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ABSTRACT

Anemia is a pathologic condition caused by the reduced production of red blood cells
(RBCs) and hemoglobin. After iron-deficiency, systemic inflammation is the second
contributor to the worldwide burden of anemia. Proinflammatory cytokines decrease
erythroblast sensitivity to erythropoietin (EPO) on one side, and increase hepcidin levels
on the other, sequestering iron in stores and leading to iron restriction. Anemia of
inflammation can be caused both by chronic infections and by systemic diseases. Malaria
anemia is a peculiar form of anemia of inflammation due to Plasmodium infection in
which systemic inflammation coexists with prominent hemolysis, while anemia of
Chronic Kidney Disease (CKD) is characterized by impaired EPO production and iron
loss in urine, which follow progressive renal damage, associated to sustained
inflammation.

Standard therapy for anemia based on EPO-mimetics (in combination with iron
supplementation for renal anemia) is associated to several off-target effects due to EPO
interaction with its receptor in non-erythroid organs, calling for the identification of novel
therapeutic strategies.

Transferrin Receptor 2 (TFR2) is a recently identified regulator of the iron-
erythropoiesis crosstalk. 7fr2 deletion in the liver reduces hepcidin production increasing
iron absorption, while its inactivation in the bone marrow (BM) increases erythroid EPO
sensitivity and RBCs production.

In this study, we proved that BM specific 7fr2 deletion promotes erythropoiesis and
ameliorates anemia in mice with CKD, sterile inflammation and malaria, without
increasing EPO levels per se. In CKD, characterized by a real, rather than a functional,
iron-deficiency, the combined erythroid and hepatic 7fr2 deletion represented an effective
tool to simultaneously promoting RBCs production and iron absorption, thus leading to a
more prolonged amelioration of anemia.

Overall, our results provide the proof of principle that 7fr2 targeting, in the erythroid
and hepatic compartments based on the pathophysiology of the disease, is a promising
therapeutic option for balancing erythropoiesis and iron availability in different forms of

anemia, without affecting EPO levels.
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1. INTRODUCTION

1.1 Mammalian erythropoiesis

1.1.1 Early and terminal erythropoiesis: a brief overview

Two-hundred billions red blood cells (RBCs) are produced daily in the bone marrow
(BM) of healthy adults and then released in the peripheral blood (Higgins, 2015) through
a tightly regulated multi-step process named erythropoiesis.

During early erythropoiesis, hematopoietic stem cells (HSCs) differentiate to multi-
potent progenitors (MPPs), that lack self-renewal capacity but preserve full lineage
differentiation potential. MPPs generate common lymphoid progenitors (CLPs) and
common myeloid progenitors (CMPs), and the latter give rise to megakaryocyte/erythroid
progenitors (MEPs) (Palis, 2014; Zivot et al, 2018; Fathman et al, 2011). MEPs
differentiate into burst-forming unit-erythroid (BFU-E) and colony-forming unit-
erythroid (CFU-E) cells. During terminal erythropoiesis, CFU-E evolve into pro-
erythroblasts (ProEry), basophilic (BasoEry), polychromatic (PolyEry) and
orthochromatic (OrthoEry) erythroblasts and then into reticulocytes and mature RBCs
(Palis, 2014; Zivot et al, 2018) (Figure 1). These final phases are characterized by gradual
reduction of cell size, progressive hemoglobin accumulation, decreased RNA content and
nuclear condensation, culminating into enucleation at the stage of late OrthoEry
(Hattangadi et a/, 2011). In the BM, erythroblasts maturation occurs within structures
named “erythroblastic islands”, composed by a central “nurse macrophage” surrounded
by several erythroblasts at various differentiation stages. Macrophages promote
erythroblasts proliferation and ingest nuclei extruded by late OrthoEry to form
reticulocytes, characterized by reduced cell volume, loss of residual organelles and a
biconcave shape (Korolnek & Hamza, 2015; Zivot et al, 2018). Production of mature
RBC:s is the final step occurring in the bloodstream, where erythrocytes circulate for 120
and 45 days in humans and mice, respectively (An et al, 2015).

The balance between reticulocytes production and senescent RBCs removal is

maintained primarily by splenic macrophages, that sustain steady-state RBCs levels



replacing an average of 2.2x10!" RBCs/day (Palis, 2014; Korolnek & Hamza, 2015;
Hattangadi et a/, 2011).

Murine erythropoiesis is characterized by the same differentiation stages. However,
while in humans the BM is the predominant erythropoietic organ, in mice the spleen also
plays a key role, mainly in stress conditions. Moreover, together with longer life span,
human erythrocytes have greater mean corpuscular volume (90 vs 52 fL) and higher

oxygen affinity (P50 25 vs 40 mm Hg) (An et al, 2015).

Bone marrow niche Bloodstream
Erythroblastic island

Extruded
nuclei

Iron-dependent o

Figure 1. Schematic overview of erythroid differentiation. Progression from hematopoietic stem
cells (HSCs) to red blood cells (RBCs). Megakaryocyte/erythrocyte progenitor (MEPs) derive
from HSCs and give raise to burst-forming unit- erythroid (BFU-e¢) and colony-forming unit-
erythroid (CFU-e) cells. CFU-e differentiate into pro-erythroblasts (ProEry), basophilic
(BasoEry), polychromatic (PolyEry) and orthochromatic (OrthoEry) erythroblasts and then into
reticulocytes and mature RBCs. Nurse macrophages located in the bone marrow niche support
erythroid cells proliferation and maturation. Erythropoietin (EPO)- and iron-dependent phases
are indicated. Final maturation from reticulocytes to mature erythrocytes occurs in the
bloodstream.

1.1.2 Erythropoietin and its pathway

Erythropoietin (EPO), the master regulator of erythropoiesis, is a glycoprotein
cytokine produced by the liver during fetal development. After birth, the main site of EPO
production is the kidney (Bondurant & Koury, 1986), in specialized fibroblast-like cells
located in the interstitium of outer medulla and cortex, named renal erythropoietin

producing cells (REPCs) (Koury et al, 1988, 1989; Maxwell et al, 1993).
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Hypoxia is the main physiological condition that regulates EPO production (Haase,
2010; Wenger & Kurtz, 2011) through the hypoxia inducible factor (HIF), a
heterodimeric nuclear transcription factor composed by an Ox-dependent o subunit
(isoforms la, 2a or 3a) and a constitutive 3 subunit.

During normoxia, prolyl hydroxylase domain containing enzymes (PHDs) hydroxylate
conserved proline residues in HIF-o subunits, leading to von Hippel-Lindau tumor
suppressor protein (VHL) binding and to the subsequent E3 ligase complex-mediated
HIF-a degradation. When cellular oxygen levels are low, PHDs’ function is inhibited and
VHL binding to HIF prevented. In this way, a subunits are stabilized and bind the hypoxia
responsive elements (HRE) on EPO promoter, inducing its transcription (Shah & Xie,
2014). HIF-2a induces Epo expression also in the liver (Rankin et al, 2007; Warnecke et
al, 2004; Haase, 2010).

Importantly, EPO production is regulated not only by oxygen levels, but also by iron
availability through the iron regulatory proteins (IRPs) system. When iron is low, IRP1
and IRP2 bind iron responsive elements (IRE) on untranslated regions (UTRs) of mRNAs
encoding for proteins involved in systemic iron modulation. IRPs-IRE binding increases
mRNA stability when occurs at 3°-UTR, while blocks translation when at 5’-UTR. Thus,
if systemic iron levels are low and not adequate to sustain enhanced erythropoiesis, IRP1
binds the IRE sequence in HIF-2a 5°-UTR, inhibiting its translation and EPO
transcription (Shah & Xie, 2014; Muckenthaler et al, 2017).

EPO regulates erythropoiesis mainly at the stages between early committed erythroid
precursors and proEry. EPO receptor (EPOR) is a transmembrane homodimeric
glycoprotein present at low levels on the surface of BFU-E. Its expression gradually
increases until BasoEry, and then decreases during erythroid differentiation being absent
on reticulocytes and RBCs (Bhoopalan et al, 2020).

EPO binding to its receptor leads to conformational changes critical for Janus kinase
2 (JAK2) association to the complex and phosphorylation. Phosphorylated JAK2
activates several intracellular signaling pathways among which Signal transducer and
activator of transcription 5 (STATS) (Socolovsky et al, 1999; Cui et al, 2004), that

translocates into the nucleus and activates the transcription of genes involved in erythroid
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cells survival, proliferation and differentiation, as B-cell lymphoma extra-large (Bcl-x/)
(Silva et al, 1996; Cui et al, 2004; Watowich, 2011). EPO-EPOR interaction also activates
the phosphatidylinositol 3-kinase (PI3K)/AKT pathway, that phosphorylates GATAI, a
transcription factor critical to erythroid differentiation, and the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) pathway, that activates antioxidant and
protective targets (Figure 2) (Watowich, 2011; Digicaylioglu & Lipton, 2001; Morgan &
Liu, 2011; Zhang & Sun, 2015).

Overall, EPO/EPOR signaling increases the proliferation, differentiation and survival
rate of erythroblasts and prevents their apoptosis, increasing circulating RBCs. Thus,
oxygen levels augment in tissues activating a negative feedback-loop on EPO production

(Wenger & Kurtz, 2011; Bunn, 2013).
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Figure 2. Simplified overview of the EPO-EPO receptor pathway. Upon erythropoietin (EPO)
binding to its receptor (EPOR), conformational changes lead to JAK2 phosphorylation and
activation of several intracellular signaling pathways, among which STATS5. Phosphorylated
STATS dimerizes and translocates into the nucleus inducing the transcription of genes involved
in anti-apoptosis, proliferation and differentiation. Other pathways activated by EPO-EPOR
signaling are AKT/PI3K, NF-kB and RAS/ERK, implicated in the control of anti-apoptosis and
differentiation, anti-oxidant response and proliferation, respectively.
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1.1.3 Heme and hemoglobin

The principal function of RBCs is the transport of gases (02, CO.), but additional roles
have been described in redox regulation, nitric oxide metabolism (Kuhn ef al, 2017) and
immune response (Anderson et al, 2018; Lam et al, 2021).

Hemoglobin, the most abundant protein in RBCs, allows oxygen binding and transport
from the lung to peripheral tissues and vice-versa, to sustain cellular respiration and
maintain acid/base equilibrium. Hemoglobin is a tetramer composed by 2 o and 2 3 globin
chains. Each subunit contains heme, a complex formed by an organic protoporphyrin ring
and a central ion of iron in the ferrous state (Fe*"), responsible for O binding.

Heme and globin synthesis, necessary for hemoglobin formation, occur in
mitochondria and cytosol of erythrocytes though complex steps. Heme availability is
highly controlled both at cellular and systemic levels. The first rate-limiting step of heme
synthesis is catalyzed by the 5-aminolevulinic acid (ALA) synthase 2 (ALAS2). ALAS2
is regulated by iron, while ALASI (the non-erythroid isoform) is regulated by heme itself
(Chiabrando et al, 2014). Indeed, Iron Regulatory Protein 1 (IRP1, see below) inhibits
ALAS?2 translation in conditions of low iron availability (Chiabrando et al, 2014;
Muckenthaler ef al, 2017).

Globin synthesis is regulated by heme availability through Heme-Regulated Inhibitor
of translation (HRI). In conditions of heme deficiency, HRI activates and phosphorylates
elF2a, inhibiting globin synthesis, while when heme is abundant, HRI is maintained
inactive by heme itself (Levin ef al, 1976; Han et al, 2001; Chen, 2007; Burwick & Aktas,
2017) , promoting hemoglobin production.

Since hemoglobin synthesis requires about 25 mg of iron/day, an adequate amount of

iron is needed to properly sustain erythropoiesis.
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1.2 Iron metabolism

1.2.1 Systemic iron metabolism

Since iron plays a pivotal role in several biological processes, as mitochondrial
function, enzymatic reactions, DNA synthesis and repair, and erythropoiesis, its amount
in the body is regulated both at systemic and cellular levels (Hentze et a/, 2010).

Dietary non-heme iron is absorbed through the apical membrane of duodenal
enterocytes via the divalent metal transporter 1 (DMT1) and reduced mainly by the
membrane-associated ferrireductase DcytB. HIF-2a positively regulates iron absorption
from enterocytes transcriptionally activating Dmtl (Mastrogiannaki et al, 2009; Shah et
al, 2009), while inhibition occurs through sequestration into the iron-storage protein
ferritin (FTH). The mechanism of heme uptake is still under investigation, but heme
oxygenase 1 (HMOXI) is responsible for its intracellular degradation and iron release.
Iron is then exported from the basolateral side into the bloodstream via ferroportin (FPN)
(McKie et al, 2000; Donovan et al, 2000), the only known iron exporter. Hephaestin
(HEPH) oxidizes Fe?* to Fe** to allow iron binding to Transferrin (TF), the carrier that
renders iron bioavailable in the circulation, avoiding toxic radical formation and iron
utilization by pathogens. Iron is then delivered to organs and tissues for storage (liver)
and utilization (muscle and BM). Body iron is predominantly utilized for erythropoiesis,
mainly obtained from recycling of senescent erythrocytes by macrophages (about 25
mg/day), which store iron into FT and release it in the circulation via FPN when needed

(Muckenthaler et al, 2017).

Since there is no active mechanism for iron excretion, dietary iron absorption is tightly
controlled and limited to 1-2 mg/day to compensate for iron losses (e.g., skin
desquamation, blood loss, sloughing of intestinal epithelial cells) (Hentze et al, 2010).
The master regulator of systemic iron metabolism is hepcidin (Pigeon et al, 2001; Roetto
et al, 2003), a peptide hormone produced by hepatocytes that regulates cellular iron efflux
acting on FPN, abundant on duodenal enterocytes, hepatocytes and macrophages. After
FPN binding, hepcidin blocks iron export both directly occluding the channel
(Aschemeyer et a/, 2018) and inducing FPN internalization and degradation (Nemeth et
al, 2004b), thus reducing circulating iron levels (Figure 3).
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Figure 3. Overview of systemic iron utilization. Transferrin binds plasma iron for distribution
to bone marrow and other tissues. The bone marrow is the main site of iron utilization for
erythropoiesis, and then iron is recycled from senescent erythrocytes by macrophages. Iron
physiological loss is compensated by dietary iron absorption. Hepcidin, a peptide hormone
produced by hepatocytes, regulates iron efflux in the circulation blocking the iron exporter
ferroportin on the surface of duodenal enterocytes, hepatocytes and reticuloendothelial
macrophages. (Katsarou & Pantopoulos, 2020), license number 5401940129617.

HAMP is transcriptionally regulated by different stimuli. Inflammation or infection
and iron overload upregulate hepcidin transcription, thus blocking FPN activity and
limiting iron release in the circulation. In conditions of iron deficiency and increased iron
demand, as in erythropoiesis expansion, hepcidin expression is inhibited and FPN

stabilized to boost iron export in the bloodstream (Muckenthaler et al, 2017).

Hepcidin expression is modulated in response to liver iron stores by the bone
morphogenetic protein (BMP)-Son of mother against decapentaplegic (SMAD) pathway
(Silvestri et al, 2019) (Figure 4). BMP2 and BMP6, expressed in liver sinusoidal
endothelial cells (LSECs), are involved in hepcidin activation in vivo, in a paracrine

fashion. When iron levels are sufficient, BMP2 maintains basal hepcidin (Koch et al,
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2017), while BMP6 strongly contributes to hepcidin activation in iron-overload
conditions (Kautz et al, 2008; Canali ef a/, 2017). BMP2 and BMP6 bind BMP type I and
IT receptors, leading to SMAD1/5/8 phosphorylation and SMAD4 binding. Then the
complex translocates into the nucleus activating the transcription of genes carrying a

BMP responsive element in their promoter, among which hepcidin (Silvestri ef al, 2019).

The BMP-SMAD pathway is modulated by several proteins and stimuli. The human
homeostatic regulatory protein HFE, the second transferrin receptor (TFR2) and the BMP
co-receptor hemojuvelin (HJV) contribute to activate the pathway and, when mutated,
cause Hereditary Hemocromatosis (HH) (Feder et al, 1996; Camaschella et al, 2000;
Papanikolaou et al, 2004). HH is an autosomal recessive disease characterized by low
hepcidin levels, that lead to systemic iron overload and related complications in several

organs. The traditional treatment is based on iron depletion via phlebotomy.

The transmembrane serine protease matriptase-2 (encoded by the TMPRSS6 gene)
cleaves HJV inhibiting the BMP-SMAD pathway thus reducing hepcidin levels. This
occurs in conditions of iron deficiency, when hepcidin has to be downregulated to allow
iron release from the stores (Silvestri et al, 2008a, 2008b; Finberg et al, 2010). When
TMPRSS6 1s mutated or inhibited, hepcidin levels are inappropriately increased, leading
to iron refractory iron deficient anemia (IRIDA) (Finberg et al, 2008).

Hepcidin is upregulated also by inflammation (Figure 5), to restrict iron availability
to pathogens and avoid worsening of inflammatory status (Nemeth et al, 2004b).
Lipopolysaccharide (LPS) induces the production of proinflammatory cytokines, like
interleukin 6 (IL-6), interleukin 1 B (IL-1B) and tumor necrosis factor a (TNF-at). IL-6
binds to its receptor GP130 on the surface of hepatocytes, activating the JAK2-STAT3
signaling pathway. Phosphorylated STAT3 translocates into the nucleus where binds its
responsive element on hepcidin promoter, inducing its transcription (Verga Falzacappa
et al, 2007). Moreover, LPS further contributes to BMP-SMAD activation stabilizing
SMAD4 (Layoun et al, 2018).
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The control exerted by erythropoiesis on hepcidin occurs through an “erythroid
regulator” (Finch, 1994) identified in the secreted protein erythroferrone (ERFE) (Kautz
et al, 2014). ERFE is produced by erythroid precursors in response to EPO stimulation
and transcriptionally downregulates hepcidin. The ERFE-mediated hepcidin modulation
involves sequestration of BMPs, mainly BMP6, and interference with the BMP/SMAD
pathway (Arezes et al, 2018; Nai et al, 2016), but the precise mechanism is still

incompletely understood.
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Figure 4. Overview of hepcidin regulation by iron. A) When body iron is high, transferrin
saturation increases (>30%,), stabilizing Transferrin Receptor 2 (TFR2) and contributing to the
activation of the BMP/SMAD signaling cascade. Moreover, while bone morphogenetic protein 2
(BMP2) is constitutively expressed, BMP6 production increases in response to iron overload in
liver sinusoidal endothelial cells (LSEC) and is released in the space of Disse. BMP6 binds type
1 BMP receptor ALK2, while BMP2 to ALK3, activating the BMP/SMAD cascade.
Phosphorylated SMAD1/5/8 recruit SMAD4 and then the complex translocates into the nucleus
and promotes the transcription of hepcidin (HAMP) upon binding to BMP-responsive elements.
The BMP co-receptor Hemojuvelin (HJV) and the Hemochromatosis protein HFE are required
for signaling initiation. B) Iron deficiency leads to decreased transferrin saturation (<30%,), that
destabilizes TFR2. In response to low intracellular iron, TFRI expression and production are
increased through activation of Hypoxia Inhibitory Factors (HIFs) and Iron Regulatory Proteins
(IRPs), respectively. As a consequence, TFRI promotes iron uptake and sequesters HFE to
attenuate the BMP/SMAD signaling. Moreover, inhibition of the pathway occurs through the
enhanced production of matriptase-2, that cleaves HJV, inhibitory SMADs, that bind and
sequester SMAD4, and FKBP12, which binds ALK2. (Katsarou & Pantopoulos, 2020), license
number 5401940129617.
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Figure 5. Hepcidin regulation by inflammation. Pro-inflammatory cytokines, as interleukin 6
(IL-6) and interleukin 1 (IL-1p), are released by activated macrophages and other immune cells
in response to inflammation/infections to induce hepcidin transcription. On hepatocytes, IL-6
binds GP130 and signals via the JAK/STAT3 pathway, while IL-1 binds its receptor, activating
NF-kB and c-Jun N-terminal kinase (JNK) signaling pathways as depicted in the figure.
Moreover, lipopolysaccharides (LPS) deriving from bacteria membranes bind toll-like receptor
4 (TLR4) and activates hepcidin (Hamp) expression through JNK. (Katsarou & Pantopoulos,
2020), license number 5401940129617.

1.2.2 Cellular iron metabolism
Iron uptake, utilization and storage are finely coordinated in cells to prevent toxicity,
and, at difference with systemic metabolism, cells are able to excrete iron in a regulated

manner through FPN (Hentze et a/, 2010) (Figure 6).

Plasma iron is generally uptaken by TF receptor 1 (TFR1) through the binding of iron-
loaded TF (holo-TF), followed by a clathrin-dependent endocytosis. Iron is then released
from TF thanks to the acidic environment in early endosomes, while TF remains bound
to TFR1. This complex is recycled to the cell surface and TF is released in the circulation.
Inside the cell, iron is reduced to Fe?" by STEAP metalloreductase and transported by
DMT1 into the cytosol, where it is available for storage, export or utilization

(Muckenthaler et al, 2017).
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Other mechanisms of iron uptake are erythrophagocytosis by macrophages and import
of non-transferrin bound iron (NTBI) through dedicated transporters such as ZIP14, ZIP8,
and TRPC6. Moreover, free heme in the circulation binds hemopexin and then the
complex can be endocytosed from macrophages, hepatocytes and other cells through the

low-density lipoprotein receptor-related protein (LRP)/CD91 (Muckenthaler et al, 2017).

After uptake, iron constitutes the so-called “labile iron pool” and is utilized for protein
incorporation or mitochondria utilization. Mitoferrin (MFRNI1) transports iron in
mitochondria for incorporation into heme and/or Fe-S cluster prosthetic groups
(important for electron transfer in respiratory complexes and ROS production). Heme is
then exported to the cytoplasm by the mitochondrial isoform of Feline Leukemia Virus

Subgroup Receptor 1 (FLVCRI1) (Chiabrando et al, 2012).

Unutilized iron is exported via FPN or stored into ferritin. Ferritin is an heteropolymer
constituted of 24 subunits of heavy (FTHI1) and light (FTL) chains, ubiquitously
expressed but with different FTH1/FTL ratios depending on tissues and physiological
conditions. Ferritin stores iron in a non-toxic form, which can be mobilized through
ferritin degradation (Hentze et al/, 2010). Nuclear Receptor Coactivator 4 (NCOA4)
mediates ferritinophagy in iron-deficient cells, allowing iron recovery. On the contrary,
NCOAA4 turnover is increased in iron-loaded cells to limit ferritinophagy (Mancias et al,

2014, 2015; An et al, 2014).

When a cell faces iron deficiency, IRP1 and IRP2 bind IREs in the 3 UTR of TFRI
mRNA, increasing its stability, and in the 5> UTR of ferritin and FPN mRNAs, blocking
their translation. Thus, iron uptake is enhanced, and iron storage and export are prevented.
The opposite occurs in conditions of iron-loading, when the binding of IRPs to IREs is

suppressed (Hentze et al, 2010).
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Figure 6. Cellular iron metabolism. Iron-loaded Transferrin (holo-TF) binds Transferrin
Receptor 1 (TFRI1) on cell surface, promoting its internalization through clathrin-mediated
endocytosis. Endosome acidification releases iron from TF. Then, the metal is reduced by
STEAP3 and exported in the cytosol via the Divalent Metal Transporter 1 (DMT1), while TFR1
is recycled on the cell membrane and TF is released in the circulation. Intracellular iron is either
utilized by the mitochondria for heme and Fe-S cluster synthesis, stored in ferritin or exported
via ferroportin (FPN). TFR1, ferritin and FPN expression is post-transcriptionally regulated by
the Iron Regulatory Element (IRE)/ Iron Regulatory Protein (IRP) system. (Katsarou &
Pantopoulos, 2020), license number 5401940129617.

1.2.3 Transferrin Receptor 2

Transferrin Receptor 2 (TFR2) was firstly reported in 1999 as a second mammalian
receptor for TF (Kawabata et al, 1999). TFR2 gene, present on chromosome 7 in humans,
is transcribed into two isoforms, 7FR2-o. and TFR2-B. TFR2-a. 1s a type 2 transmembrane
glycoprotein (90-105 kDa), mainly expressed in hepatocytes and erythroid precursors,
while TFR2-f is ubiquitously expressed but at low levels (Kawabata et al, 1999; Deaglio
et al,2002). TFR2-a. binds holo-TF similarly to the homologous TFR1, but with a lower
affinity (about 1/25) (West et al, 2000; Kawabata et al, 2000). Conversely to TFR1, TFR2
expression is not regulated by iron availability, but holo-TF binding stabilizes TFR2-a
protein on the cell surface (Robb & Wessling-Resnick, 2004; Johnson & Enns, 2004)
decreasing lysosomal degradation (Johnson et al/, 2007) and reducing receptor shedding
from plasma membrane (Pagani et al, 2015). Several transcription factors bind and
activate 7FR2 promoter as GATA1 and C/EBP-a, expressed in erythroid and myeloid
cells respectively, hepatocytes and adipose tissues (Kawabata et al, 2001), and hepatocyte

nuclear factor 4a (Matsuo ef al, 2015).
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Mutations in 7FR2 lead to HH (Camaschella et al, 2000), a genetic iron overload
disorder, because of hepcidin down-regulation (Kawabata et al, 2005; Wallace, 2005;
Nemeth et al, 2005) . Indeed, in the liver, TFR2 positively regulates hepcidin transcription
modulating the BMP-SMAD pathway as described above.

An erythroid role for TFR2 has been proposed several years after the elucidation of
the hepatic one. Indeed, TFR2 and EPOR are co-expressed and interact during erythroid
progenitors differentiation (Forejtnikova et al, 2010). Moreover, Genome Wide
Association Studies identified 7FR2 single nucleotide polymorphisms associated with
RBC count, hematocrit and MCV in normal subjects (Ganesh et al, 2009; Soranzo et al,

2009; Lo et al, 2011; van der Harst et al, 2012; Auer et al, 2014).

In mice, germline 7fr2 deletion leads to iron overload and a moderate hemoglobin
increase compared to wild-type. Mice with specific deletion of 7f#2 in the liver display a
similar iron-overload (Figure 7), but interestingly hemoglobin levels are not increased in
these animals (Wallace, 2005; Roetto et al, 2010). Moreover, Tfr2-Tmprss6 double KO
mice develop erythrocytosis despite iron-deficiency, conversely to Tmprss6-KO mice
with Tfr2 hepato-specific deletion (Nai et al, 2014). Overall, these findings suggested a
specific role for 7fr2 in erythroid cells in the control of RBCs and hemoglobin levels.

In line with this assumption, mice lacking 7fr2 in the hematopoietic compartment (BM
and spleen, Tfi-2BMKO), obtained through BM transplantation, show increased RBC count,
enhanced terminal erythroid differentiation and reduced erythroid precursors apoptosis.
This effect is not due to increased serum EPO levels, but rather to higher EPO
responsiveness of erythroid cells (Nai et al, 2015). Thus, TFR2 acts as negative regulator
of the EPO-EPOR pathway (Figure 7), sensing iron levels and adapting hepcidin and
erythropoiesis mutual needs, balancing RBCs production and iron availability (Nai et al,

2015).

The potential beneficial effect of erythroid 7fr2 deletion in the amelioration of anemia
has been proven by our lab in murine models of transfusion independent (Hbb"¥'™")
(Artuso et al, 2018) and transfusion dependent (Hbb™""?) (Di Modica et al, 2022) B-
thalassemia. Indeed, T£i-2BMKO/Hbb"¥* mice maintain higher Hb levels, RBC count and
enhanced erythropoiesis for at least 21 weeks after transplantation compared to controls

(Artuso et al, 2018). The same effect is observed also in Hbb™""2 mice, in which BM
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Tfr2 deletion avoids long-term blood transfusions and related complications, too (Di

Modica et al, 2022).

Recently, Rauner and collegues described a role for TFR2 also in the bone. 7fi-2”~ mice
have higher bone volume, strength and turnover, independently from the iron status
(Rauner et al, 2019). In detail, the effect on bone metabolism is driven by 7fr2 deletion
in osteoblasts, that reduces BMP-SMAD signaling and the expression of WNT inhibitors.
As a consequence, WNT promotes bone formation (Rauner et al, 2019). These findings
open the possibility that TFR2 might be a mediator of the erythropoiesis-bone crosstalk
(Figure 7).

A B C
BMPs @
o9
TFR2
BMPRs
Liver
Bone
(Hepatocytes) (Erythroblasts) (Osteoblasts)
D E F
BMPs @
o9
EPO-R BMPRs TFR2
BM
Liver
eo @© Bone
l® @mo
N Iron Spleen M RBCs N Bone formation
(Hepatocytes) (Erythroblasts) (Osteoblasts)

22



Figure 7. Simplified scheme of Transferrin Receptor 2 (TFR2) function in the liver,
hematopoietic compartment and bone.

A-D) In the liver, TFR2 acts as a positive regulator of hepcidin, activating its transcription
through a partially unknown mechanism. When Tfr2 is deleted in total body or in the liver of mice,
hepcidin (Hamp) expression is reduced and thus iron absorption and release in the circulation
are increased.

B-E) In the hematopoietic compartment, TFR?2 interacts with Erythropoietin Receptor (EPOR)
and modulates erythropoiesis. When Tfi2 is deleted in BM-derived cells (and consequently in the
spleen) in mice, the EPO-EPOR pathway is enhanced, increasing the expression of genes involved
in proliferation and differentiation of erythroid cells, despite unchanged EPO levels. Thus, TFR2
is a negative regulator of the EPO-EPOR pathway, whose inactivation boosts Red Blood Cells
(RBCs) production increasing erythroid responsiveness to EPO, through a still unknown
mechanism.

C-F) In osteoblasts, TFR2 binds Bone Morphogenetic Protein 2 (BMP2) and activates the
BMP/SMAD pathway to induce the transcription of Dickkopf WNT Signaling Pathway Inhibitor
1 (Dkkl) and Sclerostin (Sost), a WNT antagonist, thus inhibiting bone formation. On the
contrary, when Tfr2 is deleted in osteoblasts, WNT is not inhibited, increasing bone formation.

1.3 Erythropoiesis-bone crosstalk

1.3.1 Bone organization and functions

Bone is a dynamic mineralized connective tissue that supports and protects vital
organs, maintains mineral homeostasis, serves as a calcium and phosphate storage, allows
locomotion and harbors the BM, providing proper environment for hematopoiesis

(Robling et al, 2006; Datta et al, 2008; Florencio-Silva et al, 2015).

The cortical bone, thick and robust, surrounds the marrow, while the trabecular bone
is the spongy, honeycomb-like system of trabeculae in which the BM is disseminated.
The human skeleton is formed of eighty-percent cortical bone and twenty-percent
trabecular bone, and the cortical/trabecular ratio is variable in different bones. The four
main groups of bones are long, short, flat and irregular (Clarke, 2008). The BM is located
in the mid-diaphyseal portion of fat and long bones in adults. The adipose and
hematopoietic tissues coexist in equal proportion, with the adipose volume adapting

accordingly to changes in the hematopoietic activity (Gurkan & Akkus, 2008).

Bone is composed by osteoblasts and osteoclasts, that coordinate bone remodeling,
osteocytes and bone lining cells. Osteoblasts form new bone, while osteoclasts resorb it,

osteocytes have mechanosensitive functions and bone lining cells help maintaining
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physiological homeostasis (Nakamura, 2007; Florencio-Silva et al, 2015). The
equilibrium between bone resorption and bone formation is pivotal to preserve
homeostasis. When one of these two process prevails, osteoporosis or osteopetrosis may
occur. Importantly, osteoblasts derive from mesenchymal stem cells (MSC), while
osteoclasts derive from mononuclear cells of hematopoietic lineage, sharing their origin

with erythrocytes (Figure 8) (Florencio-Silva et al, 2015).

In addition to anatomic connections, bone and BM are also functionally linked, and

alterations in one of these compartments affect the other one (Del Fattore et al, 2010).
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Figure 8. Schematic representation of bone structure and composition. The bone is constituted
by two types of tissues: the cortical bone and the trabecular bone. The first is the hard, protective
part of the bone, while the latter is the spongy honeycomb-like tissue in which the BM resides.
Bone undergoes a continuous remodeling, required to balance bone mass and mineral
homeostasis. Osteoclasts, deriving from hematopoietic stem cells, resorb old or damaged bone,
while osteoblasts, of mesenchymal origin, replace the removed bone. Osteocytes, which derive
from osteoblasts, support this process.
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1.3.2 Bone impairment in erythroid disorders

Some forms of anemia, malignant diseases and storage or infiltrative disorders often
present coexistence of alterations in bone homeostasis and erythropoietic defects,
suggesting a functional link between these 2 systems. For example, B-thalassemia patients
suffer from reduced bone mass, bone pain and frequent fractures, due to BM expansion
and concomitant medullary cavity widening, together with iron overload and endocrine
complications (Vogiatzi et al, 2009).

Moreover, anemia of chronic kidney disease (CKD) often leads to secondary
hyperparathyroidism associated to bone and mineral abnormalities (called CKD-BMD),
that cause higher fracture frequency compared to the general population (Fried et al,
2007; Pimentel et al, 2021). CKD is characterized by inappropriately low EPO levels
because of renal damage, that may contribute to bone impairment (Wei et al, 2016).
Indeed, EPO has a regulatory role in bone homeostasis and several studies in mice showed
that EPO increases bone volume and repair increasing cell proliferation, Vascular
Endothelial Growth Factor-mediated angiogenesis and cartilaginous callus formation
(Holstein et al, 2011; Wan et al, 2014). Also, osteoclastogenesis and osteoblastogenesis
are activated by EPO both directly (through EPOR) and indirectly (BMPs expression by
HSCs is stimulated by EPO to promote bone formation) (Shiozawa et al, 2010). The pro-
angiogenic capacity of EPO may also increase BM microenvironment vascular density
and direct bone precursors to bone formation sites (Kertesz et al, 2004). Conversely, EPO
has also been linked to bone loss, probably acting on osteoclasts (Deshet-Unger et al,
2016; Hiram-Bab et al, 2015). In this way, EPO might enhance bone turnover while
promoting erythropoiesis, thus widening space in the BM for hematopoietic expansion
(Eggold & Rankin, 2019).

Nevertheless, EPO effect on bone formation depends on experimental conditions and

is still under debate, requiring further mechanistic insights.

Overall, the exact mechanisms and players involved in the bone-erythropoeisis
crosstalk remain to be clearly elucidated. Interestingly, TFR2 might be involved in this
process as a negative regulator of both erythropoiesis and bone mass and turnover (Rauner

et al, 2019), and possibly targeted for therapeutic purposes.
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1.4 Defective erythropoiesis

1.4.1 Erythropoiesis-related disorders: a brief overview

During normal erythropoiesis, approximately 2.5 x 10° erythroblasts are released in
the circulation every second. When defects in erythroid precursors’ proliferation or
maturation or in circulating RBCs survival occur, anemia develops. Erythroid
hypoproliferation, ineffective erythropoiesis and peripheral hemolysis are the three
causative pathogenetic mechanisms (Cazzola, 2022).

Erythroid hypoproliferation is the inadequate production of erythroid cells due to
limiting factors, such as insufficient iron supply, increased cytokine levels and impaired
EPO production (Cazzola, 2022). These are common features of anemia of
inflammation/infection and anemia of CKD.

Ineffective erythropoiesis is defined as an inadequate production of reticulocytes
because of the hyperplasia of early-stage erythroid precursors and the increased apoptosis
of late-stage erythroblasts. This expansion in erythroid marrow causes ERFE
overproduction (Kautz et al, 2014), leading to higher iron release and absorption and
eventually to secondary iron overload (Kautz et al, 2015; Coffey et al, 2022) . Ineffective
erythropoiesis is responsible for both inherited and acquired anemic disorders, as
thalassemia, sideroblastic = anemias, congenital dyserythropoietic = anemias,
myelodysplastic syndrome and megaloblastic anemia (Cazzola, 2022).

Peripheral hemolysis is the premature destruction of RBCs, that causes anemia when
erythropoiesis is not able to compensate for RBCs reduction. Hemolysis may be acquired,
as in autoimmune or immune (e.g., during infectious diseases) hemolytic anemias, or

inherited, as in enzymopathies and hemoglobinopathies (Dhaliwal et al/, 2004).
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1.4.2 Anemia of inflammation

Anemia of inflammation is one of the most common anemias worldwide, together with
iron-deficiency anemia. Anemia of inflammation is often associated with chronic
systemic inflammation (e.g., systemic lupus erythematosus, inflammatory bowel disease,
rheumatoid arthritis), infections, some types of cancer and anemia of CKD (Ganz, 2019).

The inflammatory response, elicited by the immune system to limit infections and
injuries, 1s the first driver of the cascade that leads to anemia development. Indeed,
inflammatory cells produce cytokines as TNF-a, IL-1f, IL-6 and interferon-y (IFN-y),
that lead to hypoferremia, decreased erythroid cell survival and EPO responsiveness,
eventually causing anemia (Figure 9).

IL-6 stimulates hepcidin expression as an acute-phase response against infections to
reduce pathogens growth and promote their phagocytosis (Arezes et al, 2015). Increased
hepcidin levels limit iron absorption and sequester iron in stores (Armitage et al, 2011;
Nemeth et al, 2004a; Lee et al, 2005; Verga Falzacappa et al, 2007; Kim et al, 2014;
Kanamori et al, 2014), impairing hemoglobin and RBCs production (Prince et a/, 2012).

Moreover, pro-inflammatory cytokines directly inhibit erythroid cells proliferation
(Means & Krantz, 1991; Means et al, 1992) and impair erythroid responsiveness to EPO
(Macdougall & Cooper, 2002; Kimachi et al, 2015; Morceau et al, 2009). EPO production
itself is suppressed, likely because of an inflammatory effect on renal EPO producing
cells (Souma et al, 2013). Moreover, cytokines activate macrophage-mediated

erythrophagocytosis, further decreasing RBCs survival (Libregts et al, 2011).
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Figure 9. Schematic overview of anemia of inflammation pathophysiology. Pro-inflammatory
cytokines produced by immune cells in response to inflammation or infection lead to hepcidin
transcriptional upregulation and, as a consequence, to reduced dietary iron absorption and iron
release from stores. Moreover, pro-inflammatory cytokines activate macrophages, promoting Red
Blood Cells (RBCs) clearance from circulation, promote BM reprograming toward leukocytosis,
decrease Erythropoietin (EPO) responsiveness of erythroid progenitors and limit EPO
production. All these factors contribute to the development of anemia of inflammation.
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1.4.3 Malaria anemia

Malaria is caused by the infection from intracellular protozoa of the genus Plasmodium
(e.g., Plasmodium falciparum) and is one of the major causes of mortality and morbidity
worldwide, affecting mostly African children and pregnant women (WHO, 2021).
Anopheles mosquitos are the parasite’ vectors that, during blood meal, release sporozoites
into the host bloodstream. The sporozoites proliferate in hepatocytes without causing
symptoms, during the so-called liver stage, producing and releasing merozoites into the
circulation. Then, merozoites invade RBCs, undergoing three phases: the ring stage, the
trophozoite stage and the schizont stage. The parasites consume up to 60-80% of RBCs’
cytoplasm and especially hemoglobin. When new merozoites burst to continue the

infection, RBCs are eventually destroyed (Francis et al, 1997).

Clinical manifestations depend on disease severity. Uncomplicated malaria is
characterized by fever, sweats, headaches and general weakness, while severe malaria
displays neurologic disabilities, cardiovascular and respiratory complications,
hemoglobinuria, kidney injury and severe anemia (Laishram et al, 2012). The main cause
of anemia is hemolysis of infected RBCs. However, destruction of non-parasitized
erythrocytes (White, 2018) and BM dyserythropoiesis caused by the production of
erythropoiesis suppressors (e.g., proinflammatory cytokines, nitric oxide, lipoperoxides)
(Hassan et al, 2009) largely contribute to anemia development (Figure 10). The by-
product of hemoglobin digestion by malaria parasite, hemozoin, and free heme, released
in the circulation as a consequence of hemolysis, play a relevant role in enhancing

cytokines production (Casals-Pascual et al, 2006; Ferreira et al, 2008).

The relationship between iron homeostasis and malaria is complex. Hepcidin is
upregulated during infection by proinflammatory cytokines. Moreover, RBCs disruption
and hemoglobin consumption by the parasite reduce iron availability. Thus, iron
deficiency is a common consequence of malaria (Howard ef al, 2007; de Mast et al, 2009,
2010), that reduces the incidence of severe disease (Gwamaka et al, 2012). Indeed, several
studies have shown that iron supplementation worsens malaria, likely promoting parasite
growth (Sazawal et al, 2006; Soofi et al, 2013). Recent studies have shown that hepcidin
can also be suppressed during malaria infection, mainly because of increased ERFE

production (Latour et al, 2017).
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Figure 10. Schematic overview of malaria anemia pathophysiology. During Anopheles mosquito
blood meal, Plasmodium sporozoites are released in the bloodstream. Sporozoites migrate to the
liver where they infect hepatocytes and multiply into merozoites, which return into the
bloodstream following the rupture of liver cells. Merozoites infect Red Blood Cells (RBCs), where
further replicate and produce gametocytes, causing the rupture of the membrane of infected RBCs
(iRBCs) to invade circulation and be uptaken by other mosquitos through bite. In mosquito’s gut,
male and female gametes fuse to form oocysts, able to produce new sporozoites, maintaining
Plasmodium infectious life cycle. The timing of each step depends on Plasmodium species. In the
host, iRBCs undergo hemolysis and phagocytosis by macrophages, causing the release of pro-
inflammatory cytokines and promoting macrophages’ activation, further shortening RBCs
lifespan. Upon IL-6 signaling, hepcidin levels are increased reducing circulating iron levels.
Hemolysis, BM reprograming toward leukocytosis, EPO suppression, decreased EPO
responsiveness and iron sequestration contribute to the development of malaria anemia.
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1.4.4 Anemia of Chronic Kidney Disease

Anemia of CKD is a peculiar form of anemia of inflammation, associated with poor
quality of life and higher mortality (National Kidney Foundation, 2002; Mujais et al,
2009; Palaka et al, 2020; Kovesdy et al, 2006; Regidor et al, 2006; Thorp et al, 2009),
with an estimated 9.1% global prevalence in 2017 (Bikbov et al, 2020). Progressive renal
damage impairs EPO synthesis. Indeed, inflammation related to kidney damage promotes
differentiation of renal EPO producing cells from fibroblasts to myofibroblasts, that are
less able to produce EPO (Shih ef a/, 2018). Also, damaged kidney may have defects in
oxygen sensing (Hirakawa et al, 2017). So, EPO becomes inappropriately low relative to
the degree of anemia, being 10-100 times lower than in anemic patients with normal
kidney function (Babitt & Lin, 2012). Moreover, inflammation further impairs RBCs
production and survival (McGonigle et al, 1984) and stimulates the synthesis of hepcidin,
whose levels further increase because of decreased kidney clearance, leading to severe
iron restriction (Babitt & Lin, 2010; Ashby et al, 2009). Finally, iron loss in urine may
occur in CKD patients, especially those undergoing dialysis (Figure 11) (Nakatani et al,
2018; Besarab & Coyne, 2010).

CKD may be caused by a variety of factors, as diabetes, hypertension, obesity, pre-
existing renal dysfunctions (glomerulonephritis, AKI), genetic conditions (Gudbjartsson
et al, 2010; Kottgen ef al, 2022) and infectious diseases (National Kidney Foundation,
2002). When glomerular filtration rate (GFR), the volume of plasma filtered from kidneys
per unit of time, is reduced for more than three months, together with proteinuria, polyuria
or oliguria, fatigue and changes in body weight, CKD is diagnosed. Apart from anemia,
common complications of CKD are cardiovascular diseases, and mineral and bone

disorders (National Kidney Foundation, 2002).

CKD still does not have a specific treatment, and dialysis and kidney transplant may
be necessary in advanced stages (National Kidney Foundation, 2002). However, some

therapeutic options are available for CKD complications, as anemia.
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Figure 11. Schematic overview of anemia of CKD pathophysiology. Progressive renal damage
impairs kidney function, resulting in decreased EPO production, iron loss, impaired hepcidin
clearance, and local and systemic inflammation. Pro-inflammatory cytokines increase hepcidin
thus reducing iron availability and contribute to decreased EPO responsiveness, as described
above. Inappropriately low EPO levels impair erythropoiesis, RBCs survival and EPO

responsiveness. All these factors contribute to the development of renal anemia.
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1.5 Current therapeutic approaches

1.5.1 Erythropoiesis Stimulating Agents and iron

Administration of exogenous EPO is the gold standard in the treatment of anemia of
CKD, and may benefit also some patients affected by anemia of inflammation. EPO a
was firstly approved in 1989 for anemia of CKD by FDA, followed by darbepoetin o in
2001, a related erythropoiesis-stimulating agent (ESA). Exogenous EPO enhances
erythropoiesis effectively increasing hematocrit, but iron-restricted erythropoiesis often
develops because of the elevated hepcidin levels. For this reason, ESAs are usually
administered with oral iron supplementation, that, in turn, further increases hepcidin (Lin
et al, 2007; Zimmermann et al, 2009). Moreover, several off-target effects have been
described for ESAs, as hypertension, congestive heart failure, myocardial infarction,
stroke, thrombotic events or even death. These events are due to EPO interaction with its
receptor in non-erythropoietic organs and tissues, that may stimulate platelet activation
and endothelial cell proliferation (Besarab et al, 1998; Smith, 2003; Unger et al, 2010).
Also, iron supplementation further increases the risk of adverse outcomes, as infections,
inflammation, cardiovascular diseases or even death (Feldman et a/, 2002; Besarab &
Coyne, 2010). Thus, the use of ESAs has been revaluated and other drugs have been
developed over the years (Unger et al, 2010).

1.5.2 Prolyl Hydroxylase Inhibitors

Prolyl hydroxylase inhibitors (PHIs) are small molecules that, inhibiting PHDs,
stabilize HIFs, as HIF-2a, and induce HIF-regulated gene expression. More specifically,
they increase endogenous kidney EPO production eventually boosting erythropoiesis
(Yeh et al, 2017). Moreover, PHIs affect transcription of genes involved in iron
metabolism, increasing iron uptake and transport in duodenal enterocytes, decreasing
hepcidin, and increasing transferrin levels (Dhillon, 2019; Schwartz et al, 2018; Barrett
et al, 2015; Haase, 2021), with the advantage of reducing the need for EPO and iron
administration.

Some PHIs have been approved for clinical use, mainly in Asia (Dhillon, 2019), while
FDA still raises concern about safety (Astrazeneca Press Releases, 2021). Indeed, since

HIFs are implicated in several biologic processes, their activation may induce side effects
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as stimulation of VEGF-dependent pathways (Seeley et al, 2017), hyperkalemia (Chen e¢
al, 2019) and ophthalmology complications (Akizawa et al, 2020).

ESAs and PHIs are effective in renal anemia treatment but present some limitation due
to possible side-effects and adverse events.
Therapeutic options for anemia of inflammation are mostly restricted to ESAs
(Goodnough et al, 2000; Weiss & Goodnough, 2005; Weiss et al, 2019), while iron
administration has to be carefully evaluated in inflammatory status and infections (Ganz,
2019). Malaria treatment is mainly focused on limiting oxidative stress and interfering
with parasitic hemoglobin metabolism. Since the BM is unable to properly respond to
EPO, malaria anemia still needs effective cures apart from blood transfusions (White,
2018).

Therefore, the identification of a novel, more general therapeutic approach for

different forms of anemia would be clinically relevant.
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2. AIM OF THE WORK

TFR2 is a key player of the iron-erythropoiesis crosstalk, acting as negative regulator
of the EPO-EPOR pathway, able to balance RBCs production and iron availability.

We have already proven that 7fr2 deletion in the BM ameliorates anemia in -thalassemic
mice, increasing erythroid EPO sensitivity and promoting erythroid differentiation, thus
strengthening the critical 7fr2 erythroid role.

Anemia of CKD is characterized by inappropriately low EPO levels, inflammation,
and iron restriction. Our assumption is that 7fr2 deletion, both at erythroid and hepatic
level, may ameliorate anemia and iron deficiency in a murine model of CKD. To address
this point, we used germline 7fr2 KO mice, mice that lack 7fr2 only in the BM, and mice
treated with antisense oligonucleotides anti-7fr2 to downregulate hepatic 7fr2. Moreover,
since TFR2 has been described as a negative regulator of bone formation, we speculate
that its deletion may improve also CKD bone defects.

On the contrary, specific 7fr2 deletion in the BM may be beneficial to anemia of
inflammation and malaria anemia, in which inflammation impairs erythroid
responsiveness to EPO and RBCs survival, and iron is retained in stores to avoid
worsening of inflammatory status and infection. To test this assumption, we induced
sterile inflammation and malaria in a model with BM specific 7fr2 deletion.

Importantly, our approach is based on enhancing erythroid EPO responsiveness rather
than increasing EPO levels per se, thus avoiding off-target effects of current EPO-based
treatments.

Thus, overall, we aim at obtaining the proof-of-principle that TFR2 targeting may

represent a valuable novel tunable therapeutic approach for several forms of anemia.
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3. RESULTS

3.1 Bone marrow specific 7fr2 targeting in a murine model of anemia of CKD

3.1.1 Bone marrow Tfi2 deletion sustains RBC production in CKD

To investigate whether the specific deletion of 7fr2 in the BM may ameliorate anemia
of CKD, as already proved in murine models of B-thalassemia (Artuso et al, 2018; Di
Modica et al, 2022), we induced CKD in mice lacking BM Tf#2 and relative controls. We
exploited an adenine-rich diet (Jia ef al, 2013), that we confirmed able to recapitulate
human features of CKD, inducing anemia (Figure 12A-E), iron deficiency (Figure 12F)

and renal damage (Figure 13) in wild-type (wt) animals.

WT recipients were lethally irradiated and received BM from wt or Tfi-2” mice to
generate Tfir2BMWT and Tf-2BMKO mice, respectively. Donor/host chimerism evaluated at
the end of the protocol was superior to 90% both in the BM and in the spleen in all
animals. Ten weeks after transplantation, when erythropoiesis was fully recovered, mice
were fed the adenine-rich diet as indicated in Figure 14A.

Following CKD induction, 7f+2BMWT mice showed progressive decrease of RBCs and
hemoglobin (Hb) levels (Figure 14B-C), as expected. On the contrary, Tfr2BMKO mice
maintained higher RBCs for the entire protocol (Figure 14B). Hb was higher for 6 weeks
but reached levels comparable to controls at 8 weeks (Figure 14C), indicating the
development of iron-restricted erythropoiesis. In agreement, mean corpuscular volume
(MCV, Figure 14D) and mean corpuscular hemoglobin (MCH, Figure 14E) showed a

trend to be reduced in Tf2BMKO mice.
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Figure 12
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Figure 12. The adenine diet induces anemia and iron deficiency. Eight-week-old wt mice were
fed the adenine diet and the control diet (with the same composition, but adenine-free) for 8 weeks.
In the figure are represented: a scheme of the protocol (A); red blood cell count (RBC, B);
hemoglobin levels (Hb, C); mean corpuscular volume (MCV, D); mean corpuscular hemoglobin
(MCH, E) and circulating iron levels (F).

Mean values of 5 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Sidak, panels B-E) and unpaired 2-tailed Student’s t-test (panel F) were used.
Bars indicate standard deviation (SD). Asterisks refer to statistically significant differences.
*P<0.05; ¥***P<(0.001; ****P<(.0001.
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Figure 13
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Figure 13. The adenine diet induces renal damage. Eight-week-old wt mice were fed the adenine
diet and the control diet (with the same composition, but adenine-free) for 8 weeks. In the figure
are represented: serum urea levels (A); representative hematoxylin-eosin staining of kidney
sections (magnification 20x, B); kidney mRNA levels of Inteleukin-6 (1I-6, C), Plasminogen
activator inhibitor 1 (Pai-1, D), Kidney injury molecule 1 (Kim-1, E) and Lipocalin 2 (Lcn-2, F)
relative to Hypoxanthine Phosphoribosyltransferasel (Hprtl).

Mean values of 5 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Siddk, panel A) and unpaired 2-tailed Student’s t-test (panels C-F) were used.

Bars indicate standard deviation (SD). Asterisks refer to statistically significant differences.
**P<0.005; ***P<0.001; ****P<(.0001.
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Figure 14
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Figure 14. CKD Tfi2* 0 mice show higher RBC count and signs of iron-restricted
erythropoiesis compared to controls. Tfir2"""" and Tfir22Y° mice were generated through BM
transplantation. Ten weeks later, mice were fed the adenine diet for 8 weeks. In the figure are
represented: a scheme of the protocol (A), red blood cell count (RBC, B); hemoglobin levels (Hb,
C); mean corpuscular volume (MCV, D) and mean corpuscular hemoglobin (MCH, E).

Mean values of 8-12 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Sidak, panels B-E) was used. Bars indicate standard deviation (SD). Asterisks
refer to statistically significant differences. *P<0.05; **P<0.005; ****P<(0.0001.
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3.1.2 Circulating iron levels are inadequate to sustain the enhanced erythropoiesis of
CKD Tfi25MKO mjce

Serum iron and transferrin saturation were low in both Tfi2BMWYT and Tf-2BMKO relative
to wt healthy mice, but comparable between the two groups (Figure 15A and B). No
differences between Tfir2BMWVT and Tfi-2BMKO mice were detected also in liver (LIC),
spleen (SIC) and kidney (KIC) iron content (Figure 15C-E).

In line with LIC, the expression levels of the hepatic iron-regulatory hormone hepcidin
(Hamp, Figure 15F) were also comparable. Hepatic marker or systemic inflammation
Serum Amyloid Al (Saal, Figure 15G) and circulating IL-6 levels (Figure 15H) were

comparable, indicating similar inflammatory degree.

Despite a comparable degree of iron deficiency between T 2BMWT and T£-2BMKO mice,
Tfir2BMKO showed enhanced terminal erythropoiesis, as indicated by the increased
percentage of total Ter119" cells both in BM and spleen, mainly due to the expansion of
basophilic and polychromatic erythroblasts (Figure 16A-B). Thus, we hypothesized that
low iron levels were not sufficient to properly sustain on the long-term the enhanced
erythropoiesis of Tf-2BMKO animals, leading to the decrease in Hb levels observed at the
end of the protocol.

The augmented erythropoiesis of Tfr2BMKO mice was not due to higher EPO
production, but rather to an increased erythroblasts sensitivity to EPO due to BM Tfr2
deletion. Indeed, serum EPO levels were comparable between the two groups (Figure
16C) and Epo expression in the kidney was even lower in Tf2BMKO mice (Figure 16D).
On the contrary, the expression levels of the EPO target gene Bcl-xI were increased in
BM and spleen of Tfr2BMKO mice both as absolute values (Figure 16E-F) and when
normalized on circulating EPO (Figure 16G-H), suggesting an over-activation of the

EPO-EPOR pathway.

In agreement, the expression of Erfe, another EPO target gene, showed a trend to be
higher both in the BM and in the spleen of Tf2BMKO mice (Figure 17A-B), and the
difference reached statistical significance in the BM when normalized on circulating EPO
levels (Figure 17 C-D). Also, mRNA levels of Epor, which is activated by the signaling

in a positive feedback loop, despite similar between the 2 groups both in the BM and in
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the spleen as absolute values (Figure 17 E-F), were higher in the spleen of 7f#-2BMKO mice
when normalized on circulating EPO levels (Figure 17G-H), again confirming that the

absence of 7fr2 promotes EPO signaling in erythroid cells.
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Figure 15. CKD Tfir2®M*° and control mice have comparable iron and inflammatory profile.
Tfr 25T and Tfir25M%C mice were generated through BM transplantation. Ten weeks later, mice
were fed the adenine-rich diet for 8 weeks. In the figure are represented: serum iron levels (A);
transferrin saturation (B); liver iron content (LIC, C); spleen iron content (SIC, D), kidney iron
content (KIC, E), hepatic mRNA levels of hepcidin (Hamp, F), and of Serum amyloid a-1 (Saal)
relative to Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the liver (G); circulating levels
of IL-6 (H).

Mean values of 8-12 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
H) was used. Bars indicate standard deviation (SD).
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Figure 16
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Figure 16. CKD Tfir2®"%° mice show enhanced erythropoiesis and higher activation of the
EPO-EPOR pathway than controls. Tfi2®""" and Tfi2%"%° mice were generated through BM
transplantation. Ten weeks later, mice were fed the adenine-rich diet for 8 weeks. In the figure
are represented: the percentage of total Terl119" cells in the BM (A) and in the spleen (SP, B)
and the contribution of the 5 erythroblasts populations [proerythroblasts (ProE), basophilic
erythroblasts (BasoE), polychromatic erythroblasts (PolyE), orthochromatic erythroblasts and
immature reticulocytes (OrthoE), and mature red cells (RBCs)], identified through the evaluation
of cell size and Terl19/CD44 relative expression, serum erythropoietin levels (EPO, C); mRNA
levels of Epo relative to Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the kidney (D),
mRNA levels of B-cell lymphoma extra-large (Bcl-xl) relative to Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) in the BM (E) and relative to Hprtl in the spleen (F); B-cell ymphoma
extra-large (Bcl-xl) mRNA levels normalized on circulating EPO in the BM (G) and in the spleen
(H).

Mean values of 8-12 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. *P<0.05; **P<0.005; ****P<(0.0001. P-values close to 0.05 are also shown.
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Figure 17
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Figure 17. CKD Tfir2®"%° mice show increased expression of EPO-target genes. Tfr2*"" and
Tfr2PMK0 mice were generated through BM transplantation. Ten weeks later, mice were fed the
adenine-rich diet for 8 weeks. In the figure are represented: mRNA levels of Erythroferrone (Erfe)
relative to Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) in the BM (A) and relative to
Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the spleen (B); Erfe mRNA levels
normalized on circulating EPO in the BM (C) and in the spleen (D); mRNA levels of
Erythropoietin receptor (Epor) relative to Gapdh in the BM (E) and relative to Hprtl in the spleen
(F); Epor mRNA levels normalized on circulating EPO in the BM (G) and in the spleen (H).
Mean values of 8-12 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. *P<0.05; ***P<0.001. P-values close to 0.05 are also shown.

3.1.3 CKD Tfir2MKO mijce and controls have comparable renal damage

To exclude a differential effect of the adenine diet on renal damage in the two groups,
we analyzed parameters of kidney function, damage and inflammation.

Serum urea, a marker of renal functionality, increased over time in a comparable way
between Tfr2BMWT and Tfr2BMKO mice (Figure 18A). The expression levels of Kidney
injury molecule 1 (Kim-1, Figure 18B) and Lipocalin-2 (Lcn-2, Figure 18C), markers of
proximal and distal tubular damage, respectively (Nakagawa et al, 2015), and of
Plasminogen activator inhibitor 1 (Pai-1, Figure 18D), marker of fibrosis (Eddy & Fogo,
2006) were similar between the 2 groups, excluding a different degree of renal damage.
Also, the inflammatory phenotype of kidneys from 7fr2BMWT and Tf-2BMKO animals
appears similar. Indeed, no differences were detected in the mRNA levels of //-6 (Figure
18E), a pro-inflammatory cytokine, and of the monocyte infiltration marker Protein
Tyrosine Phosphatase Receptor Type C (Cd45, Figure 18F). Histological analyses of
kidney sections confirmed comparable tubules dilatation and local infiltration (Figure

18G).

Overall, these data indicate that BM-specific 7fr2 deletion increases RBCs production
in CKD mice, enhancing erythroid EPO responsiveness despite comparable EPO levels.
However, low iron availability causes the development of an iron-restricted

erythropoiesis, leading to transient anemia amelioration.
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Figure 18
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Figure 18. CKD Tfi2*"%° and control mice show comparable renal damage. Tfir2*"" and

Tfr25MK0 mice were generated through BM transplantation. Ten weeks later, mice were fed the
adenine-rich diet for 8 weeks. In the figure are represented.: serum urea levels (4); kidney mRNA
levels of Kidney injury molecule 1 (Kim-1, B), Lipocalin 2 (Lcn-2, C), Plasminogen activator
inhibitor 1 (Pai-1, D), Inteleukin-6 (1I-6, E) and Protein Tyrosine Phosphatase Receptor Type C
(Cd45, F) relative to Hypoxanthine Phosphoribosyltransferasel (Hprtl); representative images
of hematoxylin-eosin staining of kidney sections (magnification 20x, G).

Mean values of 8-12 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Siddk, panel A) and unpaired 2-tailed Student’s t-test (panels B-F) were used.
Bars indicate standard deviation (SD).

3.2 Total Tfr2 targeting in a murine model of anemia of CKD

3.2.1 CKD Tfi2” mice maintain higher RBC count, Hb levels and iron availability than
wt littermates

To overcome the problem of the low iron availability, we hypothesized that the
simultaneous deletion of erythroid and hepatic 7fr2 would induce a sustained
amelioration of anemia of CKD, increasing both circulating iron and RBCs production.
To address this point, we induced CKD in germline 7fi2” mice and wt (7fr2*'")
littermates as in Figure 19A. At the beginning of the protocol, Tfi-2”- mice were already
iron-loaded (Roetto et al, 2010), but hematological parameters were comparable to
controls (Figure 19B-E). However, during CKD development, 7fi-2”- mice maintained
RBC count (Figure 19B) and Hb levels (Figure 19C) higher than controls for the entire
time-span. MCV and MCH were comparable between the two groups (Figure 19D-E),
suggesting that, in this setting, iron availability is sufficient to sustain the increased RBC

output of Tf2”- mice.

Indeed, both serum iron levels and transferrin saturation were higher in 7f-2”- mice,
reaching values comparable to wt healthy mice (Figure 20A-B). As expected, liver iron
content (LIC, Figure 20C) was higher in 7fr2”~ mice, while spleen (SIC) and kidney
(KIC) iron content (Figure 20D-E) were comparable to controls. Pancreas iron content
(PIC) showed a trend to be higher in 7fi-2”- mice (Figure 20F), compatibly with an iron-
overload phenotype. As expected, this was due to hampered hepcidin production. Indeed,
hepatic Hamp levels, despite comparable between the 2 genotypes, were inappropriately

low in Tfr2”~ mice relative to the degree of hepatic iron loading (Figure 20G-H).
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Figure 19
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Figure 19. CKD Tfr2”" mice have higher RBCs and Hb levels than controls. Eight-week-old
Tfir2"" and Tfir2”" mice were fed the adenine-rich diet for 8 weeks. In the figure are represented.:
a scheme of the protocol (A); red blood cell count (RBC, B); hemoglobin levels (Hb, C);, mean
corpuscular volume (MCV, D) and mean corpuscular hemoglobin (MCH, E).

Mean values of 5-7 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Sidak, panels B-E) was used. Bars indicate standard deviation (SD). Asterisks
refer to statistically significant differences. *P<0.05; **P<0.005.
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Figure 20
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Figure 20. CKD Tfir2”" mice have higher iron levels than controls. Eight-week-old Tfr2""" and
Tfir2”" mice were fed the adenine-rich diet for 8 weeks. In the figure are represented: serum iron
levels (A); transferrin saturation (B); liver (LIC, C), spleen (SIC, D), kidney (KIC, E) and
pancreas (PIC, F) iron content; hepatic mRNA levels of hepcidin (Hamp, G) relative to
Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the liver; ratio between the relative
quantification of Hamp mRNA levels and the liver iron content (H).
Mean values of 5-7 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. ¥*P<0.05; **P<0.005; ****P<0.0001.
3.2.2 CKD Tfi2” mice have increased erythroid EPO sensitivity than controls
Terminal erythropoiesis did not differ between 7fi-2”- mice and controls at the end of
the protocol, both in the BM and in the spleen (Figure 21A-B). However, circulating
EPO levels were lower in Tfr2”~ mice (Figure 21C) and Epo kidney expression showed
a trend to be reduced (Figure 21D), in line with improved hematological parameters.
Transcript levels of the EPO target gene Bcl-x/ were comparable between Tfi-2”- and
control mice both in the BM and in the spleen (Figure 21E-F), but inappropriately high
in 727" mice relative to low circulating EPO (Figure 21G-H). Epor had a similar
behavior (Figure 22A-D), overall confirming the increased EPO sensitivity of erythroid
cells lacking Tfi2 (Nai et al, 2015). Surprisingly, Erfe levels were lower in Tfr2”" mice
relative to controls (Figure 22E-F), but comparable when normalized on circulating EPO

(Figure 22G-H).
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Figure 21
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Figure 21. CKD Tfr2”" mice have higher erythroid EPO responsiveness than controls. Eight-
week-old Tfir2""" and Tfir2”" mice were fed the adenine-rich diet for 8 weeks. In the figure are
represented: the percentage of total Ter119" cells in the BM (A) and in the spleen (SP, B) and
the contribution of the 5 erythroblasts populations [proerythroblasts (ProE), basophilic
erythroblasts (BasoE), polychromatic erythroblasts (PolyE), orthochromatic erythroblasts and
immature reticulocytes (OrthoE), and mature red cells (RBCs)], identified through the evaluation
of cell size and Terl19/CD44 relative expression, serum erythropoietin levels (EPO, C); mRNA
levels of Epo relative to Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the kidney (D),
mRNA levels of B-cell lymphoma extra-large (Bcl-xl) relative to Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) in the BM (E) and relative to Hprtl in the spleen (F); B-cell ymphoma
extra-large (Bcl-xl) mRNA levels normalized on circulating EPO in the BM (G) and in the spleen
(H).

Mean values of 5-7 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. *P<0.05.
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Figure 22
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Figure 22. CKD Tfr2”" mice have increased activation of the erythroid EPO-EPOR pathway
than controls. Eight-week-old Tfr2""* and Tfr2”" mice were fed the adenine-rich diet for 8 weeks.
In the figure are represented: mRNA levels of Erythropoietin receptor (Epor) relative to
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) in the BM (A) and relative to Hypoxanthine
Phosphoribosyltransferasel (Hprtl) in the spleen (B); Epor mRNA levels normalized to
circulating EPO in the BM (C) and in the spleen (D); mRNA levels of Erythroferrone (Erfe)
relative to Gapdh in the BM (E) and relative to Hprtl in the spleen (F); Erfe mRNA levels
normalized to circulating EPO in the BM (G) and in the spleen (H).

Mean values of 5-7 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. *P<0.05; **P<0.005. P-values close to 0.05 are also shown.

3.2.3 CKD Tfir2” and control mice have comparable renal damage and inflammation

Serum urea levels indicated that renal functionality was equally impaired in 7fi-27"
mice and controls (Figure 23A). In agreement, histologic analysis showed comparable
structural damage in the kidney of both groups (Figure 23B). The kidney expression
levels of the pro-inflammatory cytokine //-6 (Figure 23C) and of the markers of proximal
and distal tubular damage Kim-1 and Lcn-2 (Figure 23D-E) were comparable between
the two groups, proving no differences in local inflammation. Also, fibrosis was similar,
as indicated by Pai-1 expression (Figure 23F). Exclusively Cd45, a marker of monocyte
infiltration, was higher in the kidney of Tfr2”- mice compared to controls (Figure 23G).

The hepatic marker of systemic inflammation Saa/ showed a trend toward an increase
(Figure 24A), however circulating levels of IL-6 (Figure 24B) were similar. Also, /I-6
mRNA levels were comparable between the two groups of mice both in the liver and in
the spleen (Figure 24C-D). Cd45 was increased also in the liver of Tfi2” mice and
showed a trend to be higher in the spleen (Figure 24E-F).

We hypothesize that the higher iron availability might be the cause of the increased
expression of the monocyte marker Cd45 in some tissues, since iron is known to activate
macrophages (Recalcati et a/, 2010; Cairo et al, 2011; Soares & Hamza, 2016). However,

our data prove that renal damage is overall comparable between the 2 groups.
Taken together, our results prove that the total deletion of 7f#2 is necessary and

sufficient to ameliorate anemia in CKD mice, simultaneously increasing RBC production

and iron supply, without augmenting EPO levels per se.
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Figure 23
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Figure 23. CKD Tfr2”" and control mice have similar renal damage. Eight-week-old Tfir2"* and
Tfi2”" mice were fed the adenine-rich diet for 8 weeks. In the figure are represented: serum urea
levels (A); representative images of hematoxylin-eosin staining of kidney sections (magnification
20x, B); mRNA levels of Inteleukin-6 (1I-6, C), Kidney injury molecule 1 (Kim-1, D), Lipocalin 2
(Len-2, E), Plasminogen activator inhibitor 1 (Pai-1, F) and Protein Tyrosine Phosphatase
Receptor Type C (Cd45, G) relative to Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the
kidney.

Mean values of 5-7 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Siddk, panel A) and unpaired 2-tailed Student’s t-test (panels C-G) were used.
Bars indicate standard deviation (SD). Asterisks refer to statistically significant differences.
*P<(0.05.
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Figure 24
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Figure 24. CKD Tfr2”" and control mice have similar inflammation. Eight-week-old Tfr2""* and
Tfir2”" mice were fed the adenine-rich diet for 8 weeks. In the figure are represented: mRNA levels
of Serum amyloid a-1 (Saal) relative to Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the
liver (A); circulating levels of IL-6 (B); mRNA levels of Inteleukin-6 (1I-6) relative to Hprtl in the
liver (C) and in the spleen (D); mRNA levels of Protein Tyrosine Phosphatase Receptor Type C
(Cd45) relative to (Hprtl) in the liver (E) and in the spleen (F).

Mean values of 5-7 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
F) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. ¥**P<0.005. P-values close to 0.05 are also shown.
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3.3 Hepatic Tfr2 targeting in a murine model of anemia of CKD

3.3.1 Validation of hepatic Tfr2 targeting through antisense oligonucleotides

Since Tfi2” mice are iron-loaded, we wanted to exclude that the beneficial effect
obtained with total 7fr2 deletion was exclusively due to the hepatic 7fr2 role and the
increased iron availability. To this aim, we treated wt mice with unfunctionalized anti-
Tfr2 antisense oligonucleotides (7fr2-ASOs) and relative controls (Ctrl-ASOs) twice a
week for 6 weeks, after renal damage induction (Figure 25A). At sacrifice, we proved
that 7fr2-ASOs were able to downregulate both the a and B isoforms of 7f2 (Roetto et
al, 2010) in the liver (Figure 25B-C), but not in the spleen (Figure 25D-E) and in the
BM (Figure 25F-G). Interestingly, 7fr2-ASOs downregulated the a isoform also in the
kidney of 7fr2-ASOs mice (Figure 25H-I), but a role for TFR2 in the kidney has never
been described and no differences in kidney damage and/or morphology were observed

(see below).

To exclude that erythroid 7f#2 downregulation by the 6-week-long treatment with
Tfr2-ASOs might be masked by erythroid expansion (see below), we performed a shorter

experiment.

Eight-week-old wt mice were fed the adenine diet for 2 weeks to induce renal damage
and then treated with 2 injections of 7fr2-ASOs or Ctrl-ASOs (Figure 26A). Also in this
setting, Tfr2-ASOs successfully downregulated 7f72 in the liver (Figure 26B), but not in
the BM (Figure 26C), proving that the treatment is unable to reduce erythroid 7fr2
expression. This was likely due to a defective uptake of oligonucleotides by erythroid
cells. Indeed, when murine erythroleukemia (MEL) cells were electroporated with 7fr2-

ASOs, Tfr2 mRNA levels were efficiently inhibited (Figure 26D).
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Figure 25
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Figure 25. Tfr2-ASOs downregulate hepatic, but not erythroid Tfr2. Wt mice were fed the
adenine diet and after 2 weeks were treated with Ctrl-ASOs and Tfr2-ASOs (25 mg/kg, i.p.) twice
a week for 6 weeks. In the figure are represented: a scheme of the protocol (A); mRNA levels of
Transferrin Receptor 2 «a (Ifr2a, B) and B (Tfr2f C) relative to Hypoxanthine
Phosphoribosyltransferasel (Hprtl) in the liver;, mRNA levels of Tfr2a and Tfr2[ relative to
Hprtl in the spleen (D-E), relative to Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) in
the BM (F-G) and relative to Hprtl in the kidney (H-I).

Mean values of 7-8 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels B-
I) were used.

Bars indicate standard deviation (SD). Asterisks refer to statistically significant differences.
**EEP<0.0001.
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Figure 26. Tfr2-ASOs fail to downregulate erythroid Tfr2 in vivo.
A-C) Wt mice were fed the adenine diet and after 2 weeks were treated twice with Ctri-ASOs and
Tfr2-ASOs (25 mg/kg, i.p.). In the figure are represented: a scheme of the protocol (A); mRNA

levels of Transferrin Receptor 2 «a (Ifi2a) in liver relative to Hypoxanthine
Phosphoribosyltransferasel (Hprtl) (B) and in BM (C) relative to Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh). Mean values of 3-4 mice per group are represented. Unpaired 2-tailed
Student’s t-test (panels B-C) was used. Bars indicate standard deviation (SD). Asterisks refer to
statistically significant differences. ***P<(0.001.
D) Murine erythro-leukemia (MEL) cells (4x10° cells) were electroporated with Ctrl-ASOs or
Tfr2-ASOs (2ug). Forty-eight hours later cells were lysed and mRNA recovered. In the figure
mRNA levels of Tfr2 a relative to Gapdh and the relative percentage of decrease are shown.
Bars indicate standard deviation (SD).
3.3.2 Tfr2-ASOs correct iron-deficiency, but transiently increase RBC and Hb levels in
CKD mice

At the end of the 6-week-long treatment, 7fr2-ASOs-mediated hepatic Tfr2
downregulation inhibited hepcidin transcription (Figure 27A), as expected. This resulted
in an increase in serum iron (Figure 27B) and transferrin saturation (Figure 27C)
compared to controls, overcoming levels of wt healthy mice. Despite high circulating
levels, tissue iron-overload was prevented. Indeed, LIC was comparable between the two
groups (Figure 27D), while spleen and kidney iron content were even lower in 7fr2-
ASOs mice (Figure 27E-F), likely reflecting an initial iron mobilization form stores due

to hepcidin downmodulation.

The augmented iron availability transiently increased RBC count and Hb levels of
Tfr2-ASOs mice (Figure 28A-B), preventing anemia development until week 4 of diet.
However, both parameters reverted to control values before the end of the protocol,
showing that iron per se is not sufficient to sustain anemia amelioration on a long-term.
In line with circulating iron, both MCV and MCH (Figure 28C-D) were higher in 7fr2-
ASOs mice.
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Figure 27
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Figure 27. Tfr2-ASOs increase circulating iron levels in CKD. Wt mice were fed the adenine
diet and after 2 weeks were treated with Ctrl-ASOs and Tfr2-ASOs (25 mg/kg, i.p.) twice a week
for 6 weeks. In the figure are represented: mRNA levels of hepcidin (Hamp) relative to
Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the liver (A); serum iron levels (B);
transferrin saturation (C); liver iron content (LIC, D), spleen iron content (SIC, E), kidney iron
content (KIC, F).

Mean values of 7-8 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
F) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. ¥*P<0.05; **P<0.005; ****P<(.0001.
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Figure 28
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Figure 28. Tfr2-ASOs transiently ameliorate anemia of CKD. Wt mice were fed the adenine diet
and after 2 weeks were treated with Ctrli-ASOs and Tfr2-ASOs (25 mg/kg, i.p.) twice a week for 6
weeks. In the figure are represented: red blood cell count (RBC, A); hemoglobin levels (Hb, B),
mean corpuscular volume (MCV, C) and mean corpuscular hemoglobin (MCH, D).
Mean values of 7-8 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Sidak, panels A-D) was used. Bars indicate standard deviation (SD). Asterisks
refer to statistically significant differences. *P<0.05,; ***P<0.001; ****P<(.0001.
3.3.3 CKD mice treated with Tfr2-AS0s have enhanced ineffective erythropoiesis

The total percentage of Terl119" cells in the BM was increased in 7fr2-ASOs mice
mainly because of an expansion of basophilic and polychromatic erythroblasts (Figure
29A). A similar behavior was observed also in the spleen, reaching statistical significance
exclusively for the basophilic erythroblasts (Figure 29B). This expansion of early
erythroid precursors in the absence of an increase in more mature populations suggests
the development of tentative erythropoiesis expansion to compensate the drop in RBC

count, which failed effective differentiation likely because of insufficient EPO
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stimulation. Iron-mediated toxicity might also contribute to ineffective erythropoiesis.
However, the expression of markers of oxidative metabolism and ROS protection as
NADPH oxidase 4 (Nox4), superoxide dismutase 1 (Sod/), Glutathione peroxidase 1
(Gpx1), Glutathione peroxidase 4 (Gpx4) (Pervaiz et al, 2009; Porto et al, 2015) and
Aldehyde dehydrogenase 18 family member 1 (A/dhil8al, (Schworer et al, 2020)) was
not statistically significant different in the BM of 7f#2-ASOs and Ctrl-ASOs mice (Figure
30A-E), suggesting that the treatment caused no main erythroid toxicity.

In line with the degree of anemia, Epo expression in the kidney (Figure 29C) and
circulating EPO levels (Figure 29D) were comparable between the two groups.

The expression levels of the EPO target genes Bc/-x/ and Epor were higher in the BM
of Tfr2-ASOs mice relative to controls (Figure 29E and Figure 31A), while comparable
in the spleen (Figure 29F and Figure 31B). However, if mRNA levels were normalized
on circulating EPO no differences were detected between the two groups (Figure 29G-
H and Figure 31C-D), showing that hepatic 7fr2 downregulation and iron-overload do
not modulate erythroid EPO sensitivity.

Surprisingly, Erfe expression was higher in the BM and spleen of 7fr2-ASOs mice
both as absolute levels and when normalized on circulating EPO (Figure 31E-H). Since
Erfe is mainly produced by early erythroid precursors, we speculate that its increase is

due to the massive expansion of these populations.
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Figure 29
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Figure 29. CKD Tfir2-ASOs mice have enhanced ineffective erythropoiesis, but similar EPO
responsiveness than controls. Wt mice were fed the adenine diet and after 2 weeks were treated
with Ctrl-ASOs and Tfr2-ASOs (25 mg/kg, i.p.) twice a week for 6 weeks. In the figure are
represented: the percentage of total Ter119" cells in the BM (A) and in the spleen (SP, B) and
the contribution of the 5 erythroblasts populations [proerythroblasts (ProE), basophilic
erythroblasts (BasoE), polychromatic erythroblasts (PolyE), orthochromatic erythroblasts and
immature reticulocytes (OrthoE), and mature red cells (RBCs)], identified through the evaluation
of cell size and Terl19/CD44 relative expression;, mRNA levels of erythropoietin (Epo) relative
to Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the kidney (C); serum EPO levels (D),
mRNA levels of B-cell lymphoma-extra large (Bcl-xl) relative to Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) in the BM (E) and relative to Hprtl in the spleen (F),; B-cell lymphoma-
extra large (Bcl-xl) mRNA levels in the BM (G) and in the spleen (H) normalized on circulating
EPO.

Mean values of 7-8 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. *P<0.05; **P<0.005.
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Figure 30
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Figure 30. Tfr2-ASOs do not increase markers of oxidative metabolism and ROS protection in
the bone marrow of CKD mice. Wt mice were fed the adenine diet and after 2 weeks were treated
with Ctrl-ASOs and Tfr2-ASOs (25 mg/kg, i.p.) twice a week for 6 weeks. In the figure are
represented: mRNA levels of NADPH oxidase 4 (Nox4, A), superoxide dismutase 1 (Sodl, B),
Glutathione peroxidase 1 (GpxI, C), Glutathione peroxidase 4 (Gpx4, D), Aldehyde
dehydrogenase 18 family member 1 (Aldhl8al, E) relative to Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) in the BM.

Mean values of 7 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
E) was used. Bars indicate standard deviation (SD).
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Figure 31
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Figure 31. CKD Tfr2-ASOs mice have EPO sensitivity comparable to controls, but higher
Erythroferrone. Wt mice were fed the adenine diet and after 2 weeks were treated with Ctri-ASOs
and Tfr2-ASOs (25 mg/kg, i.p.) twice a week for 6 weeks. In the figure are represented: mRNA
levels of Erythropoietin receptor (Epor) relative to Glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) in the BM (A) and relative to Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the
spleen (B); Epor mRNA levels in the BM (C) and in the spleen (D) normalized on circulating
EPO; mRNA levels of Erythroferrone (Erfe) relative to Gapdh in the BM (E) and relative to Hprtl
in the spleen (F); Erfe mRNA levels in the BM (G) and in the spleen (H) normalized on circulating
EPO.

Mean values of 7-8 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. ¥*P<0.05; **P<0.005; ****P<(0.0001.

3.3.4 CKD Tfr2-ASOs and control mice have comparable renal damage and
inflammation

Serum urea levels indicated that renal functionality was equally impaired by the diet
in 7fr2-ASOs and Ctrl-ASOs mice (Figure 32A). In agreement, no differences in kidney
damage were evident both at histologic (Figure 32B) and transcriptomic levels. Indeed,
the expression of the markers of proximal and distal tubular damage Kim-/ and Lcn-2
was similar (Figure 32C-D). Also, the levels of the pro-inflammatory cytokine /-6
(Figure 32E), of the fibrosis marker Pai-/ (Figure 32F) and of the monocyte infiltration
marker Cd45 (Figure 32G) in the kidney were comparable between the two groups.

In line with the kidney phenotype, no differences in systemic inflammation were
observed between the 2 groups. Indeed, the expression of the hepatic marker of systemic
inflammation Saal (Figure 33A), IL-6 circulating levels (Figure 33B), and mRNA levels
of 1/-6 (Figure 33C) and Cd45 in the liver (Figure 33D) were comparable between Tfr2-

ASOs and control mice.
Overall, our results show that hepatic 7fr2 inhibition does not sensitize erythroid cells

to EPO stimulation, and the consequent increased iron availability is not sufficient to

sustain anemia amelioration on a long-term.
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Figure 32
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Figure 32. CKD Tfir2-ASOs treated mice and controls have similar renal damage. Wt mice were
fed the adenine diet and after 2 weeks were treated with Ctrl-ASOs and Tfr2-ASOs (25 mg/kg,
i.p.) twice a week for 6 weeks. In the figure are represented: serum urea levels (A); images of
representative hematoxylin-eosin staining of kidney sections (magnification 20x, B); mRNA levels
of Kidney injury molecule 1 (Kim-1, C), Lipocalin 2 (Lcn-2, D), Inteleukin-6 (1lI-6, E)
Plasminogen activator inhibitor 1 (Pai-1, F) and Protein Tyrosine Phosphatase Receptor Type C
(Cd45, G) relative to Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the kidney.

Mean values of 7-8 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Siddk, panel A) and unpaired 2-tailed Student’s t-test (panels C-G) were used.
Bars indicate standard deviation (SD).
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Figure 33. CKD Tfir2-ASOs treated mice and controls have similar inflammation. Wt mice were

fed the adenine diet and after 2 weeks were treated with Ctrl-ASOs and Tfr2-ASOs (25 mg/kg,
i.p.) twice a week for 6 weeks. In the figure are represented: mRNA levels of Serum amyloid a-1
(Saal, A) in the liver; circulating levels of IL-6 (B); mRNA levels of Inteleukin-6 (1l-6, C) and
Protein Tyrosine Phosphatase Receptor Type C (Cd45, D) relative to Hypoxanthine
Phosphoribosyltransferasel (Hprtl) in the liver.

Mean values of 7-8 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels A-
D) was used. Bars indicate standard deviation (SD).
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3.4 Tfr2 role in bone homeostasis in a murine model of CKD

3.4.1 Total Tfr2 deletion increases bone mass in CKD mice spine

Tfr2 is mainly expressed in the liver and in the erythroid compartment, however a role
for the protein in the regulation of bone homeostasis has been recently identified. Indeed,
Rauner and colleagues demonstrated that healthy 7fi-2”- mice have higher bone mass and
turnover, independently from the iron status (Rauner et al/, 2019). Thus, we wondered
whether Tfr2 deletion might improve bone phenotype in CKD, a disorder characterized
by bone defects. To this aim, 8-week-old Tf2""* and Tfi-2”- mice were fed the adenine
diet as previously described and, at the end of the protocol, the bone structure of spine
and femurs was analyzed using p-Computed Tomography (u-CT).

As expected, the adenine-rich diet induced bone defects in the spine of Tf2"* mice
compared wt healthy mice (Figure 34B-F). CKD Tfi-2”- mice showed higher spine bone
volume (Figure 34A-B) and trabeculae number (Figure 34C) than 7f-2*"* littermates,
reaching levels comparable to healthy wt mice. Trabecular thickness was comparable in
the two groups (Figure 34D), while the space between trabeculae was lower in Tfi-2”"
mice (Figure 34E). Also, vertebral bone mineral density (Figure 34F) showed a trend

toward an increase in /727 mice.
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Figure 34
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Figure 34. CKD Tfr2”" mice have higher trabecular bone mass in the spine than controls. Eight-
week-old Tfir2"" and Tfir2”" mice were fed the adenine-rich diet for 8 weeks. In the figure are

represented bone parameters obtained through p-Computed Tomography (u-CT) analysis at the

end of the protocol: representative 3D images of trabecular part of spine vertebrae of Tfr2""" and

Tfi2” animals (A); bone volume on total volume (B); trabecular number (C); trabecular thickness
(D), trabecular space (E); bone mineral density (F).

Mean values of 9-10 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels B-
F) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. *P<0.05.

3.4.2 Total Tfr2 deletion increases bone mass in CKD mice femur

CKD-Tf#2""* mice showed defects also in the trabecular part of femur as compared to
wt healthy mice, which were almost fully corrected in Tfi2”- mice (Figure 35A-F).
Indeed, 7fr2 deletion increased bone volume (Figure 35A-B) and trabecular number
(Figure 35C) in the femur, without affecting trabecular thickness (Figure 35D). As a
consequence, the space between trabeculae was lower in 7fr2” mice (Figure 35E).
Moreover, bone mineral density of femur (Figure 35F) was higher in 7f27 mice.
Bone parameters of the cortical part of femur were comparable between the two groups

(Figure 35G-H).
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Figure 35
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Figure 35. CKD Tfr2" mice have higher trabecular bone mass in femur than controls. Eight-
week-old Tfir2""" and Tfir2”" mice were fed the adenine-rich diet for 8 weeks. In the figure are
represented bone parameters obtained through p-Computed Tomography (u-CT) analysis at the

end of the protocol: representative 3D images of trabecular and cortical femur of Tfr2""" and

Tfi2” animals (A); bone volume on total volume (B); trabecular number (C); trabecular thickness
(D), trabecular space (E); bone mineral density (F), cortical bone volume on total volume (G),
cortical total mineral density (H).
Mean values of 9-10 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels B-
H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically significant
differences. *P<0.05; **P<0.005.

3.4.3 Bone marrow Tfr2 deletion does not affect bone mass in CKD mice

To unravel whether 7f2 deletion in osteoblasts or in osteoclasts is responsible for the
observed increase in bone mass, we analyzed bone parameters of Tfr2BMXO mice. Indeed,
in Tfr2BMKO mice Tfi-2 lacks exclusively in the hematopoietic compartment. Thus,
osteoclasts, that derive from myeloid lineage (Ash et al, 1980), are Tfr2-null, while
osteoblasts (originating from mesenchymal cells, (Pittenger ef al, 1999)) derive from wt
recipient mice.
We proved that, at difference with Tfr2”- mice, the spine of Tfr2BMKO animals showed
bone volume, trabecular number, thickness and space, and bone mineral density
comparable to Tfr2MWT (Figure 36A-F).
Thus, the absence of 7fr2 in osteoblasts, rather than in osteoclasts, is likely the cause of
the increased bone mass in CKD-Tf#-2”- mice, in line with published results (Rauner et al,

2019).
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Figure 36
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Figure 36. CKD Tfr2°M%° mice have trabecular bone mass comparable to controls. Tfi2®"""

and Tfir2°50 mice were generated through BM transplantation. Ten weeks later, mice were fed
the adenine-rich diet for 8 weeks. In the figure are represented bone parameters obtained through
w-Computed Tomography (u-CT) analysis at the end of the protocol: representative 3D images
of trabecular part of spine vertebrae of Tfr2""" and Tfr2°M%° animals (A); bone volume on total
volume (B), trabecular number (C), trabecular thickness (D), trabecular space (E),; bone mineral
density (F).

Mean values of 4 mice per group are represented. Unpaired 2-tailed Student’s t-test (panels B-
F) was used. Bars indicate standard deviation (SD).

3.5 BM specific Tfr2 targeting in a murine model of anemia of inflammation

3.5.1 Bone marrow Tfr2 deletion sustains RBC and Hb production in anemia of
inflammation

Our results proved that BM Tfr2 deletion was able to increase RBCs production in a
CKD murine model, but iron levels were too low to sustain a long-lasting anemia
amelioration. So, we tested whether this approach may instead be sufficient to improve
anemia due to chronic inflammation, characterized by a functional, rather than absolute
iron deficiency (Ganz, 2019). In this context, iron increase should be avoided since
potentially detrimental for the inflammatory status.

To test this assumption, we generated mice lacking BM T7fr2 and relative controls
through BMT as above. Donor/host chimerism evaluated at the end of the experimental
protocol was superior to 90% both in the BM and spleen in all animals. Ten weeks after
transplantation, when erythropoiesis was fully recovered, mice were treated with oil of
turpentine (Sul/g body weight, s.c.) once a week for 3 weeks to induce sterile
inflammation. Then, one cohort of mice was sacrificed 2 days after the last injection, and
the other 2 weeks after the last injection, to characterize mice both at maximum peak of
anemia and at anemia recovery (Figure 37A).

Tfr2BMWT “as expected, developed anemia that gradually restored during the two weeks
of turpentine discontinuation. 7f-2MKO mice maintained higher RBCs and Hb levels
(Figure 37B-C) for the entire protocol. MCV and MCH were similar between the 2
groups (Figure 37D-E), with only a mild non-statistically significant decrease of MCH
in Tfr2BMKO mice at maximum peak and at anemia recovery, proving that in this model

iron levels were sufficient to sustain the enhanced RBCs production.
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Figure 37
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Figure 37. Turpentine-injected Tfr2°*° mice have improved anemia than controls. Tfi2""""
and Tfr2PM%0 mice were generated through bone marrow (BM) transplantation. Ten weeks later,
mice were treated with turpentine oil (Sul/g body weight, s.c.) once/week for 3 weeks and
sacrificed 2 days (maximum anemia peak) or 2 weeks (anemia recovery) after the last injection.
In the figure are represented: a scheme of the protocol (A); red blood cell count (RBC, B);
hemoglobin levels (Hb, C); mean corpuscular volume (MCV, D) and mean corpuscular
hemoglobin (MCH, E).

Mean values of 4-6 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Sidak, panels B-E) was used. Bars indicate standard deviation (SD). Asterisks
refer to statistically significant differences. *P<0.05; **P<0.005.

3.5.2 Turpentine-injected Tfr2BMKO

and control mice have comparable systemic
inflammation and iron levels

We confirmed that systemic inflammation was comparable between Tfir28MWT and
Tfi2BMKO mice. Indeed, the expression levels of Saal (Figure 38A), as expected higher
after 3 turpentine injections than after 2 weeks of treatment discontinuation and
circulating IL-6 levels (Figure 38B) were similar between the two groups at both time
points, excluding a differential effect of the treatment in the two genotypes.

After 3 weeks of turpentine injections, 7f-2BMKO mice showed lower serum iron levels
than controls, likely because of the increased use of the metal for RBCs production. At
the end of the protocol, serum iron was similar between Tf-2BMKO mice and controls, but
low as compared to wt healthy mice, as expected due to inflammation (Figure38C).
Transferrin saturation showed an analogous trend, but no statistically significant
differences between the genotypes were observed (Figure 38D).

Liver iron content was higher at maximum peak than at anemia recovery and
comparable between the two groups (LIC, Figure 38E) and Hamp levels showed a similar
behavior (Figure 38F). Spleen iron content was not affected by the genotype at the
maximum peak of anemia but was higher in Tfr2BMXO mice at anemia recovery (SIC,
Figure 38G), likely as a tentative mechanism to preserve iron to sustain enhanced
erythropoiesis. Finally, kidney iron content was overall comparable between the 2 groups

at both time points (KIC, Figure 38H).
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Figure 38
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Figure 38. Turpentine-injected Tfr2*° and control mice have similar inflammation and iron

levels. Tfir2""" and Tfr2®M%° mice were generated through bone marrow (BM) transplantation.
Ten weeks later, mice were treated with turpentine oil (5ul/g body weight, s.c.) once/week for 3
weeks and sacrificed 2 days (maximum anemia peak) or 2 weeks (anemia recovery) after the last
injection. In the figure are represented: mRNA levels of Serum amyloid a-1 (Saal, A) relative to
Hypoxanthine Phosphoribosyltransferasel (Hprtl) in the liver; circulating levels of IL-6 (B);
serum iron levels (C); transferrin saturation (D); liver iron content (LIC, E); mRNA levels of
hepcidin (Hamp, F) relative to Hprtl in the liver, spleen (SIC, G) and kidney (KIC, H) iron
content.

Mean values of 5-6 mice per group are represented. One-way ANOVA (correction test Tukey,
panels A-H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically
significant differences. *P<0.05; **P<0.005; ***P<0.001.

3.5.3 Bone marrow Tfir2 deletion increases erythroid EPO responsiveness in inflamed
mice

At the maximum peak of anemia, 7f-2BMKO mice showed a trend toward an increased
percentage of Ter119" cells in the BM, that became statistically significant at anemia
recovery, mainly due to an expansion of mature RBCs (Figure 39A). In the spleen there
was an increase in the proportion of basophilic and polychromatic erythroblasts in
Tfir2BMKO mice after 3 turpentine injections, but no differences at recovery (Figure 39B).
The increased erythropoiesis of 7fr2BMKXO mice was due to higher erythroblasts sensitivity
to EPO rather than to an enhanced EPO production, as previously shown (Nai et al, 2015;
Artuso et al, 2018; Di Modica et al, 2022). Indeed, in line with anemia improvement,
serum EPO levels were lower in Tfi-2BMKO than in controls at both time points (Figure
39C), and Epo expression in the kidney was lower in Tfir2BMKO mice at recovery (Figure
39D). However, the expression of the EPO target genes Bcl-x/, Epor and Erfe was
comparable between the 2 genotypes at absolute level (Figure 39E-F, 40A-B and 40E-
F), but higher in 7f28MXO mice when normalized on circulating EPO (Figure 39G-H,
40C-D and 40G-H), confirming the overactivation of the EPO-EPOR pathway in the
absence of 7fr2.

Overall, we showed that in a model of sterile inflammation the specific deletion of

Tfr2 in the BM induced a sustained increase in RBCs and Hb production, supported by

the sufficient iron availability, without increasing EPO levels and affecting inflammation.
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Figure 39
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Figure 39. Turpentine-injected Tfr2*" ° mice have increased EPO responsiveness and

activation of EPO-EPOR pathway. Tfir2°""" and Tfi2°8° mice were generated through BM
transplantation. Ten weeks later, mice were treated with turpentine oil (5ul/g body weight, s.c.)
once/week for 3 weeks and sacrificed 2 days (maximum anemia peak) or 2 weeks (anemia
recovery) after the last injection. In the figure are represented: the percentage of total Terl19*
cells in the BM (A) and in the spleen (SP, B) and the contribution of the 5 erythroblasts
populations [proerythroblasts (ProE), basophilic erythroblasts (BasoE), polychromatic
erythroblasts (PolyE), orthochromatic erythroblasts and immature reticulocytes (OrthoE), and
mature red cells (RBCs)], identified through the evaluation of cell size and Ter119/CD44 relative
expression; serum erythropoietin levels (EPO, C); mRNA levels of Epo relative to Hypoxanthine
Phosphoribosyltransferasel (Hprtl) in the kidney (D); mRNA levels of B-cell lymphoma-extra
large (Bcl-xl) relative to Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) in the BM (E)
and relative to Hprtl in the spleen (F); B-cell lymphoma-extra large (Bcl-xI) mRNA levels
normalized on circulating EPO in the BM (G) and in the spleen (H).

Mean values of 4-6 mice per group are represented. One-way ANOVA (correction test Tukey,
panels A-H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically
significant differences. *P<0.05; **P<0.005; ***P<(0.001.
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Figure 40
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Figure 40. Turpentine-injected Tfir2®"*° mice have increased activation of EPO-EPOR
pathway. T2 and Tfir2PY° mice were generated through BM transplantation. Ten weeks
later, mice were treated with turpentine oil (5ul/g body weight, s.c.) once/week for 3 weeks and
sacrificed 2 days (maximum anemia peak) or 2 weeks (anemia recovery) after the last injection.
In the figure are represented: mRNA levels of Erythropoietin receptor (Epor) relative to
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) in the bone marrow (BM, A) and relative
to Hypoxanthine Phosphoribosyltransferasel (Hprtl)in the spleen (B); Epor mRNA levels
normalized on circulating EPO in the BM (C) and in the spleen (D); mRNA levels of
Erythroferrone (Erfe) relative to Gapdh in the BM (E) and relative to Hprtl in the spleen (F);
Erfe mRNA levels normalized on circulating EPO in the BM (G) and in the spleen (H).

Mean values of 4-6 mice per group are represented. One-way ANOVA (correction test Tukey,
panels A-H) was used. Bars indicate standard deviation (SD). Asterisks refer to statistically
significant differences. *P<0.05; **P<0.005; ***P<(0.001.

3.6 Tfr2 targeting in a murine model of malaria anemia

3.6.1 Bone marrow Tfr2 deletion maintains higher RBCs and Hb levels and lower
parasitemia in malaria anemia
Finally, we moved to test whether BM specific 7fr2 deletion may ameliorate also malaria
anemia, a peculiar form of anemia of inflammation due to parasite infection in which
inflammation and RBCs hemolysis coexist. Also in this case, we avoided total Tfr2
deletion to prevent iron-loading.

We induced malaria infecting 7fi-22¥5° mice and relative controls with Plasmodium
chabaudi chabaudi (Pcc), a commonly used murine specific malaria strain. This model
shows similarities with human Plasmodium falciparum infection, especially in the
erythroid cycle, while it lacks the liver stage, being thus easy to be exploited in an
experimental setting. Moreover, it induces chronic infection but has low mortality rate
(Lamikanra et al, 2007; Spence et al, 2011, 2013).

Donor/host chimerism of transplanted mice evaluated at the end of the experimental
protocol was superior to 90% both in the BM and spleen in all animals. Pcc-infected
RBCs were injected in Tfr2BMWYT and Tfir2BMKO mice 10 weeks after BMT and
hematological parameters and parasitemia were analyzed every 2-4 days (Figure 41A).
Tfr2MWT mice developed anemia 8 days after parasite infection, reached maximum peak
at day 12 and gradually recovered starting from day 16 (Figure 41B-E). Also 7fi-2BMKO
mice showed a decrease in RBCs and Hb levels starting from day 8, but reached a lower

ZBMWT

degree of anemia as compared to 7fr animals, and rapidly recovered starting from
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day 12 (Figure 41B-C). MCV and MCH strongly increased over time in Tf2BMYT mice
(Figure 41D-E), likely indicating an augment in the release of erythroid progenitors to
compensate for anemia development. In agreement, the percentage of circulating
reticulocytes became higher (Figure 41F). All these parameters were maintained low in
Tfr2BMKO - guggesting the preservation of a more effective and iron-restricted

erythropoiesis.

Parasitemia, the percentage of infected RBCs, increased starting from day 6 in
Tfir2BMWYT animals, was maintained high until day 16 and then came back to 0 on day 20.
Intriguingly, 7f28MXO mice showed exclusively a very mild RBCs infection at day 10,
which rapidly disappeared (Figure 42A). In agreement, no signs of damaged RBCs and
hemolysis were evident in blood smears from 7fr2-null mice (Figure 42B).

These findings suggest that plasmodium growth is hampered in T7fr2-deficient

erythroblasts, likely because of the limited iron availability.
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Figure 41
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Figure 41. Pcc-infected Tfr2°%° mice have higher RBCs and Hb levels than controls and signs
of iron-restricted erythropoiesis. Tfir2*"" and Tfir2® ° mice were generated through bone
marrow transplantation. Ten weeks later, mice were i.p. injected with Pcc infected blood. In the
figure are represented: a scheme of the protocol (A), red blood cell count (RBC, B), hemoglobin
levels (Hb, C); mean corpuscular volume (MCV, D); mean corpuscular hemoglobin (MCH, E)
and reticulocytes percentage (RET, F).

Mean values of 6-12 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Sidak, panels B-F) was used. Bars indicate standard deviation (SD). Asterisks
refer to statistically significant differences. *P<0.05; ***P<0.001; ****P<(.0001
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Figure 42
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Figure 42. Pcc-infected Tfr2°*° mice have lower parasitemia than controls. Tfi2®"" and
Tfr 2250 mice were generated through bone marrow transplantation. Ten weeks later, mice were
i.p. injected with Pcc infected blood. In the figure are represented: percentage of infected red
blood cells (iRBCs, A); representative images of blood smears (Giemsa’s Staining) from Tfir2""""
and Tfr2®™€9 mice 8 and 10 days after infection. Black arrows indicate iRBCs (magnification
100x, B).

Mean values of 6-12 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Sidak, panel A) was used. Bars indicate standard deviation (SD). *P<0.05
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3.6.2 Iron-overload hampers the beneficial effect of bone marrow Tfr2 deletion in
malaria anemia

To test whether low iron availability is the driver of reduced plasmodium growth in
Tfrr28MKO mice, we induced malaria in mice with total 7fi2 deletion. Pcc-infected RBCs
were injected in Tfi2”- and controls mice and parasitemia was analyzed every 3 days
(Figure 43A). Tf2""" and Tfr2"- mice developed anemia in a similar manner as indicated
by RBC and Hb levels (Figure 42B-C). MCV and MCH were higher in 7fr2”~ mice
(Figure 42D-E), as expected due to higher iron availability, reaching levels comparable
to Tfr2** after drop in RBC and Hb levels between day 12 and 15, likely because of the
development of reticulocytosis. In agreement, reticulocyte percentage increased at the
same timepoints and in a comparable manner between the 2 genotypes (Figure 42F).

Tfi2”- mice reached the peak of parasitemia with a modest delay as compared to
controls, but the magnitude of RBCs infection was comparable between the 2 groups
(Figure 42G).

Thus, increased iron availability leads to the loss of the beneficial effect of BM Tfi2
deletion on anemia and parasitemia, supporting the hypothesis that limited iron

availability in erythroblasts protects against Pcc infections.
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Figure 43
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Figure 43. Pcc-infected Tfr2”" mice have hematological analysis and parasitemia similar to
controls. Eight-week-old Tfir2""* and Tfr2"" mice were i.p. injected with Pcc infected blood. In the
figure are represented a scheme of the protocol (A); red blood cell count (RBC, B); hemoglobin
levels (Hb, C); mean corpuscular volume (MCV, D); mean corpuscular hemoglobin (MCH, E)
and reticulocytes (RET, F); percentage of infected RBCs (iRBCs, G).

Mean values of 3-5 mice per group are represented. Two-way ANOVA for multiple comparisons
(correction test Siddk, panels B-G) was used. Bars indicate standard deviation (SD). Asterisks
refer to statistically significant differences. ¥*P<0.05; **P<0.005; ***P<0.001; ****P<0.0001
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4. DISCUSSION

Anemia is a disorder of heterogeneous etiology affecting about 42% of children below
S-year-old and 40% pregnant women worldwide (WHO). Beside nutritional deficiencies,
chronic inflammation, due to pathogens infections, as malaria, several forms of cancer,
autoimmune diseases and chronic diseases, as CKD, is the second contributor to the
burden of anemia. Anemia of inflammation is caused by increased pro-inflammatory
cytokines production that leads to reduced erythroid EPO sensitivity, BM reprograming,
shortened erythrocyte lifespan and iron-restriction (Ganz, 2019). Anemia caused by
malaria infection is worsened by hemolysis, while in anemia of CKD inappropriately low
EPO levels and iron-deficiency strongly contribute to the pathogenesis. The treatment of
anemia of inflammation with EPO mimetics is unsatisfactory, because of
hyporesponsiveness to EPO (Gluba-Brzozka et al, 2020; Bikbov et al, 2020) and adverse
events, mainly cardiovascular, due to EPO activity in non-erythroid organs and tissues
(Unger et al, 2010). In anemia of CKD iron supplementation is often needed, increasing
the occurrence of side effects (Feldman et al, 2002; Besarab & Coyne, 2010).

Here, we demonstrated that targeting the iron sensor TFR2 might represent a promising
novel therapeutic opportunity for the correction of anemia caused by CKD, sterile
inflammation and malaria infection. However, Tfr2 manipulation has to be tuned based

on the pathophysiology of the disease.

Anemia of CKD

As a CKD model we exploited the adenine-rich diet, that induces kidney failure
through tubules obstruction and toxic metabolites production (Yokozawa et al, 1982; Jia
et al, 2013). Even if it presents some limitations, such as gender differences in renal
impairment (Diwan et al, 2014; Metzger et al, 2021) and the induction of a selective
tubulointerstitial disease (Jia et al, 2013), it recapitulates the main features of human
CKD. Moreover, it has reduced mortality rate and variability as compared to other
available surgical (i.e. 5/6™ nephrectomy (Shimamura & Morrison, 1975) and unilateral
ureteral obstruction (Manucha et al, 2004)) and non-surgical (i.e. nephrotoxic drugs
(Yang et al, 2010), radiations (Yang et al/, 2010) and oxalate diet (Mulay et al, 2016))

approaches. Even if the adenine diet represents a widely used system to induce CKD in

93



experimental models, some variability on the degree of renal damage induction exists,
mainly due to differences in raw materials and diet-producing processes between different
providers. For this reason, before starting the experimental protocol we confirmed that
our diet was effective in recapitulating all the features of human CKD, i.e., renal damage,

anemia, systemic inflammation and iron-deficiency.

We started investigating the effect on anemia development of specific 7fr2 deletion in
BM-derived cells, with the aim of increasing erythroid EPO responsiveness. With this
approach the entire hematopoietic compartment is replaced, not only in the BM but also
in the spleen, an important hematopoietic organ in mice (Iseki et al, 2008). We proved
that the diet induced gradual impairment of renal functionality and progressive anemia in
Tfr2MWT mice, as expected. Notwithstanding comparable renal damage and
functionality, systemic and local inflammation, and iron availability, 7fr2BMK© mice
showed lower anemia severity. Only at 8 weeks, Hb dropped to control values, while
RBCs remained higher for the entire timespan. This was accompanied by lower MCV
and MCH, signs of iron-restricted erythropoiesis, suggesting that iron levels were not
sufficient to sustain on a long-term proper Hb production for the enhanced erythropoiesis
of Tfr2-deficient animals. Importantly, EPO levels were not increased, and the expression
of EPO target genes was upregulated in 7f#2BMKO mice, further confirming that BM Tfi-2

deletion promotes erythropoiesis increasing erythroid responsiveness to EPO.

Since we proved that BM-specific 7fr2 deletion increased RBC production without
affecting EPO levels, but iron availability was not adequate for the higher demand, we
moved to Tfr2 germline deletion, to simultaneously increase erythropoiesis and iron
availability. 727~ mice maintained higher RBCs and Hb levels relative to wild-type
littermates for the entire timespan. MCV and MCH were comparable between the two
groups, indicating iron-sufficient erythropoiesis, and, in agreement, circulating iron levels
were higher in Tfi-2”- animals than in controls, reaching levels of wt healthy mice. In line
with the improved anemia, EPO levels were lower in Tfi-2”~ animals than in controls and
the expression of EPO target genes in erythroid tissues normalized on circulating EPO
levels was higher, as observed in mice with BM-specific Tfr2 deletion. So, we propose

that in 727~ mice the simultaneous absence of TFR2 in hepatocytes and in the erythroid
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compartment is necessary and sufficient to induce a balanced increment of iron
availability and erythropoietic output, respectively, leading to a sustained amelioration of

anemia of CKD.

We excluded that iron alone plays a major role in the improvement of anemia mediated
by total Tfr2 deletion. Indeed, wild-type mice fed the adenine diet and treated with 7fr2-
ASOs that inhibit hepatic, but not erythroid 7f2, showed a modest anemia amelioration,
in accordance with the evidence that the iron-loaded hepcidin KO mice are partially
protected from adenine-induced anemia (Akchurin et a/, 2016). However, the beneficial
effect was transient and RBCs and Hb reached levels of Ctrl-ASOs treated mice before
the end of the protocol. As expected, MCV and MCH were increased in 7fr2-ASOs mice
and were maintained higher until the end of the protocol, indicating increased iron
availability. In agreement, circulating iron levels were high in 7fr2-ASOs mice,
overcoming values of wt healthy animals. However, the EPO sensitivity of erythroid cells
was not enhanced, as shown by comparable activation of EPO target genes relative to
circulating EPO levels in both Ctrl-ASOs and 7f#2-ASOs mice. This resulted in an iron-
mediated induction of erythropoiesis, which became ineffective because of insufficient
EPO stimulation, finally resulting in a transient anemia amelioration. We excluded a
possible detrimental role for iron toxicity on erythroid differentiation, since the
expression of genes involved in radical detoxification and lipid peroxidation was

comparable in the BM of the two groups.

Interestingly, even if markers of systemic inflammation were comparable between
Tf2"- and control mice, the expression of Cd45 was higher in the kidney and liver of
Tfr2” mice, indicating an increased infiltration by monocytes. Since macrophages
polarization is modulated by iron content (Recalcati et al, 2010; Cairo et al, 2011; Soares
& Hamza, 2016), higher iron levels in Tfi2”- mice might trigger some degree of
macrophages activation. However, this was not evident in 7fr2-ASOs mice. This
difference could be due to the milder systemic iron overload, as evident by lower tissue
iron levels in 7fr2-ASOs than in Tfr2”- mice, or to a direct effect of 7fi-2 deletion on
macrophages activation. Indeed, even if systemic iron homeostasis is not affected by 7fr2

deletion in the myeloid lineage (Rishi et al, 2016), the TFR2 role in macrophages’
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function has not been deeply investigated. Further analyses are currently ongoing in the

lab to unravel this point.

Of note, CKD Tf#2”- mice had higher trabecular bone mass and density compared to
controls both in femur and spine, reaching levels of wt healthy mice, showing that the
recently identified negative regulatory function of TFR2 in bone homeostasis (Rauner et
al, 2019) is conserved also in pathologic conditions. Indeed, bone fragility is a common
complication of CKD (Fried et al, 2007; Pimentel et al, 2021) and the adenine diet
recapitulates this phenotype in mice (Jia ef al, 2013; Metzger et al, 2021). The beneficial
effect on bone was not present in 7f-2BMKO mice, suggesting that 7fr2 deficiency in
osteoblasts, rather than in osteoclasts, is responsible for bone protection in CKD mice, as
previously shown by Rauner and colleagues in healthy mice (Rauner ez a/, 2019). Indeed,
while osteoblasts derive from mesenchymal stem cells, osteoclasts are of hematopoietic
origin and are replaced with donor cells in mice undergoing BM transplantation. Of
course, this is an indirect observation, and further studies (e.g., using cell-specific

conditional models) are required to investigate this aspect more in deep.

Anemia of inflammation

While anemia of CKD benefits from erythropoiesis induction accompanied by
increased iron availability, iron administration can be detrimental in anemia of
inflammation, eventually promoting pathogens growth and worsening inflammation
(Ganz, 2019). For this reason, in this model we focused exclusively on BM Tfr2 deletion,

to promote erythropoiesis without increasing iron absorption and release.

We modeled pathogen-free inflammation administering turpentine oil to mice. This is
a widely used resin distillate (Nicolas et al, 2002; Sukumaran et al, 2012; Prince et al,
2012; Langdon et al, 2014; Wang et al, 2017) obtained from various trees (Rivera &
Ganz, 2009), that induces inflammation avoiding the use of infectious pathogens, through

a mechanism not completely understood.

At difference with results obtained in the CKD model, inflamed 7f-2BMKO mice

maintained higher RBCs and Hb levels than controls for the entire time-span, suggesting
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that when iron is present, even if restricted in stores, the sole induction of erythropoiesis
is sufficient to sustain anemia amelioration. In agreement, MCV and MCH were
comparable between the 2 groups, indicating iron sufficient erythropoiesis.

Of note, circulating iron levels at maximum peak of anemia were lower in 7fj-2BMKO
mice, likely because of the increased erythropoietic demand. However, at anemia
recovery serum iron was comparable between the 2 genotypes, probably following a
compensatory iron release from stores. In agreement, liver iron content was lower at
anemia recovery than at the maximum peak of anemia in both groups of mice, without
inducing a significant increase in circulating iron levels. These findings suggest that,
during anemia of inflammation, iron can be released from the stores in a controlled
manner based on the erythroid demand, to sustain erythropoiesis without increasing
circulating iron. As expected, this regulation likely involves hepcidin, whose levels were
comparable between Tfi-2BMKO and Tf-2BMWVT mice, but lower at anemia recovery than
during the acute inflammatory phase, in line with hepatic iron content and the degree of

systemic inflammation.

Also in this model, BM T2 deletion promoted erythropoiesis without increasing EPO
levels, which were even lower in Tfi-2BMXO mice at both time points compared to controls,
but increasing the EPO sensitivity of erythroid cells, as confirmed by the higher
expression of EPO target genes normalized on circulating EPO. Interestingly, while the
transcript levels of both Bcl-xI and Epor were lower at maximum peak of anemia than at
recovery, likely reflecting the degree of erythropoiesis induction, Erfe showed an
opposite behavior. This is coherent with previous findings proving that Erfe production
is enhanced during acute inflammation to promote iron release from stores, thus
sustaining erythropoiesis (Kautz et al/, 2014), and further support our hypothesis that, in
inflammation, erythropoiesis induction is sufficient to improve anemia because of an

efficient ERFE-mediated iron mobilization.

Malaria anemia

To add another layer of complexity, we decided to test whether BM Tfr2 deletion

ameliorates anemia of inflammation during the infection from a pathogen, such as malaria
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Plasmodium. Indeed, malaria anemia is one of the principal causes of morbidity and
mortality worldwide (WHO, 2021), whose treatment, despite the recent development of

a new promising malaria vaccine (Datoo ef al, 2022), is still unsatisfactory (White, 2018).

Several murine models for malaria infection are available. We used the non-lethal
Plasmodium chabaudi chabaudi that, despite skipping the hepatic phase, invades
erythroid cells at all stages of differentiation, similarly to the human Plasmodium
falciparum, and is widely characterized in literature (Lamikanra et al, 2007; Seixas et al,

2009; Gozzelino et al, 2012; Spence et al, 2011, 2013).

In line with results obtained with turpentine injection, 7fr2BMXO mice maintained
RBCs and Hb levels higher than 7/28MWT mice for the entire time-span, and their recover
was faster. MCV and MCH were drastically lower in Tfr2BMKO between day 10-20,

indicating iron-restricted and more effective erythropoiesis.

Surprisingly, anemia improvement in 7f2BMKO mice was accompanied by almost
absent RBCs infection throughout the entire protocol. This might be due to a direct role
for TFR2 in RBCs invasion by the parasite, in line with the identification of TFR1 as a
reticulocyte-specific receptor for Plasmodium vivax (Gruszczyk et al, 2018), or to the
iron-restricted erythropoiesis induced by 7fr2 deficiency, since it is well known that low
erythroid iron availability hampers Plasmodium infections (Gwamaka et al, 2012; Latour
et al, 2017). However, when germline 727 mice were infected with Pcc, no overt
anemia amelioration or infection prevention were observed, but only a possible mild
delay. These results likely rule-out a direct role for TFR2 in RBCs invasion by Pcc and
suggest that, following malaria infection, BM Tfr2 inactivation not only promotes

erythropoiesis, but also limits Plasmodium growth reducing erythroid iron content.

Concluding remarks

Overall, this study confirmed that hematopoietic 7fr2 deletion, here obtained through
BM transplantation, is an effective tool to increase erythroid EPO responsiveness in

different types of anemia without affecting EPO levels per se, thus increasing RBCs and
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Hb production according to iron availability. When iron in the body is sufficient, as in the
models of sterile and malaria inflammation, this is enough to improve anemia. On the
contrary, when iron is lacking, as in CKD, additional iron is necessary to sustain the
augmented erythropoietic effort, in analogy with the current clinical practice of
administering iron in combination with ESAs, and a simultaneous inactivation of hepatic

Tfr2 is required to ameliorate anemia on a long term.

The erythroid response induced by BM Tfr2 deletion is comparable in all the models
analyzed. However, the magnitude of the effect is different in terms of EPO levels,
erythropoiesis and EPO target genes expression between CKD and inflammation, because
of the impaired renal functionality of CKD mice, which strongly reduces EPO production
and the ability to properly respond to changes in the system.

Our results provide the proof of principle for the development of a TFR2-targeted
therapy for the treatment of different forms of anemia. Ideally, a compound able to target
specifically erythroid cells and hepatocytes in a tunable manner (e.g., based on RBCs and
iron levels) would be the best option. Moreover, since 7fr2 targeting promotes
erythropoiesis without increasing endogenous EPO, this therapeutic approach is expected

to be free from the off-target effects of the current treatments.

In this setting, technologies able to disrupt RNA as ASOs or small-interfering RNAs
represent a promising opportunity, easily transferable to the clinics. However, obtaining
effective downregulation of the target of interest within erythroid cells remains a
challenging task. Indeed, the unfunctionalized ASOs we used in our experimental
protocol efficiently downregulated hepatic 7fr2, while failed both in the spleen and in the
BM, likely because of a poor uptake from erythroid cells. In agreement, when murine
erythroleukemia cells were electroporated with 7fr2-ASOs, Tfr2 mRNA was efficiently
downregulated. In the future, this limitation might be overcome by the use of conjugated
groups for organ-specific delivery (eg., cholesteryl group (Halloy et al, 2020), in analogy
with the well-established N-acetylgalactosamine (GalNAc) modification used for hepatic
targeting (Debacker et al, 2020)). However, the most appropriate strategy for erythroid

delivery of oligonucleotides remains to be identified.
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Of note, BM transplantation replaces not only erythroid cells, but the entire
hematopoietic compartment (lymphoid and myeloid lineages). A better characterization
of the possible role for TFR2 in other hematopoietic cell types, especially macrophages,

is a future perspective and will be taken into account for translatable approaches.

Overall, this study proved that when TFR2 is absent in the erythroid compartment and
in the liver, RBCs production and iron levels are increased and balanced, leading to
anemia of CKD amelioration. During inflammation and malaria, on the other hand, BM
Tfr2 deletion alone is sufficient to ameliorate anemia, exploiting body iron stores. Thus,
we propose Tfr2 targeting as a promising tunable erythropoiesis-stimulating approach for

different types of anemia.
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5. MATERIALS AND METHODS

5.1 Murine models

Wild-type 8-week-old C57BL/6N and C57BL/6-Ly5.1 mice were purchased from
Charles River. Tf2”- male mice and control littermates (both on a pure 129S2 strain and
on a mixed 129S-C57BL/6N background) were as previously described (Roetto et al,
2010). Animals were housed under a standard 12-hour light/dark cycle in a pathogen-free
animal facility of San Raffaele Scientific Institute in accordance with the EU guidelines.
The animal studies were approved by the Institutional Animal Care and Use Committee

of the San Raffaele Scientific Institute and by the Italian Ministry of Health.

5.2 Bone marrow transplantation
Mice with specific BM Tfr2 deletion were obtained through bone marrow

transplantation (BMT) as previously described (Nai ef a/, 2015). Bone marrow (BM) cells
were harvested from 12-week-old male 7] frZ'/ ~ mice or control WT littermates (on a pure

12982 strain, expressing the CD45.2 B-cell surface antigen). Five x 109 cells/mouse were
1.v. injected into lethally irradiated (950 cGy in 2 doses) 8-week-old C57BL/6-Ly-5.1
male mice (expressing the CD45.1 B-cell surface antigen), obtaining animals with
(Tfr2BMWTY or without Tfi2 (Tfr2BMKO) in BM-derived cells. At sacrifice, donor/host

chimerism was evaluated in the BM and in the spleen.

5.3 Adenine diet model of CKD

CKD was induced using a casein-based adenine-rich diet (supplied by Charles River
Italia, Calco, LC) in Tfr2”- mice and control littermates (10-week-old, on a mixed 129S-
C57BL/6N background), in Tfi28MKO and Tfr2BMWT (10 weeks after BMT) and in
C57Bl/6N wild-type mice (10-week-old). Animals were allowed acclimatization feeding
them the same, but adenine-free, diet for 1 week before starting the protocol. Then, mice
were fed a diet containing 0.30% adenine for 10 days (induction phase, day 0-9), followed
by a maintenance phase with 0.20% adenine until sacrifice (at day 56), as previously

described (Jia et al, 2013).
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Mice were weighted once a week, while blood was collected by tail vein puncture every
14 days for CBC and urea measurement starting from day 0. At the end of the protocol,
mice were anesthetized and sacrificed by cervical dislocation. Blood was collected for
hematological analysis and serum biochemistry. Kidneys, liver, spleen and BM were
dissected, weighted and immediately snap-frozen for RNA and/or protein analysis, dried

for tissue iron quantification or processed for histological or flow-cytometry analysis.

5.4 Antisense oligonucleotides (ASQOs) treatment

ASOs were provided by lonis Pharmaceuticals. All oligonucleotides used in these
studies were 16 nucleotides in length and chemically modified with phosphorothioate in
the backbone, 3 constrained ethyl residues at each terminus, and a central
deoxynucleotide region of 10 residues (3-10-3 gapmer). The Applied Biosystems 380B
automated DNA synthesizer (PerkinElmer Life and Analytical Sciences—Applied
Biosystems) was utilized to synthesize oligonucleotides, then purified as previously
described (Bennett & Swayze, 2010). ASOs were dissolved in PBS (Ca-Mg; Invitrogen)
for in vivo experiments. Starting 2 weeks after renal damage induction, wild-type
CS57BL/6N mice were intraperitoneally injected with 7fr2-ASO or Ctrl-ASO (25mg/kg)
twice a week for 1 week, for the short-term experiment, or 6 weeks, for the full 8-week-
long adenine protocol. Two days after the last injection mice were sacrificed and analyzed

as described above.

5.5 Murine Erythro-Leukemia cell line electroporation

Murine Erythro-Leukemia cells (4x10°) were electroporated with 2 pg of Ctrl-ASOs
or Tfir2-ASOs using Amaxa Nucleofector™ 2b (Lonza Bioscience, Morrisville, NC,
USA) program Y-013 and Mirus Transfection kit (Thermo Fisher Scientific, Waltham,
MA, US). Cells were then cultured in classic RPMI enriched with 10% Fetal Bovine
Serum and 1% penicillin/streptomycin. Forty-eight hours after electroporation, cells were
harvested for RNA extraction, using ReliaPrep™ RNA MiniPrep System (Promega Italia

S.r.l.,, Milan, Italy), following manufacturer’s recommendations.
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5.6 Turpentine oil treatment

To induce anemia of inflammation, 7f2BMKO and T£-2BMWT mice were treated weekly
with a sub-cutaneous injection of turpentine oil (SIGMA Aldrich, 5ul/g body weight) into
the intrascapular fat pad (Nicolas et a/, 2002) for 3 weeks, starting 10 weeks after BMT.
Blood for complete blood count (CBC) was collected by tail vein puncture before starting
the treatment and then every week. Two days or 2 weeks after the last injection mice were

sacrificed and analyzed as described above.

5.7 Malaria infection

Eight-10 week-old C57BL6/N wild-type mice were intraperitoneally injected with
frozen Pcc-infected RBCs, to allow accrual of the pathogen. When parasitemia reached
0.1-0-2%, mice were euthanized and blood was collected via cardiac puncture and
processed as described (Spence et al, 2011). Then, Tfir2BMKO and T£-2BMWYT mice were i.p.
injected with 10° Pcc-infected RBCs 10 weeks after BMT.
Blood for CBC and parasitemia evaluation was collected by tail vein puncture before

starting the treatment and then every 2-4 days.

5.8 Hematological and biochemical analysis

Complete blood count was determined using the IDEXX ProCyte Dx hemocytometer
(IDEXX Laboratories, Inc., Westbrook, Maine, US).
Serum iron and total iron binding capacity were determined using Fe Kit and Total Iron
Binding Capacity Kit (Randox Laboratories Ltd., Crumlin, UK), according to the
manufacturer’s recommendations. Transferrin saturation was calculated as the ratio
between serum iron and total iron binding capacity.
IL-6 and EPO levels were measured using the IL-6 Mouse Pro Quantum Immunoassay
Kit (Thermo Fisher Scientific, Waltham, MA, US) and the mouse EPO Quantikine set
(R&D Systems, Minneapolis, MN, US) respectively, following the manufacturer’s
instructions.
Urea in serum samples was quantified through a colorimetric assay using the ILab Aries
analyzer and kits and controls provided by Ilab Aries (Instrumentation Laboratory,

Werfen Group, Milan, Italy) at the Ospedale San Raffaele Mouse Clinic. Before each
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determination, experiment precision was determined running the standard controls and
the values obtained for controls were always within the expected ranges.

Parasitemia was evaluated by counting the percentage of infected over total RBCs in
Giemsa-stained blood smears. Images were captured using a Leica DM5000 microscope

furnished with a Leica DFC480 digital camera.

5.9 Micro-CT testing

Spine and femur were formalin-fixed for 24 hours and then conserved in 70% ethanol.
Bones were cleaned from flash and then bone microarchitecture analyses were performed
using VivaCT40 (Scanco Medical, Switzerland) as previously described (Rauner et al,
2019). The femur and the fourth lumbar vertebra were imaged at a resolution of 10.5 um
with X-ray energy of 70 kVp, 114 mA, and an integration time of 200 ms. Femur
trabecular bone was assessed in the metaphysis 20 slices below the growth plate using
150 slices. In the vertebral bone, 150 slices were measured between both growth plates.

The cortical bone was determined in the femoral midshaft (150 slices).

5.10 Flow cytometry analysis

BM and spleen cells were isolated, re-suspended in MACS Buffer (Miltenyi Biotec,
Bergisch Gladbach, Germany) and pre-treated with Rat-anti Mouse CD16/CD32 (BD
Biosciences, Franklin Lakes, NJ, US) to block unspecific Ig binding.
Cells were stained with FITC Rat Anti-Mouse TER-119 and APC rat anti-mouse CD44
(BD Biosciences, Franklin Lakes, NJ, US) for 30 min in the dark at 4°C for phenotypic
analysis of erythropoiesis.
Donor/host chimerism was evaluated on BM and spleen cells from transplanted mice by
using FITC-conjugated anti-mouse CD45.1 and APC—conjugated anti-mouse CD45.2
anti- bodies (BD Biosciences, Franklin Lakes, NJ, US).

Samples were acquired at FACS Canto TMII (BD Biosciences, Franklin Lakes, NJ, US)
and analyzed with FCS express software (De Novo Software, Pasadena, CA, US), as
previously described (Nai et al, 2015).
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5.11 Tissue iron content

Ten-20mg of dried tissue samples (65°C for 1 week) were incubated in 1 mL of acid
solution (3M HCI, 0.6M trichloroacetic acid) for 20 hours at 65°C. Twenty microliters of
the acid extract were added to 1 mL of working chromogen reagent (1 volume of 0.1%
bathophenanthroline sulfate and 1% thioglycolic acid solution, 5 volumes of water, and
5 volumes of saturated sodium acetate) and incubated for 30 minutes at room temperature.
Increasing amounts of iron ammonium sulfate were added to acid solution to generate a
standard curve. The absorbance of the solutions was measured at 535 nm using a classic
spectrophotometer (Bio-Rad Laboratories, Hercules, CA, US) as previously described

(Nai et al, 2020).

5.12 Quantitative RT-PCR

RNA was extracted from kidneys, livers and spleens using the guanidinium
thiocyanate—phenol—chloroform method (TriFast, Euroclone S.p.A., Pero, Italy), while
from BM using a hybrid extraction method (Pedersen et al, 2019) which combines TriFast
and ReliaPrep™ RNA MiniPrep System (Promega Italia S.r.l., Milan, Italy), following
manufacturer’s recommendations.
RNA (1-2 pg) was retro-transcribed using the High-Capacity ¢cDNA Reverse
Transcription kit (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, US),
according to the standard protocol. For quantitative RT-PCR analysis we used specific
murine Assays-on-Demand products (20x) and TagMan Master Mix (2x) (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA, US) or specific murine oligos
(designed using the Universal ProbeLibrary Assay Design Center by Roche and generated
by MilliporeSigma, Merck group, St. Louis, MO, US) and SYBRgreen Master Mix (2x)
(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, US). The reactions were
run on a 7900HT Fast Real-Time PCR System (Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA, US). Each cDNA sample was amplified in duplicate, and the
RNA level was normalized to the corresponding level of Hprtl or Gapdh mRNA. Primers
used for qRT-PCR are indicated in Table 1 and Table 2.
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Table 1. Oligonucleotide primers used for gRT-PCR by TagMan

Transcript Assay Id

Hprtl MmO01318743 ml
Epo Mm01202755 ml
Cd45 MmO01293575 ml
Saal MmO00656927 gl

Table 2. Oligonucleotide primers used for qRT-PCR by Sybr Green

Transcript Forward primer Reverse primer

Hprtl 5’- tectectcagacegetttt -3° 5’- aacctggttcatcatcgctaa -3’
Gapdh 5’-tccactcacggcaaattcaa-3’ 5’-tttgatgttagtggggtctcg-3’
Hamp 5’- aagcagggcagacattgcgat -3’ 5’- caggatgtggctctaggctatgt -3’
Tfr2-a 5’- gcecatgtttcteccggttect -3° 5’- tggegegagagcttatcg -3’
Tfr2-p 5’- cctggeccctagtgtgattte -3° 5’- tggegegagagcttatcg -3’
Epor 5’-gtecteatetegetgttget-3 5’-atgccaggccagatcttet-3°

Erfe 5’-atggggctggagaacagce-3’ 5’-tggcattgtccaagaagaca-3’
Bcel-xl 5’-tgaccacctagagccttgga-3’ 5’-gctgcattgttcccgtaga-3°

11-6 5’-cgtggaaatgagaaaagagttgtg-3’ 5’-ccagtttggtagcatccatcatttct-3°
Pai-1 5’-aggatcgaggtaaacgagage-3’ 5’-gcgggctgagatgacaaa-3’
Kim-1 5’-ttggcatctgcatcgeagecee-3’ 5’-gggaatgcacaaccgcetgegt-3’
Len2 5’-tccecctgeagecagacttee-3’ 5’-agtagcgacagccctggtectg-3’
Nox4 5’-tcatttggctgtcectaaacg-3’ 5’-aaggatgaggctgcagttgag-3’
Sodl 5’-gagacctgggcaatgtgact-3° 5’-gtttactgcgcaatcccaat-3’
Gpxl1 5’-cacagtccaccgtgtatgecttc-3’ 5’-accgagcaccaccagtccac-3’
Gpx4 5’-ccgtetgagecgcettactt-3° 5’-atgcacacgaaacccctgta-3’
Aldhl8al 5’-cccttcaggcaacgtettct-3° 5’-gagggctggacacgatttga-3’
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5.13 Histological analysis

Kidneys were formalin-fixed for 24 hours and paraffin-embedded. Deparaffinized
tissue sections (3-4 um) were stained with Hematoxylin/Eosin and Sirius Red solutions
at the Ospedale San Raffaele Mouse Clinic for morphological analysis.
Pictures were captured using a Nikon Eclipse Ni Microscope with a Nikon DS-Fi2
Camera equipped with a Nikon DS-U3 Controller and analyzed with the Nikon NiS-
Elements (version F.4.00.00) software (Nikon Corporation, Minato City, Japan) or using

Leica Biosystem software (Leica Camera AG, Wetzlar, Germany).

5.14 Statistical analysis

Data are presented as meantstandard deviation (SD). Unpaired 2-tailed Student’s t-
test, one-way ANOVA (correction test Tukey) or two-way ANOVA for multiple
comparisons (correction test Sidak) were performed using GraphPad Prism 9.0

(GraphPad). P<0.05 was considered statistically significant.
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