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ABSTRACT

Introduction: In B-thalassemia, imbalanced globin synthesis causes reduced red blood cell survival and
ineffective erythropoiesis. Suppressed hepcidin levels increase ferroportin-mediated iron transport in
enterocytes, causing increased iron absorption and potentially iron overload. Low hepcidin also
stimulates ferroportin-mediated iron release from macrophages, increasing transferrin saturation
(TSAT), potentially forming non-transferrin-bound iron, which can be toxic. Modulating the hepcidin—
ferroportin axis is an attractive strategy to improve ineffective erythropoiesis and limit the potential
tissue damage resulting from iron overload. There are no oral B-thalassemia treatments that consis-
tently ameliorate anemia and prevent iron overload.

Areas covered: The preclinical and clinical development of vamifeport (VIT-2763), a novel ferroportin
inhibitor, was reviewed. PubMed, EMBASE and ClinicalTrials.gov were searched using the search term
‘VIT-2763'.

Expert opinion: Vamifeport is the first oral ferroportin inhibitor in clinical development. In healthy
volunteers, vamifeport had comparable safety to placebo, was well tolerated and rapidly decreased iron
levels and reduced TSAT, consistent with observations in preclinical models. Data from ongoing/
planned Phase Il studies are critical to define its potential in B-thalassemia and other conditions
associated with iron overabsorption and/or ineffective erythropoiesis. If vamifeport potentially increases
hemoglobin and reduces iron-related parameters, it could be a suitable treatment for non-transfusion-
dependent and transfusion-dependent (-thalassemia.
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1. Introduction having transfusion-dependent thalassemia (TDT), which includes

B-thalassemia is caused by the partial or complete loss of {3-
globin synthesis, which leads to a relative excess of a-chains of
hemoglobin and, consequently, ineffective erythropoiesis. The
imbalance between a- and (-chains results in formation of
free a-globin-heme complexes in red blood cell (RBC) precur-
sor membranes and precipitation of hemichromes on the RBC
membrane. These promote oxidative damage, thereby indu-
cing intra-marrow apoptosis of RBC precursors and also redu-
cing the lifespan of circulating RBCs [1,2].

Clinically, B-thalassemias are classified according to depen-
dence on blood transfusions necessitated by the degree of
imbalance between the a- and B-chain production [3]. Patients
who need regular blood transfusions for survival are defined as

[-thalassemia major, and severe hemoglobin E/B-thalassemia [3].
In TDT, the objective of treatment is to maintain trough hemo-
globin levels above 9-10 g/dL using recurrent chronic transfu-
sion to inhibit ineffective erythropoiesis. Blood transfusions and,
to a lesser extent, enhanced gastrointestinal iron absorption,
result in progressive iron accumulation and, without treatment,
inevitably result in iron overload, particularly in the liver, endo-
crine system and heart [4]. Non-transferrin bound iron (NTBI)
appears in the plasma of patients with systemic iron overload
when the binding capacity of transferrin is exceeded [5].
Aberrant uptake of NTBI with subsequent excess iron deposition
as hemosiderin can cause organ toxicity, manifesting as cirrhosis
in the liver, damage to the endocrine glands that impairs
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Article highlights

e The hepcidin—ferroportin axis is central to iron homeostasis and
therefore represents a rational therapeutic target for B-thalassemia.

o Vamifeport (VIT-2763) is a small-molecule, oral inhibitor of ferroportin
that improved ineffective erythropoiesis and ameliorated anemia in
preclinical models of non-transfusion-dependent thalassemia.

e When administered to healthy volunteers, vamifeport had
a comparable safety profile to placebo and was well tolerated.
Vamifeport also rapidly decreased circulating iron levels and reduced
transferrin saturation, consistent with observed effects in preclinical
models.

o Vamifeport is currently in clinical development for potential use in
conditions with ineffective or otherwise disturbed erythropoiesis such
as hemoglobinopathies (including thalassemia) and in the future may
provide a novel therapeutic option for other conditions involving
disturbed iron and blood homeostasis.

hormone production, and cardiac disease, the latter of which is
historically the major cause of death in patients with TDT [6].
Patients are usually prescribed iron chelation therapy (ICT) to
treat iron overload, but iron excretion is relatively inefficient and
slow and places a high treatment burden on patients [7,8].
Chelation treatment seeks to balance the toxic effects of excess
iron with the potential toxicity of excessive iron chelation. This
balance can be difficult to optimize as the side effects associated
with ICT are not uncommon and can be significant. For patients
who are unable to tolerate ICT, the current lack of alternative
therapies is problematic. If left untreated, iron overload increases
the risk of complications and can have a negative impact on

survival [8-10]. At present, patients in higher-income countries
who receive regular transfusions and who are on regular ICT
have a life expectancy beyond the fifth decade. However, even
in optimally treated patients, life expectancy remains well below
that of the general population [11].

Patients who need occasional or intermittent transfusions
are defined as having non-transfusion-dependent thalassemia
(NTDT), which includes some patients with B-thalassemia
intermedia, mild to moderate hemoglobin E/B-thalassemia,
and hemoglobin H disease [3]. Patients with NTDT comprise
a wide range of phenotypes driven by the degree of globin
chain imbalance, mainly due to the underlying molecular
defects (either B° or B*-thalassemia); their clinical symptoms
are generally a result of ineffective erythropoiesis, anemia, and
iron overload [12,13]. In addition to iron toxicity, complications
are similar to those reported in patients with TDT, and can
include hypercoagulability and thromboembolic disease, pul-
monary hypertension, extramedullary hematopoiesis pseudo-
tumors, leg ulcers, gallstones, pregnancy complications, and
endocrine disorders such as osteoporosis and delayed puberty
[3,14]. In patients with NTDT, iron loading occurs more slowly
than in patients with TDT and is primarily caused by increased
intestinal absorption secondary to chronic anemia and tissue
hypoxia, rather than transfusion [15]. Patients with NTDT are
typically able to maintain hemoglobin levels above 7 g/dL, but
they may require occasional transfusions; for example, when
pregnant, when undergoing a surgical procedure, or if they
have an overt infection [3]. Over time, they may require more
transfusions due to disease-related complications, particularly

Table 1. Advantages and disadvantages of current and potential therapies for NTDT.

Therapy Advantages Disadvantages References
Blood o Effective in supplying normal erythrocytes and reducing ineffective e Risk of infection, alloimmunization, and iron [22,25]
transfusion erythropoiesis overload
o Evidence of a reduction in some morbidities in observational studies ¢ Significant financial burden, especially for
developing countries
Iron o Effective reduction in systemic and hepatic iron burden e Adverse effects [25,27]
chelation e Available as an oral formulation e Requires appropriate regimen and dose
tailoring
o Parenteral form may be required
e High cost
Splenectomy e May reduce the need for transfusions by improving hemoglobin levels e Risk of infection and other major [25]
complications
¢ Not recommended for patients below 5 years
of age
Hydroxyurea e Data suggest potential efficacy (attractive alternative to avoid the long- and e Efficacy not confirmed in randomized trials [22-25]
short-term complications of blood transfusions) o Efficacy may decrease with long-term use
o Efficacy can be assessed relatively quickly (few months) o Adverse effects
o Well tolerated; mild and transient AEs only, no major long-term AEs e Not approved for NTDT
¢ Available and affordable (especially in developing countries)
o Available as an oral formulation
Luspatercept e Improvement in hemoglobin and blood transfusion burden Molecular target(s) not precisely identified [26,28]

o Acceptable safety profile

No clinical pediatric data available

Risk of thrombosis

Safety concerns about pediatric use based on
data from preclinical studies

Not yet approved for NTDT

¢ High cost

AE, adverse event; NTDT, non-transfusion-dependent thalassemia.



associated with progressive anemia becoming less tolerated
with increasing age [3]. The prognosis for patients with NTDT
has historically been better than for TDT [16]. However, with
improvement of blood transfusion and ICT for TDT, mortality
and thalassemia-related complications have substantially
decreased in these patients [17], while there is now greater
recognition of a high level of morbidity associated with NTDT
[18]. Without appropriate treatment, patients with NTDT may
experience frequent morbidity and a poor quality of life.
Clinical management of NTDT with occasional blood transfu-
sions can add to iron overload and lead to alloimmunization,
as is observed in patients with TDT [16,19-21]. Other treat-
ment options for NTDT and TDT are currently limited to sple-
nectomy, bone marrow transplant, which can potentially be
curative, and agents that are not yet approved for use speci-
fically in NTDT, such as luspatercept (for which a clinical trial in
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Supportive therapies such as folic acid supplementation, anti-
biotic, antiviral and antifungal therapies, intensive care, and/or
nutritional support can also be used.

Iron homeostasis is mediated primarily via the hepcidin-
ferroportin axis [29]. Hepcidin is a hormone secreted by the
liver in response to iron loading and inflammation, which
regulates iron levels by binding and occluding the iron trans-
porter ferroportin [30], and targeting it for degradation [19,31].
Ferroportin is the sole cellular efflux transporter for iron, and
its expression and function on iron-exporting cells is regulated
post-translationally by hepcidin, which binds to ferroportin,
resulting in its internalization via endocytosis and subsequent
degradation in lysosomes [29,32]. Erythropoiesis exerts strong
control over iron homeostasis [33]. Anemia and hypoxia aris-
ing from ineffective erythropoiesis result in high levels of
erythropoietin and erythroferrone, which respectively stimu-

NTDT is ongoing) and hydroxyurea (Table 1) [22-28]. late erythropoiesis and suppress hepcidin [34-36]. The
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Figure 1. Molecular pathways of iron-restricted erythropoiesis through translational control at elF2aP, TfR2/Scrib and mTORC1 signaling. Reproduced from Zhang S, et
al. Blood 2018;131(4):450-461 [39], with permission from the American Society of Hematology. © 2018 by the American Society of Hematology. Left: Steady-state
erythropoiesis in the bone marrow under iron sufficiency. In iron and thus heme abundance, HRI homodimer is inactive because of full occupancies of heme onto the
4 HRI heme-binding domains and so is unable to phosphorylate elF2a, thus permitting global protein synthesis, mainly globin proteins in erythroid cells. Sufficient
hemoglobin production maintains oxygen-delivering capacity in blood without hypoxia. Middle: Activation of HRI-ISR under iron deficiency mitigates ineffective
erythropoiesis. Under iron/heme deficiency, HRI in bone marrow erythroid precursors is activated by the dissociation of heme. HRI then induces ISR, phosphorylating
elF2a, which inhibits globin protein synthesis and results in a decrease of hemoglobin content and consequently induction of tissue hypoxia stress. In addition, elF2aP
selectively enhances the translation of ATF4 mRNA to alleviate ROS levels. HRI-ISR also inhibits mTORC1 signaling to mitigate ineffective erythropoiesis in the spleen.
Right: Elevated mTORC1 signaling and development of ineffective erythropoiesis in mutant mice defective in HRI-ISR signaling in iron deficiency. Hypoxia induced by
iron deficiency stimulates Epo production in the kidney and increases Epo in blood circulation. In the spleen, binding of Epo to its receptors in erythroid precursors
induces AKT/mTORC1 signaling, thus phosphorylating 4EBP1 and S6K/S6 to increase protein synthesis, promote proliferation, and inhibit erythroid differentiation,
which are the characteristics of ineffective erythropoiesis. HRI-ISR serves as feedback to inhibit mTORC1 signaling activity, inhibiting the development of ineffective
erythropoiesis in iron deficiency. 4EBP1, eukaryotic translation initiation factor 4E binding protein 1; AKT, protein kinase B; ATF4, activating transcription factor 4;
elF2a, eukaryotic translation initiation factor 2 subunit 1; Epo(R), erythropoietin (receptor); Fe, iron; HRI-ISR, heme-regulated elF2a kinase-integrated stress response;
mRNA, messenger ribonucleic acid; mTORC1, mammalian target of rapamycin complex 1; P, phosphorylated; ROS, reactive oxygen species; Scrib, scribble; S6(K),
ribosomal protein S6 (kinase); TfR2, transferrin receptor 2.
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M = 517.81 g/mol

Figure 2. Chemical structure and mechanism of action of vamifeport (VIT-2763).

reduced level of hepcidin causes an increase in the absorption
of dietary iron from upregulated ferroportin expression and
release of recycled iron from macrophages, ultimately result-
ing in an excess of NTBI and potentially fatal iron toxicity [19].
Consequently, modulation of the hepcidin—ferroportin axis has
the potential to limit non-transfusional iron overload. In addi-
tion, iron overload from hepcidin insufficiency appears to
exacerbate ineffective erythropoiesis [37], and it has been
proposed that modulation of iron homeostasis could improve
ineffective erythropoiesis, thereby ameliorating anemia [7].
Potential mechanisms of action to mediate the improvements
in erythropoiesis include a reduction in serum iron levels with
lowered transferring saturation (TSAT), an effect on monoferric
transferrin levels, or an effect on macrophage iron levels.
Furthermore, iron restriction decreases erythropoiesis via the
TfR2-Scribble pathway that regulates the expression of ery-
thropoietin (EPO) receptors on the cell surface of the imma-
ture erythroid precursors in mice [38]. This leads to the
resistance of the erythron to EPO and to a reduction in RBC
production. Conversely, iron restriction also leads to an
increase in heme-regulated elF2a kinase (HRI) activity, which
phosphorylates elF2a and thereby decreases protein transla-
tion in immature erythroid precursors and also suppresses
mTORC1 signaling of activated EPO receptors (Figure 1) [39].
mTORC1 signaling preferentially leads to erythroid cell prolif-
eration and inhibits cell differentiation. These effects would
favor cell differentiation over proliferation, contributing posi-
tively to reduce ineffective erythropoiesis. Data from animal
models have shown that TSAT decreases a-globin hemi-
chrome formation, oxidative damage of the developing RBCs
in the bone marrow, and in turn ameliorates erythropoiesis
and increases hemoglobin levels [40,41].

There is a need for new treatments that are effective and
reduce the development of thalassemia-related complications,
which are well tolerated, convenient, and that will improve
long-term adherence and quality of life for patients. Given its
central role in iron homeostasis, the hepcidin—-ferroportin axis
represents an attractive therapeutic target for 3-thalassemia to
improve ineffective erythropoiesis and associated iron over-
load. Since ineffective erythropoiesis and tissue hypoxia inhibit
hepcidin production, resulting in iron overload, agents have

been developed to reproduce the effects of hepcidin. Studies
in mice indicate a potential for such agents in the treatment of
NTDT [40] and several have entered clinical development
(Table 2) [42-46]. Data from preliminary human studies using
injected hepcidin mimetics (PTG-300 and LJPC-401) showed
that the agents were generally well tolerated and effected
reductions in serum iron levels and decreased TSAT in healthy
volunteers [43,45]; LJPC-401 also reduced serum iron levels in
patients with iron overload [44]. These agents aim to decrease
TSAT, either to improve erythropoiesis (PTG-300) or to
decrease myocardial iron uptake (LJPC-401) (for a review, see
[47]). However, these preparations are not orally active and
would require frequent parenteral dosing. Another approach
to restrict TSAT and improve erythropoiesis is by targeting
expression of transmembrane protease serine 6 (TMPRSS6),
a transmembrane serine protease that reduces hepcidin pro-
duction. Findings from preclinical studies in hemoglobinopa-
thy mouse models show that Tmprss6 suppression can
improve anemia, ineffective erythropoiesis, and splenomegaly;
data also suggest improved activity in combination with iron-
chelating agents [48,49]. Initial safety and pharmacodynamic
(PD) findings from a Phase | clinical study of IONIS
TMPRSS6-Lgy in healthy volunteers showed a reduction in
serum iron and TSAT at Week 10 following 20 or 40 mg
subcutaneous doses at Week 1, 4, 6 and 8; treatment-
emergent adverse events were generally mild [46]. A Phase
lla study with IONIS TMPRSS6-Lgx is ongoing (NCT04059406).

Direct inhibition of the ferroportin receptor represents
a novel approach to targeting the hepcidin—ferroportin axis
[50]. Vamifeport (previously known as VIT-2763) is an oral
ferroportin inhibitor that has been specifically designed to
target the hepcidin-ferroportin axis and ameliorate ineffective
erythropoiesis [42]. In this review, we summarize the preclini-
cal and clinical development of vamifeport, which is currently
undergoing Phase lla clinical evaluation in patients with NTDT,
with Phase Ilb evaluation in patients with TDT planned. As this
is a historical, narrative review tracking the development of
vamifeport, there was no prespecified search strategy. In line
with this, PubMed, EMBASE and ClinicalTrials.gov databases
were searched for all potentially relevant items using the
search term ‘VIT-2763'.
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Table 2. Summary of drugs in clinical development targeting the hepcidin-ferroportin axis.

Route of
administration Clinical development stage

Target/

Therapy MOA

Summary of clinical findings to date References

LJPC-401 Hepcidin Subcutaneous
mimetic

unknown)

PTG-300 Hepcidin Subcutaneous
mimetic

reported)

IONIS
TMPRSS6-
I-RX

Tmprss6 Subcutaneous

ongoing (NCT04059406)

Vamifeport Oral

(VIT-2763)

Ferroportin
inhibitor

Phase | study complete (healthy
volunteers); Phase lla ongoing

(NCT04364269; NTDT); Phase llb study

planned (TDT)

Phase | studies completed; Phase Il study A Phase | study evaluated single ascending and multiple
in progress (NCT03381833; status

Phase | study completed; Phase Il study A Phase | study evaluated single or repeat doses of PTG-
completed (NCT03802201; findings not

Phase | study complete; Phase lla study

[43,44]

doses of LJIPC-401 (4—20 mg administered

subcutaneously) in healthy volunteers. LJPC-401 was

well tolerated and dose-related decreases in serum

iron levels were observed after single doses of 4, 10

and 20 mg. Decreases in mean serum iron were also

observed after each dose of LIPC-401 in the multiple-

dose cohort. Dose-related increases in unsaturated iron

binding capacity along with dose-related decreases in

transferrin saturation were observed.

A Phase | study evaluated single escalating doses of

LJPC-401 (1-30 mg administered subcutaneously) in

patients with iron overload. LJPC-401 was well

tolerated at doses between 1 and 30 mg. Reductions in

iron levels were observed and appeared to be dose

related between 1 and 20 mg. Serum iron reductions

were sustained up to Day 8 in most patients.

[45]
300 (1-80 mg administered subcutaneously) in healthy
volunteers. PTG-300 was generally well tolerated and
induced a dose-related reduction in serum iron levels
with an associated reduction in transferrin saturation.
No changes in hematologic indices were observed
following a single dose. A small reduction in mean
hemoglobin and a reticulocytosis was observed at Day
20 following repeat dosing.

A Phase | study evaluated multiple doses of IONIS
TMPRSS6-Lgy in healthy volunteers (20-60 mg
administered subcutaneously at Weeks 1, 4, 6 and 8) in
healthy volunteers. Treatment-emergent adverse
events were generally mild and a reduction in serum
iron and transferring saturation was observed at Week
10 following 20 and 40 mg doses.

A Phase | study evaluated single- (5-240 mg) and
multiple- (60 or 120 mg BID) ascending oral doses of
vamifeport (VIT-2763) in healthy volunteers.
Vamifeport was well tolerated. A rapid, temporary
decrease in serum iron levels was observed with single
doses =60 mg and all multiple doses; multiple doses of
vamifeport also temporarily decreased the mean
calculated transferrin saturation, maximally at about 4-
8 h after the morning dose.

(46]

[42]

BID, twice daily; MOA, mechanism of action; NTDT, non-transfusion-dependent thalassemia; TDT, transfusion-dependent thalassemia.

2. Preclinical findings

2.1. Vamifeport mechanism of action and in vitro
studies

Vamifeport is a small-molecule oral inhibitor of the iron transpor-
ter ferroportin. Screening a library of small molecules for modula-
tors of ferroportin internalization led to the identification of
vamifeport, the chemical structure of which is shown in
Figure 2 [50].

In vitro findings demonstrated that vamifeport acts as
a ferroportin inhibitor, competing with hepcidin for binding
to ferroportin, displacing hepcidin bound to recombinant fer-
roportin, and reducing cellular iron efflux with a potency simi-
lar to that of hepcidin (Table 3) [50-53]. In a competition assay
using the mouse macrophage cell line J774, vamifeport and
unlabeled synthetic hepcidin showed similar potency in com-
peting with fluorescently labeled hepcidin for binding to fer-
roportin (mean ICsq + standard deviation [SD] 9 = 5 nM vs
13 + 4 nM, respectively). The effect of vamifeport and hepcidin

on ferroportin function was evaluated in T47D, a human
breast cancer cell line endogenously expressing ferroportin,
incubated with iron sulfate labeled with the stable isotope
8Fe, Vamifeport and hepcidin both demonstrated dose-
dependent inhibition of cellular iron efflux, with vamifeport
being slightly more potent than hepcidin (mean + SD ECs, of
68 + 21 nM for vamifeport vs 123 + 46 nM for hepcidin).
Immunoprecipitation experiments using J774 cells showed
that vamifeport and hepcidin similarly triggered ferroportin
internalization and degradation. Both vamifeport and hepcidin
induced ferroportin ubiquitination within 10-20 min, followed
by degradation within 1-2 h. There were slight differences in
the efficacy and kinetics of vamifeport and hepcidin [50].

In terms of selectivity, at a single concentration of 10 M,
vamifeport showed no significant in vitro effects on any of
the targets screened in a panel of 70 receptors, ion channels,
and transporters, or in a selection of 27 enzyme assays. The
strongest off-target effects were observed with ICsps at least
1,000-fold higher than those found for ferroportin in the J774
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Table 3. Key findings from preclinical studies of vamifeport (VIT-2763).

Model Key findings References

In vitro e |Cs, for ferroportin binding comparable between vamifeport and hepcidin [50]
J774 murine macrophage cell line ¢ Vamifeport and hepcidin use similar pathways of ferroportin internalization and degradation

In vitro ¢ Dose-dependent inhibition of cellular iron efflux [50]
T47D human breast cancer cell line » Vamifeport slightly more potent than hepcidin

In vivo o Dose-dependent decrease in serum iron (comparable with hepcidin) [50]
Murine model of acute hypoferremia

In vivo e Dose-dependent attenuation of serum iron levels 3 h after iron bolus [50]
Anemic rats

In vivo ¢ Vamifeport corrected serum iron to the levels of wild-type mice [51,53]
Murine model of hereditary hemochromatosis e Prevented iron accumulation in the liver

In vivo ¢ Anemia improved [50]

Murine model of NTDT

* Dose-dependent reduction in toxic a-globin aggregates in RBCs, thereby improving

imbalance of a- and B-globin
e Extended the lifespan of RBCs

e Improved RBC function
¢ Prevention of iron loading

o Ameliorated ineffective erythropoiesis and splenomegaly

1Cso, half maximal inhibitory concentration; NTDT, non-transfusion-dependent thalassemia; RBC, red blood cell.

assay. Studies using a cell line expressing doxycycline-
inducible fluorescent-labeled human ferroportin provide
further evidence that ferroportin expression is needed for
the inhibitory effect of vamifeport [50].

2.2. In vivo studies

PD studies measuring plasma iron showed that the biological
activity of vamifeport in rodents was related to reduced iron egress
into the plasma. In a mouse model of acute hypoferremia (C57BL/6
mice fed a standard rodent diet), oral administration of 60 mg/kg
vamifeport resulted in a rapid decrease in serum iron at 1 and 3 h
post-dose that was similar to hepcidin: 40% and 58% lower,
respectively, than the vehicle control [50]. Similarly, in healthy
rats fed a standard rodent diet, plasma iron decreased over time
after oral vamifeport dosing; minimum serum iron levels were
reached after 4 h, with levels recovering within 8-24 h [50]. To
determine the effect on intestinal iron absorption, a single 3-, 10-,
or 30-mg/kg dose of vamifeport or vehicle control was adminis-
tered to anemic Wistar rats (fed a low-iron diet to develop anemia)
followed by an oral iron bolus. Vamifeport at 10 or 30 mg/kg, but
not 3 mg/kg, significantly suppressed the serum iron increase 3 h
after the oral iron bolus, compared with control (Table 3) [51].
The effects of vamifeport have been evaluated in several animal
disease models (Table 3). The selection of doses tested in the
preclinical models was based on dose-optimization pilot studies
in the respective models. A murine model of hereditary hemochro-
matosis (HFE C282Y) was used to determine the impact of vamife-
port on serum and organ iron concentrations. This disease is
a result of mutations in genes encoding components that regulate
iron homeostasis through the hepcidin—ferroportin axis, causing
excessive intestinal absorption of dietary iron and pathological
iron overload. Mice fed a low-iron diet were dosed with vamifeport
40 or 110 mg/kg along with stable iron isotope (*°Fe) in the
drinking water, with the concentration adjusted to 250 ppm iron
content to correspond to the iron intake of a standard rodent diet.

At the end of the study period, vamifeport had resulted in the
correction of serum iron to the levels of wild-type mice and pre-
vented iron retention in the livers of the hemochromatosis mice
[51,53].

The effects of vamifeport on anemia, ineffective erythropoi-
esis, and iron overload have been studied using the Hbb™/*
murine model of NTDT [50]. Mice fed a low-iron diet were
dosed orally with either 30 or 100 mg/kg vamifeport or vehicle
control twice daily for 5 weeks, and between doses they had
access to 58Fe—containing water, adjusted to 250 ppm iron
content to correspond to the iron intake of a standard rodent
diet. Findings from the study demonstrated a range of effects
of vamifeport. Notably, vamifeport dosed at 30 and 100 mg/kg
significantly decreased serum iron levels by 77% and 84%,
respectively, compared with control, and resulted in
a significant reduction in relative spleen weight by 52% and
65%, respectively. Treatment also decreased organ iron levels
and improved hematologic parameters, including hemoglobin
level and RBC count, demonstrating amelioration of anemia
and improved erythropoiesis [50]. Vamifeport reduced the
percentages of early erythroid precursors in the bone marrow
and spleen, and increased the percentage of mature erythro-
cytes, providing evidence of improved ineffective erythropoi-
esis [50]. Importantly, vamifeport dose-dependently reduced
the insoluble, membrane-bound a-globin aggregates in RBCs,
compared with vehicle controls. Data also demonstrated that
vamifeport reduced the percentage of reactive oxygen species
(ROS)-positive RBCs and extended the lifespan of RBCs,
thereby improving anemia and tissue oxygenation [50].
Additionally, in a study of combination treatment with vamife-
port and the iron-chelating agent deferasirox in the same
preclinical model of NTDT, findings revealed no negative
impact of vamifeport on the efficacy of deferasirox and vice
versa [52]. Vamifeport alone or in combination with defera-
sirox significantly increased hemoglobin, RBC counts, and
hematocrit, and decreased reticulocyte numbers, reflecting



improved erythropoietic efficiency. Vamifeport in the presence
or absence of deferasirox decreased formation of ROS and RBC
apoptosis and improved mitochondrial clearance. Vamifeport
alone decreased serum iron and TSAT but did not reverse the
established liver iron overload. Deferasirox had no effect on
serum iron, TSAT, erythropoiesis or RBC phenotype, but
decreased liver iron concentration, both alone and in the
presence of vamifeport [52]. Therefore, the potentiality of
combining treatment with vamifeport and deferasirox relates
to the drugs’ complementary effects on RBC parameters/
serum iron levels and liver iron levels, respectively. Currently,
three iron chelators (deferoxamine, deferiprone, and defera-
sirox) are available for the management of iron overload in
patients with TDT [54]. Deferoxamine is administered parent-
erally, whereas deferiprone and deferasirox are oral drugs with
greater dosing convenience. Deferasirox is the only iron che-
lator tested in controlled clinical studies and approved in the
USA and Europe for the management of iron overload in
patients with NTDT [55]. Combination therapy with the iron
chelator deferiprone and minihepcidins or tmprss6-targeting
oligonucleotides in the Hbbth3/+ thalassemia model showed
no negative PD interactions [40,49,56]. Future preclinical stu-
dies need to address potential pharmacokinetic or PD interac-
tions of vamifeport with iron-chelating agents other than
deferasirox.

Single- and repeated-dose toxicity studies have been con-
ducted to support the clinical evaluation of vamifeport. In
rodents, vamifeport was well tolerated in 14-day dosing stu-
dies, with the ‘no observed adverse effect level’ (NOAEL) being
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>600 mg/kg [50]. In a 13-week rat study, the NOAEL was
100 mg/kg/day. Pale ears correlating with anemia and hemo-
globin levels as low as 64 g/L were noted after 8 weeks at
vamifeport 200 mg/kg/day, the highest dose tested, which
necessitated a dosing break. After 6 days, when hemoglobin
values had recovered to at least 114 g/L, dosing restarted
using a 5 days on/2 days off regimen until the end of the
study [Vifor, data on file (report FIT-11)]. Therefore, two sce-
narios need to be considered regarding long-term therapy
with vamifeport; one is where iron-restricted erythropoiesis
leads to therapeutic effects in B-thalassemia patients with
ineffective erythropoiesis. The second scenario is where iron-
deficient erythropoiesis is taking place due to an exaggerated
pharmacology of vamifeport. The right balance between iron-
restricted (beneficial) and iron-deficient erythropoiesis (exag-
gerated pharmacology) is the therapeutic target to be
reached. Hemoglobin levels, hematocrit, RBC and reticulocyte
counts, as well as TSAT and other iron level biomarkers, will
help to define that therapeutic target ‘sweet spot'.

Outcomes from these preclinical studies show that vamife-
port is a potent and well-tolerated oral ferroportin inhibitor,
with a mode of action similar to hepcidin (Figure 3). By block-
ing iron export into plasma and thereby limiting the availabil-
ity of iron for erythropoiesis, vamifeport consistently improved
ineffective erythropoiesis, ameliorated anemia, and prevented
liver iron loading in a well-established NTDT model. These
findings demonstrate the potential of vamifeport to correct
a critical pathological event that occurs in NTDT and highlight
the medical plausibility of vamifeport as a potential treatment
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Figure 3. Hepcidin—ferroportin axis in non-transfusion-dependent thalassemia (A) and how it is affected by vamifeport (VIT-2763) (B). A. Iron homeostasis is
mediated primarily via the hepcidin—ferroportin axis. Hepcidin regulates iron levels by targeting the iron transporter ferroportin for degradation. Erythropoiesis
exerts a strong control over iron homeostasis, so that when erythropoiesis is impaired, iron absorption is increased, irrespective of iron stores. In patients with NTDT,
anemia and hypoxia arising from ineffective erythropoiesis stimulates erythropoiesis and suppresses hepcidin. The reduced level of hepcidin causes an increase in
the absorption of dietary iron and release of recycled iron from macrophages, ultimately resulting in saturation of the iron-binding capacity of transferrin and
consequently generation of non-transferrin-bound iron that results in organ iron overload and further drives ineffective erythropoiesis, splenomegaly, and anemia.
B. Vamifeport, a novel oral ferroportin inhibitor, acts like hepcidin to target ferroportin for degradation, thereby blocking iron export into plasma. By limiting plasma
iron levels, vamifeport acts to prevent organ iron overloading, reduce spleen size, and improve erythropoiesis and anemia. FPN, ferroportin; NTDT, non-transfusion-

dependent thalassemia.
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for B-thalassemia. A first-in-human Phase | study was subse-
quently conducted in healthy adult volunteers.

3. Phase I clinical study in healthy volunteers

A Phase |, randomized, double-blind, placebo-controlled study
was conducted to assess the safety, tolerability, PK, and PD of
single- and multiple-ascending doses of vamifeport in 72
healthy adult volunteers [42]. In the single-ascending dose
phase, participants received single oral doses of vamifeport
(5, 15, 60, 120, or 240 mg) or matching placebo. In the multi-
ple-ascending dose phase, participants received multiple oral
doses of vamifeport (60 or 120 mg once daily or twice daily),
or matching placebo for 7 days [42]. Doses were given
between 8 and 10 am following a 10-h overnight fast, with
a further evening dose given 12 h later for the twice-daily
dosing regimens.

Vamifeport administered at single oral doses up to
240 mg or multiple oral doses up to 120 mg twice daily
was well tolerated compared with placebo. There were no
serious or severe adverse events (AEs) or discontinuations
due to AEs [42]. PK/PD data were consistent with findings
from the preclinical studies. Vamifeport was rapidly
absorbed, with detectable levels observed 15-30 min post-
dose in most participants. In the multiple-dose group, there
was no evidence of drug accumulation after 7 days of
repeated dosing for both the once-daily and twice-daily
dosing regimens. The elimination half-life of vamifeport
was 1.9-5.3 h in the single-ascending dose phase, and
2.1-3.8 h on day 1 and 2.6-5.3 h on day 7 in the multiple-
ascending dose phase.

Serum iron and TSAT are known to undergo a diurnal
variation, with the highest concentrations observed in the
morning/earlier part of the day, and then levels gradually
decline towards the evening in healthy people [57,58]. This
is approximately inversely related to the diurnal variation in
plasma hepcidin concentrations, with noon and 8 pm values
significantly higher than those at 8 am [59]. In contrast, in the
Phase | study of vamifeport in healthy adults [42], mean
serum iron and TSAT in the placebo groups appeared to be
maximal at 8 h post-dose (4—-6 pm) and then declined through
the rest of the day. However, as there were no additional
samples taken between 4 and 8 h post dose, the maximum
serum iron level may not have been captured accurately in all
subjects receiving placebo treatment. Following vamifeport,
a rapid, temporary decrease in serum iron levels was observed
with single doses =60 mg and all multiple doses. Multiple
doses of vamifeport also temporarily decreased the mean
calculated TSAT, maximally at about 4-8 h after the morning
dose [60], in line with the lowering of serum iron levels in all
dose groups. This is an important finding because lowering
TSAT is of value due to the generation of NTBI that occurs at
high TSAT levels and its consequences in different pathophy-
siological settings [60], and could also be potentially useful in
the management and monitoring of iron overloaded patients
with diseases like B-thalassemia. This effect of vamifeport on
serum iron is consistent with the iron-lowering effects
observed in healthy rodents and animal disease models. No
other effects on hematologic biomarkers were observed, as

expected in healthy volunteers, over the short (1-week) treat-
ment period [42]. There appeared to be small rebound
increases in serum iron and TSAT up to 50% at 24 h, which
were more marked following higher single doses [60].
However, when dosing was given twice daily, a marked
rebound was not seen, which is likely due to the fact that
36-h post-morning dose samples (i.e. 24-h post-evening dose)
were not available in this study, as similar rebound effects
would be expected following twice-daily dosing. These find-
ings may suggest that the overall timing and posology of
dosing may be important for optimizing benefits in serum
iron and TSAT; indeed, this may become more important in -
thalassemia, where TSAT is usually already at high values and
plasma iron turnover is higher than in healthy subjects.

It is interesting to note that rebound in serum iron was also
observed with the use of parenteral hepcidin analogs [43].
One mechanistic interpretation for rebound is that during
maximum vamifeport levels, inhibition of iron release from
macrophages increases labile iron within this compartment,
which is subsequently released if vamifeport levels rapidly fall.
The more pronounced rebound at higher doses would be
explained by greater buildup of labile iron at these doses.
Fortunately, such effects are unlikely to be cumulative
because labile iron will be continuously incorporated into
fairly kinetically stable ferritin within macrophages. However,
timing between doses or dose tapering could be important in
minimizing rebound of serum iron and TSAT. Also, it is cur-
rently not clear how duration of treatment over time in rela-
tion to the dose may influence the magnitude of the rebound.
It will also be important to establish whether conditions asso-
ciated with high iron turnover from erythrophagocytosis, such
as thalassemias, are associated with greater rebound effects.
Overall, the dose-dependent levels of decrease in TSAT pro-
vide further support that vamifeport, via iron restriction, has
the potential to improve erythropoiesis and anemia in
patients with B-thalassemia and other conditions involving
ineffective erythropoiesis and disturbed blood homeostasis.
On this basis, clinical trials in patients with NTDT and TDT are
underway.

4. Ongoing Phase lla study in NTDT

A Phase lla trial (VIT-2763-THAL-201) to evaluate the safety,
tolerability, PK, PD, and preliminary efficacy of multiple doses
of vamifeport in subjects with NTDT is ongoing (NCT04364269;
registered 28 April 2020). The primary objective of this study is
to assess the safety and tolerability of vamifeport compared
with placebo in adults and adolescents with NTDT over a 12-
week treatment period. The primary study endpoints are AEs,
serious AEs, and changes in vital signs, clinical laboratory tests,
12-lead electrocardiogram, and physical examination findings.
Secondary and exploratory endpoints include assessment of
hematology parameters including hemoglobin and RBC
indices, iron-related markers, and biomarkers for hemopoie-
tic/erythropoietic activity (including total serum iron, serum
ferritin, serum transferrin, calculated TSAT, hepcidin, NTBI,
labile plasma iron, soluble transferrin receptor [sTFR], sTFR-2,
erythropoietin, and erythroferrone). Changes in iron



metabolism and erythropoiesis parameters will be investi-
gated in relation to whether vamifeport will be administered
once or twice daily.

5. Planned Phase llb study in TDT

A Phase llb, multiple-dose, double-blind, randomized, placebo-
controlled, parallel-group, multicenter trial, including adults
with TDT, is being planned that will comprise a 24-week
treatment phase. The primary objectives are to evaluate the
efficacy of several increasing doses of vamifeport, as measured
by reduction in RBC transfusion burden, and to identify the
most efficacious and safe dose to take forward to Phase llI
studies. Secondary and exploratory endpoints include changes
in hemoglobin and RBC indices, iron metabolism parameters
(hepcidin, NTBI and sTFR), and markers of erythropoietic
activity.

6. Conclusions

Vamifeport has a novel mechanism of action and is the first
oral ferroportin inhibitor to reach clinical development. Initial
data from preclinical studies in B-thalassemia animal models
showed that vamifeport ameliorated anemia, and improved
ineffective erythropoiesis, while Phase | clinical studies showed
that vamifeport decreased serum iron levels (in line with pre-
clinical observations and expected PD effects) and was gen-
erally well tolerated. B-thalassemia is a lifelong disease, and
improved understanding of the pathophysiology in patients
with varying disease burden has helped improve management
to some extent. Due to the complexity of the disease and the
lack of specific therapy other than supportive care, a high
unmet need for more treatment options remains. If vamifeport
can potentially improve erythropoiesis markers, including
increasing hemoglobin and reducing iron-related parameters
such as TSAT, NTBI and ultimately storage of iron, it could be
a convenient treatment option for both NTDT and TDT.
Additionally, through improving erythropoiesis and the sto-
rage of iron, vamifeport could positively affect the burden of
ICT in patients with NTDT and TDT. Such changes could sig-
nificantly reduce morbidity and improve quality of life in
patients with B-thalassemia.

7. Expert opinion

Data from preclinical and Phase | studies of vamifeport
showing amelioration of ineffective erythropoiesis,
a favorable safety profile, and the ability to lower serum
iron levels and TSAT, supported its continued clinical eva-
luation [42,50]. Data from the ongoing Phase lla and
planned Phase llb studies will be critical to better under-
standing the full potential of vamifeport. Particularly rele-
vant will be the study endpoints relating to iron load,
transfusion burden, hemoglobin level, and hemopoietic/ery-
thropoietic activity, alongside the demonstration of an
acceptable safety profile. The inclusion of adolescents in
these studies may help assess the feasibility of early inter-
vention with vamifeport, although studies in younger
patients (e.g. <12 years of age) will also be required. In
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theory, starting a treatment designed to modulate iron
homeostasis and decrease ineffective erythropoiesis as
early as possible has the potential to reduce long-term
complications such as extramedullary hematopoiesis and
iron overload. Optimal dosing and intervals between doses
will need to be established in patients with thalassemia.
Simulating vamifeport PK following various dose administra-
tion protocols, combined with a better understanding of the
underlying PK/PD relationship, should contribute to achiev-
ing this goal.

Splenomegaly (and eventually hypersplenism) can be
both a consequence and cause of increased hemolysis and
chronic anemia, and its development correlates with the
severity of globin chain imbalance. While splenectomy,
especially when there are signs of hypersplenism, may
improve growth, quality of life, and hemoglobin levels for
some patients, it is associated with an increased risk of
sepsis, thrombosis, pulmonary hypertension, leg ulcers,
and cholelithiasis [20,25]. In some situations, splenectomy
can also lead to decreased RBC production (e.g. when mar-
kers of hemolysis are not markedly increased and the spleen
is mainly a source of RBC production) [61]. Data from
a murine model of NTDT showed that vamifeport treatment
significantly reduced spleen weight versus control, reflect-
ing the improvement of extramedullary erythropoiesis.
However, it is questionable whether such findings can be
extrapolated to humans due to functional differences and
differences in spleen size between species. For example, in
mice, a significant proportion of erythropoiesis occurs in the
spleen, but in humans the spleen does not function as an
erythropoietic organ to the same extent. Nonetheless, these
effects suggest that vamifeport might potentially reduce
extramedullary erythropoiesis and thus splenomegaly, and
eventually the need for splenectomy, thereby avoiding
potentially serious complications [50].

It is important to consider how vamifeport might fit into
the available treatments for P-thalassemia. As these are
a group of lifelong conditions requiring chronic treatment,
the development of agents that are convenient and reduce
hospital visits, and associated costs, is attractive. There are
currently no oral treatments for B-thalassemia that consis-
tently moderate anemia, while also reducing serum iron levels
and TSAT. Hydroxyurea is orally administered and has been
used for many years as an inducer of fetal hemoglobin, but
results are inconsistent and most of the evidence supporting
its use is retrospective or of low quality [24,62-71]. Controlled
trials are required to examine whether there is a consistent
response to hydroxyurea, irrespective of differences in thalas-
semia genotype, previous transfusion history, and treatment
policies in different regions. As hydroxyurea and vamifeport
have different modes of action, it might be possible to use
these oral agents in combination to further increase hemoglo-
binization in B-thalassemia. This approach warrants future
clinical trials. Similarly, vamifeport could be used along with
ICT with the intention of improving iron distribution in iron
overload conditions, by decreasing TSAT and NTBI. In the long
term, improvement of ineffective erythropoiesis in thalassemia
syndromes may also allow ICT dose reduction by increasing
the iron loading rate from blood transfusion and/or
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gastrointestinal absorption. Clinical trials of vamifeport in com-
bination with other agents, including ICT, are warranted.
Compared with intravenously or subcutaneously administered
agents, oral formulations may be more convenient and cost-
effective, as they do not have to be administered by health-
care professionals. Oral administration may also be particularly
attractive for pediatric patients. The shorter half-life may be
advantageous during chronic treatment as diurnal fluctuations
in pharmaceutical levels and effectiveness will better preserve
non-erythropoiesis-related, iron-dependent cellular functions.
Furthermore, agents that directly target ferroportin are
expected to have more predictable effects than other compo-
nents that stimulate or increase hepcidin levels.

Another target for therapeutic approaches in -thalassemia
is the transforming growth factor-f (TGF-B) superfamily.
Luspatercept is a subcutaneously administered TGF-B ligand
trap agent that is approved by the US Food and Drug
Administration and the European Medicines Agency for the
treatment of adults with B-thalassemia who require regular
blood transfusions [26,72,73]. Although luspatercept is not
currently indicated for use in patients with NTDT [26,72,73],
it improved hemoglobin levels and transfusion requirements
in patients with TDT and NTDT in a Phase Il, open-label, non-
randomized study [28]. A Phase Il, double-blind, randomized,
placebo-controlled trial in patients with NTDT is ongoing
(NCT03342404). Data from preclinical studies in juvenile ani-
mals have highlighted potential safety concerns about using
this agent in pediatric populations [26]. From first principles,
however, it is not expected to decrease iron absorption or to
modulate TSAT. As the mechanism of action for vamifeport
differs from luspatercept, there may be potential to combine
these drugs to achieve additive effects on hemoglobin levels.

Over the next 5 years, targeted treatment approaches for 3-
thalassemia utilizing recently approved drugs or those cur-
rently in development have the potential to change current
practice, such as the use of RBC transfusions in TDT. Although
several new therapeutic strategies are in clinical development,
including gene therapy approaches and novel drugs that
improve ineffective erythropoiesis and iron regulation, many
unanswered questions about iron metabolism and homeosta-
sis still remain.
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