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Abstract

B-thalassemia is an inherited anemia characterized by ineffective erythropoiesis. Blood transfusions are required for survival
in transfusion-dependent p-thalassemia and are also occasionally needed in patients with non-transfusion-dependent -
thalassemia. Patients with transfusion-dependent B-thalassemia often have elevated transferrin saturation (TSAT) and non-
transferrin-bound iron (NTBI) levels, which can lead to organ iron overload, oxidative stress, and vascular damage. Vamifeport
is an oral ferroportin inhibitor that was previously shown to ameliorate anemia, ineffective erythropoiesis, and dysregulated
iron homeostasis in the Hbb™* mouse model of p-thalassemia, under non-transfused conditions. Our study aimed to assess
the effects of oral vamifeport on iron-related parameters (including plasma NTBI levels) and ineffective erythropoiesis following
blood transfusions in Hbb™¥* mice. A single dose of vamifeport prevented the transient transfusion-mediated NTBI increase
in Hbb™¥* mice. Compared with vehicle treatment, vamifeport significantly increased hemoglobin levels and red blood cell
counts in transfused mice. Vamifeport treatment also significantly improved ineffective erythropoiesis in the spleens of Hbb®"¥/*
mice, with additive effects observed when treatment was combined with repeated transfusions. Vamifeport corrected leu-
kocyte counts and significantly improved iron-related parameters (serum transferrin, TSAT and erythropoietin levels) versus
vehicle treatment in Hbb™¥* mice, irrespective of transfusion status. In summary, vamifeport prevented transfusion-mediated
NTBI formation in Hbb™* mice. When given alone or combined with blood transfusions, vamifeport also ameliorated anemia,
ineffective erythropoiesis, and dysregulated iron homeostasis. Administering vamifeport together with repeated blood trans-
fusions additively ameliorated anemia and ineffective erythropoiesis in this mouse model, providing preclinical proof-of-con-
cept for the efficacy of combining vamifeport with blood transfusions in g-thalassemia.

tin-blocking hormone hepcidin are suppressed by ery-
thropoiesis, iron deficiency, and hypoxia, f-thalassemia is
also associated with organ iron overload due to increased

Introduction

p-thalassemia is an inherited anemia caused by mutations

in the p-globin gene of hemoglobin, which decrease the
synthesis of p-globin chains, resulting in an imbalance in
a- and B-globin chains and an accumulation of insoluble
a-globin aggregates on the membranes of red blood cells
(RBC)."® These a-globin aggregates contain free heme and
iron, which can cause the formation of reactive oxygen
species that reduce the lifespan of RBC and result in ane-
mia and tissue hypoxia. In order to compensate for this,
erythropoiesis is stimulated in patients with p-thalasse-
mia, which leads to the increased proliferation but de-
creased differentiation of erythroid precursors (so-called
ineffective erythropoiesis)."***® As levels of the ferropor-

dietary iron absorption via ferroportin-mediated iron ex-
port from enterocytes, as well as iron efflux from spleen
macrophages recycling damaged erythrocytes."*"8

Thalassemia is often classified based on the transfusion
requirement of the patient. Those with non-transfusion-
dependent thalassemia usually receive only occasional
blood transfusions,® while patients with the most severe
form, transfusion-dependent -thalassemia, require regu-
lar blood transfusions for survival, which can lead to sec-
ondary iron overload that requires iron chelation therapy.”
Moreover, these patients often show elevated transferrin
saturation (TSAT) and non-transferrin-bound iron (NTBI),
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triggered by ferroportin-mediated iron release from mac-
rophage recycling of damaged RBC, which can lead to oxi-
dative stress, vascular injury and organ iron overload.?" In
addition, the accelerated recycling of RBC due to blood
transfusions results in a high serum iron concentration
and an increase in NTBI that correlates with the occur-
rence of heart disease.”

One promising therapeutic approach to correcting the
dysregulated iron metabolism seen in patients with p-tha-
lassemia is to target the hepcidin-ferroportin axis,*" for
example by substituting for the reduced endogenous hep-
cidin levels by administering a synthetic small-molecule
ferroportin inhibitor. Vamifeport (CSL Vifor, St. Gallen,
Switzerland), also known as VIT-2763, is an oral ferropor-
tin inhibitor that is currently being investigated as a po-
tential treatment option for patients with p-thalassemia
and sickle cell disease.?” Limiting iron availability with va-
mifeport ameliorated anemia, ineffective erythropoiesis,
and dysregulated iron homeostasis in the Hbb®™** mouse
model of p-thalassemia, under non-transfused
conditions.! This mouse model closely resembles the pa-
thophysiology of patients with f-thalassemia intermedia.’®
It is characterized by ineffective erythropoiesis, spleno-
megaly, and secondary iron overload and has been used
to test the efficacy of other candidate drugs for p-thalas-
semia.” The aim of the present study was to determine
the effect of vamifeport on plasma NTBI levels and inef-
fective erythropoiesis following a single transfusion or re-
peated blood transfusions in the Hbb®™** mouse model of
p-thalassemia.

Methods

Ethics statement

Experiments complied with Swiss law and associated ani-
mal experimentation guidelines were approved by the re-
sponsible authority (Veterinary Department, Canton
Zurich; License Number ZH108/2017). Studies complied
with the CSL Vifor Code of Conduct and the principles of
3R (Replace, Reduce, Refine). Experimental mice were
scored daily for body weight and physical condition.

Animal model

Hbb™* mice' were bred in the CSL Vifor animal facility,
which employs 12-hour dark/12-hour light cycles. These
non-blinded studies utilized 12-14-week-old Hbb™* male
and female mice (7-8 per group). Mice were housed 3-5
per cage and provided with standard chow (containing 250
ppm iron) and water ad libitum. Experiments were con-
ducted in the experimental room; animals were taken to
the holding room after each procedure.

In the single-transfusion studies, mice received single-
dose vamifeport (120 mg/kg; 10 mL/kg), or vehicle (0.5%
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methylcellulose in Milli-Q purified water), by oral gavage.
Thirty minutes post dose, mice received a 200 uL tail vein
transfusion of blood from preterminally anesthetized sex-
matched wild-type mice, ubiquitously expressing green
fluorescent protein (GFP).”® Animals were terminally anes-
thetized using isoflurane 3 or 6 hours post transfusion
and peripheral blood was collected. Two studies was con-
ducted, one in males, one in females, and data was
pooled.

In the repeated-transfusion studies, transfusions were
administered on days 1, 9, 16, and 22 or 23. Hbb™¥/* mice
received once-daily oral vamifeport 120 mg/kg or vehicle
(on transfusion days, dosing was 30 minutes before trans-
fusion). Animals were terminally anesthetized approxi-
mately 24 hours after the fourth transfusion.
Non-transfused, vehicle-treated Hbb™/* mice or wild-type
littermates acted as controls.

Iron-related parameters

Serum NTBI concentrations were measured™ in all
studies; the remaining parameters were assessed after re-
peated transfusion. Serum iron (Abbott) and serum trans-
ferrin (Abcam) were analyzed using commercial kits
according to manufacturer’s instructions. TSAT levels
were calculated according to the formula:

Liver Hamp1 and spleen erythroferrone (Erfe) messenger
RNA (mRNA) levels were determined by quantitative
polymerase chain reaction using PrimePCR™ SYBR® Green
Assays (BIO-RAD). Plasma hepcidin levels were deter-
mined using enzyme-linked immunosorbent assay (Intrin-
sic Lifesciences). Organ iron levels were determined as
previously described!

Hematological parameters and erythropoiesis

All hematological parameters were analyzed using a Pro-
Cyte analyzer (Idexx Bioresearch). Spleen erythroid cells
were analyzed by flow cytometry. Distinct stages of RBC
precursors were identified based on TER119, CD44, and
CD71 expression levels, and using the forward scatter to
measure cell size. Donor-derived GFP-positive RBC were
excluded from the analysis.

Membrane a-globin aggregates in erythroid cells

At least 450 uL of blood were needed for the preparation
of membrane cytoskeletons and so blood samples were
pooled from two mice from the same treatment group in
these analyses, meaning that each data point was ob-
tained from two biological replicates. Harvested mem-
brane cytoskeletons were snap frozen and analyzed using
TAU polyacrylamide gel electrophoresis!
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Statistical analysis

Assessment of parameters over time used two-way analy-
sis of variance (ANOVA), with repeated measures for time
course effects. Where significant effects were observed,
post hoc tests were performed using Dunnett’s adjust-
ment for multiple comparisons, where each group was
compared with vehicle-treated non-transfused or vehicle-
treated transfused controls. Endpoint parameters were
analyzed using one-way ANOVA with Dunnett’s multiple
comparison test. All analyses were performed using
GraphPad Prism, Version 8.4.2 (San Diego, CA).

Results

Vamifeport reduced plasma non-transferrin-bound iron
levels after a single blood transfusion in Hbb*"** mice

A single blood transfusion resulted in significantly higher
plasma NTBI levels (mean [standard deviation] 1.35 [+0.55]
uM) compared with those observed in non-transfused
Hbb®*%¥* mice (mean [standard deviation] 0.55 [+0.18] uM)
(Figure 1). NTBI levels were transiently elevated 3 hours
after blood transfusion in vehicle-treated transfused
mice. A single oral dose of vamifeport prevented the
plasma NTBI increase seen in transfused vehicle-treated
Hbb*%* mice at 3 hours post transfusion, with levels re-
maining similar to those observed in non-transfused con-
trols, demonstrating the potential of vamifeport to
sequester iron recycled from transfused RBC. Non-trans-
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fused, vehicle-treated Hbb"*'* mice had low NTBI levels
(mean [standard deviation] 0.55 [£0.185] uM). NTBI re-
turned to baseline levels by 6 hours in vehicle-treated
transfused mice, suggesting that damaged RBC are
cleared from the circulation and their heme iron recycled
by macrophages in the first few hours after transfusion in
this mouse model. Similar results were observed for donor
blood collected 1 day or 15 days before transfusion, sug-
gesting that prolonging the storage of blood before trans-
fusion does not appear to increase the levels of NTBI. In
vehicle-treated mice after repeated blood transfusions, no
significant effect was observed on plasma NTBI levels,
supporting an acute increase in NTBI post transfusion and
reflecting the late time point of blood sampling (24 hours
post blood transfusion). As anticipated, vamifeport alone
or combined with repeated transfusions had no significant
effects on chronic NTBI levels (Online Supplementary Fig-
ure S7).

Vamifeport improved hematological parameters in
Hbb'"*/* mice receiving repeated blood transfusions
Hbb®™¥* mice have lower levels of hemoglobin than their
wild-type counterparts. Two days after the first blood
transfusion, significantly higher hemoglobin levels were ob-
served in Hbb™** mice compared with non-transfused con-
trols, both in the presence or absence of vamifeport (Figure
2). Vamifeport alone increased hemoglobin levels starting
from study day 11 in Hbb®™** mice. Hemoglobin levels were
significantly higher on study day 25 in the vamifeport-

® Hbb™"** vehicle transfused 3 h
® Hbb™"¥* vamifeport transfused 3 h
® Hbb™"¥* vehicle transfused 6 h
® Hbb™"¥* vamifeport transfused 6 h
O Hbb™"¥* vehicle non-transfused
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Figure 1. Non-transferrin-bound iron levels in Hbb**/* mice after vamifeport treatment alone or in combination with a single
blood transfusion. Representative scatter plots of individual values (with mean and standard deviation) showing the effects of
transfusion, vehicle, and vamifeport treatment. Donor blood was collected (A) 1 day or (B) 15 days before the blood transfusion.
Analysis was performed by using one-way analysis of variance with Dunnett’s multiple comparison test. Significant differences
compared with the Hbb*™** vehicle transfused group are indicated as: *P<0.05, **P<0.01, and ***P<0.001. NTBI: non-transferrin-

bound iron.
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treated transfused group compared with the vamifeport-
treated non-transfused group. Non-transfused, vehicle-
treated Hbb™* mice exhibited significantly lower RBC
counts and hematocrit levels and significantly higher reti-
culocyte counts than their wild-type counterparts. After
repeated blood transfusions, RBC counts and hematocrit
levels significantly increased in Hbb*** mice, but levels
remained lower than those seen in wild-type mice. Re-
peated blood transfusions had no significant impact on
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reticulocyte counts in this mouse model. Vamifeport
treatment significantly increased RBC counts in Hbb™¥*
mice, independent of blood transfusion status. Vamife-
port treatment also significantly increased hematocrit
levels and decreased reticulocyte counts, independent of
blood transfusion status. Furthermore, the transfusion-
mediated rise in hematocrit was additively increased
when transfusion was combined with vamifeport treat-
ment.
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Figure 2. Hematological parameters in Hbb*"** and wild-type mice after vamifeport treatment alone or in combination with
repeated blood transfusions. (A) Effects of transfusion, vehicle, and vamifeport treatment on hemoglobin levels. Timing of blood
transfusions are indicated by red arrows. The remaining figures are representative scatter plots of individual values (with mean
and standard deviation) showing the effects of transfusion, vehicle, and vamifeport treatment at the end of the study on: (B) red
blood cell counts, (C) hematocrit levels, (D) reticulocyte counts. WT: wild-type. Parameters over time were analyzed by using
two-way analysis of variance (ANOVA), with repeated measures for time course effects (A) and end point parameters by using
one-way analysis of variance (B, C and D) with Dunnett’s multiple comparison test. Significant differences compared with the
Hbb*** vehicle non-transfused group (black) and vehicle-transfused group (purple) are indicated as: *P<0.05, **P<0.01, and
***p<0.001. In part (A), significant differences between the Hbb™¥* vehicle non-transfused and the vehicle-transfused,
vamifeport-treated transfused, and vamifeport-treated non-transfused groups are indicated in black, dark blue, and light blue,
respectively. Significant differences between the vamifeport-treated transfused group compared with the vamifeport-treated
non-transfused group are indicated in red (Wilcoxon matched pairs signed-rank test).
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Vamifeport reduced the formation of a-globin
aggregates in the membranes of red blood cells in
Hbb'*™** mice receiving repeated blood transfusions

The imbalanced synthesis of a- and p-globin chains of he-
moglobin in Hbb®™** mice compared with wild-type mice
leads to the formation of a-globin aggregates in RBC
membranes.”® Vamifeport, alone or in combination with re-
peated blood transfusions, decreased a-globin aggregates
in the RBC of Hbb'™¥* mice (Figure 3). Repeated blood
transfusions alone caused a less pronounced reduction of
a-globin aggregates in RBC compared with vamifeport
plus repeated transfusion.

Vamifeport combined with repeated blood transfusions
additively improved ineffective erythropoiesis in Hbb*"*/*
mice

Non-transfused, vehicle-treated Hbb'"** mice exhibited
ineffective erythropoiesis with increased proliferation of
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immature erythroid cells (proerythroblasts, basophilic ery-
throblasts, polychromatic erythroblasts, and orthochro-
matic erythroblasts) and decreased differentiation of
erythroid progenitors to mature erythrocytes in the
spleen, compared with their wild-type counterparts (Fig-
ure 4). Treatment with either vamifeport, or repeated
blood transfusions alone, significantly improved ineffec-
tive erythropoiesis in the spleens of recipient Hbb™**
mice. Combining vamifeport with blood transfusions re-
sulted in a lower proportion of immature erythroid cells
and a higher percentage of mature erythrocytes, com-
pared with either treatment alone, suggesting additive ef-
fects of vamifeport and repeated blood transfusions on
erythropoiesis (donor-derived RBC were excluded from the
erythropoiesis analysis).

Hbb*** mice have increased spleen weight due to inef-
fective erythropoiesis in their spleens. In agreement with
the improvement in ineffective erythropoiesis, repeated
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Figure 3. a-globin aggregates in red blood cell membranes of Hbb'™*/* mice after vamifeport treatment alone or in combination
with repeated blood transfusions. (A) TAU gel electrophoresis of membrane-bound globins in red blood cells from Hbb™** and
wild-type (WT) mice. Soluble o and  hemoglobin from wild-type red blood cells are shown for reference. (B) Quantification of
the signal intensity of the TAU gel a bands by densitometry represented as a scatter plot of individual values (with mean and

standard deviation).
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Figure 4. Erythropoiesis in the spleens of Hbb**/* mice after vamifeport treatment alone or in combination with repeated blood
transfusions. (A) Gating strategy used to identify erythroid progenitors in the spleen by flow cytometry: gate |, proerythroblast;
gate Il, basophilic erythroblast; gate Ill, polychromatic erythroblast; gate IV, orthochromatic erythroblast; gate V, mature
erythrocytes. Green fluorescent protein-positive (GFP*) transfused donor cells are excluded from the analysis. The remaining
figures are representative scatter plots of individual values (with mean and standard deviation) showing the effects of
transfusion, vehicle, and vamifeport treatment at the end of the study on levels of: (B) proerythroblasts, (C) basophilic
erythroblasts, (D) polychromatic erythroblasts, (E) orthochromatic erythroblasts, and (F) mature erythrocytes. WT: wild-type.
Analysis was performed by using one-way analysis of variance with Dunnett’s multiple comparison test. Significant differences
compared with the Hbb™¥* vehicle non-transfused group (black) and vehicle-transfused group (purple) are indicated as:
*P<0.05, **P<0.01, and ***P<0.001. Significant differences between the vamifeport-treated transfused group compared with the

vamifeport-treated non-transfused group are indicated in red (unpaired t test).
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transfusions significantly reduced splenomegaly; spleno-
megaly was further reduced with vamifeport alone or
combined with transfusion (Online Supplementary Figure
S2).

Vamifeport corrected leukocyte counts in Hbb*"** mice
receiving repeated blood transfusions

Non-transfused, vehicle-treated Hbb™** mice had signifi-
cantly elevated overall leukocyte counts, including neu-
trophil, lymphocyte, and monocyte counts compared with
their wild-type counterparts (Figure 5). Repeated blood
transfusions significantly reduced overall leukocyte, neu-
trophil, and lymphocyte counts, but did not significantly
impact monocyte numbers in Hbb®™¥* mice. Vamifeport,
alone or in combination with repeated blood transfusions,
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significantly reduced overall leukocyte, neutrophil, and
lymphocyte counts, and also significantly reduced mono-
cyte counts in Hbb™** mice. Levels of all these cells were
similar to those observed in wild-type mice, demonstrat-
ing that iron restriction by vamifeport not only corrects
ineffective erythropoiesis, but also leads to amelioration
of abnormal myelopoiesis (both recipient and donor blood
cells were included in these analyses).

Vamifeport improved iron-related parameters in Hbb*3/*
mice receiving repeated blood transfusions

Hbb™** mice had significantly lower serum iron and TSAT
levels and significantly higher serum transferrin and ery-
thropoietin levels than their wild-type counterparts (Fig-
ure 6). Repeated blood transfusions had no significant
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Figure 5. Leukocyte, neutrophil, lymphocyte, and monocyte counts in Hbb'"** mice after vamifeport treatment alone or in
combination with repeated blood transfusions. Representative scatter plots of individual values (with mean and standard
deviation) showing the effects of transfusion, vehicle, and vamifeport treatment at the end of the study on counts of: (A)
leukocytes, (B) neutrophils, (C) lymphocytes, (D) monocytes. WT: wild-type. Analysis was performed by using one-way analysis
of variance with Dunnett’s multiple comparison test. Significant differences compared with the Hbb®™** vehicle non-transfused
group (black) are indicated as: *P<0.05, **P<0.01, and ***P<0.001. There were no significant differences between any other
treatment group compared with the vehicle-transfused group, for any of these parameters.
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Figure 6. Iron-related parameters in Hbb*"** mice after vamifeport treatment alone or in combination with repeated blood
transfusions. Representative scatter plots of individual values (with mean and standard deviation) showing the effects of
transfusion, vehicle, and vamifeport treatment at the end of the study on: (A) serum iron, (B) transferrin, (C) transferrin
saturation, (D) erythropoietin, (E) Hamp? mRNA, (F) serum hepcidin. WT: wild-type. Analysis was performed by using one-way
analysis of variance with Dunnett’s multiple comparison test. Significant differences compared with the Hbb*** vehicle non-
transfused group (black) and vehicle-transfused group (purple) are indicated as: *P<0.05, **P<0.01, and ***P<0.001.
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effect on serum iron or plasma erythropoietin levels but
significantly decreased serum transferrin levels and sig-
nificantly increased TSAT, liver Hamp expression, and
plasma hepcidin levels. Vamifeport, alone or in combina-
tion with transfusions, significantly decreased serum iron,
serum transferrin and TSAT levels in Hbb*** mice when
compared with vehicle-treated animals, reflecting the
ability of vamifeport to inhibit ferroportin-mediated iron
efflux into the plasma. This iron-lowering effect was tran-
sient, with the effect reversed 4-6 hours post dose, re-
flecting the pharmacodynamic activity of vamifeport
inhibiting ferroportin. Vamifeport also significantly de-
creased plasma erythropoietin levels, both alone and
when combined with repeated transfusions. Non-trans-
fused, vehicle-treated Hbb™¥* mice had similar liver
Hamp1 mRNA levels and serum hepcidin levels as com-
pared with wild-type mice. As expected, repeated blood
transfusions significantly increased liver Homp7 mRNA
levels and serum hepcidin levels, compared with non-
transfused, vehicle-treated controls. Vamifeport alone or
combined with transfusion significantly decreased liver
Hamp1 expression compared with vehicle-treated trans-
fused Hbb™* mice. Serum hepcidin levels in transfused
Hbb®™** mice also reduced following vamifeport treatment,
but this did not reach statistical significance.
Non-transfused, vehicle-treated Hbb™** mice had elev-
ated liver and kidney iron concentrations compared with
their wild-type counterparts; heart iron concentration was
significantly lower in Hbb®™*¥* mice compared with wild-
type mice (Online Supplementary Figure S3). Repeated
blood transfusions had no effects on iron concentrations
in liver or heart, but increased kidney iron levels in Hbb™3/*
mice, likely due to iron derived from transfused RBC." In
transfused or non-transfused Hbb*"** mice, vamifeport
had no significant effects compared with vehicle treat-
ment on liver and heart iron content, suggesting that va-
mifeport does not remove existing iron, but rather
prevents further iron accumulation in cells from these tis-
sues.' In contrast, vamifeport significantly reduced spleen
iron content in non-transfused Hbb™* mice (Online Sup-
plementary Figure S2). Although transfusion alone did not
affect spleen iron content, it did significantly increase
spleen iron concentration, which might be due to iron
originating from transfused RBC. Vamifeport alone signifi-
cantly increased spleen iron concentration and combining
vamifeport with transfusion resulted in an additive effect.
This additive effect most likely reflects iron derived from
recycled RBC. Hbb'™¥* mice have significantly increased
spleen Erfe expression compared with wild-type control
mice. Repeated transfusions had no effect on spleen Erfe
expression, but when transfusion was combined with va-
mifeport treatment, Erfe expression was significantly re-
duced. Vamifeport alone had no effect on spleen Erfe
expression in this experimental setting in Hbb®™*/* mice.
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Discussion

After a single blood transfusion, vamifeport prevented the
formation of blood transfusion-mediated NTBI in the
plasma of Hbb®™¥* mice, suggesting that the iron restric-
tion resulting from ferroportin inhibition prevents the
formation of potentially harmful reactive plasma iron
species. In the present study, plasma NTBI levels returned
to baseline levels at 6 hours post blood transfusion; one
possible explanation for this is that blood transfusion in-
duces hepcidin (Hamp1) expression, which prevents the
formation of NTBI. Another possible explanation for this is
that NTBI is rapidly cleared from plasma by parenchymal
tissues, as has previously been demonstrated in rodent
models.?® We also assessed the longer-term effects of va-
mifeport after repeated blood transfusions; these studies
did not use the same time points as the single blood
transfusion study (3 hours and 6 hours post transfusion)
due to ethical concerns with repeated blood sampling in
mice so soon after tail vein blood transfusion. NTBI did
not accumulate in Hbb™* mice after four repeated blood
transfusions, hence we did not observe any effect on NTBI
levels with vamifeport treatment, most likely due to the
timing of the blood sampling post transfusion (24 hours).
These observations are of interest as patients with trans-
fusion-dependent p-thalassemia receiving regular trans-
fusions and iron chelation therapy have been shown to
have elevated NTBI levels.” Those with heart disease re-
portedly also had significantly higher NTBI levels than
those without,”? suggesting a potential link between trans-
fusional iron overload and heart disease. Our findings in
this mouse model suggest that vamifeport might prevent
such adverse effects by sequestrating NTBI in macro-
phages, thereby interrupting a vicious cycle in f-thalasse-
mia.

Vamifeport ameliorated anemia and improved ineffective
erythropoiesis and dysregulated iron homeostasis in
Hbb™¥* mice, either when administered alone or in com-
bination with repeated blood transfusions. Importantly,
when given along with blood transfusions, vamifeport ad-
ditively ameliorated ineffective erythropoiesis in Hbbt™/*
mice. The effects of vamifeport on erythropoiesis were
also associated with a significant reduction in spleno-
megaly. These results are consistent with our previous ob-
servations in Hbb™¥* mice under non-transfused
conditions.' B-thalassemia is associated with several ab-
normalities of the innate immune system. The Hbb®™/*
mice show substantially elevated leukocyte counts com-
pared with wild-type mice, as we have previously re-
ported.?’ Furthermore, vamifeport normalizes the myeloid
spleen composition by reducing the proportion of imma-
ture myeloid cells and inflammatory monocytes.' It has
also been shown that the proportion of immature myeloid
cells is significantly increased in Hbb™** mice compared
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with wild-type mice,* suggesting that abnormal myeloid
cell maturation could contribute to the increased levels
of circulating granulocytes seen in Hbb®™** mice. We have
recently demonstrated that vamifeport reduces systemic
and vascular inflammation in Townes mice (a sickle cell
disease model) as shown by lower levels of Cxcl7, RANTES
and soluble P-selectin levels.” Vamifeport treatment also
reduced peripheral neutrophil counts in this model. Fur-
thermore, plasma iron has been shown to control neutro-
phil production and function, and neutrophil production
is much more iron-demanding than the generation of
other white blood cell types.?® Hence, we hypothesize that
iron restriction by vamifeport-induced hypoferremia in
Hbb™* mice, could be a possible mechanism for the ob-
served normalization of white blood cell counts during va-
mifeport treatment.

In our study, vamifeport also reduced the transfusion-me-
diated increase in hepcidin (Hamp7) expression, which led
to an associated reduction in serum hepcidin levels. Al-
though hepcidin levels increase following transfusions in
patients with transfusion-dependent g-thalassemia,” hep-
cidin levels may decrease during the intervals between
blood transfusions, which could result in the formation of
NTBI via ferroportin. It is possible that the ferroportin in-
hibitor vamifeport might prevent these noxious effects by
two mechanisms: i) sequestration of iron from recycled
RBC in macrophages; ii) prevention of increased intestinal
iron absorption during the intervals between blood trans-
fusions. Based on the data from the present study, it
seems most likely that vamifeport inhibits ferroportin on
macrophages recycling iron from engulfed RBC, and
thereby prevents the generation of plasma NTBI.

The effects of other candidate drugs for p-thalassemia
have been investigated in Hbb*™** mice, supporting the
validity of this model. In B-thalassemia, increased erythro-
poietin production leads to persistent phosphorylation of
JAK2, activated STAT5, and increased erythroid progenitor
levels in the spleen, which result in splenomegaly and
contribute to ineffective erythropoiesis.® In Hbb™* mice,
administration of JAK2 inhibitors has been shown to de-
crease the number of erythroid nucleated cells in the
spleen and to reduce splenomegaly, but was also associ-
ated with a slight reduction in hemoglobin levels."” Coad-
ministration of JAK2 inhibitors with blood transfusion
further reduced splenomegaly in both Hbb®™** mice and
mice requiring chronic transfusions (Hbb®™¥3)1” However,
co-administration did not significantly affect hemoglobin
or circulating RBC levels. Combining vamifeport with blood
transfusions in the current study produced additive ef-
fects on erythropoiesis, with reduced proportions of im-
mature erythroid cells and increased proportions of
mature erythrocytes observed, and a reduction in spleno-
megaly, compared with either treatment alone. In contrast
to findings with JAK2 inhibitors, however, vamifeport sig-
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nificantly increased hemoglobin levels when given alone
or combined with transfusion. The effects of apo-trans-
ferrin on NTBI levels have also been assessed in the
Hbb™** mouse model.?* The rapid reduction in NTBI levels
observed after vamifeport treatment in the present study
are in line with data reported after the administration of
apo-transferrin. The effects of the SMAD2/3 signaling in-
hibitor RAP-536 (the mouse version of luspatercept) have
been investigated in a different mouse model of -thalas-
semia intermedia (Hbb®™"t*") 2526 |n this model, RAP-536
had similar effects to those reported here for vamifeport:
it reduced a-globin aggregates in RBC, promoted differ-
entiation of late-stage erythroid precursors, reduced ane-
mia, and improved iron overload, splenomegaly, and
erythrocyte life span.??¢

Due to the very low levels of hemoglobin and RBC pro-
duction and their short lifespan, it is not possible to fully
assess the effects of some candidate thalassemia treat-
ments in the Hbb™¥™"* mouse chronic transfusion model.
Casu et al., therefore, developed the C57-FLC""t*2 mouse
model, which more closely resembles the phenotype of
human transfusion-dependent thalassemia.?” In the C57-
FLC*"th2 model, minihepcidins alone improved RBC life-
span, ineffective erythropoiesis, and splenomegaly. When
combined with chronic RBC transfusion, ineffective ery-
thropoiesis and splenomegaly were further improved and
iron overload was reversed in this mouse model. As similar
results were observed in the present study, this may pro-
vide some validation for the repeated-transfusion model
used here. In contrast to our results in the Hbb™¥* model,
however, minihepcidins did not improve anemia but did
decrease liver iron content when combined with trans-
fusions in the C57-FLC™"*2 mouse model.?” As mentioned
previously, Hbb™¥* mice are a well-established disease
model of B-thalassemia intermedia.’® Currently, the pub-
lished disease models for transfusion-dependent thalas-
semia are complex and difficult to access. Although
Hbb*** mice do not require blood transfusions for sur-
vival, they are anemic and have reduced RBC counts,
which makes this model suitable for studying the effects
of vamifeport combined with transfusions. Furthermore,
some patients with thalassemia intermedia receive spor-
adic blood transfusions if their blood parameters and
physical condition deteriorate. Although this and pre-
viously published studies demonstrated that it is poss-
ible to establish a model for repeated blood transfusions
in Hob™** mice, the system presented here is not a model
for transfusion-dependent f-thalassemia. Due to its posi-
tive effects on ineffective erythropoiesis, splenomegaly,
and anemia in Hbb™¥* mice, it would be of interest to also
assess the effects of vamifeport in the C57-FLCtth2
mouse model of transfusion-dependent thalassemia.
The pharmacodynamic effects of vamifeport have also
recently been evaluated in phase | and Il clinical trials.
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Vamifeport reduced serum iron and TSAT levels in healthy
volunteers?® and more recently has been shown to reduce
serum iron and TSAT levels in patients with non-trans-
fusion-dependent B-thalassemia.?® In addition to p-tha-
lassemia, vamifeport has been shown to correct
ineffective erythropoiesis and to ameliorate abnormal
myelopoiesis in a mouse model of myelodysplastic syn-
drome.?*® Moreover, vamifeport prevented further liver iron
overload in a mouse model of hereditary hemochromato-
sis,® improved hemodynamics in a mouse model of sickle
cell disease,”® and corrected hematocrit and RBC levels in
a mouse model of polycythemia vera.?*3* The clinical rel-
evance of these observations in rodent disease models
now needs to be assessed in controlled clinical trials.

In summary, in the present study in Hbb*** mice, vamife-
port prevented the formation of transfusion-mediated
NTBI and ameliorated anemia, ineffective erythropoiesis,
and dysregulated iron homeostasis, either when given
alone or when combined with repeated blood trans-
fusions. Importantly, administering vamifeport together
with blood transfusions additively ameliorated anemia and
ineffective erythropoiesis in this mouse model. The clinical
utility of combination treatment with vamifeport and
transfusions in patients with fB-thalassemia receiving
blood transfusions remains to be investigated in con-
trolled clinical trials.
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