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Abstract:

Sickle cell disease (SCD) is an inherited hemolytic anemia caused by a single point mutation in the
betalglobin gene of hemoglobin that leads to synthesis of sickle hemoglobin (HbS) in red blood cells
(RBCs) . HbS polymerizes in hypoxic conditions, leading to intravascular hemolysis, release of free
hemoglobin and heme, and increased adhesion of blood cells to endothelial vasculature, which causes
painful vaso-occlusion and organ damage. HbS polymerization kinetics are strongly dependent on the
intracellular HbS concentration; a relatively small reduction in cellular HbS concentration may
prevent HbS polymerization and its sequelae. We hypothesized that iron restriction via blocking
ferroportin, the unique iron transporter in mammals, might reduce HbS concentration in RBCs,
thereby decreasing hemolysis, improving blood flow, and preventing vaso-occlusive events. Indeed,
vamifeport (also known as VIT-2763), a clinical-stage oral ferroportin inhibitor, reduced hemolysis
markers in the Townes model of SCD. The RBC indices of vamifeport-treated male and female Townes
(HbSS) mice showed changes attributable to iron-restricted erythropoiesis: decreased corpuscular
hemoglobin concentration mean and mean corpuscular volume, as well as increased hypochromic and
microcytic RBC fractions. Furthermore, vamifeport reduced plasma soluble vascular cell adhesion
molecule-1 concentrations, which suggests lowered vascular inflammation. Accordingly, intravital
video microscopy of fluorescently labeled blood cells in the microvasculature of Townes mice
treated with vamifeport demonstrated diminished adhesion to the endothelium and improved
hemodynamics. These preclinical data provide a strong proof-of-concept for vamifeport in the Townes
model of SCD and support further development of this compound as a potential novel therapy in SCD.

Conflict of interest: COI declared - see note

COI notes: N.N., G.I., A.F., N.K., C.D., V.M., and F.D. are current or past employees of Vifor
(International) Ltd and may own equities. N.N., V.M., and F.D. are inventors in patents related to
the publication. R.Z. received funding from Vifor (International) Ltd.

Preprint server: No;

Author contributions and disclosures: N.N. and V.M. wrote the manuscript with input from N.K. and
G.I. V.M. and F.D. provided guidance in developing the hypothesis and designing experiments. N.N.,
G.I., R.Z, D.S., P.B. and R.B. proposed and planned experiments, analyzed, and interpreted the

results. A.F., N.K., G.I., R.Z. R.B. and C.D. performed experiments and analyzed results.

220z aunf Og uo Ipeuusz ewlyey Aq ypd-9L /#1014 20Z POOIA/LLSED6L/9L LY L0LZOZ POOIG/Z81 L 0L/1op/pd-ajoiie/poolq/Bi0 suonedligndyse)/:diy woly papeojumoq

Non-author contributions and disclosures: No;

Agreement to Share Publication-Related Data and Data Sharing Statement: emails to the corresponding
author

Clinical trial registration information (if any):



Title

The oral ferroportin inhibitor vamifeport improved hemodynamics in a mouse model of sickle cell disease
Short title: Vamifeport improved hemodynamics in a SCD model

Authors

Naja Nyffenegger,'” Rahima Zennadi,?* Natarajaswamy Kalleda," Anna Flace,' Giada Ingoglia,’ Raphael
Buzzi,® Cédric Doucerain,’ Paul W. Buehler, * Dominik J. Schaer, ® Franz DUrrenberger,1 and Vania

Manolova'*
Affiliations

'Vifor (International) Ltd, St. Gallen, Switzerland; Division of Hematology and Duke Comprehensive Sickle
Cell Center, Duke University School of Medicine, Durham, NC, USA,; *Division of Internal Medicine,
University Hospital and University of Zurich, Switzerland; “University of Maryland, School of Medicine,

Baltimore, USA
*Corresponding author
Vania Manolova, Vifor (International) Ltd, Rechenstrasse 37, 9014 St. Gallen, Switzerland

vania.manolova@yviforpharma.com

#: these authors contributed equally

Scientific category: Red Cells, Iron, and Erythropoiesis

Word count abstract: 247

Word count text (Introduction, Methods, Results, and Discussion): 4000

Figure count: 7

Reference count: 61

220z aunf Og uo Ipeuusz ewlyey Aq ypd-9L /#1014 20Z POOIA/LLSED6L/9L LY L0LZOZ POOIG/Z81 L 0L/1op/pd-ajoiie/poolq/Bi0 suonedligndyse)/:diy woly papeojumoq



Key Points (1-2)
e Vamifeport reduced Hb concentration in RBCs, and diminished intravascular hemolysis and

inflammation in a mouse model of SCD

e As aresult, vamifeport improved hemodynamics and prevented vascular stasis in a mouse model

of SCD

Explanation of Novelty

Iron restriction in SCD decreases the complications arising from intravascular hemolysis. However, inducing
iron restriction using repeated phlebotomies is inefficient, associated with risks and poor patient adherence.
Vamifeport is a clinical-stage oral ferroportin inhibitor, which efficiently induces iron-restricted erythropoiesis
and improves hemodynamics in a mouse model of SCD. Therefore, iron restriction by inhibition of

ferroportin may offer a novel therapeutical opportunity in SCD.
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Abstract

Sickle cell disease (SCD) is an inherited hemolytic anemia caused by a single point mutation in the beta-
globin gene of hemoglobin that leads to synthesis of sickle hemoglobin (HbS) in red blood cells (RBCs).
HbS polymerizes in hypoxic conditions, leading to intravascular hemolysis, release of free hemoglobin and
heme, and increased adhesion of blood cells to endothelial vasculature, which causes painful vaso-
occlusion and organ damage. HbS polymerization kinetics are strongly dependent on the intracellular HbS
concentration; a relatively small reduction in cellular HbS concentration may prevent HbS polymerization
and its sequelae. We hypothesized that iron restriction via blocking ferroportin, the unique iron transporter in
mammals, might reduce HbS concentration in RBCs, thereby decreasing hemolysis, improving blood flow,
and preventing vaso-occlusive events. Indeed, vamifeport (also known as VIT-2763), a clinical-stage oral
ferroportin inhibitor, reduced hemolysis markers in the Townes model of SCD. The RBC indices of
vamifeport-treated male and female Townes (HbSS) mice showed changes attributable to iron-restricted
erythropoiesis: decreased corpuscular hemoglobin concentration mean and mean corpuscular volume, as
well as increased hypochromic and microcytic RBC fractions. Furthermore, vamifeport reduced plasma
soluble vascular cell adhesion molecule-1 concentrations, which suggests lowered vascular inflammation.
Accordingly, intravital video microscopy of fluorescently labeled blood cells in the microvasculature of
Townes mice treated with vamifeport demonstrated diminished adhesion to the endothelium and improved
hemodynamics. These preclinical data provide a strong proof-of-concept for vamifeport in the Townes

model of SCD and support further development of this compound as a potential novel therapy in SCD.

Key words: ferroportin; iron restriction; sickle cell disease; vamifeport; VIT-2763.
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Introduction

Sickle cell disease (SCD) is an autosomal recessive hemolytic disorder caused by a single nucleotide
substitution in the beta (B)-globin gene that results in the synthesis of sickle hemoglobin (HbS) and
sickle-shaped red blood cells (RBCs).1'2 Upon deoxygenation in capillaries, HbS polymerizes in rigid fibers,
causing RBC membrane distortion that may lead to intravascular hemolysis and inflammation. Intravascular
hemolysis is a major pathophysiological mechanism in SCD resulting in the release of cell-free hemoglobin
into plasma, which oxidizes and liberates reactive heme into the vasculature. Cell-free heme activates
endothelial cell adhesion molecules and induces leukocyte activation and migration, release of reactive
oxygen species, cytokines and chemokines that all together may lead to vaso-occlusion and pain crisis.>®
Extravascular hemolysis is also prominent in SCD, resulting from the removal of damaged RBCs by

macrophages.”®

The time before HbS forms fibers (“delay time of gelation”) is exponentially proportional to intracellular HbS
concentration.®'® Even a HbS decrease of ~5-7% may increase the delay time of gelation sufficiently to
allow RBCs to cross capillaries without sickling.”’12 One possible approach to lower RBC HbS
concentration is by inducing iron-restricted erythropoiesis, as iron is necessary for hemoglobin synthesis.13
Iron deficiency in patients with SCD decreases mean corpuscular HbS concentration, intravascular
hemolysis, and pain crisis.""'® One retrospective study showed clinical improvements in 71% of patients
with HbSC undergoing regular phlebotomies.17 Conversely, higher iron availability was associated with

nocturnal hypoxia in children with scD.™

The concept of therapeutic iron restriction in SCD has not been tested in large controlled trials, mostly due
to difficulties in inducing an appropriate level of iron deficiency without rendering patients severely anemic.
In mouse models, iron deficiency induced by either a low-iron diet (LID) or genetic disruption of intestinal

19,20

hypoxia-inducible factor-2 alpha (HIF-2¢) improved anemia and hemolytic markers, mechanistically

supporting the therapeutic potential of iron limitation.

We hypothesized that iron restriction by blocking ferroportin, the unique iron transporter in mammals,?' may
lower HbS concentrations in RBCs, thereby reducing hemolysis, improving blood flow, and preventing vaso-

occlusive events. Vamifeport (VIT-2763) is a small-molecule ferroportin inhibitor that, like hepcidin, binds to
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ferroportin, thereby blocking dietary iron absorption and iron export from liver and spleen macrophages.22

We therefore tested the efficacy of vamifeport in the Townes mouse model of SCD.

Methods

Animal model

The knock-in Townes model was developed by replacing the mouse a- and B-globin genes with both human
a- and B- (human yA and BA or sickle BS form) globin genes.23 Mice homozygous for the sickle BS are
referred to as HbSS mice and characterized by hemolytic anemia, high reticulocyte counts, splenomegaly,
and mimic many pathophysiological features of severe SCD in humans.?* Mice homozygous for human BA
are referred to as HbAA mice, are phenotypically normal and were used as controls. Mice were purchased
from Jackson Laboratory (JAX stock #013071, Bar Harbor, ME) and bred under pathogen-free conditions in
the Vifor (International) Ltd. animal facility (Schlieren, Switzerland), according to Swiss veterinary law.
Animals were group housed (3—5 mice per cage) under a 12-hour reverse dark/light cycle and provided with
nesting material, enrichment materials, and water/food ad libitum (standard rodent diet; 250 ppm iron

content, unless otherwise stated; Granovit SA, Kaiseraugst, Switzerland).

Ethics statement

Animal experiments complied with Swiss law and associated guidelines for animal experimentation and
were approved by the responsible authority (Veterinary Department, Canton Zurich; Permit Number
ZH108/2017). Studies were performed in compliance with the Vifor Pharma Group Code of Conduct and
comply with the principles of 3R (Replace, Reduce, Refine). Animals were tunnel handled, had a tunnel in

their cage for shelter, and were scored daily for body weight and physical condition.

Experimental design and treatment with vamifeport

HbSS mice were randomly distributed to cages at weaning and allocated to treatment groups by stratified
randomization. 6—7-week-old HbSS mice (n=8-12) were treated with either vehicle (0.5% methylcellulose)
or vamifeport 60 mg/kg (5 mL/kg) twice daily (bid, 6h apart) by oral gavage for six weeks. Age-matched
male and female HbAA mice (n=8—10) dosed with vehicle served as controls. Dosing was performed at the
start of the animals’ active phase (facility dark phase). To distinguish preexisting iron from that absorbed

during the study, all mice were fed LID (<10 mg/kg iron; Granovit SA) during the full study period and the
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stable iron isotope *®Fe was supplemented in the drinking water (1 mM *®FeS0, with 10 mM ascorbic acid
as reducing agent, corresponding to iron uptake in standard rodent diet of ~250 ppm iron) for 6h after the
first daily dose of compound/vehicle. For the remaining 18 hours after the second dose, all animals were
given mineral water without iron. Hemoglobin concentrations were determined weekly in tail vein blood
(HemoCue AB, Angelholm, Sweden). Animals were sacrificed by complete exsanguination after terminal
anesthesia with isoflurane 3 hours after final dosing.

To study the effects of pharmacologic versus dietary iron restriction, 6-7-week-old HbSS mice (n=8-12)
were either fed LID with *’Fe supplemented water and treated with vamifeport as described above or

received LID without iron supplementation.

For assessment of hemodynamics and vaso-occlusion by intravital microscopy, 6- to 12-week-old HbSS
mice (n=8) were treated with vamifeport 30 mg/kg or 100 mg/kg orally twice daily for 4 weeks. HbSS and

vehicle-treated HbAA mice served as controls.

Oxygen gradient ektacytometry (oxygenscan)

Blood was obtained by tail vein puncture and stored at 4°C up to 24h before analysis. Deformability of
RBCs expressed as Elongation Index (El) was measured as a function of oxygen pressure (pO2) using the
oxygenscan test on a laser optical red cell rotational analyzer (Lorrca; RR Mechatronics, Zwaag, The
Netherlands). Oxygenscan measurements were performed with 400x10° RBCs for all samples and

according to manufacturer’s protocol and standard parameters.
Intravital microscopy analysis of vaso-occlusion

At day 28, after 4 weeks’ vamifeport treatment, dorsal skin-fold window chamber surgery was performed on
anesthetized mice, as previously described.? Hemodynamics and blood cell adhesion to microvasculature
was investigated using intravital microscopy 90 minutes after induction of vaso-occlusion by murine
recombinant tumor necrosis factor alfa (500 ng/mouse).25 Videos were recorded at different locations within
the dorsal skin-fold window chamber to determine the effect of vamifeport on blood cell adhesion to the
vascular endothelium and vaso-occlusion. At least 8 venules per mouse were recorded for a total of 260
minutes. Videos were produced using 10x and 20x magnifications. Cell adhesion was quantified by

measuring the fluorescence intensity of adherent fluorescence-labeled cells on still images (20x
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magnification) using ImageJ software.?® Blood flow was determined by counting the number of vessels with
normal blood flow, slow blood flow, and no blood flow by frame-by-frame analysis of video replay. Values

obtained from analyzing all recorded vessel segments were averaged across groups (n=4—7 mice per

group).

Statistical analysis

A priori sample size calculations were performed with estimated effect size for several parameters from pilot
experiments, target power of 0.8, and correction of a for multiple comparisons using G*Power 3.1 977
Parameters over time were analyzed using 2-way analysis of variance (ANOVA) with repeated measures
for time-course effects. Where significant effects were observed, post-hoc tests were performed using
Dunnett’s adjustment for multiple comparisons, where each group was compared with HbSS vehicle
controls. Endpoint parameters were analyzed using 1-way ANOVA with Dunnett’s multiple comparison test.
Data are presented by individual value with mean as scatter plots. Analyses were conducted using

GraphPad Prism, Version 8.4.2 (San Diego, CA).

Data Sharing Statement

No data were uploaded to public databases. For original data please contact the corresponding author.

Results

Vamifeport induced iron-restricted erythropoiesis with reduced Hb concentration in RBCs
Vamifeport induced iron-restricted erythropoiesis in HbSS mice, as demonstrated by a 5% reduction of the
corpuscular hemoglobin concentration mean (CHCM; Figure 1A) compared with the HbSS vehicle group
(CHCM is a direct measure of hemoglobin concentrations within intact RBCs). Further, vamifeport
decreased mean corpuscular hemoglobin content (MCH), mean cellular volume (MCV), and hematocrit
(likely as a function of lowered MCV), without affecting RBC counts, or durably decreasing the total blood
hemoglobin concentration, suggesting that at the doses tested, vamifeport did not importantly exacerbate
anemia. Reticulocyte counts are increased in SCD in response to chronic hypoxia, which stimulates stress
erythropoiesis in bone marrow and spleen, leading to release of immature RBCs."® Vamifeport did not
change absolute reticulocyte counts in HbSS mice; however, it significantly lowered reticulocyte hemoglobin

content (Figure 1B). In SCD mice, hemolytic anemia and hypoxia trigger compensatory extramedullary
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erythropoiesis in the spleen, leading to expanded red pulp, and splenomegaly.23 Vamifeport reduced the
spleen weight of HbSS mice by 31% compared with vehicle-treated HbSS controls, indicating amelioration
of the extramedullary erythropoiesis (Figure 1B). Consistent with inducing iron-restricted erythropoiesis,
vamifeport significantly increased the proportion of hypochromic and microcytic RBCs, while reducing the

percentage of macrocytic RBCs (Figure 1C).

Vamifeport reduced hemolysis

Plasma markers of hemolysis, including total heme, LDH, and indirect bilirubin, were reduced in vamifeport-
treated HbSS mice, suggesting that iron-restricted erythropoiesis induced by ferroportin inhibition lowers
intravascular and extravascular hemolysis (Figure 2A—C). Vamifeport decreased the proportion of
macrophages that had taken up RBCs (Figure 2D), further indicating that iron restriction by vamifeport
attenuates extravascular hemolysis. Plasma hemoglobin and heme are filtered by the kidney, exposing the
kidney to their associated adverse effects, and resulting in the accumulation of iron in proximal tubule

epithelial cells.®#

HbSS mice showed increased kidney iron concentrations compared with controls and
vamifeport reduced kidney iron, indicating the potential of vamifeport in preventing iron-mediated kidney
injury (Figure 2E). Perls staining of kidney sections from vehicle-treated HbSS mice confirmed intense

tubular iron accumulation, which was absent in HbAA mice and strongly diminished in vamifeport-treated

HbSS mice (Figure 2F).

Vamifeport improved RBC membrane composition and mitochondria clearance

To investigate the potential mechanism of how iron restriction by vamifeport reduces hemolysis, we studied
the functional characteristics of RBCs. Phosphatidylserine exposure is increased on RBCs from patients
with SCD.***' Externalized phosphatidylserine (PS) is prothrombotic and provides a potential adhesion site
for phagocytes and activated endothelial cells, thus contributing to vascular dysfunction in SCD.**** Higher
PS concentrations were observed on circulating RBCs from HbSS mice compared with HbAA mice (Figure
3A). Vamifeport significantly decreased the percentage and intensity of PS staining using Annexin V on

circulating RBCs in HbSS mice, indicating that iron restriction by ferroportin inhibition diminishes eryptosis.

More than 80% of reticulocytes from both HbSS and HbAA mice contained mitochondria (Figure 3B, left).

Upon maturation, 0.9% * 0.5% of terminally differentiated RBCs retained mitochondria in HbAA control
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mice, compared with 27.6% + 7.8% of mature RBCs in vehicle-treated HbSS mice. Vamifeport significantly
reduced the proportion of mitochondria-containing mature RBCs in HbSS mice to 18.8% + 8.5% (Figure 3B,
right). As remaining mitochondria in mature RBCs are a potential source of oxygen radicals, the improved

clearance of mitochondria by vamifeport may decrease oxidative stress-induced hemolysis and eryptosis in

SCD (Figures 2 and 3A).

Vamifeport reduced systemic and vascular inflammation, and oxidative stress
Townes mice and patients with SCD have elevated numbers of circulating leukocytes that produce
proinflammatory cytokines and chemokines, thereby attracting further inflammatory cells and activating the

endothelium.®%

Analysis of peripheral blood leukocytes revealed amelioration of leukocytosis and
neutrophilia in vamifeport-treated HbSS mice compared with vehicle-treated controls (Figure 4A). Plasma
concentrations of RANTES, which recruits leukocytes to proinflammatory sites, were significantly reduced in
vamifeport-treated HbSS mice compared with vehicle-treated controls (Figure 4B). The chemokine Cxcl1

expression was significantly upregulated in the livers of vehicle-treated HbSS mice compared with HbAA

mice (Figure 4C). Vamifeport significantly reduced liver Cxcl1 expression in HbSS mice.

Endothelial activation and dysfunction in SCD are associated with increased levels of circulating adhesion
molecules.*”*® Consistent with reduced systemic inflammation, vamifeport significantly lowered plasma
sVCAM-1 and sP-selectin levels in HbSS mice (Figure 4D-E). Plasma xanthine oxidase (XO) activity in
vehicle-treated HbSS mice was higher than in HbAA mice (Figure 4F), as previously reported.39 Vamifeport
reduced XO activity in HbSS mice, suggesting that iron restriction via ferroportin inhibition diminishes

vascular oxidative stress.

Vamifeport prevented organ iron loading

Vamifeport reduced serum iron levels in HbSS mice dosed three hours before blood sampling, which is in
line with inhibition of ferroportin-mediated iron efflux into blood circulation (Figure 5A). To distinguish the
effects of vamifeport on preexisting and newly absorbed iron in organs, mice had access to drinking water
containing the stable iron isotope ®Fe during the study. *®Fe concentrations in the liver and **Fe content in
spleen of vamifeport-treated HbSS mice were significantly lower than those of vehicle-treated mice,

indicating that vamifeport prevents further organ iron accumulation (Figure 5B —C). Vamifeport treatment
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normalized intracellular RBC iron content in HbSS mice to the levels of control HbAA mice (Figure 5D),

further underlying the potential of vamifeport to minimize the deleterious effects of iron in sickle RBCs.

Systemic but not dietary iron restriction reduced hemolysis and inflammation

We next asked whether the effects of LID can induce similar pharmacologic effects as ferroportin inhibition
using vamifeport. To compare iron restriction by ferroportin inhibition and LID, 6- to 7-week-old HbSS mice
received either vamifeport or LID for 6 weeks. RBCs of HbSS mice treated with vamifeport, but not LID-fed
mice, had hematologic parameters indicating iron-restricted erythropoiesis, with increased percentages of
hypochromic and microcytic RBCs (Figure 6A and Figure S1A). Intracellular HbS concentration, as
measured by CHCM, was significantly reduced in vamifeport-treated HbSS mice but not in LID-fed mice.
Plasma indirect bilirubin concentrations were significantly reduced in vamifeport-treated HbSS mice (Figure
6B), but not in LID-fed HbSS mice. Vamifeport, but not LID, reduced markers of systemic and vascular
inflammation in HbSS mice (Figure 6C—E). Ferroportin inhibition caused serum iron reduction 3 hours after
vamifeport administration, which was not observed in the LID group (Figure 6F), potentially indicating a
compensatory mechanism of iron mobilization from stores in LID-fed mice. Indeed, mice receiving LID had
significantly lower total liver iron levels (Figure 6G), which was also evidenced in Perls stained liver sections
(Figure S1B). These data demonstrate that a 6-week LID effectively depleted liver iron in adult Townes
mice without affecting erythropoiesis, whereas vamifeport efficiently induced iron-restricted erythropoiesis
(Figure 6A) and liver iron retention (Figure 6G). Both ferroportin inhibition and LID lowered liver hepcidin
expression (Figure 6H), reflecting feedback responses to the reduction of plasma and liver iron,
respectively. Therefore, pharmacologic ferroportin inhibition is required to achieve iron-restricted
erythropoiesis (lower Hb), which is not feasible with LID due to chronic suppression of hepcidin synthesis
and utilization of iron for production of Hb.

Vamifeport reduced vascular adhesion and improved hemodynamics

The deformability of RBCs as a function of oxygen pressure was measured by oxygen gradient
ektacytometry (oxygenscan). HbSS mice treated with vamifeport showed similar point of sickling as control
HbSS mice (Figure 7A). The point of sickling is defined as the pO, at which a 5% decrease in elongation
index (El) is observed during deoxygenation4°. In agreement with these results, image-based analysis of

RBC sickling triggered by progressive decrease of oxygen concentration showed similar percentages of
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sickle RBCs in blood from HbSS mice treated with either vamifeport or vehicle (Figure S2A-C).
Nevertheless, RBCs from HbSS mice treated with vamifeport showed improved deformability under hypoxic
conditions, as demonstrated by decreased AEI (Figure 7B). AEI is the difference between the elongation
indexes of RBCs at maximal (Elmax) and minimal (El,,in) oxygenation and reflects the severity of sickling
(Figure 7C-D). This improvement was not driven by changes in deformability under full oxygenation, as
there was a minimal change in El.« (Figure 7D), which was most likely due to the higher percentage of
microcytic RBCs in HbSS mice treated with vamifeport. Under hypoxia however, RBCs of vamifeport-
treated HbSS mice had significantly higher El;, compared to vehicle treated mice (Figure 7C)
demonstrating a beneficial effect of vamifeport on hypoxia-induced severity of sickling. Scanning electron
microscopy analysis revealed visually elongated, RBCs with fibrous membranes in vehicle-treated HbSS
mice, consistent with a sickle RBC morphology. Whereas, visually rounder and more biconcave-shaped
RBCs were found in HbSS mice treated with vamifeport (Figure 7E and F and Figure S3).

Intravital microscopy analysis of fluorescently labeled blood cells in the microvasculature of vehicle-treated
HbSS mice showed marked vascular adhesion of RBCs and leukocytes, most of which was irreversible
during 1 hour of microscopy (Figure 7G). All evaluated venules from HbSS mice treated with vamifeport 100
mg/kg showed normal blood flow (Figure 7H). Cell adhesion in inflamed venules of vehicle-treated controls
was persistent, resulting in partial or complete blood stasis in >40% of the microvessels (Figure 71-J and
supplemental videos). These data suggest that vamifeport improves hemodynamics and prevents vaso-

occlusion in the Townes model of SCD.

Discussion

The data presented demonstrate a pre-clinical proof-of-concept for the oral ferroportin inhibitor vamifeport
(VIT-2763) in the Townes mouse SCD model. By potently inhibiting ferroportin, vamifeport efficiently
induced iron-restricted erythropoiesis, resulting in the development of hypochromic and microcytic RBCs
with decreased intracellular HbS concentrations. Importantly, the tested vamifeport doses did not
exacerbate anemia, as shown by preserved RBC counts. Vamifeport-treated mice showed reduced
hemolysis markers, including plasma heme, LDH, and bilirubin. Notably, vamifeport ameliorated systemic
inflammation (reduced circulating leukocytes and RANTES), decreased endothelial activation markers

(sVCAM-1 and sP-selectin), reduced oxidative stress, and improved RBC morphology, severity of sickling
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and hemodynamics in this SCD model. Based on these findings, we propose that vamifeport mitigates
sickling, a downstream effect of which is reduced hemolysis and the amount of cell-free hemoglobin and

heme mediators of endothelial damage.

The “iron hypothesis” is based on the concept that lowering RBC HbS concentrations in patients with SCD
is associated with decreased HbS aggregation.''® Vamifeport lowered RBC HbS concentrations (CHCM)
of HbSS mice by approximately 5%. This reduction was also evidenced by increased circulating
hypochromic cells. Particularly, even small decreases in HbS concentration can have marked inhibitory
effects on HbS polymerization9 and increase the delay time of gelation, which is inversely proportional to
more than the 30" power of the intracellular HbS concentration.® Thus, the relatively small effect of
vamifeport on HbS concentrations might cause a substantial and clinically relevant delay in HbS
polymerization upon deoxygenation, thereby preventing not only hemolysis of circulating RBCs, but also
vaso-occlusion. In support of this concept, vamifeport improved the deformability of RBCs under hypoxic
conditions and RBC membrane morphology, which likely contributes to ameliorated hemodynamics in
Townes model. A model simulating HbS polymerization in conditions of rapidly decreasing oxygen pressure
demonstrated that therapeutic reduction of HbS concentrations or increase of fetal hemoglobin have the

potential to deliver more oxygen to tissues than drugs that increase oxygen affinity of hemoglobin.*’

Intravascular hemolysis of sickle RBCs is a hallmark of SCD, with multiple downstream effects resulting in
anemia, expansion of erythropoiesis, HbS and heme release, increased cell adhesion, inflammation, vaso-
occlusion, with subsequent organ injury.42 Patients with homozygous HbS have severe anemia, which may
be further aggravated by excessive iron depletion.8 Therefore, dose-finding studies are necessary to
determine the appropriate level of iron restriction to improve hemolysis without exacerbating existing
anemia. The use of sensitive iron status biomarkers and RBC indices may help monitor the level of iron

restriction more precisely.

Cell-free hemoglobin and heme released by hemolyzed RBCs are considered erythroid damage-associated

36,43

molecular patterns (eDAMPs), and activate innate immune pathways through toll-like receptor 4 and

1,6,35

inflammasome, which promote and propagate sterile inflammation and oxidative stress. Heme activates

endothelial cells, platelets, and leukocytes to upregulate adhesion molecules, and to release prothrombotic
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mediators and proinflammatory cytokines, which together orchestrate multicellular adhesion leading to
vaso-occlusion, tissue ischemia, and organ injury. Vamifeport-induced iron-restricted erythropoiesis led to
microcytic hypochromic RBCs that, following intravascular lysis, released lower amounts of eDAMPs, thus
diminishing sterile inflammation and downstream pathologies. For example, vamifeport reduced soluble
adhesion molecule levels, indicating reduced vascular activation. sVCAM-1 levels in patients with SCD are
associated with markers of renal dysfunction, hepatic impairment, and severity of pulmonary hypertension.*
P-selectin mediates leukocyte rolling on vascular endothelium and adhesion of erythrocytes. It also plays a
critical role in recruiting leukocytes to inflammatory sites and is a key determinant of microvascular flow in
SCD mice.*>*® Blockade of P-selectin with a monoclonal antibody (crizanlizumab) resulted in significantly

fewer pain crises in patients with SCD.*"*®

Another inflammatory manifestation of SCD is elevated leukocyte counts, which are associated with an
increase in pain crises, acute chest syndrome, stroke, and mor’tality.49 In HbSS mice, leukocyte counts were
higher than in HbAA controls, and vamifeport reduced the number of circulating leukocytes, including
neutrophils. Vamifeport also reduced proinflammatory chemokine levels, including the leukocyte attractant
RANTES. Therefore, by reducing hemolysis, vamifeport attenuated systemic and vascular inflammation,

which are determinants of vaso-occlusion and organ injury.

Vamifeport also reduced XO activity in HbSS mice, in line with findings that XO is a driver of hemolysis in
SCD; and XO inhibition by febuxostat was found to improve anemia and decrease hemolysis in mice

transplanted with HbSS bone marrow.>**"!

Non-transfused patients with SCD do not spontaneously develop systemic iron overload.* However,
microvascular occlusion, RBC sequestration, and splenic infarction can induce iron overload in the spleen,
whereas renal iron overload is proportional to the extent of intravascular hemolysis.?®** HbSS mice
accumulate excessive iron in liver, kidneys, and spleen as a result of intra- and extravascular hemolysis of
defective RBCs. Furthermore, anemia causes upregulation of intestinal HIF-2a., resulting in iron
overabsorption." This was strongly reduced by vamifeport. Cortical kidney iron deposition in SCD results
28,29,54 CO-

from and correlates with chronic intravascular hemolysis and is involved in renal complications.

inheritance of alpha-thalassemia reduces hemolysis in SCD patients by decreasing HbS concentration and
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polymerization and protects from proteinuria.‘r"r"57

Moreover, nephropathy is associated with premature
mortality and limited survival of patients with chronic kidney disease.?® Our results suggest that vamifeport

may benefit renal function by preventing reactive iron accumulation in kidney tubules.

In agreement with data on the effects of LID in HbSS mice,? iron restriction by vamifeport led to reductions
in HbS concentration, hemolysis, and vascular activation markers. However, LID significantly increased
hematocrit, RBC counts, and MCV in the previous study,20 whereas in most of our experiments, vamifeport
reduced hematocrit and MCV without affecting RBC counts. The fundamental difference between these
studies is the age of mice at the start of iron-restriction therapy: HbSS mice were LID-fed directly after
weaning in the study by Parrow et al.,® while vamifeport was administered to mice that had been fed a
standard rodent diet for 3—4 weeks before study initiation. Therefore, we propose that the differences in
outcome are due to the more preventive design in Parrow’s study versus the established disease followed
by therapeutic intervention design in our study. In support of this hypothesis, feeding LID to 6- to 7-week-old
HbSS mice, which had access to a standard iron diet for 3—4 weeks after weaning, failed to induce efficient
iron-restricted erythropoiesis and modify ensuing pathologies. Hepcidin is downregulated in iron deficiency
and anemia to allow for iron export to plasma via ferroportin. Indeed, both LID and iron restriction by
vamifeport downregulated liver Hamp expression in HbSS mice. However, LID resulted in low liver iron and
normal plasma iron concentrations, while vamifeport reduced plasma iron without significantly changing
liver iron concentrations, reminiscent of ferroportin inhibition and iron retention in liver macrophages and
hepatocytes.22 Therefore, ferroportin inhibition by vamifeport achieves iron-restricted erythropoiesis, with
lower HbS, which is not feasible by LID due to reduced endogenous hepcidin synthesis. The same
mechanism may apply to blood-letting therapy, which aims to induce an iron-deficient state in patients with
SCD."*° Phlebotomy is expected to lower hepcidin levels and therefore promote compensatory iron

absorption and utilization for HbS synthesis.

Currently, four drugs are approved in the US for SCD; however, each of these addresses a limited set of
SCD complications and each exhibits frequent undesirable side effects.?® Curative therapies, such as
hematopoietic stem cell transplantation or gene therapy, are limited to a small patient population or are not
yet available. Therefore, before curative therapies become largely accessible, there is an medical need for

medicines that target broader SCD sequelae, such as using combination therapies.**®° Vamifeport is a
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novel therapeutic modality that is currently in clinical development and showed good tolerability in healthy
volunteers.®’ As it has a mode of action different to currently approved drugs, vamifeport may open further

opportunities as a single or multi-agent therapy in SCD.
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Figure Legends

Figure 1. Vamifeport induced iron-restricted erythropoiesis with reduced Hb concentration in RBCs
of HbSS mice. Administration of vamifeport (60 mg/kg) twice daily (BID) for 6 weeks in 6- to 7-week-old
HbSS mice resulted in iron-restricted erythropoiesis as demonstrated by decreased corpuscular hemoglobin
concentration mean (CHCM), mean corpuscular hemoglobin (MCH), mean cellular volume (MCV),
hematocrit and total hemoglobin without lowering RBC counts (A). Likewise, reticulocyte counts remained
stable with marked reductions in reticulocyte hemoglobin (Hb) and spleen size (B). RBC scatterplots
revealed a significant increase in the proportion of hypochromic and microcytic RBCs after vamifeport
treatment (C). Results are presented as individual values with mean + standard deviation (n=6—8 mice per
group). Analysis was performed using 1-way ANOVA with Dunnett’s multiple comparison of all groups to

HbSS vehicle group: *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 2. Vamifeport reduced hemolysis in HbSS mice. Vamifeport significantly reduced plasma
markers of hemolysis in HbSS mice, including heme (A), lactate dehydrogenase (LDH) (B), and indirect
bilirubin (C). Erythrophagocytosis was reduced in HbSS mice treated with vamifeport, as shown by
percentages of Ter119" red pulp macrophages, identified by gating on CD45°F4/80" spleen cells (D). Total
iron deposition in the kidneys of HbSS mice was reduced by vamifeport, as measured by inductively
coupled plasma-optical emission spectrometry (E). Reduction of total iron deposition in the kidneys of HbSS
mice by vamifeport was also illustrated by Perls staining of kidney sections (F). Results are presented as
individual values with mean + standard deviation (n=5-8 mice per group). Analysis was performed using 1-
way ANOVA with Dunnett’'s multiple comparison of all groups to HbSS vehicle group: *P < 0.05, **P < 0.01,

***p < 0.001. BID, twice daily.

Figure 3. Vamifeport decreased PS exposure and improved mitochondria clearance in mature RBCs
of HbSS mice. Vamifeport lowered the exposure of PS on peripheral blood RBCs, as detected by a
decreased percentage of annexin V-positive cells and decreased intensity of annexin V staining (A). While
almost all reticulocytes of vehicle- and vamifeport-treated HbSS mice contained mitochondria (B, left),
treatment with vamifeport reduced the occurrence of mitochondria in mature RBCs (B, right). Results are

presented as individual values with mean + standard deviation (n=7—10 mice per group). Analysis was
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performed using 1-way analysis of variance with Dunnett’s multiple comparison of all groups to HbSS

vehicle group: *P < 0.05, ***P < 0.001. BID, twice daily; MFI, mean fluorescent intensity.

Figure 4. Vamifeport reduced systemic and vascular inflammation, and oxidative stress, in HbSS
mice. Vamifeport significantly reduced inflammatory markers in HbSS mice: total leukocyte, neutrophil, and
lymphocyte counts (A); plasma levels of the chemokine RANTES (B); expression of the neutrophil
chemoattractant Cxcl1, as determined by quantitative polymerase chain reaction in liver (C); soluble
vascular cell adhesion molecule (VCAM)-1 (D) and soluble P-selectin (E); and plasma xanthine oxidase
activity (F). Results are presented as individual values with mean + standard deviation (n=6-8 mice per
group). Analysis was performed using 1-way ANOVA with Dunnett’s multiple comparison of all groups to

HbSS vehicle group: *P < 0.05, **P < 0.01, ***P < 0.001. BID, twice daily.

Figure 5. Vamifeport prevented organ iron loading in the Townes model of SCD (HbSS mice). Mice
received water supplemented with the stable iron isotope ®Fe to distinguish iron acquired during the
treatment period and iron already present in organs. *Fe concentrations in the liver and spleen was
measured by inductively coupled plasma mass spectroscopy. Vamifeport significantly reduced serum iron 3
hours post dose (A). Vamifeport prevented ®Fe loading of livers (B) and spleens of HbSS mice (C).
Vamifeport corrected total iron content in HbSS RBCs to the levels of HDAA mice (D). Results are
presented as individual values with mean + standard deviation (n=7-10 mice per group). Analysis was
performed using 1-way ANOVA with Dunnett’'s multiple comparison of all groups to HbSS vehicle group: *P

<0.05, P < 0.01, **P < 0.001. BID, twice daily.

Figure 6. Systemic iron restriction by vamifeport, but not dietary iron restriction, reduced hemolysis
and inflammation in HbSS mice. Treatment with vamifeport, but not dietary iron restriction (low-iron diet
[LID]), increased the proportion of circulating hypochromic and microcytic RBCs and reduced corpuscular
hemoglobin concentration mean (CHCM) (A) and decreased indirect bilirubin in plasma (B), compared with
HbSS mice treated with vehicle. Vamifeport, but not LID, prevented the release of soluble VCAM-1 into the
circulation of HbSS mice (C) and reduced plasma concentrations of RANTES (D). Circulating leukocyte,
neutrophil, and lymphocyte numbers (E) were normalized in HbSS mice receiving vamifeport but remained

elevated in HbSS mice on LID. Vamifeport, but not LID, decreased serum iron levels (F). LID, but not
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vamifeport, efficiently depleted iron from the liver (G), while both treatments decreased the expression of
liver Hamp (H). Results are presented as individual values with mean * standard deviation (n=10-12 mice
per group) Analysis was performed using 1-way ANOVA with Dunnett’s multiple comparison of all groups to

HbSS vehicle group: *P < 0.05, **P < 0.01, ***P < 0.001. BID, twice daily.

Figure 7. Vamifeport improved deformability of RBCs in hypoxia, reduced the adhesion of blood
cells to microvasculature and prevented inflammation-triggered vaso-occlusion in HbSS mice. No
change of the point of sickling of RBCs in HbSS mice (A); n.a.: measurement of point of sickling is not
applicable to HbAA mice. Reduced severity of sickling demonstrated as decrease in AEI (B) and lowered
Elnin (C) with minimal change in Elyax (D). SEM analysis revealed RBCs with improved membrane
morphology in HbSS mice treated with vamifeport compared to vehicle (E and F). Representative intravital
microscopy images demonstrating marked blood stasis (vaso-occlusion) in capillaries of vehicle-treated
Townes mice (G; arrows show firmly adherent cells), reduced blood cell adhesion in capillaries of
vamifeport-treated HbSS mice (H), the number of adherent leukocytes (1), and the percentage of vessels
with normal blood flow. In average, 12 to 35 vessels per mouse in each group were analyzed (J). Results
are presented as mean + standard deviation (n=4—7 mice per group). Analysis was performed using 1-way
ANOVA with Dunnett’s multiple comparison of all groups to HbSS vehicle group: *P < 0.05, , **P < 0.01,

***P < 0.001. BID, twice daily; FU, fluorescence units.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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