayed platelet recovery. This
may in part represent the impact of sepsis as an inducer of platelet consumption (107), as well as
of viral infections such as CMV exercising cytotoxic effects on megakaryopoiesis (108). Moreover,
antimicrobial treatments, such as high-dose ganciclovir for CMV infection, also cause
thrombocytopenia (109). Infection may act through the induction of IFNs, which are often
considered as negative regulators of cell proliferation and maturation (110). IFN-a inhibits the
proliferation of hematopoietic progenitors and suppresses CFU-E, megakaryopoiesis and
granulopoiesis (110). Although contradictory results were published on the impact of IFN-y on
the development of the megakaryocyte lineage, it may actually have dual potential by inhibiting

or promoting the survival and growth of hematopoietic progenitors depending on the presence of
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certain interactions, notably with stromal cell-derived factor 1 (111). The use of MTX and ABO
incompatibility delayed engraftment across all cellular lineages, while the CD34+ cell dose and PS
impacted only platelet and Hb engraftment, the use of ATG delayed only platelet and neutrophil
recovery, and the use of cord blood, graft manipulations, CMV status and inflammation were

relevant for only one of the three lineages (Table 10).

Impact of SF and hepcidin on conditioning-related toxicities, infections and GVHD

Our study found significant associations between certain conditioning-related toxicities and pre-
conditioning SF (mucosal, cardiac, gastrointestinal, renal, and VOD) and hepcidin (renal and
cutaneous toxicities only) in the univariate analysis (Figure 3). Pre-conditioning SF showed
stronger predictive power for renal toxicity in the bivariate model, while in the multivariate
analysis, pre-conditioning SF remained significant only for gastrointestinal toxicity. Hepcidin has
been associated with mucositis but not with other toxicities (59). An increased incidence of
mucositis has been found in patients with high SF before auto- but not allo-HSCT (18, 23) and an
increased risk of cardiac toxicity has been described in some (112) but not in other (59, 74)
studies. Previous studies have also reported an increased risk of liver toxicity and VOD with high
pre-conditioning SF levels (22, 23, 43, 59, 71), but seldom in MV analyses (22, 71), while as many
have not (59). Itis of note that LIC was not predictive of VOD either (78, 79).

Previous studies have consistently shown that iron acquisition plays a crucial role in the growth
and virulence of certain microorganisms, including Aspergillus species, leading to increased
susceptibility to infections (113). While some prior research found a potential association
between higher pre-conditioning serum hepcidin and rates of neutropenic fever (only in UV
analysis) (59) or bacterial infection (58), but not CMV reactivation (58), while others did not (60).
Our results demonstrate that hepcidin was not correlated with infections. Although bacterial
proliferation is favored by increased iron levels, hepcidin itself acts as a protector against
infections, these opposite changes potentially explaining the absence of an association. On the
other hand, Tsat instead of SF was included in the multivariate model of infections (Table 11),
potentially reflecting iron directly available to bacteria in the blood, rather than storage iron,
which may influence the risk of infection. Some previous studies have found pre-conditioning SF
to be predictive of bacterial (21, 40, 85), fungal (23, 25, 43, 114), or overall (20, 37, 40, 58, 59, 69,
70, 85) infections, as well as of idiopathic or clinical IP (115), but many others did not (18, 28, 30,
34,74,75). Alarge meta-analysis (8) suggested a possible link between elevated pre-conditioning
SF levels and a trend for more bloodstream infections (OR 1.67, 95% CI 0.93-3.01; p=0.09).
However, our study's findings align with existing data, indicating a significant association between
high pre-conditioning SF levels and a higher risk of infectious events or IP (Figure 6) at 1 year,

but not CMV reactivation nor zoster infection, although this did not hold true in MV analyses
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(Table 11). Other factors were identified in our multivariate Cox models, i.e. CMV status and MTX
for IP, CMV status and age for CMV, source of stem cell or graft manipulation for zoster, absence
of quinolone prophylaxis, unrelated donors, female sex and MA conditioning for bacterial
infections, and renal dysfunction, MA conditioning, HLA mismatch and graft manipulation for
sepsis.

Our study found no significant association between pre-conditioning hepcidin or SF levels and the
risk of acute or chronic GVHD (Table 12 and Figure 8), although pre-conditioning SF was
associated with a decreased risk of cGVHD in UV analysis. This is consistent with most negative
previous research on hepcidin (60, 61) and SF (9, 17, 20, 23, 26, 28, 30, 32, 34, 37, 42, 61, 69, 74,
75,79). Only two studies found that, in UV analyses, high SF predicted for a low incidence of both
aGVHD and cGVHD (31) or of cGVHD in AML patients only (42), while three others indicated an
increased risk of severe aGVHD in UV analysis (24) or of cGVHD in MV analysis (24). In the meta-
analysis of Yan et al., high pre-conditioning SF was associated with a lower incidence of cGVHD
(OR 0.74, 95% CI 0.58-0.96, p<0.05) but bore no significant relationship with aGVHD (OR 1.08,
95% CI 0.72-1.62). In our MV model, high pre-conditioning lymphocytes in the recipient and use
of ATG protected against aGVHD, while unrelated or HLA-mismatched donors and mycotic
prophylaxis other than fluconazole were associated with a higher risk of a GVHD. We can only
offer speculative explanations for the association of antifungal prophylaxis other than fluconazole
with aGVHD : it may reflect a potential effect of transplantation year, earlier transplants being
potentially associated with suboptimal donor selection and more frequent MA conditioning; in
addition, more difficult management of calcineurin inhibitors with itraconazole, in particular in
the more than 40% of patients then on cyclosporine rather than tacrolimus, may have led to an
elevated risk of aGVHD. Graft manipulations protected against cGVHD, while age, transplant
number and predicted for more cGVHD. Iron and ferritin may act as immune regulators (116),
suppressing T-cell proliferation (117), disrupting B-cell maturation (118), and inhibiting myeloid
cell proliferation (119). Additionally, H-ferritin may induce the production of interleukin-10 by
regulatory T cells, leading to immune response suppression (120). Further research is warranted
to elucidate the potential immunomodulatory mechanisms of iron and ferritin in the context of
GVHD.

Here again, the question of iron overload per se versus SF, which is determined by a number of
different factors, has been approached by measuring LIC by MRI before conditioning. Elevated LIC
has not been found to predict VOD or other toxicities, infections, aGVHD or cGHVD in three studies
(74, 78, 79), but a last one found it associated with increased infections but lower incidences of
acute or chronic GVHD (101).

It is worth noting that other studies examining the impact of hepcidin and SF in the context of

allogeneic transplantation were mostly published 5-15 years ago. This may limit the relevance of
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our findings on risk prediction in newer forms of allogeneic transplantation, such as
haploidentical donor transplantation with post-transplant cyclophosphamide, also taking into
considerations other advances in supportive care. Therefore, the relevance of our findings,
derived from a large cohort with simultaneous evaluation of SF and hepcidin, will require further

assessment in a more recent, multicenter, cohort of patients.

2.5 Conclusion

The impact of pre-conditioning SF and hepcidin on outcomes after allo-HSCTC continues to be a
subject of debate, as conflicting results have been reported in the literature. In our study, we
confirmed a strong positive correlation between pre-conditioning hepcidin and SF levels, which
were influenced by a diverse array of biological and clinical factors. Elevated SF levels were
associated with adverse outcomes, including lower OS and PFS, higher NRM, an increased risk of
infectious events or of some specific toxicities, slower engraftment, and higher transfusion
requirements. Although pre-conditioning hepcidin was linked to worse OS, lower PFS, increased
NRM, and delayed transfusion independence, SF exhibited greater significance than hepcidin in
predicting these outcomes. Nevertheless, these observations were predominantly not confirmed
in multivariate analyses, except for explaining long-term 0S, 100-day and 1-year PFS, as well as
the number of posttransplant RBC transfusions. Our study provides valuable insights into the
impact of pre-conditioning SF and hepcidin on allo-HSCT outcomes and emphasizes the
importance of considering multiple biological and clinical variables in such analyses.
Furthermore, we observed that both SF and hepcidin levels can be influenced by multiple factors,
suggesting that abnormal SF or hepcidin levels may represent a non-specific predictor of
transplant outcomes. While simplified indexes may find SF values useful for deriving predicting
scores, a more thorough assessment of major clinical and biological features probably provides
better prediction of outcomes.

Despite these advancements, certain limitations, such as patient disparities and potential
collinearity in multivariable analyses, warrant further investigation to enhance our
understanding of these complex relationships. These findings underscore the intricacy of iron
metabolism and its influence on outcomes after allo-HSCT, highlighting the need for further

research to unravel the underlying mechanisms and explore potential therapeutic interventions.
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1 Erythroferrone and hepcidin after allogeneic HSC transplantation

In the context of allo-HSCT, the significance of serum hepcidin and its interaction with iron
metabolism and erythropoietic activity remained unexplored. Our team's initial investigations
into hepcidin within the context of HSCT were conducted after auto-HSCT. The findings
revealed that, despite a peak in hepcidin levels on the seventh day post-HCT, associations were
observed with both erythropoietic activity and iron stores, underscoring their pivotal roles in
hepcidin regulation, whereas inflammation exhibited only limited influence (1). Prior research
into the erythropoietic regulator ERFE and its impact on iron mobilization and absorption
through its inhibitory effect on hepcidin has paved the way for more extensive investigations
(2). These discoveries spurred our study on the roles of ERFE and hepcidin in iron metabolism
and erythropoiesis following allo-HSCT. This was facilitated by the availability of serum
samples biobanked during a randomized trial of EPO therapy, which offered an additional
opportunity to explore the interplay between iron, inflammation, and erythropoietic activity
over time posttransplantation.

Following conditioning, a significant suppression of erythropoiesis was noted, with more
pronounced effects observed following MA conditioning compared to NMA conditioning,
impacting erythropoietic activity, Hb levels, and iron-related parameters. Our study unveiled a
decline in ERFE levels in parallel with erythropoiesis suppression. The strong correlations
between serum ERFE and erythropoietic markers (Hb, sTfR, reticulocytes) underscored the
close relationship between erythropoietic activity and ERFE levels. Surprisingly, exogenous
EPO administration did not lead to an anticipated increase in ERFE production (contrary to the
significant sTfR response), in contrast to observations in healthy subjects. Our interpretation
of this unexpected outcome is that part of the sTfR elevation is in fact more due to EPO-induced
functional iron deficiency rather than stimulation of erythropoiesis. Furthermore, it is
plausible that newly formed erythroid precursors, evolving within an altered environment,
could exhibit an inappropriate capacity for ERFE secretion in response to EPO, or that
unidentified inhibitory factors could play a role. To help sort that out, measurements of GDF-
15 would help identify a potential component of ineffective erythropoiesis. In addition, the
paracrine role of hepcidin, and particularly its impact on macrophages, warrants
consideration. LysM-Atg5-/- mice, characterized by macrophage autophagy deficiency, exhibit
aprimary 10 phenotype with high ferroportin expression in both macrophages and enterocytes
(3). These findings suggest that macrophage autophagy restricts ferroportin expression and
iron export, inducing hepcidin expression with an autocrine-paracrine effect that regulates
ferroportin expression in duodenal enterocytes. This would necessitate more comprehensive

research for elucidation.
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While our study in a limited number of patients did not reveal a significant difference in ERFE
during erythroid recovery between patients after MA and NMA conditioning, nor any
correlation between CD34+ cell numbers and ERFE levels, more extensive investigations in a
larger cohort could yield valuable insights into the potential influence of other factors such as
graft source (BM, PBSC, or cord blood), donor characteristics (related or unrelated, matched or
mismatched), conditioning (MA or NMA), or immunosuppressive regimen employed.
Furthermore, the administration of post-transplant cyclophosphamide used in haploidentical
allo-HSCT could potentially alter iron metabolism. Indeed, cyclophosphamide has been shown
to induce iron accumulation in the liver and spleen of mice following suppression of
erythropoiesis, upregulating hepcidin which further restricts iron availability for hemoglobin
synthesis (4). However, precisely assessing its impact in the context of haplo-identical HSCT
poses methodological challenges, notably due to the short time frame of only a few days
between conditioning and cyclophosphamide administration. This temporal constraint would
make it difficult to accurately isolate the changes in iron metabolism induced by
cyclophosphamide itself. This comprehensive exploration would aim at elucidating the
intricate factors that may contribute to the modulation of ERFE levels within the context of
allo-HSCT.

Additionally, pretransplant hepcidin levels were closely linked to RBC transfusion history and
SF levels, then displaying fluctuations corresponding to engraftment and subsequent
erythropoietic recovery. Unlike the dynamics observed in thalassemia or auto-HSCT where the
negative erythropoietic regulator prevail, allo-HSCT represents a distinct scenario where the
impact of 10 seems to surpass the typical control exerted by erythropoiesis on hepcidin
production. Notably, individuals with high initial SF levels exhibited distinct responses to EPO
therapy compared to those with lower levels. This observation highlights the intricate
interplay between the relative responsiveness of iron burden and erythropoiesis. These
findings open intriguing research prospects for the future, particularly in optimizing EPO
therapy. As our group previous reported, significant disruptions occur in erythropoiesis and
iron metabolism after allo-HSCT, characterized notably by inadequate endogenous EPO
production. We demonstrated the efficacy and safety of using EPO during allo-HSCT, although
not all patients exhibited a favorable response (5). It is plausible that a developing marrow
could exhibit insufficient ERFE production in response to EPO due to its relatively early
developmental state. ERFE could therefore be investigated as a predictive marker for EPO
response. Insufficient ERFE levels could potentially indicate issues with erythropoietic
reconstitution. Furthermore, we demonstrated that individuals with elevated pretransplant SF
levels might not experience significant reduction in hepcidin levels in response to EPO

treatment due to the more pronounced inducing effect of iron on hepcidin, impeding
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mobilization of iron reserves for demanding erythroblasts. Consequently, SF levels could
emerge as an additional crucial factor, alongside ERFE levels, for selecting candidates likely to
optimally respond to EPO therapy in the context of allogeneic transplantation. However, given
the exquisite response to EPO therapy observed after allo-HSCT (5-7), alarge cohort of patients
will be necessary to comprehensively investigate the underlying factors that predict this
response, encompassing entities such as endogenous EPO, ERFE, hepcidin, ferritin, sTfR and
other erythropoiesis- and iron-related parameters alongside standard blood counts,

inflammation markers and clinical characteristics of the patient, donor and transplantation.

As illustrated in Figure 1, the underlying mechanisms of altered erythropoiesis and iron
metabolism in various pathologies are increasingly understood (8). Schematically, two types

of alterations, as well as their potential therapeutic targets, can be represented:

A) Physiological balance
Targets :
ERFE antagonist (anti-ERFE antibodies)

B)
Ineffective erythropoiesis :
Beta-thalassen}ia Hepcidin agonist (mini-hepcidin)
Myelodysplastic syndrome (SF3B1) Matriptase 2 antagonist > 1 hepcidin
Megaloblastic anemia Ferroportin inhibitor
Congenital dyserythropoietic anemia Luspatercept
Hemolysis Lenalidomide in MDS

ESA

ERFE agonist

. Hepcidin antagonist: HIF-PHD inhibitor
HepCldln (roxudostat), luspatercept

Matriptase 2 agonist 2 i hepcidin

Q)

Inflammation :
Inflammatory anemia
Chronic kidney disease
Allogeneic HSCT (?)
Sickle cell disease (?)

Targets :

Figure 1 : Altered interactions between erythropoiesis and iron metabolism in various pathological
conditions. A) Balance between ERFE and hepcidin production under normal physiological conditions. B)
Pathologies associated with ineffective erythropoiesis, characterized by an excess of ERFE leading to
inhibition of hepcidin. Several therapeutic targets have been described to either inhibit excess ERFE or
stimulate the action or production of hepcidin. C) Pathologies characterized by ERFE deficiency and
hepcidin overproduction. Various therapeutic targets are described to increase ERFE activity or inhibit the
action or production of hepcidin.

1. Ineffective erythropoiesis: ERFE excess and hepcidin insufficiency despite the inducing
effect of 10 (9). In beta-thalassemia, ineffective erythropoiesis (confirmed by elevated sTfR and
GDF-15) leads to excessive production of ERFE, inducing hepcidin inhibition facilitating iron
absorption by the intestine and release by macrophages, thereby contributing to 10 already

caused by transfusions (10, 11). This is also seen in MDS and in particular in sideroblastic
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anemia, which has the lowest hepcidin/ferritin ratio, suggesting hepcidin insufficiency relative
to 10. (12). Sideroblastic anemia is usually associated with a mutation in the splicing factor
gene SF3B1, which leads to the expression of an alternative ERFE transcript that suppresses
hepcidin transcription and so induces 10 (13). Expression of the variant ERFE transcript was
restricted to SF3B1-mutated erythroblasts and decreased in lenalidomide-responsive patients
(13). In congenital dyserythropoietic anemia type II, a group of hereditary anemias
characterized by dyserythropoiesis, 10, even in non-transfused patients, is also generated by
ineffective erythropoiesis (confirmed by increased ERFE) (14).

2. Inflammation: hepcidin overproduction and ERFE deficiency. In ACD, there is an excess of
hepcidin induced by IL-6, leading to functional iron deficiency. Additionally, as in chronic
kidney disease, there is inadequate EPO production, hemodilution and direct inhibition of
erythroid precursors by IFNs (8). SCD is a complex hemoglobinopathy characterized by less
prominent ineffective erythropoiesis than in beta-thalassemia, less frequent need for
transfusions, and a certain degree of inflammation, complicating the assessment of 10 and the
study of the ERFE-hepcidin axis (15, 16). Vaso-occlusive events induce inflammation,
stimulating hepcidin production via the IL-6 pathway, while ineffective erythropoiesis
increases GDF-15 and ERFE levels. However, hepcidin is not always decreased, and a loss of
correlation between ERFE and hepcidin suggests that iron-inducing mechanisms may
outweigh ERFE-mediated inhibition by erythropoiesis (17). The inclusion of SCD patients could
provide interesting insights into alterations in iron metabolism associated with this pathology,
but we could include only 2 such patients in our thesis.

In the context of allo-HSCT, increased hepcidin production despite post-transplant recovery of
erythropoiesis is induced by inflammation and by IO secondary to transfusions and post-
conditioning aplasia (Figure 2). Measuring pro-inflammatory cytokines such as IL-6, [FN-y,

and TGF-f could assist in quantifying such inflammation and substantiating its involvement.

Comprehending how hepcidin and ERFE influence iron metabolism and erythropoiesis after
allo-HSCT could pave the way for targeted therapeutic developments. Interventions aiming at
specifically modulating hepcidin or ERFE levels could assist in managing posttransplant iron
metabolism-related dysfunctions (Figure 2). For example, in animal models of 3-thalassemia,
administration of hepcidin (18), a ferroportin inhibitor (19) or a matriptase antagonist (20)
has shown variable improvements of ineffective erythropoiesis and 10. Moreover, Arezes et al.
introduced a monoclonal antibody against ERFE to prevent hepcidin suppression by
erythropoiesis. Through experimentation on a mouse model of 3-thalassemia intermedia, the
study revealed that the monoclonal antibody raised hemoglobin levels and concurrently

decreased serum iron concentration, effectively addressing systemic iron overload (21).
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Figure 2: Hypothetical dynamics of iron regulation by erythropoiesis during allo-HSCT and potential therapeutic
targets. After transplantation, decreased production of endogenous EPO is often observed. Although ERFE is secreted,
inhibition of hepcidin production appears to be counteracted by the effect of liver 0. Iron stores are increased by hepatic
cytolysis due to conditioning, transfusions, decreased transferrin production and aplasia (which limits iron utilization).
Several therapeutic approaches can be considered to stimulate erythropoiesis and reduce hepcidin, including ESAs, ERFE
agonists, HIF-PDH inhibitors that increase ERFE production while inhibiting hepcidin, eltrombopag which acts on erythroid
differentiation and reduces iron stores, hepcidin antagonists and matriptase agonists. When iron overload is significant
and erythroid function is restored (typically 6 to 12 months after transplantation), phlebotomies remain an easy
therapeutic option to counter iron overload.

Likewise, employing a monoclonal antibody against hepcidin to mitigate its excess warrants
consideration. Disrupted iron homeostasis due to hepcidin overexpression has been associated
with ACD. This perturbation leads to impaired erythropoiesis and reduced responsiveness to
ESAs (22). Consequently, targeting the suppression of hepcidin has emerged as a potential
therapeutic approach for addressing ACD. Cooke et al directed their efforts towards
developing fully human anti-hepcidin antibodies with potential application in treating ACD and
other disorders related to iron distribution (23). Using mice bearing the human hepcidin gene,
these antibodies were shown to increase serum iron levels, promoting enhanced
hemoglobinization of RBCs. One specific antibody, 12B9m, was validated in a mouse model of
ACD and demonstrated the capacity to modulate serum iron levels in cynomolgus monkeys.
The 12B9m antibody presents a promising avenue as a prospective therapeutic option for
addressing ACD, particularly in patients with kidney disease or cancer, and may hold potential
utility in the context of allo-HSCT as well. Finally, Roxadustat, an oral hypoxia-inducible factor
prolyl hydroxylase (HIF-PHD) inhibitor induces a transient "pseudo-hypoxic" state mimicking
cellular conditions for EPO production and enhances iron availability by reducing hepcidin

levels, effectively addressing functional iron deficiency observed in resistance to conventional
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ESAs (24, 25). The reduction in hepcidin levels is more pronounced with Roxadustat than with
ESAs, making it a unique molecule that enhances erythropoiesis while bypassing iron
metabolism disorders. While its impact on ERFE has not yet been elucidated, it is linked to a
more pronounced reduction in SF levels and an increase in SeFe levels compared to a decrease
of both parameters with ESAs, suggesting that it promotes the release of sequestered storage
iron for incorporation into erythroid progenitors (25). However, Vadadustat, another HIF-PHD
inhibitor, demonstrates ERFE-independent effects on erythropoiesis and iron metabolism,
normalizing Hb and modulating iron parameters in both wild type and ERFE knockout CKD
mouse models (26). This observation suggests that hepcidin inhibition occurs directly through
the effect of HIF, but this remains to be investigated in other models. Studies of HIF-PHD
inhibitors in chronic kidney disease have demonstrated comparable efficacy with less
requirement for intravenous iron supplementation compared to ESAs (25, 27, 28). Exploring
their effectiveness in other contexts of anemia, such as ACD, would be relevant. Finally,
Eltrombopag, a TPO receptor agonist primarily used in immune thrombocytopenia, has shown
efficacy in enhancing erythroid differentiation (29) and in restoring the three cell lineages in
aplastic anemia (30). Recently, studies have highlighted a significant role of Eltrombopag as
iron chelator (31), achieving this effect both directly by binding to iron and indirectly by
regulating iron outflow (32).

This multidimensional approach, accounting for the complex interactions between hepcidin,
ERFE, and iron burden, could potentially enhance the precision and efficacy of therapeutic
strategies in the context of allo-HSCT. Moreover, the incorporation of ERFE and hepcidin
measurements holds significant promise in understanding erythropoiesis and iron metabolism
beyond allo-HSCT, in conditions such as MDS or MPN and even chronic obstructive pulmonary
disease (COPD). Specifically, hepcidin is elevated in patients with mild-to-moderate COPD or
during an exacerbation event, but reduced in patients with advanced and severe COPD
(correlating with hypoxemia), suggesting that the effect of hypoxia dominates that of
inflammation on hepcidin production (33, 34). In a murine COPD model, cigarette smoke
exposure decreased lung and circulating hepcidin levels and increased ferroportin expression
on alveolar macrophages, while blood EPO and ERFE levels were increased (35). However,
alveolar macrophages failed to increase hepcidin in response to bacterial infection, impairing

functional responses to Streptococcus pneumoniae infection (35).
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2 Pretransplant serum ferritin and hepcidin and outcomes after allogeneic
hematopoietic stem cell transplantation

The influence of SF and hepcidin on outcomes following allo-HSCT has yielded conflicting
findings, sparking debate. SF has been employed as a surrogate marker for IO, yet its
interpretation is complicated by factors such as inflammation and liver disease. Studies
quantifying [0 by MRI prior to transplantation were combined in a meta-analysis indicating no
significant effect of liver iron concentrations on survival or complications after allo-HSCT, but
individual studies were less clearcut as half of them pointed to adverse outcomes with 10.
Meanwhile, the role of hepcidin in iron regulation prompted investigations into its association
with complications post allo-HSCT, but results have also been contradictory.

Our study aimed to assess the impact of pre-conditioning SF and hepcidin levels on outcomes
in a cohort of 502 allo-HSCT patients. Through our investigation, we unveiled a compelling
positive correlation between pretransplant hepcidin and SF levels. This correlation highlights
the intricate interplay between iron metabolism markers and their potential interaction in
predicting patient outcomes. Furthermore, our analysis delved deeper into the determinants
of hepcidin levels, revealing their susceptibility to multiple factors including pretransplant RBC
transfusions, inflammatory processes, comorbidities, performance status, and low pre-
conditioning neutrophils. Meanwhile, SF levels themselves were found to be significantly
influenced by a complex interplay of various determinants, encompassing pre-conditioning
transferrin saturation, RBC and platelet transfusions, anemia, liver and kidney function, type
of disease (high SF in AL), performance status and several other patient characteristics. This
intertwined relationship between hepcidin and SF levels indicates a dynamic and multifaceted
iron regulatory mechanism, responsive to both exogenous factors like RBC transfusions and
endogenous factors such as inflammation and patient characteristics. These findings extend
beyond a broad association and emphasize the intricate interdependence between these iron-
related biomarkers. Consequently, these primary results demonstrate that SF does not solely
represent iron burden but also reflects a series of other detrimental clinical characteristics of
patients. Furthermore, hepcidin levels are themselves influenced by factors such as the HCT-
CI score and performance status, both of which are pejorative parameters that can impact
clinical outcomes.

Several studies have highlighted the presence of polymorphisms in the HFE gene among
patients with hematologic disorders, mainly acute leukemias (36-38). These polymorphisms
predispose individuals to I0 due to insufficient hepcidin production under normal
physiological conditions, independently of external factors such as transfusions or
inflammation. Furthermore, an association between HFE gene mutations, 10, and cancer

development has been established (39). This association is reinforced in the presence of
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variants in the transferrin receptor gene, underscoring their biological interaction in iron
transfer across membranes (40). Additionally, leukemic blasts express high levels of
transferrin receptors (41, 42). Exploring HFE genetics within our cohort of 502 patients and
examining whether carriers of HFE mutations cluster in the fourth quartile of ferritin levels
would be quite interesting. Subsequently, investigating the implications of this polymorphism
on survival outcomes, particularly in terms of relapse, would be worthwhile.

We highlighted the predictive value of elevated pre-conditioning SF levels, associating them
with unfavorable outcomes in univariate analysis, such as a decrease in OS and PFS, an increase
in NRM, infections and sepsis, as well as specific toxicities like gastrointestinal toxicity.
Additionally, elevated SF correlated with a prolonged recovery time of all three blood lineages,
a longer time to achieve RBC and platelet transfusion independence, and an increased number
of posttransplant transfusions. Hepcidin levels displayed a weaker impact on outcomes
compared to SF levels and were not significant in multivariate models, except for conditioning-

related skin toxicity. These results are summarized in Table 1.

Table 1: Summary of univariate and multivariate analyses of the impact of pretransplant hepcidin and ferritin
on various outcomes.

Univariate analysis Multivariate analysis

Hepcidin Ferritin Hepcidin Ferritin

Post-transplant outcomes
HR P-value HR P-value HR P-value HR P-value

Overall survival 1.24 0.002 1.25 <0.0001 1.17 0.01
Progression-free survival 1.16 0.03 1.26 0.0002 1.19 0.02
Non-relapse mortality 1.14 0.13 1.21 0.02 Not significant

Time to RBC Tx independence 0.89 0.06 0.90 0.03
Time to platelet Tx independence| 0.88 0.04 0.87 0.007
Time to neutrophils > 1 10°/L 0.99 0.88 0.89 0.003

Not significant Not significant

Time to platelets = 50 10°/L 0.90 0.04 0.84 0.0003 Not significant
Time to hemoglobin = 10 g/dl 091 0.10 0.90 0.02
Time to first infection 1.02 0.68 1.17 0.0003 Not significant
Acute and chronic GVHD Not significant

Tx : transfusion.

However, SF was not confirmed as an independent predictor of these outcomes, as it lost
significance in multivariate Cox models of several outcomes, and our findings rather revealed
an intricate involvement of various factors (biological markers, patient comorbidities, and
transplant characteristics) in shaping these outcomes. Pre-conditioning SF retained prognostic
value in multivariate analysis for long-term OS, PFS at 100 days and 1-year, gastrointestinal

toxicity, and the number of posttransplant RBC transfusions. Our comprehensive multivariate
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analysis demonstrated that long-term survival was best predicted by a combination of
pretransplant SF, DRI, performance status and age. Similarly, short-term or mild-term PFS (at
100 days and 1 year, respectively) were anticipated by pretransplant SF, total bilirubin,
performance status and DRI together with other clinical factors. These observations
underscore the potential of SF as an early indicator of high-risk patients and aligns with the
prognostic score for OS and PFS proposed by Armand et al (43), which incorporates
pretransplant SF, age and DRI for patients with acute leukemia or MDS undergoing allo-HSCT.
They are also consistent with the augmented HCT-CI proposed by Vaughn et al, which
combines the HCT-CI with age and 3 biomarkers (albumin, platelets and ferritin) to predict
NRM after HLA-matched related donor allo-HSCT (44) as well as after alternative donor
transplantation (45). Furthermore, low pre-transplant serum albumin was a significant
predictor of NRM at 1 year in our multivariate model. The integration of SF, an easily accessible
and cost-effective biomarker, into risk stratification and treatment optimization strategies,
stands out as a promising avenue to enhance patient care. Large-scale retrospective analyses
could validate the additional predictive value of SF in diverse transplantation scenarios (MA,
NMA and RIC) and diseases. These endeavors would materialize the ability for personalized
risk assessment and informed decision-making.

The potential to enhance outcomes after allo-HSCT using SF as a predictive marker may also
justify the investigation of clinical interventions. Indeed, as 10 is a significant factor
contributing to elevated SF levels, prospective investigations could evaluate targeted
interventions aimed at modulating iron metabolism prior to allo-HSCT. For instance, exploring
whether preemptive reduction of 10 through iron chelation or by more drastically adjusting
transfusion thresholds (based on the patient's clinical tolerance) may lead to improved
outcomes, even if these interventions take time to hold their promise. Essmann et al. examined
the effect of iron chelation with deferasirox during conditioning in 25 patients undergoing
hematopoietic stem cell transplantation. Elevated levels of LPI were associated with increased
infection risks, but iron chelation with deferasirox effectively suppressed the appearance of
LPI and was well-tolerated (46). The safety and impact of this chelation on transplant outcomes
remains to be determined on a larger scale and with longer follow-up. The predictive role of SF
could also open avenues for tailoring supportive care regimens. For patients with higher pre-
conditioning SF levels, more aggressive preventive measures against infections and specific
conditioning-related toxicities could be implemented. This personalized approach could
enhance patient outcomes and minimize treatment-related complications.

Moreover, although the evidence for this remains largely controversial (47), several studies
have demonstrated that iron could promote tumor growth and relapse (48, 49), and chelation

therapy targeting iron has shown potential in limiting this effect (50). However, few studies
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have found an influence of pretransplant SF on the risk of relapse in multivariate models (51-
55), as contradictory outcomes emerge (55) and the majority of other investigations indicated
the absence of a correlation between SF levels and relapse after transplantation except in AL
patients (55-65). We did not observe a significant difference in relapse based on pretransplant
SF levels across the entire cohort. However, relapse was significantly more frequent among AL
patients when pretransplant SF levels were elevated. It is noteworthy that elevated levels of
GDF-15 have shown an increase during AL relapses, suggesting its potential relevance as a
biological marker post-transplantation (66). Thus, the impact of pretransplant SF and hepcidin
on relapse should be studied within patient subgroups (selected based on their initial disease
and conditioning regimen) rather than the entire cohort where heterogeneity is too important.
Therefore, we should examine homogeneous patient groups (e.g., multiple myeloma treated
with high-dose melphalan and autologous HSCT, lymphomas treated with the BEAM regimen
and autologous transplantation, acute leukemias treated with cyclophosphamide and TBI or
low-dose TBI and fludarabine followed by allo-HSCT) and analyze the relationship between
pre- and posttransplant iron status and the incidence of relapse, considering the usual
cofactors associated with relapse risk. Additionally, exploring the controversial connection
between iron metabolism and cancer relapse has implications not only for post-transplant care
but also for broader oncological contexts. The potential for iron chelation therapy to modulate
tumor growth raises intriguing possibilities for adjunctive treatments that could complement
existing cancer therapies. By analyzing well-defined patient groups undergoing different
transplantation procedures, we aim to elucidate whether there is a consistent pattern between
iron status and relapse incidence across various transplantation contexts. This research could
provide valuable evidence for the consideration of iron modulation strategies in the
management of both post-transplant complications and cancer recurrence. Finally, as
demonstrated in our study, the immediate post-transplantation period is characterized by a
disproportionate increase in SF levels. However, the reasons for this phenomenon remain
unexplored. Within multivariate models, we plan to analyze the determinants of SF, SeFe and
Tsat at various post-transplantation time points, extending up to 10 years post-transplant. This
study would aim to uncover factors influencing iron parameters beyond iron stores, by
examining a range of clinical and biological factors relevant to these biomarkers. Exploring the
potential impact of post-transplant cyclophosphamide would be challenging due to the short
interval between conditioning and cyclophosphamide administration that could prevent an
appropriate separation of their respective effect. This would also be done with the intention of
addressing the question: at what point can serum ferritin levels be reconsidered as an accurate

quantitative measure of iron status? And a correlate of this would be: at which point and with
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which endpoint should we intervene with iron-removing strategies such as phlebotomies and
chelation to prevent the long-term damages of persisting iron overload.

In conclusion, our study highlights the significance of SF as a predictive biomarker for allo-
HSCT outcomes. The substantial influence of SF, surpassing that of hepcidin, provides a
foundation for future research. With its ease of measurement and clinical feasibility, SF
emerges as a valuable tool for assessing the risk of complications following allo-HSCT.
Furthermore, our findings emphasize the importance of considering iron metabolism in
therapeutic interventions (e.g., chelation), opening new avenues to enhance allo-HSCT
outcomes. This comprehensive understanding of the intricate interplay of iron-related
biomarkers offers a more refined approach to patient care and therapeutic strategies in the

context of allo-HSCT.
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