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Abstract 

 Iron’s ability to participate in redox reactions has made it indispensable for many cellular 

processes including oxygen transport, DNA synthesis, and development in practically all living 

organisms. Iron in the circulation is transported and kept inert by transferrin to prevent the 

undesired formation of dangerous radicals produced by Fenton chemistry. In mammals, systemic 

iron homeostasis is regulated by the liver-derived peptide hormone hepcidin (gene name: HAMP) 

which functions by preventing cellular iron export through ferroportin. Consequently, sustained 

elevated hepcidin production results in hypoferremia due to cellular iron retention whereas 

abrogated expression results in iron accumulation in the bloodstream and, subsequently, in tissues. 

HAMP transcription is regulated by bone morphogenetic proteins (BMP), namely BMP6 and 

BMP2, produced by the liver’s sinusoidal endothelial cells (LSEC) and proinflammatory 

interleukin-6 (IL-6). This thesis has aimed to address how LSECs finetune BMP expression in 

response to iron fluctuations, how inflammatory hypoferremia can be restored in the context of 

iron overload, and how iron overload influences the progression of the intramacrophage protozoan 

parasite Leishmania. To address the first question, we utilized mice with endothelial-specific 

ablation of transferrin receptor 1, a receptor involved in regulated transferrin-bound iron import. 

Knockout animals demonstrated physiological expression of Hamp and Bmp6 messenger RNA 

(mRNA) and retained the ability to induce their expression in response to iron challenge. 

Both Hamp and Bmp6 mRNAs correlated with non-transferrin bound iron (NTBI) accumulation 

during iron loading. Single cell transcriptomics revealed a profound effect of dietary iron 

absorption compared to transferrin-bound iron injection on the reprogramming of LSECs and 

revealed that dietary iron intake activates target genes of the antioxidant transcription factor 

nuclear factor erythroid 2-related factor 2 (Nfe2l2) which regulates BMP transcription. These data 

suggest that LSECs sense iron fluctuations primarily by NTBI. We then explored hepcidin’s 

regulatory network using hemojuvelin (gene name: HJV) knockout animals. These mice present 

with severe systemic iron overload triggered from the inactivation of this BMP co-receptor and 

ensuing disruption of Hamp expression. We sought to dissect whether iron overload, lack of HJV, 

or both triggered the observed lack of inflammatory hypoferremia. Iron depletion in Hjv-/- animals 

did not rescue Hamp expression in response to lipopolysaccharide (LPS). However, iron-depleted 
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knockout mice were more sensitive to synthetic hepcidin treatment. Polysome profiling revealed 

elevated ferroportin translation in iron loaded conditions. Treatment with concurrent LPS, which 

inhibited ferroportin transcription, and synthetic hepcidin, which degraded cell surface ferroportin, 

managed to induce a successful hypoferremic response in iron loaded animals suggesting that 

ferroportin renewal is the limiting factor for hypoferremia in these. Finally, experiments 

using Hjv-/- animals infected with Leishmania major revealed that these were transiently protected 

from cutaneous leishmaniasis. Acute intraperitoneal infection with L. major revealed increased 

expression of the cytokines and chemokines Il1b, Tnfa, Cxcl2, and Ccl2 in peritoneal cells 

suggesting a possible role for these in transient protection. Taken together, this work has broadened 

our understanding of homeostatic iron sensing, uncovered the main driver preventing 

inflammatory hypoferremia during iron overload, and expanded our understanding of iron’s role 

in leishmaniasis. 
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Résumé 

Chez les mammifères, la capacité du fer à participer aux réactions d'oxydoréduction l'a 

rendu indispensable à de nombreux processus cellulaires, notamment le transport de l'oxygène, la 

synthèse de l'ADN et le développement. Le fer présent dans la circulation est transporté et 

maintenu inerte par la transferrine pour éviter la formation indésirable de radicaux dangereux 

produits par la chimie de Fenton. L'homéostasie systémique du fer est maintenue par l'hormone 

dérivée du foie, l'hepcidine (gène : HAMP), qui fonctionne en empêchant l'exportation du fer par 

la ferroportine. Par conséquent, une production élevée et soutenue d'hepcidine entraîne une 

hypoferrémie due à la rétention du fer, tandis qu'une expression réduite entraîne une accumulation 

de fer dans le sang et, ensuite, dans les tissus. La transcription de HAMP est régulée par les 

protéines morphogénétiques osseuses (BMP), notamment BMP6 et BMP2, produites par les 

cellules endothéliales sinusoïdales du foie (LSEC) et l'interleukine-6 (IL-6) inflammatoire. Cette 

thèse a eu pour objectif d'étudier comment les LSEC ajustent l'expression des BMP en réponse 

aux fluctuations du fer, comment l'hypoferrémie inflammatoire peut être restaurée dans un 

contexte de surcharge en fer, et comment la surcharge en fer influence la progression du parasite 

protozoaire intramacrophage Leishmania. Premièrement, nous avons utilisé des souris dont le 

récepteur 1 de la transferrine a été éliminé de l’endothélium. Les animaux knockout manifestaient 

une expression physiologique de l'ARN messager (ARNm) de Hamp et de Bmp6 et conservaient 

la capacité d'induire leur expression en réponse à un défi ferreux. Les ARNm de Hamp et de Bmp6 

sont corrélés au fer non lié à la transferrine (NTBI) qui s'accumule pendant la charge en fer. La 

transcriptomique unicellulaire a révélé un effet profond du fer alimentaire par rapport à l'injection 

de fer lié à la transferrine sur la programmation des LSEC en activant les gènes cibles du facteur 

de transcription antioxydant Nfe2l2 qui régule la transcription de BMP. Ces résultats suggèrent 

que les LSECs détectent les fluctuations du fer principalement par le NTBI. Ensuite, nous avons 

exploré le réseau de régulation de l'hepcidine en utilisant des animaux knockout pour 

l'hémojuveline (HJV) qui présentent une surcharge en fer systémique sévère déclenchée par 

l'inactivation de ce co-récepteur de BMP et la perte d’expression de Hamp qui s'ensuit. Nous 

voulions déterminer si la surcharge en fer, l'absence de HJV, ou les deux, étaient à l'origine de 

l'absence d'hypoferrémie inflammatoire. Une carence en fer chez les animaux Hjv-/- n'a pas pu 
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sauver l'expression de Hamp induit par le lipopolysaccharide (LPS). Cependant, les souris 

knockout dépourvues de fer étaient plus sensibles au traitement d’hepcidine synthétique. Le 

profilage des polysomes a révélé une traduction élevée de la ferroportine dans des conditions de 

charge en fer. Un traitement simultané par LPS, lequel inhibe la transcription de la ferroportine, et 

par l’hepcidine synthétique, lequel dégrade la ferroportine de surface cellulaire, a réussi à induire 

une réponse hypoferrémique chez les animaux chargés en fer, ce qui suggère que le renouvellement 

de la ferroportine est le facteur limitant de l'hypoferrémie chez ces derniers. Enfin, des expériences 

utilisant des animaux Hjv-/- infectés par Leishmania major ont révélé que ceux-ci étaient 

transitoirement protégés de la leishmaniose cutanée. L'infection intrapéritonéale par L. major a 

révélé une augmentation de l'expression des cytokines et des chimiokines Il1b, Tnfa, Cxcl2 et Ccl2 

dans les cellules péritonéales, ce qui suggère un rôle possible de ces dernières dans la protection 

transitoire. Dans l'ensemble, ce travail a permis d'élargir notre compréhension de la détection 

systémique du fer, de découvrir le principal moteur empêchant l'hypoferrémie inflammatoire 

pendant la surcharge en fer, et d'élargir notre compréhension du rôle du fer dans la leishmaniose.  
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Contributions to Original Knowledge 

 The work presented herein contributes to original knowledge in the field of iron 

metabolism, iron restriction as a form of innate immunity, and iron’s function in leishmaniasis. 

The specific contributions are as follows: 

In Chapter 2, we explored how liver sinusoidal endothelial cell iron acquisition affects their 

ability to sense iron and produce the iron-sensitive bone morphogenetic protein 6 (BMP6) by 

ablating the cellular iron gate transferrin receptor 1 (Tfr1) in mice. Our study revealed the 

following: 

1. Lack of endothelial Tfr1 did not hinder basal levels of Bmp6 messenger RNA (mRNA) 

expression in mice.  

2. Bmp6 mRNA expression can be induced by dietary iron loading and by iron-bound 

transferrin in knockout animals. 

3. Non-transferrin bound iron correlates with expression of Bmp6. 

4. Endothelial cells undergo extensive reprogramming in response to dietary iron and activate 

nuclear factor erythroid 2-related factor 2 (Nfe2l2) as revealed by single cell 

transcriptomics.  

In Chapter 3, we investigated the crosstalk between iron and inflammatory signaling 

necessary for activation of the liver peptide hormone hepcidin (Hamp) responsible for controlling 

systemic iron homeostasis. We demonstrated that: 

1. Genetic and dietary iron overload impair the ability for animals to produce a successful 

hypoferremic response resulting from inflammatory challenge necessary to withhold iron 

from invading pathogens.  

2. Treatment with supraphysiological doses of synthetic Hamp alone is not enough to produce 

hypoferremia in iron loaded animals.  

3. The cellular iron exporter ferroportin is extensively transcribed and translated during iron 

overload. 
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4. Hypoferremia can only be induced in conditions of iron overload when combination 

treatment of an inflammatory agent and synthetic hepcidin are used to disrupt both 

transcription and cell surface expression of ferroportin.  

In Chapter 4, we sought to study the progression of leishmaniasis in a model of severe genetic 

iron overload lacking expression of Hamp. This model provides a unique look at leishmaniasis 

because macrophages, Leishmania’s host cell, lack iron stores due to unregulated expression of 

ferroportin. We showed that: 

1. Genetically iron overloaded animals demonstrate a transient resistance to cutaneous 

leishmaniasis in footpads.  

2. Acute exposure to intraperitoneal Leishmania major failed to induce interferon gamma 

expression in the liver of knockout animals whereas their intraperitoneal cells demonstrated 

increased mRNA expression of Il1b, TNFa, Cxcl2, and Ccl2.  

3. Parasite burden of L. infantum in genetically iron overloaded mice matched control animals 

in spleens and livers, despite the former expressing elevated ferroportin protein levels 

suggesting that this protein is not a determinant of protection.   

Taken together, these results outline the importance of continued basic research in the field of 

iron metabolism including iron’s importance for pathogen growth and development. This work 

helps guide production of therapies for patients suffering from iron overload and strategies for 

treating patients with leishmaniasis.  
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Chapter 1: Literature Review and Research Objectives 

 Iron has been a crucial element for the development of life on earth. Primitive organisms 

existed in an environment rich in iron and sulfur with little oxygen. These elements were used to 

generate iron-sulfur clusters as an accessible form of electron transport with many different 

metabolic functions1. Iron found in the earth’s mantle was crucial for generation of simple life as 

well as to maintain adequate water supplies on the planet’s surface for eventual evolution of 

complex life2. The appearance of photosynthetic cyanobacteria approximately 2.4 billion years 

ago brought a rise in atmospheric oxygen and subsequent drop in bioavailable ferrous (Fe2+) iron 

due to its oxidation to ferric (Fe3+) iron necessitating life to adapt by creating antioxidant 

mechanisms and improving iron acquisition methods3. At all points, iron within organisms was 

required to be carefully regulated to control its participation in Fenton chemistry4, the products of 

which are highly aggressive hydroxyl radicals which are potent oxidants. The details of Fenton 

chemistry are outlined below5.  

Fe2+ + H2O2 → Fe3+ +  •OH + OH
−

 

 O 
• H + H2O2 → HO2

• + H2O 

Fe2+ +  •OH → Fe3+ + OH− 

Fe3++HO2
• → Fe2+ + O2 + H+ 

 •OH + O 
• H → H2O2 

Organic pollutant +  •OH → Degraded products 

The term reactive oxygen species (ROS) has been broadly used to describe the different oxygen 

radicals, including those produced by iron, within cells. Used by practically all living organisms, 

iron’s ability to readily accept and donate electrons has made it indispensable for oxygen transport, 

cellular metabolism, DNA synthesis, innate immunity, growth, and development6. Hence, from 

simple to complex organisms, many strategies have been developed to fulfill iron requirements 

while maintaining relative safety.  
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1.1 Ferritin and iron storage 

 A logical solution to the problem of iron’s reactivity is to maintain areas of storage where 

it can be kept inert, and this is achieved by ferritin. This was the first description of a protein with 

a role in iron metabolism. Ferritin is a ferroxidase first isolated in 1937 from horse spleens due to 

its abundance and the second protein ever to be crystallized7. Ferritin has homologs in all 

organisms except for yeast. This enzyme is unique in that it stores its own product8. In humans, 

ferritin forms a shell of 24 subunits of two different sizes, dubbed light (gene name: FTL) and 

heavy (gene name: FTH1) chain subunits, which are 19 kDa and 21 kDa, respectively9. Despite 

being relatively close in size, these two subunits are only roughly 50% similar in sequence likely 

having diverged during evolution from a common ancestral gene10,11. Moreover, both ferritins 

maintain relatively similar three-dimensional structure aiding it to form its shell-like shape. Studies 

have shown that FTH1 appears be the main catalytic component for ferroxidation12. 

Homopolymers of this subunit can oxidize and store iron faster than physiological ferritin 

complexes and this subunit maintains its oxidation activity even when the polypeptide ends are 

truncated by a few amino acids13. Additionally, the carboxy terminal of the heavy chain forming 

the hydrophobic channel plays a role in iron core formation13. FTL would simply aid the nucleation 

of the iron core12,14 as FTL homopolymers do not properly store iron15. The importance of FTH1 

is underlined by attempts to generate knockouts and their early embryonic lethal phenotype16. 

Speculations propose that ferritin plays a critical role in cardiac development since lethality occurs 

at day 9.5 when FTH1 expression is highest in cardiac cells16.  

Ferritin complexes can store up to 4500 atoms of iron in the form of ferric oxyhydroxide9. 

This creates an inert repository of iron that can be quickly accessed within cells during periods of 

iron demand. Characteristically, because of ferric iron’s low solubility and generally oxidized 

state, cells must convert iron to its ferrous form only when it is ready to be used or transported to 

its target site. It is currently thought that ferritin is primarily cytosolic17. However, there are reports 

of its localization being punctate18-20 and even associated with vesicles21,22.  In mammals, ferritin 

iron stores can easily be retrieved by “ferritinophagy”, a process which is mediated by Nuclear 

Receptor Coactivator 4 (gene name: NCOA4) and involves the formation of autolysosomes23-25.  

Experimentally, ferritinophagy can be induced by iron chelation26 and inhibited by iron 

supplementation27. Mechanistically, NCOA4 is under a dual control mechanism between binding 
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with FTH1 and the HECT and RLD domain-containing E3 ubiquitin protein ligase 2 (gene name: 

HERC2)28. Under conditions of iron repletion, HERC2 binds and degrades NCOA4 preventing 

ferritinophagy. Of critical importance, HERC2 and both ferritin subunits contain structural motifs 

known as iron responsive elements (IREs) in the untranslated regions (UTRs) of their mRNAs 

controlling their posttranscriptional expression based on intracellular iron flux29,30. These 

sequences together with iron regulatory proteins (IRPs) form the basis of the IRE-IRP iron 

translational regulatory system30 (described in further detail in section 1.4). Briefly, low iron 

availability causes IRPs to bind to IREs while iron influx causes release. Thus, when positioned in 

the 5’ UTRs of mRNA, IRP binding to IREs from low iron availability represses translation, while 

3’ IREs cause stabilization of mRNAs. Ferritin was demonstrated to contain an IRE in its 5’ UTR 

and was the first protein described to be regulated posttranscriptionally by iron29.  

A third unique ferritin that exists within mitochondria was described at the turn of the 

century. This form is encoded by the intronless mitochondrial ferritin gene (gene name: FTMT) 

making it likely a processed pseudogene that arose as a retrotranscript31,32. Importantly, FTMT 

lacks the IREs present in FTH1 and FTL suggesting that it is not iron regulated 

posttranscriptionally despite high homology to FTH1 suggesting similar function33. As such, 

overexpression studies have shown its function to include iron storage, regulating iron distribution 

between cytosol and mitochondria, and preventing ROS formation within mitochondria32,34. Levels 

of FTMT were highest in tissues with high metabolic activity including the testis, kidney, heart, 

and brain35. However, mice deficient in FTMT are viable, show no obvious differences in serum 

iron parameters and fertility, and is not essential for siderocyte formation36. Thus, focus has been 

placed on studying the role of FTMT in the brain where associations have been made with 

Parkinson’s disease and Alzheimer’s disease37,38.  

Interestingly, ferritin can also be found in the serum of mammals though this ferritin tends 

to be iron poor39,40. Despite being iron deficient, serum ferritin has been used as a marker of iron 

status within humans as it adequately reflects iron stores in the liver41. It is, however, important to 

note that serum ferritin levels are easily influenced by inflammation42, liver disease42, and 

malignancies43 requiring it to be paired with other tests for accurate diagnosis. Serum ferritin can 

be secreted from a number of cells including but not limited to hepatocytes44, hepatoma cells45, 

macrophages18,46,47, neuroblastoma cells48, oligodendrocytes49, and astrocytes50. FTL is 
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predominantly recovered in serum as demonstrated by reactivity with anti-FTL antibodies and with 

little anti-FTH1 reactivity51. The primary source of serum ferritin appears to be macrophages 

having also ruled out the possibility that ferritin simply leaks out from damaged cells 18,52. Since 

ferritin lacks a classical secretory signal peptide, its mechanism of excretion from cells has long 

been enigmatic with focus on nonclassical pathways involving lysosomal secretion18, secretory 

autophagy, or multivesicular body-exosomes53. Recent work has clearly defined an involvement 

of the extracellular vesicle (EV) secretion pathway in release of ferritin from cells involving iron 

regulation of CD63, a tetraspanin heavily expressed in EVs54. However, ferritin found in EVs is 

iron-rich53 and, while this would provide a novel mechanism for paracrine iron communication, 

this fails to explain the iron-poor ferritin found directly in the serum. Serum ferritin has the 

capacity to bind concanavalin A, a lectin which readily binds glycopeptides, suggesting that this 

form of ferritin is glycosylated51,55. A reason for its abundance in the serum remains to be 

determined.  

1.2 Transferrin and the iron highway 

 About a decade after the crystallization of ferritin, in 1947, transferrin, a 76 kDa 

glycoprotein conserved among vertebrates, was first described for its capacity to bind iron in 

human plasma56. This protein is composed of two lobes at the N- and C- termini, both with unique 

iron binding affinities and high homology, connected by a short-linking region57,58. Thus, 

transferrin can bind two ferric iron ions. Transferrin is produced primarily by the liver’s 

hepatocytes59 but is also found in the testis’s Sertoli cells60, in the endoderm of the mouse visceral 

yolk sac61, and in the fetal liver as early as 11 days following gestation62. Transferrin can bind a 

variety of ions with differing affinities including aluminum, cadmium, gallium, and zinc and 

functions similarly to ferritin in that it keeps these inert63. However, its primary physiological role 

is for efficient, targeted delivery of plasma iron to organs in the transferrin cycle with the additional 

immunological benefit of sequestering this ion in the circulation making it more difficult to access 

for invading pathogens. However, it should be noted that some protozoa and bacteria have 

developed mechanisms for transferrin-bound iron uptake64,65.  

Once diferric transferrin, referred to as holo-transferrin, binds to its ubiquitously expressed 

cognate receptor, transferrin receptor 1 (TFR1, gene name: TFRC), it is endocytosed via clathrin-

coated vesicles66,67. Upon removal of clathrin, subsequent endosome acidification leads to 
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conformational changes in TFR1 and transferrin causing the release of iron from transferrin68 with 

the newly iron-free transferrin, dubbed apo-transferrin, now tightly bound to TFR1 in acidic 

conditions69. While transferrin and TFR1 are eventually recycled to the cell surface69,70, ferric iron 

released must first be reduced by the ferrireductase six-transmembrane epithelial antigen of 

prostate 3 (gene name: STEAP3)71 to allow it to pass through the hydrophilic channels of divalent 

metal-ion transporter-1 (DMT1; gene name Slc11a2). DMT1 is electrogenic requiring proton co-

transport to move iron across the membrane which is aptly provided by the acidic environment of 

the endosome72,73. Upon exit from the endosome, iron must be carefully escorted by the 

metallochaperones poly-C binding proteins 1 and 2 (gene names: PCBP1, PCBP2) to avoid 

toxicity from the previously mentioned Fenton chemistry74,75. PCBPs belong to the family of 

hnRNP K RNA binding proteins and PCBP1 and PCBP2 appear to play the most significant role 

in iron shepherding despite all forms of PCBPs demonstrating some capability for iron transport75. 

Focus has been on these two isoforms as these are ubiquitously expressed at high levels in all 

mammalian cells. The action of these iron chaperones has been extensively studied with respect to 

delivery of iron to ferritin, but PCBPs may also deliver iron to the “labile iron pool” (LIP) or 

directly to non-heme enzymes76. The LIP refers to the subset of iron that is kinetically 

exchangeable, available for immediate use in chemical reactions, and serves as the basis for iron 

cofactor synthesis, assembly, and insertion77,78. Thus, the LIP is the first fraction of iron that is 

chelated upon treatment with iron chelators and is the portion with the most redox active subset of 

iron which is not stored in ferritin. Interestingly, PCBPs do not play a direct role in delivery of 

iron to mitochondria, the center of heme and iron-sulfur cluster synthesis76. Instead, PCBP1 

depletion in mice appears to indirectly reduce mitochondrial heme production by decreasing 

ferritin iron stores79. Thus, the exact mechanism of directed mitochondrial iron acquisition remains 

enigmatic. The reason this protein has evolved functions of iron transport and RNA binding is also 

an interesting question. 

1.3 Canonical iron uptake through transferrin receptors  

TFR1 belongs to a family of receptors and enzymes known as the TFR/GCP2 family and 

is found in practically all vertebrates80. This family contains at least seven members of which the 

most important for iron metabolism are TFR1 and transferrin receptor 2 (TFR2) but also includes 

glutamate carboxypeptidase II (GCP2). TFR1 is homodimer composed of type II integral 
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membrane glycoproteins and can bind two molecules of holo-transferrin for internalization by 

endocytosis67. The importance of both TFR1 and GCP2 was underlined by their lethal phenotype 

in whole-body knockouts81,82. TFR1 knockout animals died at embryonic day 12.5 and analysis of 

embryos suggested that TFR1 was crucial for iron uptake of red blood cells as well as for neuronal 

development81. Much like ferritin and of clinical relevance, TFR1 can also be found in the serum 

as a truncated form83. Its ratio compared with serum ferritin has been demonstrated to accurately 

determine patient iron levels while distinguishing between simple iron deficiency and anemia from 

inflammation84. Importantly, TFR1 was revealed to be posttranscriptionally regulated by iron 

shortly after ferritin85. The notable difference between these two genes being TFR1’s five IRE 

motifs are in its 3’ UTR suggesting that its mRNA is stabilized in the absence of intracellular iron, 

and this is reflected in the increased mRNA copy numbers observed under these conditions86,87. 

Additionally, it was later discovered that TFR1 could be controlled by hypoxia and iron deficiency 

by a hypoxia response element (HRE) in its promoter88. This sequence can be bound by hypoxia 

inducible factors 1α and 2α (HIF-1α and HIF-2α, gene names: HIF1A and HIF2A) which are 

stabilized in the presence of hypoxia89. Interestingly, iron chelation can mimic hypoxia suggesting 

overlap between these pathways90. To further demonstrate the complex interplay between hypoxia 

and iron metabolism, HIF-2α has been shown to be regulated by an IRE sequence resulting in iron-

dependent control of erythropoiesis91.  

Since its discovery, many conditional knockouts of TFR1 have been generated with a 

plethora of interesting phenotypes. As expected, knockout of TFR1 in mouse muscle leads to 

decreased iron stores in muscle and, surprisingly, in adipose tissue and liver92. This is accompanied 

by changes in systemic metabolic regulation as normal energy production in muscle is disrupted 

causing a switch to fatty acid β oxidation. Mice lacking TFR1 in muscle showed significant growth 

retardation and typically died around day 13. Inactivation of TFR1 in the intestinal epithelium led 

to pleiotropic effects93. This conditional knockout was similarly fated to early death suggesting a 

critical role for this receptor during development for epithelial barrier maintenance. Moreover, this 

study demonstrated that TFR1 played a homeostatic role in intestinal epithelial cells preserving 

proliferation of intestinal epithelial cells progenitors, lipid handling, stem cell marker expression, 

and controlling epithelial-to-mesenchymal cell transition93. Interestingly, iron administration had 

no effect but knockin with a TFR1 allele that lacks receptor function could rescue this phenotype. 

A final knockout from this group demonstrated that cardiac TFR1 is also essential for survival94. 
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Mice lacking TFR1 in cardiomyocytes died within 11 days of birth which could be saved by 

aggressive iron treatment as well as supplementation with nicotinamide riboside to induce 

nicotinamide adenine dinucleotide (NAD) production. These results demonstrate the importance 

of cardiac iron uptake with implications for cardiac failure resulting from iron deficiency.  

Recent models of TFR1 deficiency have discovered more niche roles for this receptor. One 

such example is the disruption of TFR1 in muscle satellite cells leading to impaired skeletal muscle 

regeneration paired with ferroptosis95. Ferroptosis is an iron-dependent form of regulated cell death 

characterized by accumulation of lipid-based reactive oxygen species when glutathione-dependent 

lipid peroxide repair systems are compromised96. Recent evidence also offers a role for TFR1 in 

bone mass maintenance97. Ablation of TFR1 in myeloid osteoclast precursors led to increases in 

trabecular bone mass specifically in female mice while disruption in differentiated osteoclasts 

resulted in increases in trabecular bone volume in both genders with a greater effect in females97. 

This phenotype was attributed to attenuated mitochondrial metabolism and cytoskeletal 

organization97. Interestingly, despite impressive phenotypes observed in the conditional knockouts 

mentioned, ablation of TFR1 on hepatocytes resulted in a mild phenotype98,99. These mice were 

predisposed to developing microcytic anemia from an iron-deficient diet and had slightly lower 

liver iron stores with relatively normal markers of iron homeostasis. Treatment of isolated primary 

hepatocytes from these mice with radioactively labeled holo-transferrin demonstrated that these 

cells could still gather roughly 60% of the iron98. Taken together, these results suggest that, in the 

absence of TFR1, hepatocytes are still able to acquire iron bound to transferrin through another 

mechanism perhaps related to TFR2.   

For many years, it was thought that TFR1 was the only receptor for transferrin. It was not 

until 1999 that TFR2 was described as a receptor with high homology to TFR1. Notably, TFR2 

has two isoforms, a full-length α and short length β form100 and is stabilized when bound to 

transferrin101,102.  While the β form is expressed ubiquitously at low levels, the α form is expressed 

primarily in hepatocytes100 and erythroid precursors103. This full length variant is 45% identical 

and 66% similar to TFR1 in its extracellular domain100. Despite its ability to efficiently incorporate 

transferrin-bound iron into cells, TFR2 has been predominantly described as an iron sensor as it 

exhibits an approximately 25-fold lower binding affinity than TFR1 for its substrate104 and is not 

iron-regulated at a transcriptional level103,105. TFR2’s role can be better appreciated by studying 
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knockout animal models. Whole-body knockout of TFR2 does not lead to an impairment in iron 

uptake but instead results in an iron overload phenotype explained in greater detail in section 

1.10106. Similar to TFR1 conditional osteoclast knockouts, TFR2 ablation can also lead to increases 

in bone mass suggesting that TFR2 normally limits bone formation107. This phenotype was 

attributed to TFR2’s ability to bind bone morphogenetic proteins  (BMPs) to inhibit heterotopic 

ossification107. Deletion of the β form of TFR2 in mice resulted in a transient anemia early in life 

with otherwise normal iron homeostasis and liver iron followed by severe spleen iron accumulation 

with downregulation of the cellular iron exporter ferroportin (gene name: SLC40A1) later in life108. 

A TFR2 conditional knockout of the β form in macrophages was then generated and a similar 

decrease in ferroportin expression despite unaltered body iron homeostasis was observed 

suggesting that this receptor plays a noncanonical role in regulation of these cells109.  

1.4 Cellular iron regulation by iron regulatory proteins 

An important consequence of iron import in cells is the modulation of the IRE/IRP system 

and subsequent cellular posttranscriptional reprogramming. IREs are highly conserved 25-30 

nucleotide motifs through evolution of metazoa with ferritin’s IRE being the most prevalent 

suggesting that it is the ancestral version of this motif110. To reiterate, expression of TFR1 is 

enhanced by iron-deprivation in contrast to ferritin due to the IRE-IRP system29,86,111,112. Where 5’ 

UTR IRE sequences will inhibit translation upon iron depletion and consequent IRP binding, 3’ 

sequences will stabilize mRNA transcripts113. Two distinct IRPs have been extensively described, 

IRP1 (gene name: ACO1) and IRP2 (gene name: IREB2). IRP1 is bifunctional; when  an iron-

sulfur cluster is present in its active site, the enzyme functions as aconitase in the tricarboxylic 

acid cycle114. Loss of the iron-sulfur cluster restores its nucleotide binding activity. IRP1 

deficiency results in pulmonary hypertension, cardiac hypertrophy, fibrosis, and transient 

polycythemia due to relief of HIF-2α suppression91,115,116. Feeding Irp1-deficient animals an iron-

deficient diet results in high mortality through further stabilization of HIF-2α causing abdominal 

hemorrhages115. On the other hand, mice lacking IRP2 present with microcytic anemia, largely 

normal livers and kidneys, tissue iron redistribution, and adult-onset progressive 

neurodegeneration117,118. Surprisingly, disruption of the iron-sulfur cluster assembly machinery 

activated IRP2 which promoted iron loading in a manner that was independent of IRP1119. The 

differences in observed phenotypes between both knockouts suggest a nonredundant role for both 
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IRPs. As expected, knockout of both IRP1 and IRP2 results in embryonic lethality before stage 

E6.5 in mice120.  

IRPs are regulated by ubiquitination which controls their abundance by degradation.  IRP2 

is targeted for degradation by the E3 ubiquitin ligase complex SKP1-CUL1-FBXL5121,122. FBXL5, 

an F-box protein containing a conserved F-box domain in its leucine-rich region123, has an iron 

core causing it to destabilize in the absence of iron121,122. Thus, under iron-replete conditions, IRP2 

is released from IRE motifs and subsequently targeted for proteasomal degradation by the FBXL5-

containing E3 ubiquitin ligase complex. IRP1 may also be targeted for degradation by FBXL5 in 

the presence of iron when it is mutated to prevent iron-sulfur cluster binding124,125. However, under 

physiological iron-replete conditions, IRP1’s iron-sulfur cluster will bind the target area of FBXL5 

protecting it from degradation and allowing it to perform its function as aconitase. Taken together, 

the IRE-IRP system is critical for balancing cellular iron homeostasis.  

Since the discovery of the IREs in ferritin and TFR1, many IRE elements have been 

described in other genes including 5-aminolevulinic acid synthase 2 (gene name: ALAS2), cell 

division cycle 14A (gene name: CDC14A), mitochondrial aconitase, HIF-2α, ferroportin, DMT1, 

myotonic dystrophy protein kinase-like alpha (gene name: CDC42BPA), and CD6354,113,126. This 

outlines the importance of iron for many different cellular processes. Furthermore, of these genes, 

ferroportin’s IRE was described before its function had been elucidated and has been shown to be 

of vital importance for balancing iron flux from both the diet and iron recycling processes127.  

1.5 Dietary iron uptake 

Thus far, the intricacies of cellular iron metabolism have been discussed illustrating the 

careful balance that must be maintained for proper cellular function. The only point of entry for 

iron is through the diet. Crucially, mammals lack excretory mechanisms for iron necessitating 

meticulous regulation. As such, regulatory mechanisms controlling dietary iron uptake have 

developed over the course of evolution. On average, humans will obtain roughly 1-2 mg of iron 

from the diet to replenish loss due to cellular desquamation. Dietary iron is taken up by enterocytes 

through few specialized cell-surface proteins aimed to either transport heme or non-heme iron. 

Non-heme iron uptake, especially the reductive system, has been extensively characterized and is 

summarized in figure 1.1. The process involves uptake in enterocytes by the previously mentioned 

metal transporter DMT1 which is abundant in these and upregulated under low iron conditions128. 
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However, iron in the diet is generally present in the ferric form and must first be reduced by the 

duodenal cytochrome b (gene name: CYBRD1)129,130. Additionally, non-heme iron absorption is 

believed to be aided by ascorbic acid found in gastric juice131. Notably, CYBRD1 may bind 

ascorbic acid which has been shown to play an important role for its ferrireductase function132,133.  

In contrast, heme iron, which is readily bioavailable and highly abundant in meat and fish, 

is taken up at the brush-border membrane of enterocytes possibly by heme carrier protein 1 (HCP1, 

gene name: SLC46A1)134,135. The ability of HCP1 to also transport folate has put it in question as 

the primary importer of heme but no other molecule implicated in heme transport has been shown 

to be relevant for enterocyte heme absorption and this remains an important question in the 

field136,137. Once inside enterocytes, the heme ring containing iron can then be degraded by heme 

oxygenases 1 and 2138 (gene name: HMOX1 and HMOX2) to release iron for storage or use within 

enzymes. It is also possible for heme to be exported directly by either feline leukemia virus 

subgroup C cellular receptor 1 (gene name: FLVCR1) or ATP-binding cassette sub-family G 

member 2 protein (gene name: ABCG2) to the circulation or back to the lumen, respectively, 

although transport by FLVCR1 has not been shown to be relevant in enterocytes139-141. Export of 

labile iron from enterocytes at the basolateral membrane is handled by ferroportin, the sole iron 

exporter described to date127,142,143. Yet, as discussed, ferroportin transcripts are 

posttranscriptionally negatively regulated by the IRE/IRP system under conditions of iron 

depletion. This raises the issue of iron entry into the bloodstream under conditions of iron 

deficiency when it is required most. This question has been resolved in part by the discovery of 

ferroportin isoforms lacking an IRE sequence which are highly expressed in iron-deprived 

enterocytes144. An additional layer of hypoxia-related regulation of IRP1 has also been shown to 

play a role in keeping ferroportin expressed in enterocytes during iron shortage145. Following its 

release into the bloodstream, iron must be oxidized by ferroxidases such as the transmembrane 

hephaestin (gene name: HEPH) or plasma ceruloplasmin (gene name: CP) to allow binding to 

transferrin146-148. Iron absorption has been shown to be more efficient in the upper intestinal tract, 

specifically the duodenum and proximal jejunum, and this is thought to be due to expression 

profiles of iron uptake and export machinery149-151. Experiments from a much simpler time when 

patients could be fed radiolabeled meals revealed that nonheme iron uptake is more regulated than 

heme iron and that the latter is a significant source of iron for body iron stores as reflected by 
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serum ferritin152. Despite our current understanding of iron trafficking in enterocytes, the 

possibility that other uncharacterized receptors exist is still possible.  

Enterocyte-specific animal knockouts are rather rare due to the severe phenotypes resulting 

from disrupted iron homeostasis. One recent study using tamoxifen-inducible enterocyte-specific 

ferroportin knockout mice, which quickly become anemic, demonstrated that no other pathways 

function for iron export even when these mice are fed a 1% ferric citrate diet153. This study 

provided evidence disproving the possibility of paracellular iron absorption caused by citrate 

disrupting tight junctions between enterocytes. Another study has demonstrated that enterocyte-

specific disruption of ferritinophagy results in protection from genetic iron overload suggesting 

that iron stores in enterocytes are critical for regulating circulating iron154. Thus, enterocytes play 

a pivotal role in maintaining homeostatic iron balance. Disturbances at any level in these can cause 

repercussions in our ability to gather iron or prevent it from accumulating beyond safety 

thresholds.  

1.6 Non-transferrin bound iron and iron-related pathologies 

Normal transferrin saturation in humans hovers around 30%155. As the saturation of 

transferrin progressively increases above this level, the buffers capacity to efficiently sequester 

iron begins to wane156. This results in the presence of non-transferrin bound iron (NTBI), a form 

of iron originally described in thalassemia patients for its low molecular weight and ability to be 

easily chelated from the blood157. In reality, NTBI is a misnomer as it also refers to iron that is not 

bound to heme or ferritin in the serum but rather to small molecule carriers or peptides such as 

citrate158,159, acetate159, or albumin156,160. There are, in fact, multiple forms of NTBI described 

depending on whether they require a mild mobilizing agent such as nitrilotriacetic acid for 

chelation or are directly chelatable161. It is also likely that various forms of NTBI are found at 

different concentrations depending on the etiological cause of iron overload and its duration. 

Current debates highlight the possibility of finding low levels of NTBI even under normal 

conditions which could rapidly fluctuate postprandial and possibly play a role in iron sensing.  

Clinically, NTBI has been a product observed in many iron-related pathologies including 

thalassemias157,162, which are diseases of impaired globin synthesis, transfusion-related iron 

overload when treating thalassemias or sickle cell diseases163, and hemochromatoses164-166, a broad 

term referring to diseases of excess iron in the body, as well as other conditions such as diabetes167. 
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Compared to the highly regulated and generally time-consuming process of transferrin-bound iron 

uptake, NTBI is taken up by cells in seconds168. One exception to this rule is hemoglobin producing 

cells such as erythroid cells which display a seemingly astonishing speed for incorporation of 

transferrin-bound iron on the order of a few minutes169. Nevertheless, radioactively labeled iron 

experiments have demonstrated that holo-transferrin can take up to 50 minutes to be cleared from 

the circulation in rodents while NTBI takes approximately 10 seconds168. Though direct evidence 

framing NTBI as the key player of pathology in hemochromatosis and other diseases remains to 

be shown, current theories suggest that uptake of NTBI is the cause for iron accumulation over 

time in tissues, such as the heart and pancreas, due to iron-independent regulation of its 

transporters170,171. A prime example is the resulting cardiomyopathy observed in hemochromatosis 

patients172,173 as well as the elevated risks of joint-related damage in humans and mice174,175. 

Moreover, pancreatic acinar cells appear particularly prone to NTBI uptake as seen in mouse 

models of hemochromatosis which develop pancreatic failure176,177. 

1.7 Non-transferrin bound iron transporters 

It took several decades from the initial discovery of NTBI in 1976 to the identification of 

candidates responsible for its rapid uptake77. Of particular interest was its uptake by the liver 

considering this organ is the principal site of iron storage. Early studies in the 1960s had shown 

that, once the transferrin buffer was saturated, the liver was the primary site of iron uptake 

following further NTBI injection178. The earliest implicated NTBI transporters were L-type 

calcium channels179 (LTCCs) and DMT1180. The latter was of particular interest as it was the first 

characterized mammalian iron transporter181 and had just been implicated in endosomal transport 

of free iron following endocytosis of transferrin72. DMT1 has 12 transmembrane helices with an 

aqueous cavity and a metal-ion binding site formed between residues in α-helices 1 and 6182. 

However, the potential for DMT1 to be a physiologically significant NTBI cell surface transporter 

was quickly dismissed due to its function requiring an acidic environment found only in 

endosomes for maximal efficiency72 until the discovery of the multiple isoforms of DMT1183. 

Despite having found an isoform of DMT1 that localizes to the plasma membrane and can actively 

transport iron at pH 7.5183,184, this isoform was found to contain an IRE in the 3’ region of its mRNA 

sequence suggesting that its expression decreases under conditions of iron overload when NTBI 

would be present in the serum185. This evidence considered with hepatocyte-specific inactivation 
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of DMT1 not preventing liver iron loading have demonstrated that it is dispensable for NTBI 

uptake186. 

Early studies also implicated LTCCs in NTBI uptake. Iron was initially reported to 

interfere with calcium uptake in these pore-forming voltage-gated channels187 followed by studies 

demonstrating a promising role in iron absorption in the heart compared to liver cells179,188. Thus, 

most of the research regarding iron transport of these channels has focused on the heart for its 

involvement in iron-dependent cardiomyopathy. The best evidence supporting NTBI uptake 

activity of these receptors has been through experiments using calcium channel blockers188-190.  In 

these trials, treatment with blockers could significantly reduce cardiac iron absorption by roughly 

30-50%. Transgenic mouse models have also corroborated the role of LTCCs in iron trafficking 

showing that overexpression of LTCCs in mice results in heart iron loading188. Only about a decade 

later were another set of calcium channels, T-type calcium channels (TTCCs), implicated in NTBI 

uptake. These are not usually expressed in the heart but can be found under conditions causing 

hypertrophy191 and thalassemia192,193. Studies have shown that blocking these channels can also 

result in decreased cardiac iron uptake, albeit never fully preventing it. Unfortunately, knockout 

models have been unsuccessful as ablation of LTCCs is lethal in the heart even when induced in 

adult mice194,195. Despite this lethal phenotype, some therapeutic success observed in controlling 

iron load of the heart by blocking these channels in humans196-199.  

 Liver NTBI uptake seems to be primarily controlled by the ZRT/IRT like protein (ZIP) 

family of which 14 members have been described in mammals. The first member to be described 

in this family, iron-regulated transporter 1, was initially described for its importance in iron uptake 

in Arabidopsis200. The members of this highly conserved family of proteins feature eight 

transmembrane domains and, importantly, nine of these have a histidine-rich motifs in their fourth 

and fifth transmembrane domains200. This motif is altered in both ZIP14 (gene name: SLC39A14) 

and ZIP8 (gene name: SLC39A8) in the fifth transmembrane domain where the first histidine 

residue is replaced by a glutamic acid which may affect its ion transport range201. It should be 

noted that early studies in ZIPs found an association with ZIP2 (gene name: SLC39A2) and iron 

homeostasis implicating it as an iron importer202. Later, a screen in transfected HEK293T cells 

assessed the ability of all ZIP family proteins to transport iron and found that, other than ZIP8 and 

ZIP14, only ZIP2 was capable of increasing iron load203. ZIP2 is unique in that it does not seem to 
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require iron to be reduced for uptake203. Yet, whether ZIP2 is of physiologically relevant in iron 

uptake remains in question as recent studies suggest that it plays a minimal role204. Little other 

evidence has been brought forth proposing ZIP2 as a major contributor of NTBI trafficking.  

Great focus has been placed on ZIP14 as the liver NTBI transporter because of its 

prominent transcript expression in this tissue205. Early studies working with ZIP14 showed a clear 

involvement in NTBI uptake as seen by radioactively labelled iron uptake in HEK 293H, Sf9, and 

AML12 cell lines206. This transporter clearly localized to the cell membrane, overexpression led 

to iron accumulation, iron uptake was inhibited by ferrous iron chelators, and siRNA suppression 

resulted in decreased iron loading206. Despite zinc being the preferred substrate for ZIP14, iron is 

efficiently taken up by this transporter under a subset of conditions which include temperature-

dependence, pH-sensitivity, calcium-dependence, and inhibition by cobalt, manganese and zinc as 

demonstrated in the heterologous expression system of Xenopus laevis oocytes207. Given the 

abundance of NTBI during iron overload conditions, this transporter could presumably be 

responsible for rapid iron uptake in the liver. Further evidence for its involvement in NTBI 

trafficking includes its iron-dependent expression in the rat liver185 as well as its overexpression 

in many tissues of infants with neonatal hemochromatosis including the pancreas and heart208. 

Intriguingly, a screen to determine which ZIPs were iron regulated revealed that only ZIP5 is 

upregulated by iron while ZIP6, ZIP7, and ZIP10 are downregulated in the presence of iron loading 

at the mRNA level209. An important corollary of these results is that transcript levels are not 

necessarily indicative of protein expression and involvement in iron metabolism. Neither Zip14, 

ZIP8, nor ZIP2 appeared to be transcriptionally regulated by iron. ZIP14 appears to be controlled 

largely posttranscriptionally as seen by its proteasomal degradation in vitro following iron 

chelation210. 

The function of ZIP14 has been extensively characterized in vivo using knockout mice. 

Interestingly, Slc39a14-/-
 mice were viable, exhibited growth retardation, skeletal abnormalities211, 

and did not show any major perturbations in iron metabolism except for roughly ~35% lower liver 

iron at early ages suggesting that other ZIPs could accommodate for lack of ZIP14 or that NTBI 

was relatively absent under normal conditions212. Work done crossing Slc39a14-/-
 with either the 

Hfe-/- mouse model of relatively mild hemochromatosis or the Hjv-/- mouse model of severe 

hemochromatosis demonstrated a clear redistribution of iron loading212. In both models, livers 
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were spared of iron loading while kidneys accumulated iron instead. In conditions of severe genetic 

iron overload, spleen was also targeted for iron loading while pancreas was relatively spared, 

particularly in the acinar cells, in absence of ZIP14 suggesting a role for this transporter in pancreas 

as well. To further complicate these data, dietary iron loading caused disproportionate iron loading 

in pancreas, heart, kidney, and spleen. It should be noted that dietary iron loading had relatively 

little effect on plasma NTBI suggesting that the observed increase in pancreatic iron could be due 

to transferrin bound iron in the experimental timeframe. Taken together, ZIP14 appears to be the 

main pathway of NTBI uptake in the parenchymal cells of the liver as well as the acinar cells of 

the pancreas and that, in the absence of the liver clearing NTBI from the serum, this iron 

accumulates quickly in other tissues in a ZIP14-independent manner.  

ZIP8 is the other likely candidate for NTBI uptake due to its similarity to ZIP14. ZIP8 

mRNA distribution differs significantly from ZIP14 suggesting that it plays a nonredundant role 

in iron transport213. It is most highly expressed in the lung and placenta whereas, in the liver, its 

expression is roughly ten times less than ZIP14213. Similar to ZIP14, ZIP8 protein levels have been 

shown to increase in vitro whereas its mRNA levels are not significantly altered by iron 

treatment213. Curiously, the subcellular localization of ZIP8 appears to differ from ZIP14 wherein 

the former localizes primarily to the apical membrane214 while the latter to the basolateral 

membrane in hepatocytes185. Currently, little work has been published on ZIP8 knockout animals 

as it has been noted in two separate studies with mice with reduced ZIP8 expression in the placenta, 

yolk sac, and fetus were not viable215,216. It is concluded that ZIP8 may play an important role for 

fetus development and organogenesis. In a recent study focused on manganese metabolism using 

whole-body inducible and hepatocyte-specific ZIP8 knockouts, iron levels in liver, kidney, heart, 

and brain were found to be normal214. Nevertheless, it would be important to study whole-body 

inducible knockouts or conditional ZIP8 knockouts in other organs such as the liver, lung, kidney, 

testis, and pancreas under conditions of iron overload.  

1.8 Systemic control of iron distribution by hepcidin 

Thus far, mechanisms for iron storage, transport, distribution, and uptake have been 

described. Yet, the focus of this thesis is centralized on the final piece and orchestrator of systemic 

iron flow. At the turn of the century, one of the most groundbreaking discoveries in iron 

metabolism was made with the discovery of the liver-derived peptide hormone hepcidin (gene 
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name: HAMP). This peptide was originally isolated from urine in search of liver-derived 

antimicrobials217 and plasma ultrafiltrate in a screen to find novel cysteine-rich antimicrobial 

peptides218. Unprocessed prepro-peptide is 84 amino acids long and undergoes cleavage to remove 

its 24 amino acid-long endoplasmic reticulum targeting sequence forming pro-hepcidin which is 

then cleaved at the C-terminus producing 20, 22, and 25 amino acid length peptides217,219. These 

peptides differ in the length of their amino terminals and the 20 and 25 amino acid isoforms are 

the major species217. Shortly after these reports, a hybridization screen searching for proteins 

upregulated during dietary iron loading found that hepcidin was among these220. This was followed 

by a study in upstream stimulatory factor 2 (USF2) knockout mice, which display a 

hemochromatosis-like phenotype, where these mice had aberrantly low levels of hepcidin221. True 

to the hypothesis that the phenotype observed in the USF2 mice was due to dysregulated hepcidin 

expression, transgenic overexpression of hepcidin led to severe microcytic hypochromic anemia 

resulting in lethality early in life222. Shortly after, the first mutations in the human hepcidin gene 

were described and associated with the severe form of hereditary hemochromatosis that develops 

early in life known as juvenile hemochromatosis223.  

Notably, two highly similar hepcidin genes have been described in mice, Hepc1 and Hepc2, 

where only one is present in humans224. However, transgenic overexpression of the second 

hepcidin gene in mice did not lead to any observable iron-related phenotypes suggesting that it 

does not play a significant role in iron metabolism224. Importantly, work aimed at mimicking the 

effects of hepcidin for therapeutic use demonstrated that only the first 7-9 amino acids of the N-

terminal of this peptide are required to maintain its activity on systemic iron homeostasis225. It 

took four years before the first investigation into its mechanism of action was reported226. It is now 

understood that hepcidin will bind to ferroportin, occlude its channel, and target it for 

internalization by ubiquitination and subsequent lysosomal degradation226-228. Of note, 

ferroportin’s stability at the cell surface is dependent on ceruloplasmin levels as well as lysine 253, 

the target for ubiquitination229. Recent work uncovered ring finger protein 217 (gene name: 

RNF217) as the E3 ubiquitin ligase necessary for ubiquitination of ferroportin230. By inducing the 

degradation of ferroportin, hepcidin controls the flux of systemic iron by controlling the quantity 

of iron distributed to the circulation by iron-recycling macrophages of the reticuloendothelial 

system, hepatocytes storing iron, and enterocytes obtaining iron from the diet231-233.   
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1.9 Inflammatory regulation of hepcidin 

As a result of its central role in iron metabolism, hepcidin must be carefully regulated. 

Hepcidin is primarily controlled at the level of transcription by two major pathways: inflammation 

and iron. Its inflammatory regulation  was shown in early studies demonstrating its upregulation 

by lipopolysaccharide220 (LPS), turpentine234, and bacterial infection in fish235. It has since been 

hypothesized that expression of this peptide and the resulting anemia are intended to withhold iron 

from invading extracellular pathogens. However, the broadness of expression of inflammatory 

cytokines has led to many maladaptive hepcidin responses when inflammation is persistent. For 

example, patients with chronic illnesses such as rheumatoid arthritis, tuberculosis, systemic fungal 

infections, and malignancies eventually develop anemia. This condition was dubbed anemia of 

chronic disease later to be renamed anemia of inflammation236. Hepcidin’s first implication in 

these conditions was in patients with type 1a glycogen storage diseases237. These patients lack 

expression of glucose-6-phosphatase which impairs glucose homeostasis requiring continuous 

glucose supplementation. Despite effective treatment, aging patients eventually develop a number 

of secondary conditions including hepatic inflammation, hepatic adenomas, and anemia237. 

Expression of hepcidin mRNA was greatly elevated in patient’s adenomas where inflammation is 

present237. It was noted that mice with transgenic overexpression of hepcidin resulted in a similar 

phenotype to that of patients with chronic inflammation accumulating iron in tissue macrophages 

with relatively low liver iron238. Eventually, a model of anemia of inflammation in mice was 

developed utilizing heat-killed Brucella abortus. These mice developed anemia within a two-week 

timeframe without serious illness while preventing effects of erythropoiesis-stimulating agents239. 

This study demonstrated that silencing of hepcidin mRNA could effectively control anemia caused 

by Brucella abortus, and this was corroborated using an antihepcidin antibody to neutralize 

hepcidin239. Later findings demonstrated that genetic knockout of the hepcidin gene could 

effectively control the development of anemia of inflammation using this model240,241.  

From observations in patients stemmed studies on the inflammatory regulation of hepcidin. 

An early study established hepcidin as a type 2 acute-phase protein with its induction being closely 

linked to interleukin (IL) -6 in vitro but not IL-1 or tumor necrosis factor α (gene name: TNF)242. 

Although this study discounted the role of IL-1 and TNFα in hepcidin regulation, other work 

demonstrated a possible function of IL-1243,244 as well as IL-22245. The biological implications of 
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IL-1 induction of hepcidin remain in question, however, with a study suggesting that IL-1 may be 

relevant during hypoxia246. As for IL-22, exogenous administration of this cytokine resulted in 

significant upregulation of hepcidin in vivo247. Yet, the physiological relevance of this cytokine 

also remains uncertain as it seems to only play a minor role during LPS-driven inflammation which 

causes endogenous production of IL-6248. Work with IL-6 knockout mice suggests that this 

signaling molecule is required and sufficient for hepcidin induction. Knockout animals failed to 

induce hepcidin in response to turpentine249, were protected from development of anemia of 

inflammation240, and completely lacked hepcidin mRNA expression in response to bacterial 

Streptococcus pneumoniae as well as influenza virus PR8250. Importantly, IL-6 has been shown to 

induce signal transducer and activator of transcription 3 (STAT3) phosphorylation which results 

in binding to the conserved element in the hepcidin promoter necessary for inflammatory 

transcriptional activation of hepcidin251-253. Other inducers of STAT3 such as type I interferons 

have been shown to also induce hepcidin254-256. Thus, the IL-6/STAT3 signaling axis is widely 

regarded as the primary pathway of inflammatory hepcidin induction.  

1.10 Hepcidin’s intricate iron regulatory network 

The more intuitive yet complex form of regulation of this hormone is by iron itself and is 

summarized in figure 1.2. The first studies into the regulation of hepcidin indicated that anemia 

and hypoxia were involved suggesting a role of iron in hepcidin’s regulation234. Yet, elucidating 

the signaling cascade involved in its iron regulation was only made possible by studying mutations 

in patients with hemochromatosis. The first mutations to be described were in homeostatic iron 

regulator (gene name: HFE), a nonclassical major histocompatibility complex (MHC) class I 

molecule257,258. This protein was shown to be highly expressed in the liver suggesting that it could 

play a role in modulating hepcidin’s expression259. Studies in humans revealed a strong association 

between hemochromatosis and a singular point mutation resulting in a substitution mutation 

(C282Y) in HFE257. This mutation disrupts a disulfide bond preventing its association with β2-

microglobulin and thus eliminates its presence at the cell surface. In mice, β2-microglobulin 

disruption causes iron overload suggesting a role of MHC class I molecules in iron regulation260,261. 

Yet, patient studies revealed an incredible frequency of the HFE C282Y mutation in with 

homozygosity anywhere between 83% to 100%262-264. Predictably, knockout of HFE in mice also 

led to a hemochromatosis phenotype265. 
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Characterization of HFE uncovered a possible mechanism for this protein in iron 

metabolism as it complexes with the iron receptor TFR1 both in vitro and at the placental 

membrane266-269. This interaction was favorable at physiological pH and reduced binding affinity 

of TFR1 for holo-transferrin suggesting a role in iron absorption of intestinal epithelial cells268,270. 

Consequently, hypotheses at the time of discovery indicated that this interaction may regulate iron 

uptake. However, this did not account for the disrupted hepcidin expression and the increased 

rather than decreased iron absorption that were later observed. However, it remained unclear by 

which mechanism a nonclassical MHC Class I molecule could act to regulate hepcidin.  

It was not until the characterization of mutations in the gene hemojuvelin (gene name HJV) 

which result in juvenile hemochromatosis271-274 that the signaling pathway could begin to be 

elucidated. HJV is a member of the repulsive guidance molecule (RGM) family of proteins 

originally described for axonal guidance275. At an mRNA level, its expression is predominantly in 

skeletal muscle, heart, and liver271,276. Genetic knockout of HJV in mice led to a much more severe 

iron loading phenotype than HFE knockout similar to observations in humans277. Moreover, 

hepcidin expression is aberrantly low in mice lacking HJV277,278 and in humans with mutations in 

this gene271. HJV shares roughly 50% sequence identity to other RGM family members, RGMA 

and RGMB275,279. Importantly, it contains the major structural features of RGM family proteins 

such as a glycophosphatidylinositol (GPI) anchor, an N-terminal sequence, a proteolytic cleavage 

site, and a partial Willebrand factor type D domain280-282. Work with both RGMA and RGMB had 

demonstrated that these function as BMP co-receptors283,284 providing a basis for investigating a 

possible role of BMPs in hepcidin’s signaling cascade as well as HJV as a BMP co-receptor. BMPs 

represent a large subfamily of the transforming growth factor β (TGF-β) superfamily and, as their 

name implies, were originally described for their pivotal role in osteogenesis285. Briefly, signaling 

begins when BMPs bind and form complexes with two type I and two type II serine/threonine 

kinase receptors286. Activated type II receptors will then phosphorylate type I receptors which 

phosphorylate small mother against decapentaplegic (SMAD) proteins. BMPs signal via 

SMAD1/5/8 whereas TGFβ signals through SMAD2/3. Phosphorylated SMADs will then form 

heteromeric complexes with SMAD4, translocate to the nucleus, and modulate gene transcription. 

At the same time as BMPs were being investigated for their role in hepcidin’s regulation, a 

serendipitous observation of early lethality and severe iron overload in hepatocyte-specific 

SMAD4 mouse knockouts was made287. It was then demonstrated that HJV functions as a BMP 
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co-receptor that controls levels of phosphorylated SMAD1/5/8 opening the gate of understanding 

for hepcidin’s iron regulation288. Functional genomic screens in search of iron regulated transcripts 

involved in the BMP/SMAD pathway revealed that BMP6 was the primary iron-regulated BMP 

present in the liver289. Assuredly, BMP6 mutant mice developed severe iron overload to a degree 

similar to HJV knockout animals290,291, while knockout of the BMP receptors had differential 

results leading to variable levels of iron overload depending on which and the number of receptors 

disrupted292,293. 

The source of BMPs as well as the number of BMPs involved in iron homeostasis remained 

in question for some time. Considering endothelial cells were producers of BMPs in other systems, 

these were a natural candidate for investigation. Investigations into liver cell type populations 

revealed that liver sinusoidal endothelial cells expressed the most BMP6 mRNA and that only 

knockout in these resulted in hemochromatosis294,295. Additionally, gene expression profiling 

studies demonstrated that BMP2 was produced specifically in the liver’s endothelial cells296,297. 

Studies in BMP6 knockout animals suggested that there could be another BMP capable of inducing 

hepcidin expression in its absence298. Taken together, these findings led to generation of liver 

sinusoidal endothelial-specific knockout of BMP2 resulting in a clear iron overload phenotype 

similar to BMP6 knockout animals299,300. This finding was corroborated with an association 

between BMP2 polymorphisms and penetrance of the iron overload phenotype in homozygous 

C282Y HFE in hemochromatosis patients301,302. Thus, mutations in BMP2 may predispose patients 

with other compounding mutations to developing iron overload. Critically, recent studies in double 

BMP2/6 knockout animals have shown that iron overload is not aggravated in these suggesting 

that BMP2/6 can work collaboratively likely as heterodimers303. Much focus has been placed on 

understanding the triggers of BMP production. One possible candidate that has been recently 

proposed is nuclear factor erythroid 2–related factor 2 (gene name: NFE2L2), a transcription factor 

regulating antioxidant response elements (AREs), since AREs have been found intron 1 of 

BMP6304. BMPs in other tissues such as osteoblasts and esophageal basal cells have been 

associated with activation of NFE2L2 suggesting that these could be linked in other tissues as 

well305-307. Yet, in these models, BMP2 has been proposed as an activator of NFE2L2 whereas the 

inverse is presented in the context of iron homeostasis.  
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The discovery of BMP6 as a primary iron-regulated BMP critical for the hepcidin signaling 

cascade also helped elucidate HFE’s function, although current understanding remains wanting. 

HFE-deficient animals have reduced levels of phosphorylated SMAD1/5/8 despite having elevated 

BMP6 mRNA transcripts suggesting that HFE plays a key role in regulating this pathway308-310. 

These results were corroborated in humans with HFE-associated hemochromatosis311,312. However, 

HFE has been described as an auxiliary molecule in the BMP signaling cascade as its deficiency 

can be overcome by supraphysiological doses of exogenous BMP6 and the iron overload 

phenotype associated with its disruption is relatively mild313. HFE was shown to interact with the 

BMP receptor, BMPR1A, inhibiting its degradation and increasing its cell surface expression314. 

Thus, possible interactions between HFE and other iron proteins has been the subject of much 

research. One hypothesis suggests that TFR1 sequestering HFE on the surface of hepatocytes 

would limit HFE’s ability to signal to hepcidin. Following an iron bolus, TFR1 would bind holo-

transferrin displacing HFE, allowing its signaling function to occur. During iron deficiency, TFR1 

would be highly expressed at the cell surface functionally sequestering HFE and preventing 

hepcidin induction. Work by our group with hepatocyte-specific ablation of TFR1 in mice has 

supported this hypothesis since mutant mice had severely increased hepcidin relative to liver iron 

content suggesting that these mice do not properly sense iron levels315. Importantly, following a 

12-week course of iron-deficient diet, knockout mice expressed noticeable hepcidin mRNA 

whereas littermate controls did not, demonstrating consistency with the TFR1/HFE interaction 

regulating hepcidin expression. TFR1 would function as a mechanism to finetune hepcidin 

expression with the help of HFE. Our results were corroborated in a separate study using 

hepatocytic TFR1 knockout mice crossed with HFE knockout mice or β-thalassemia mice99. 

Ablation of TFR1 did not affect the iron phenotype of HFE knockout mice but was able to 

ameliorate hepcidin deficiency and liver iron loading in a model of β-thalassemia intermedia 

demonstrating relevance of the interaction between TFR1 and HFE.  

Considering TFR2 had lower binding affinity for holo-transferrin and its disruption led to 

hemochromatosis phenotypes, it was an early candidate for investigation in hepcidin’s regulatory 

cascade. Indeed, disruption of TFR2 led to decreased phosphorylated SMAD1/5/8 signaling 

resulting in decreased hepcidin induction309,310. In vitro studies demonstrated that TFR2 could bind 

to HFE by co-immunoprecipitation316,317 and the binding domain of HFE was then shown to be 

important for hepcidin’s response to holo-transferrin in hepatic cells lines and primary 
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hepatocytes318. Later co-immunoprecipitation studies also demonstrated that these molecules 

interact with HJV in hepatic cell lines319. However, the relevance of these interactions at the cell 

surface in vivo remains to be demonstrated. Overexpression of HFE in TFR2 knockout mice 

resulted in increased hepcidin mRNA expression320 suggesting that HFE is sufficient for hepcidin 

induction. Importantly, a patient study of two siblings with juvenile hemochromatosis symptoms 

revealed that simultaneous disruption of both HFE and TFR2 would compound the iron overload 

phenotype321. This was later corroborated in a mouse model where knockout of both HFE and 

TFR2 resulted in further severe iron loading309.   

Hepcidin must also be regulated under conditions of erythropoietic demand such as blood 

loss to account for the rapid loss of iron and the immense need of this element in production of 

healthy red blood cells. Although it was long known that iron regulation and erythropoiesis were 

interconnected, the exact mediator remained elusive until the discovery of erythroferrone (gene 

name: ERFE)322. This erythroblast-produced hormone was shown to be inversely correlated to 

hepcidin in response to phlebotomy and the erythropoiesis-stimulating agent erythropoietin322. 

Importantly, this hormone was overexpressed in mouse models of β-thalassemia, a 

hemoglobinopathy characterized by reduction in β-globin chain synthesis, suggesting a key role in 

iron homeostasis323. Ablation of ERFE in this model restored hepcidin levels, modestly reduced 

iron loading, but failed to rescue anemia. The mechanism of action of ERFE in regulation hepcidin 

was initially thought to be related to its transforming growth factor (TGF) -β family properties 

possibly by binding to membrane-bound receptors but was later shown to be due to its ability to 

sequester BMPs324,325. Functional studies demonstrated that ERFE could partially inhibit BMP2 

but primarily acted as a ligand trap by binding to BMP6 and BMP2/6 heterodimers resulting in the 

observed decrease in hepcidin expression during erythropoietic demand325.  

While most of the membrane-bound proteins described have been positive regulators of 

hepcidin expression, transmembrane serine protease 6 (gene name: TMPRSS6) negatively 

regulates hepcidin by proteolytically cleaving HJV from the cell surface326-329. TMPRSS6 is 

predominantly produced in hepatocytes and stabilized under conditions of iron deficiency with no 

regulation at the mRNA level330,331. Inactivation of this protein results in inappropriately elevated 

hepcidin and subsequent iron-refractory iron-deficiency anemia (IRIDA), a hypochromic 

microcytic anemia that typically does not improve with oral iron treatment but can be rescued by 
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parenteral iron329. In line with this protein’s function, overexpression of TMPRSS6 led to a strong 

inhibitory effect on hepcidin transcription328. Work with different mouse knockout models has 

brought important conclusions about its function. For example, dual BMP6 and TMPRSS6 

knockout phenocopy single BMP6 knockout suggesting that TMPRSS6 functions in the 

BMP6/HJV pathway332. However, inactivation of HFE or TFR2 and TMPRSS6 did not result in 

improvement of anemia seen in single TMPRSS6 mutant mice suggesting that these function in 

separately from each other333. Importantly, inactivation of both HJV and TMPRSS6 results in iron 

overload similar to single HJV knockouts334. Yet, overexpression of TMPRSS6 in dual 

HJV/TMPRSS6 knockouts was still able to suppress hepcidin suggesting a role of TMPRSS6 

independent of HJV335. This overexpression model was also used to show that TMPRSS6 could 

cleave other members of the hepcidin signaling machinery such as BMP receptors, HFE, and 

TFR2, but little other evidence has been proposed demonstrating physiological function335. To 

determine if TMPRSS6’s function was solely based on its proteolytic activity, mutant mice with 

nonproteolytic enzyme were generated and still managed to suppress hepcidin expression336. This 

was in line with some observed IRIDA-causing mutations in humans which could still traffic to 

the cell surface and cleave HJV337,338. These findings suggest that both its proteolytic activity as 

well as some other undescribed functions of this protein are important for iron regulation.  

Finally, neogenin (gene name: NEO1) has also been shown to be essential for regulation 

of hepcidin. Disruption of this protein in mice resulted in iron overload, low levels of hepcidin, 

and reduced BMP signaling339. This study revealed that NEO1 inhibits the shedding of HJV, 

although evidence contradicting this function has been proposed340. NEO1’s co-expression with 

BMP receptors and HJV suggests that it works in conjunction with these. NEO1’s crystal structure 

showing that it can bind both HJV and BMP2 simultaneously along with the clustering of this 

complex observed using live-cell super-resolution fluorescence microscopy suggests that it 

functions as a scaffold for HJV and by doing so prevents its cleavage from the cell membrane341. 

Mutant mice without the binding site for NEO1 on HJV revealed the importance of this interaction 

for hepcidin signaling340,342. Interference in the binding activity led to significantly reduced ability 

to induce BMP signaling and hepcidin expression. However, residual signaling also implies that 

HJV can at least partially function without NEO1. Similarly, expression of a NEO1 mutant that 

could not bind HJV corroborated these results340. As such, the various functions of NEO1 remain 

to be concretely delineated.  
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There remain a few key unanswered questions in liver iron sensing with important recent 

developments. Namely, what is the trigger for endothelial production of BMPs? Early studies 

determined that BMP6 expression correlated with liver iron and less so with transferrin 

saturation343. Molecularly, there are only a few known candidates that could be responsible for 

iron sensing in endothelial cells assuming iron acquisition and storage are triggers. One of these is 

TFR1 and is the subject of the second chapter of this thesis. Since TFR1 is considered the cellular 

iron gate and based on its function as part of the hepcidin cascade in hepatocytes as previously 

described315, it was rationalized that this receptor could potentially play a role in iron sensing for 

endothelial cells. As such, endothelial-specific TFR1 knockout mice have been generated to 

address this question. 

1.11 Crosstalk between hepcidin’s regulatory pathways 

Crosstalk between hepcidin’s BMP-driven iron regulated pathway and IL-6-driven 

inflammatory pathway has been an interesting subject of investigation. The inflammation-induced 

TGF-β signaling molecule inhibin subunit beta B (gene name: INHBB) has been proposed as a 

possible link between inflammation and BMP signaling for its strong induction by LPS in mice344. 

Although in vitro studies demonstrated that INHBB could activate SMAD1/5/8 signaling 

triggering hepcidin gene activation345,346, in vivo work with INHBB knockout mice demonstrated 

that these retained their ability to induce physiological levels of hepcidin in response to LPS thus 

putting in question the relevance of this molecule for connecting iron and inflammation344. Another 

prospect for this crosstalk lies in the proximity of both SMAD and STAT enhancer elements in 

hepcidin’s promoter. This has raised the possibility that these interact with each other. Supporting 

this, mutations in the proximal BMP response element of the hepcidin promoter have been shown 

to weaken its induction by IL-6 in luciferase reporter assays347. Other evidence proposed 

demonstrating a crosstalk was shown in mice deficient in the type I BMP receptor, BMPR1A, 

which fail to induce hepcidin in response to IL-6348.  Moreover, observations in hepatocytic 

SMAD4 knockout mice suggested that SMAD signaling was required for IL-6-driven 

inflammatory induction of hepcidin287. These results provided a strong case for a communication 

between these two pathways.  

However, a plethora of studies have shown that LPS could still induce hepcidin in mouse 

models with impaired BMP/SMAD signaling pathways albeit to varying extents. Disruption of 
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SMAD1/5/8 resulted in severely decreased baseline levels of hepcidin that could still increase 

almost 5-fold by LPS stimulation349. Studies in HJV and BMP6 knockout animals noted that these 

animals could still induce hepcidin in response to LPS although final hepcidin levels remained 

lower than wild-type controls278,350. Interestingly, work with BMP2 knockout animals 

demonstrated that BMP2 expression was reduced by LPS while maintaining physiological levels 

of hepcidin induction by the endotoxin suggesting a partially redundant role in inflammation for 

this signaling molecule351. Recent work by our group has aimed to better characterize the crosstalk 

between BMP6/HJV/SMAD and IL-6/JAK/STAT signaling. Hemojuvelin knockout mice were 

utilized to study the depth of inflammatory hypoferremia that could be achieved when 

BMP/HJVSMAD signaling is abrogated352. Despite a relative increase in hepcidin in response to 

LPS as previously reported278, residual hepcidin expression was insufficient to induce a 

hypoferremic response, described here as a reduction in serum iron below wild-type mice on 

standard diet. Similar results were observed in knockout mice infected with live Escherichia coli 

SP15 or treated with the toll-like receptor 2/6 agonist FSL1. Work with cultured primary murine 

hepatocytes revealed that large enough doses of BMPs could overcome the lack of hemojuvelin at 

the cell surface and that IL-6 functions in a synergistic manner with BMP signaling352. Notably, 

placing wild-type animals on iron-deficient diet to physiologically diminish BMP/SMAD 

signaling demonstrated that LPS-driven inflammation could only minimally induce hepcidin under 

these conditions and could not further reduce serum iron. Taken together, these results suggest that 

inflammatory hepcidin signaling is synergistic with the iron-controlled BMP/SMAD pathway 

relying on it for proper basal hepcidin maintenance.  

Curiously, in vitro work with Huh7 human hepatoma cells and primary mouse hepatocytes 

revealed that inorganic iron treatment had an opposite effect of that observed in vivo353. To 

recapitulate the effects of iron deficiency on hepcidin and SMAD signaling observed in vivo, cells 

were treated with desferrioxamine, an iron chelator. Unexpectedly, this only had a modest effect 

on hepcidin induction by BMPs and IL-6 suggesting that signaling does not strongly depend on 

hepatocellular iron levels. This contrasted with cells treated with ferric ammonium citrate, a potent 

source of inorganic iron, which then failed to induce hepcidin and SMAD phosphorylation in 

response to BMPs and IL-6. Markers of oxidative stress were elevated in iron-treated cells hinting 

that this may be responsible for the observed lack of response in accordance with previous 

reports354,355. The follow-up study to these observations sought to dissect the effect of iron-loading 
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and dysfunctional BMP/HJV/SMAD signaling in vivo by modulating dietary iron intake in both 

wild-type and knockout mice to ultimately deduce why iron loaded animals do not produce a 

successful hypoferremic response and is the subject of the third chapter of this thesis.  

1.12 Leishmaniasis etiology and life cycle 

 Iron is of particular importance in immunity as almost every organism requires it as a 

cofactor for enzymes. As such, there is a constant competition between host and pathogen for its 

acquisition. Leishmania spp. are the causative agent of leishmaniasis356. These protozoan parasites 

of the Trypanosomatidae family are endemic in nearly 100 countries with roughly 0.7-1 million 

new cases reported each year. Recent estimates suggest that 12 million people are infected with 

this parasite and that 1 billion people are at risk with these numbers growing due to climate change 

and forced displacement due to conflict. Sandflies of the genus Phlebotomus were the first insects 

to be implicated in transmission of Leishmania in the 30s and 40s357,358. While Phlebotomus 

sandflies dominate the western hemisphere, the eastern hemisphere is plagued by sandflies of the 

Lutzomyia genus which are capable of transmitting leishmaniasis in their own right359. At least 20 

species of Leishmania can cause disease in humans ranging from mild cutaneous, disfiguring 

mucocutaneous, or visceral disease360.  Cutaneous lesions are self-limiting and generally 

self-healing but can, in rare cases, progress to severe disseminated cutaneous leishmaniasis, while 

mucocutaneous and visceral disease require treatment for parasite clearance. Visceral 

leishmaniasis is lethal in 95% of cases, if untreated, infecting bone marrow, spleen, and liver. 

Disease etiology is linked to the infecting parasite species with some species causing multiple 

forms of disease. For example, cutaneous disease may be caused by L. major, L. mexicana, L. 

amazonensis, while L. donovani and L. infantum may cause visceral disease to name a few.  

 Treatment of leishmaniasis has improved greatly over the past decades but remains 

complicated for many. For over 70 years, antimonial drugs have been the first line of treatment for 

this disease. However, these require long treatment courses and come with many debilitating side 

effects, while resistance to antimonials is on the rise. The rise of new treatments including 

liposomal amphotericin B, Miltefosine, and Paromomycin have provided alternatives to patients 

failing antimonial treatment361-363. Similarly, these treatments may also require long treatment 

courses, come with significant side effects, and are prone to resistance364. Unfortunately, there are 

still no vaccines for leishmaniasis365.   
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 Leishmania’s life cycle is depicted in figure 1.3. Briefly, the cycle begins with the bite of 

an infected female sandfly. When the sandfly takes a blood meal, flagellated metacyclic 

promastigotes are regurgitated into the bloodstream366. These are engulfed by macrophages, 

Leishmania’s primary host cell, or neutrophils. Neutrophils are eventually phagocytosed by 

macrophages providing a secondary form of entry for parasites into macrophages known as the 

trojan horse mechanism367-369. Parasites are contained in membrane-bound parasitophorous 

vacuoles (PVs) within macrophages where they differentiate from promastigotes to non-motile 

amastigotes. The differentiation process begins in the hours following uptake and takes at least 5 

days370,371. Eventually, amastigotes are released from their host cell and may infect other 

macrophages. The cycle completes when infected macrophages are ingested by sandflies. Parasites 

will then revert to the promastigote stage within the sandfly midgut until reinfection.  

1.13 Leishmania’s niche in the macrophage 

 The PV is a unique site as it is permissive to Leishmania growth despite host efforts to 

eradicate it. Interestingly, morphology of PVs may vary depending on the species of 

Leishmania372. L. major and L. infantum segregate into individual PVs unlike L. amazonensis 

which form large communal PVs373,374. Macrophages infected with multiple species of parasite 

may also fuse their PVs even if this may lead to failure of differentiation for species that prefer to 

be isolated375. PVs are hybrid compartments containing elements from the endoplasmic reticulum 

as well as the endocytic compartments376. The toxin, ricin, that uses a retrograde pathway to enter 

the cytosol by passing through the endoplasmic reticulum was shown to enter PVs in infected 

cells376. This observation adds and additional layer of complexity to understanding Leishmania’s 

intracellular niche.  

PVs must acquire iron from the environment to satisfy Leishmania’s requirement for 

growth. The three main forms of iron present in PVs include transferrin-bound iron, hemoglobin, 

and heme. Leishmania possesses no known siderophore-like molecules for scavenging iron from 

transferrin377. Yet, parasites may obtain iron from transferrin or other chelates as was shown in 

radioactivity studies using Fe59-bound transferrin but prefer iron that is reduced rather than 

oxidized377,378. Since iron present on transferrin is oxidized, the parasite relies on its recently 

described ferrireductase Leishmania ferric reductase 1 (gene name: LFR1) for acquisition once 

iron is freed from transferrin379. Although holo-transferrin has been detected within PVs using 
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electron microscopy380, a separate study demonstrated that TFR1 is scarcely detected on PV 

membranes372. Current understanding suggests that continuous fusion of endolysosomes 

containing holo-transferrin-bound TFR1, heme, or hemoglobin may be an important source of iron 

for the parasite, but more work is required to fully uncover the significance of this pathway. 

Supporting this hypothesis, infection with L. donovani was shown to deplete the labile iron pool 

within hours of infection in a macrophage cell line leading to induction of TFR1 expression381. 

The exact mechanism remains to be elucidated, but the rapid depletion of the labile iron pool 

suggests a process for transport of free iron to the PV that may be relevant early during infection 

as opposed to acquisition of transferrin-bound iron as infection progresses. The only characterized 

iron transporter on PVs is natural resistance-associated macrophage protein 1 (NRAMP1, gene 

name: SLC11A1)382,383. The multitude of experiments associating NRAMP1 with resistance to 

intracellular infection and modulation of cytosolic iron have revealed that this transporter likely 

exports iron from the PV384-388. Thus, parasite iron transporters must compete with NRAMP1. 

Notably, recent work suggests that NRAMP1 may be targeted by hepcidin for degradation and that 

parasite may use this to their advantage to retain iron within PVs389.  

Heme from hemoglobin or hemoglobin itself may be another source of iron for parasites 

within PVs. Macrophages may scavenge heme and hemoglobin from the circulation using CD91 

and CD163, respectively390,391. Once internalized, these cells use heme-responsive gene 1 (HRG1; 

gene name SLC48A1) during erythrophagocytosis to transport heme from digested hemoglobin in 

the phagolysosome to the cytosol392. As such, parasite heme acquisition machinery must also 

contend with this transporter in PVs. Parasites may alter host macrophage function to increase 

erythrophagocytosis as seen in experimental models of visceral leishmaniasis in mice infected with 

L. donovani393. This is accompanied with an increase in HMOX1 expression to help control 

production of ROS which are harmful to parasite replication394,395. Heme is of particular importance 

for Leishmania as, like many members of the trypanosomatid family, these lack the biosynthetic 

pathways required to produce their own despite relying on oxidative phosphorylation for energy 

production396. 

1.14 Leishmania’s surface iron molecules 

 Current evidence has demonstrated two independent pathways for Leishmania’s heme 

acquisition. The first involves clathrin-dependent endocytosis for hemoglobin using the 
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hemoglobin receptor on the parasite’s flagellar pocket397,398. This receptor is regulated by Rab5 and 

Rab7399-401. Once internalized, hemoglobin would be rapidly degraded in lysosomes where heme 

can then be exported to the cytosol by the heme transporter Leishmania heme response 1 (gene 

name: LHR1)402. The second pathway involves direct transport via the plasma membrane using 

LHR1 or the leishmanial orthologue of FLVCR2, LmFLVCRb403,404. Thus, LHR1 plays a key role 

in heme uptake through its presence at both the cell surface and in endolysosomes. Recent work 

studying the uptake of a heme analogue, Zinc(II) Mesoporphyrin IX demonstrated that uptake of 

this molecule does not depend on a proton gradient but rather on the monovalent cations Na+ and 

K+ 405. Moreover, uptake efficiency of ZnMP appears to vary between species of Leishmania and 

does not correlate with gene expression of the heme transporters LHR1 and  LmFLVCRB405. Once 

Leshmania has obtained heme, however, it is unclear how and if iron is extracted for cellular use.  

 Leishmania may also obtain free iron to incorporate into enzymes and possesses 

specialized transporters to achieve this goal (Figure 1.4). Once ZIPs were demonstrated to 

transport iron in mammals, genome studies in Leishmania major revealed a ZIP homologue known 

as Leishmania iron transporter 1 (gene name: LIT1) expressed in amastigotes406. Knockout of this 

transporter resulted in severely impaired parasite replication and inability to induce productive 

infections in mice revealing a critical role for direct import of iron407. LIT1 works closely with 

LFR1 since iron must be reduced to pass through this transporter. Likewise, deletion of LFR1 

results in impaired parasite infectivity due to inability to properly differentiate to the amastigote 

form379. Overexpression of LFR1 in these studies demonstrated that the subsequent increase in 

ferrous iron reduced parasite viability, possibly by production of ROS, which could be rescued by 

disruption of LIT1379. Importantly, both molecules are regulated transcriptionally by iron showing 

marked upregulation when deprived of this element. Since Leishmania spp. have no known iron 

storage molecule, they must carefully control their intracellular iron levels using the major 

facilitator superfamily protein Leishmania iron regulator 1 (gene name: LIR1) to prevent iron 

toxicity. This transporter has been characterized as a cell surface iron exporter which maintains 

iron homeostasis within the parasite as null mutants have greatly increased intracellular iron408,409.  

Subverting host molecules is an important strategy for parasite survival. Leishmania must 

manipulate the host’s iron content as was seen with depletion of the labile iron pool381. 

Additionally, this parasite will also modulate expression of the cellular iron exporter ferroportin 
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and of IRPs410. Radioactive labeling of proteins revealed that L. donovani can inhibit translation 

of ferroportin increasing intracellular iron content favoring parasite growth. Decreased translation 

resulted from IRP activation which then bound ferroportin’s IRE in the 5’ UTR.  

1.15 Immune responses to Leishmania 

 Parasite clearance depends on the immune response triggered by the host. Th1 cells have 

been associated with intracellular parasite killing and protection through the production of IL-2 

and interferon gamma (IFNγ, gene name IFNG), of which the latter may cause upregulation of 

inducible nitric oxide synthase (iNOS, gene name NOS2) to produce nitric oxide. Th2 responses 

typically result in susceptibility by generating anti-inflammatory cytokines such as IL-4, -5, and -

10. Notably, different mouse strains have been demonstrated to mount separate responses to 

infection with L. major resulting in either parasite clearance or chronic infection411,412. Thus, 

C57BL/6 mice will eventually clear parasite by mounting an effective Th1 response, while 

BALB/c mice will produce a Th2 response resulting in susceptibility. It should be noted that while 

this trend holds true for L. major infection, it does not reflect observations by other species and 

even strains of Leishmania413,414. Moreover, cytokines and their effects on leishmaniasis have been 

extensively studied. However, many cytokines have been associated with both protection and 

susceptibility depending on context. This is the case for IL-6 which in adoptive IL-6-deficient 

dendritic cell transfer experiments was shown to be crucial for resistance415, while in vitro 

experiments using IL-6 pretreatment demonstrated that this could lead to downmodulation of 

macrophage activity by inhibiting oxygen-dependent mechanisms as well as others416. Similarly, 

IFNγ is largely thought to be a key cytokine involved in protection against leishmaniasis for its 

ability to trigger nitric oxide production in macrophages417. Yet, its expression was found to be 

elevated in the later phases of cutaneous and mucosal leishmaniasis suggesting that it may be 

insufficient for control of parasite once it is established418. Thus, consideration for parasite species 

and experimental timeframes must be made before associating cytokines with disease outcomes.  

1.16 Competition between host and Leishmania for iron 

 The role of iron on parasite growth has been investigated in vivo using chelators, dietary 

iron supplementation, and modification of host genetics. One strategy used in patients suffering 

from hemochromatosis has been to treat them with chelators of iron such as desferrioxamine 

(DFO)419. Unfortunately, this chelator has a relatively short half-life in the circulation requiring 
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several treatments over the course of multiple days and suffers from side effects such as 

hypotension hindering its feasibility in chronic conditions419-421. However, it has successfully been 

used in cell culture and animals to model the effects of iron chelation. Treatment of macrophages 

with DFO prior and during infection with L. donovani or L. major demonstrated no significant 

reduction in parasite growth422,423. This was in contrast with several in vitro studies showing a 

suppression of Leishmania growth by DFO treatment depending on dose380,381,423,424. In mice treated 

with DFO, cutaneous lesions caused by L. major were only slightly delayed425, while liver and 

spleen disease burden from L. chagasi infection appeared to be significantly reduced426. Moreover, 

restricting dietary iron intake in mice appeared to have no effect on L. infantum-induced visceral 

disease427. Taken together, these rather conflicting results suggest that cellular iron restriction may 

function to restrict parasite growth when the chelator is present in large enough concentration 

which may be harder to achieve continuously in vivo. It should be noted that timing of treatment 

may also play an important role. 

On the other hand, iron loading therapies have proven to be more useful at controlling 

parasite growth through the production of ROS. The original study demonstrating an effect of iron 

used a series of 10 iron dextran injections where mice were inoculated in hind footpads 5 days 

after the first injection425. Iron dextran is known to be targeted to macrophages and deliver large 

amounts of iron to these cells428. A dose of 8 mg of iron per day was enough to completely prevent 

growth of L. major in mice footpads. Analysis at 14 weeks demonstrated that IFNG and NOS2 

were both upregulated in iron-treated mice425. IFNγ has been shown to play a critical role in host 

immunity as disruption of NF-κB results in susceptibility to cutaneous leishmaniasis due to 

impaired IFNγ-producing CD4+ T cell proliferation429. Subsequently, a study demonstrated that 

parasite growth in the ear dermis could be restored by antioxidant treatments and that neutrophils 

and IL-12+ leukocytes were necessary for protection430. Based on evidence that NF-κB could be 

regulated by iron431, this group also suggested a role for iron-induced NF-κB activation, T cell 

proliferation, and generation of IFNγ-producing T cells in immunity against leishmaniasis432. Iron 

dextran injections were also used to demonstrate protection against visceral leishmaniasis caused 

by L. infantum427. Despite seeing a clear difference in both liver and spleen parasite burden, it was 

not clear which cytokines may be involved to cause this observation but disruption of NOS2 and 

neutrophil cytosolic factor 1 (gene name: NCF1), both involved in production of ROS, rescued the 
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ability for the parasite to grow in the presence of iron. Importantly, HFE knockout mice, which 

model hereditary hemochromatosis, did not show any parasite restriction during infection.  

  The focus of the fourth chapter of this thesis is to dissect whether the rapid iron clearance 

phenotype observed in macrophages of juvenile hemochromatosis mouse models disrupts parasite 

growth. This will further our understanding of iron’s role in parasite growth and will provide 

insight for iron supplementation therapies in areas endemic with leishmaniasis.  

1.17 Rationale and research objectives 

Herein, we have attempted to fill the knowledge gaps concerning mammalian iron sensing 

and further our understanding of the necessary conditions to produce inflammatory hypoferremia. 

Moreover, iron plays many paramount roles in determining the success of pathogenic infections 

such as in leishmaniasis. Therefore, this thesis has aimed to: 

1. Examine the mechanisms by which our bodies sense iron using endothelial-specific 

TFR1 knockouts, 

2. Dissect the underlying iron-related mechanism preventing inflammatory hypoferremia 

under conditions of iron overload, and 

3. Study the development of Leishmania spp. in a mouse model of juvenile 

hemochromatosis.  

Addressing these aims will help further our understanding of systemic iron homeostasis 

and of iron in immunity. Of particular importance, there is a necessity for novel therapies targeting 

iron overload and for a deeper understanding of how iron networks can be modulated to control 

leishmaniasis. 
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1.19 Figures 

 

Figure 1.1: Dietary elemental iron uptake. 

Ferric (Fe3+) iron in the gut is reduced by duodenal cytochrome b (DCytB; CYBRD1), and then imported by 

enterocytes using divalent metal transporter 1 (DMT1). Iron can be stored in ferritin (Ft) or exported by ferroportin 

(FPN) directly to the bloodstream. Additionally, enterocyte iron content dictates IRP activity regulating expression of 

hypoxia inducible factor 2α (HIF2α), ferritin, ferroportin, and transferrin receptor 1 (TFR1). Once iron enters the 

bloodstream, it is oxidized by hephaestin (HEPH) or ceruloplasmin (CP) and binds transferrin in a diferric manner for 

transport. Non-transferrin bound iron (NTBI) is present under conditions of elevated transferrin saturation.  

Reproduced from: Mleczko‐Sanecka K, Silvestri L. Cell‐type‐specific insights into iron regulatory processes. Am J 

Hematol. 2021;96(1):110-127 with permission from John Wiley and Sons, ©Copyright John Wiley and Sons, 2022  

License number: 5444800166052.  
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Figure 1.2:  Hepcidin’s iron regulatory network. 

(A) Under conditions of elevated iron in the circulation, transferrin is saturated and non-transferrin bound iron is 

present. These will enter endothelial cells causing oxidative stress and promoting NFE2L2 (NRF2) activation and 

subsequent BMP6 transcription. BMP2 and BMP6 bind tightly to their cognate receptors BMPRI/II as heterodimers 

in the presence of the co-receptor HJV. Together with the scaffolding protein NEO1, these work to phosphorylate 

SMAD1/5/8 which will then bind SMAD4, translocate to the nucleus, and induce HAMP transcription. TFR2 may 

bind to HFE and be stabilized by holo-transferrin to help amplify SMAD phosphorylation. (B) Under conditions of 

iron deficiency, BMP production is halted, HJV is cleaved from the cell surface by TMPRSS6, and HAMP expression 

is absent. TFR1 is highly expressed at the cell surface and will compete with TFR2 for HFE.  

Reproduced from: Fisher AL, Babitt JL. Coordination of iron homeostasis by bone morphogenetic proteins: Current 

understanding and unanswered questions. Dev Dyn. 2022;251(1):26-46 with permission from John Wiley and Sons, 

©Copyright John Wiley and Sons, 2022.  License number: 5443760011537.
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Figure 1.3: Leishmania’s life cycle.  

The Leishmania life cycle begins in the female sand fly midgut where motile promastigotes proliferate. Upon taking 

a bloodmeal, parasites gain access to the mammalian host’s circulation where parasites will be phagocytosed by 

primarily recruited neutrophils and macrophages, as well as fibroblasts and monocyte-derived dendritic cells. 

Macrophages are the target cell where parasite can differentiate into immotile amastigotes in parasitophorous 

vacuoles (phagolysosomes containing parasite). Amastigotes will replicate within macrophages and eventually cause 

these to burst releasing parasite into the bloodstream where these can reinfect new macrophages. To complete the 

cycle, sand flies ingest infected macrophages upon taking a bloodmeal where amastigotes will differentiate back to 

promastigotes upon release.  

 

Reproduced from: Laranjeira-Silva MF, Hamza I, Pérez-Victoria JM. Iron and Heme Metabolism at the 

Leishmania–Host Interface. Trends Parasitol. 2020;36(3):279-289 with permission from Elsevier. ©Copyright 

Elsevier, 2022. License number: 5444820459718. 
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Figure 1.4: Macrophage and Leishmania iron transport.  

Macrophages will obtain iron from hemoglobin, heme, or transferrin through CD163, CD91, or transferrin receptor 1 

(TfR), respectively. Macrophages may export heme from endosomes using heme-responsive gene 1 (HRG1) and will 

export cellular iron through ferroportin. Endosomes comprised of iron molecules may merge with parasitophorous 

vacuoles (PV) giving access to iron to amastigotes. Amastigotes can reduce ferric iron to ferrous iron using Leishmania 

ferric reductase 1 (LFR1) to then import it through Leishmania iron transporter 1 (LIT1). To protect itself from iron-

induced oxidative stress, Leishmania may export ferrous iron through Leishmania iron regulator 1 (LIR1). Nramp1 at 

the surface of PVs will export iron and compete with LIT1 for iron acquisition. Similarly, heme may be taken up by 

amastigotes through Leishmania heme receptor 1 (LHR1) or Leishmania feline leukemia virus subgroup C cellular 

receptor b (LFLCVRb) where HRG1 will compete by exporting heme from the PV.  

Reproduced from: Laranjeira-Silva MF, Hamza I, Pérez-Victoria JM. Iron and Heme Metabolism at the 

Leishmania–Host Interface. Trends Parasitol. 2020;36(3):279-289 with permission from Elsevier. ©Copyright 

Elsevier, 2022. License number: 5444820459718.  
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Preface to chapter 2 

There has been phenomenal progress in the field of systemic iron homeostasis over the past 

two decades. Only now are we beginning to uncover the mechanisms by which higher organisms 

regulate their iron intake and sense fluxes in iron. From what we know so far, hepcidin, produced 

by the liver, is the main homeostatic regulator of iron flow through its action of inhibiting and 

inducing degradation of the cellular iron exporter ferroportin. A large body of work has focused 

on understanding the intricate regulatory network necessary to properly control the production of 

this hormone. Recent findings uncovered bone morphogenetic proteins (BMP), namely BMP6 and 

BMP2, as inducers of hepcidin in response to iron and these are produced by the liver’s sinusoidal 

endothelial cells. One important question that remains and that we have attempted to answer is: 

what prompts expression of BMPs in endothelial cells? The answer remains elusive due to the 

numerous forms of iron circulating in organisms and the possibility of other iron-induced signaling 

molecules. By specifically understanding the trigger for BMP production, novel therapies could 

be designed to induce hepcidin when it is aberrantly low such as in cases of hereditary 

hemochromatosis, a broad term used to define diseases of excess body iron due to genetic defects. 

Hence, this chapter has aimed to uncover whether iron obtained through the primary cellular iron 

gate, transferrin receptor 1, is of significant importance for production of BMPs in endothelial 

cells.  

This chapter was adapted from: Charlebois E, Fillebeen CC, Presley JF, Cagnone G, Lisi V, 

Lavallee VP, Joyal JS, & Pantopoulos P. Liver sinusoidal endothelial cells induce BMP6 

expression in response to non-transferrin bound iron. Blood. 2023.
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2.1 Key points 

1. NTBI uptake by LSECs is the major signal for Bmp6 induction during iron overload, and Tfr1 

contributes mostly under low iron conditions 

2. Bmp6 induction in the presence of NTBI is associated with extensive genetic reprogramming of 

LSECs that involves Nrf2 and Myc pathways 
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2.2 Abstract 

Homeostatic adaptation to systemic iron overload involves transcriptional induction of bone 

morphogenetic protein 6 (BMP6) in liver sinusoidal endothelial cells (LSECs). BMP6 is then 

secreted to activate signaling to the iron hormone hepcidin (HAMP) in neighboring hepatocytes. 

To explore the mechanism for iron sensing by LSECs, we generated TfrcTek-Cre mice with 

endothelial cell-specific ablation of transferrin receptor 1 (Tfr1). We also used control Tfrcfl/fl mice 

to characterize LSEC-specific molecular responses to iron by single-cell transcriptomics. TfrcTek-

Cre animals tend to have modestly increased liver iron content (LIC) compared to Tfrcfl/fl controls 

but express physiological Bmp6 and Hamp mRNA. Despite a transient inability to upregulate 

Bmp6, they eventually respond to iron challenges with Bmp6 and Hamp induction, yet occasionally 

to levels slightly lower relative to LIC. High dietary iron intake triggered accumulation of serum 

non-transferrin bound iron (NTBI), which significantly correlated with liver Bmp6 and Hamp 

mRNA levels and elicited more profound alterations in the LSEC transcriptome compared to holo-

transferrin injection. These culminated in robust induction of Bmp6 and other nuclear factor 

erythroid 2-related factor 2 (Nrf2) target genes, as well as Myc target genes involved in ribosomal 

biogenesis and protein synthesis. LSECs and midzonal hepatocytes were the most responsive liver 

cells to iron challenges and exhibited highest expression of Bmp6 and Hamp mRNAs, respectively. 

Our data suggest that during systemic iron overload, LSECs internalize NTBI, which promotes 

oxidative stress and thereby transcriptionally induces Bmp6 via Nrf2. Tfr1 appears to contribute 

to iron sensing by LSECs mostly under low iron conditions. 

 

Keywords: iron metabolism, hepcidin, Tfr1, transferrin, NTBI 
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2.3 Introduction 

LSECs play a critical role in iron sensing by secreting BMP6 and BMP2, which are potent 

inducers of the iron regulatory hormone hepcidin1. They can form heterodimers and bind to BMP 

receptors on hepatocytes to activate the SMAD signaling cascade, leading to transcription of the 

hepcidin-encoding HAMP gene. Hepcidin limits iron entry into the bloodstream by binding to the 

iron exporter ferroportin in target cells such as duodenal enterocytes and tissue macrophages, 

which are crucial for dietary iron absorption and iron recycling from effete red blood cells, 

respectively2. Hepcidin binding occludes ferroportin’s iron channel3, and also triggers ferroportin 

internalization and lysosomal degradation4. 

Hepcidin expression is induced in response to elevated serum or tissue iron and serves as 

a homeostatic adaptation to prevent systemic iron overload and the ensuing complications. 

Increased transferrin (Tf) saturation in the blood stabilizes transferrin receptor 2 (Tfr2) on 

hepatocytes, which in turn stimulates SMAD signaling to hepcidin5. On the other hand, excessive 

tissue iron promotes induction of primarily BMP6 and to a lesser extent BMP2 in the liver1. LSECs 

are the major site for hepatic BMP6 and BMP2 production, and endothelial cell-specific ablation 

of either Bmp66 or Bmp27,8 in mice causes systemic iron overload (hemochromatosis) due to 

hepcidin deficiency. 

The mechanisms by which LSECs sense iron and respond to increased liver iron stores via 

BMP6 induction are not well understood. In vitro, treatment of primary murine LSECs or LSEC-

like cell lines with iron is sufficient to activate Bmp6 mRNA in a cell autonomous manner9-11. 

Biochemical studies showed that the BMP6 promoter contains a binding site of the Nrf2 

transcription factor and provided evidence that iron-dependent induction of BMP6 in the LSEC 

culture models involves Nrf2 activation by oxidative stress9. In line with this finding, Nrf2-/- mice 

exhibited a blunted Bmp6 response to oral or parenteral iron challenges9. The above data 

established a role of Nrf2 in iron-mediated induction of Bmp6 within LSECs, but do not offer a 

clue on how these cells accumulate excess iron and respond to systemic iron overload in vivo. 

Most cells acquire iron from circulating Tf by transferrin receptor 1 (Tfr1) via 

endocytosis12. Thus, we hypothesized that Tf/Tfr1-mediated iron uptake may be a crucial 

component of the iron-sensing pathway by LSECs that results in Bmp6 induction. To address this, 

we generated TfrcTek-Cre mice with endothelial cell-specific ablation of the Tfr1-encoding Tfrc 

gene. We show that with minor exceptions, these mice respond to iron challenges with Bmp6 and 
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Hamp mRNA induction; however, they tend to have relatively increased liver iron content (LIC). 

Iron-dependent Bmp6 and Hamp mRNA induction in both Tfrcfl/fl and TfrcTek-Cre mice positively 

correlated with NTBI, which emerges following high dietary iron intake. Moreover, we show by 

single-cell transcriptomics that acute dietary iron loading promotes extensive reprogramming of 

LSEC gene expression in control Tfrcfl/fl mice, characterized by induction of Nrf2 and Myc target 

genes. 

2.4 Methods 

2.4.1 Animals  

Tfrcfl/fl mice were generated in house13 and Tek-Cre transgenic mice14 (B6.Cg-Tg(Tek-

cre)1Ywa/J; JAX stock #008863) were purchased from the Jackson Laboratory (Bar Harbor, ME). 

Rosa26mT-mG/mT-mG reporter mice15 were kindly provided by Dr. Schiffrin. These animals, as well 

as TfrcTek-Cre and Rosa26mT-mG/+;Tfrcfl/+;Tek-Cre progeny were housed in macrolone cages (up to 

5 mice/cage, 12:12 h light-dark cycle: 7 am - 7 pm; 22±1°C, 60±5% humidity) and were allowed 

ad libitum access to chow and drinking water. The mice were fed a standard diet (Teklad Global 

18% protein 2918; 200 ppm iron) or, when indicated, iron-deficient (TD.80396; 2-6 ppm iron), or 

high-iron diets (TD.09521; 2% carbonyl iron). Where indicated, the mice were injected 

intravenously (tail vein) with 0.9 mg ferric ammonium citrate or 10 mg holo-Tf. At the endpoints, 

the animals were sacrificed by CO2 inhalation. Experimental procedures were approved by the 

Animal Care Committee of McGill University (protocol 4966). 

2.4.2 Biochemical assays and histology 

 Serum biochemistry, quantitative real-time (qPCR), immunohistochemistry and 

quantification of tissue iron were performed as described16-18. Details are provided in Supplemental 

Methods. 

2.4.3 Single-cell transcriptomics 

Liver cells were isolated from perfused anaesthetized mice for scRNA-Seq analysis. 

Details are provided in Supplemental Methods. Raw and normalized data have been deposited on 

GEO accession number GSE215324. 
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2.5 Results 

2.5.1 TfrcTek-Cre mice exhibit Tfr1 ablation in LSECs. 

 For disruption of Tfr1 in LSECs, Tfrcfl/fl mice were mated with Tek-Cre transgenic animals. 

The resulting TfrcTek-Cre offspring were born in lower than Mendelian ratios, which is indicative of 

partial embryonic lethality. Moreover, some newborn pups had a pale appearance and died within 

a few days after birth. Approximately 25% of the expected TfrcTek-Cre mice (86 out of 342) survived 

to adulthood without apparent phenotypic abnormalities. There was no sex-specific bias as the 

male to female ratio among surviving animals was 1:1. Adult TfrcTek-Cre mice did not manifest 

anemia, but their red blood cells (RBCs) had modestly increased distribution width (RDW) and 

lower mean corpuscular volume (MCV) compared to those of Tfrcfl/fl littermates (Table S1). 

Additionally, RBCs from male but not female TfrcTek-Cre mice had lower mean corpuscular 

hemoglobin (MCH) content (Table S1). There were no differences in serum iron indexes among 

males and females (Figure S.2.1). These data suggest that endothelial cell-specific ablation of Tfr1 

in this TfrcTek-Cre mouse model elicits strong adverse effects during embryogenesis and early 

postnatal period. Nevertheless, surviving mice develop normally and only exhibit a mild 

hematological phenotype.  

 Liver sections of adult Tfrcfl/fl control and TfrcTek-Cre mice were used to validate Tfr1 

ablation in LSECs by immunofluorescence. The animals were previously fed an iron-deficient diet 

to stimulate Tfr113. As expected13, Tfr1 was strongly expressed in hepatocytes of both genotypes 

(Figure 2.1A, red color). Staining for the endothelial cell-specific marker CD31 (green) revealed 

the LSEC lining in sinusoids. In control livers, the Tfr1 signal was present throughout the lining 

(Figure 2.1A, left), and areas with overlapping CD31 and Tfr1 staining were visible (yellow, see 

rectangles 1 and 2). By contrast, the Tfr1 signal was absent in the LSEC lining of TfrcTek-Cre mice 

(Figure 2.1A, right; see rectangles 3 and 4). Thus, the TfrcTek-Cre mouse model bears efficient Tfr1 

ablation in LSECs. We further validated this by using a Rosa26mT-mG/+;Tfrcfl/+;Tek-Cre reporter 

mouse, where Cre recombination resulted in replacement of red mT with green mG in the LSEC 

lining (Figure 2.1B).  
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2.5.2 TfrcTek-Cre mice express physiological levels of Bmp6 and Hamp mRNAs and induce them in 

response to iron. 

 We explored the impact of endothelial cell-specific Tfr1 ablation on sensing of high dietary 

iron by LSECs (Figure 2.2A). A first group of Tfrcfl/fl and TfrcTek-Cre mice remained on standard 

diet (SD) and served as control. A second group of animals was switched from SD to a high iron 

diet (HID) for 18 hours. This dietary manipulation was expected to rapidly increase Tf saturation 

leading to gradual NTBI accumulation13. For acute exposure to NTBI, mice in a third group 

received an intravenous injection with ferric ammonium citrate (FAC) and sacrificed after 5 h, an 

optimal time point inferred from a preliminary kinetics experiment (Figure S.2.2). 

 Intake of HID increased serum iron, Tf saturation and NTBI in both Tfrcfl/fl and TfrcTek-Cre 

mice within 18 h (Figure 2.2B-E). Similar results were obtained with FAC injection; however, the 

NTBI increase did not reach statistical significance, presumably due to rapid clearance by liver 

parenchymal cells, as previously shown19. TfrcTek-Cre mice tended to have higher LIC in all 

experimental settings (Figure 2.2F), but their iron content in spleen, kidney and heart was 

physiological (Figure S.2.3). Expression of the mRNAs encoding Bmp6, Bmp2, and the BMP 

target hepcidin (Hamp) did not significantly differ in livers of Tfrcfl/fl and TfrcTek-Cre mice on SD 

(Figure 2.2G-H), and this persisted after normalization to LIC (Figure 2.2K-M). Expression of the 

BMP target Id, as well as Id1/LIC ratios were higher in TfrcTek-Cre mice (Figure 2.2J and 2N, 

respectively). As expected, HID intake induced Bmp6, Hamp and Id1 mRNAs in both genotypes, 

yet the Hamp/LIC ratio was lower in TfrcTek-Cre mice. Surprisingly, FAC injection promoted Bmp6 

mRNA induction only in Tfrcfl/fl but not TfrcTek-Cre mice (Figure 2.2G). It also resulted in Hamp 

mRNA upregulation in both genotypes (Figure 2.2I), possibly with the contribution of the 

inflammatory pathway, since FAC induced expression of the inflammatory marker Socs3 (Figure 

S.2.4). Taken together, these data suggest that the responses of Tfr1-deficient LSECs to high 

dietary iron are intact. However, Tfr1 appears critical for Bmp6 induction following FAC injection, 

at least within the 5 h experimental time frame. 

2.5.3 Iron-restricted TfrcTek-Cre mice have increased LIC, express relatively lower levels of Bmp6 

and Hamp mRNAs, and respond to dietary iron or holo-Tf injection. 

 In another experiment, we addressed the responses of Tfrcfl/fl and TfrcTek-Cre mice to more 

physiologically relevant dietary iron intake or holo-Tf injection (Figure 2.3A). All animals were 
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rendered relatively iron deficient by feeding IDD for one week and then were divided into three 

experimental groups. In the first group, the mice remained on IDD and served as control. In the 

second and third groups, the mice were either switched from IDD to SD or injected intravenously 

with holo-Tf, respectively, and then sacrificed (together with controls) after 18 h. 

 Under iron-restricted conditions, the TfrcTek-Cre mice exhibited modestly but significantly 

elevated LIC and reduced Bmp6/LIC and Hamp/LIC ratios compared to control Tfrcfl/fl littermates 

(Figure 2.3F, 2.3K and 2.3M). Switch from IDD to SD tended to increase serum iron, Tf saturation 

and NTBI in both genotypes, while holo-Tf injection did not affect serum iron at the endpoint but 

increased TIBC and decreased Tf saturation without alterations in NTBI (Figure 2.3B-E). The 

switch to SD did not alter expression of Bmp6, Bmp2 or Id1 mRNAs but promoted Hamp mRNA 

induction to levels appropriate relative to LIC in both Tfrcfl/fl and TfrcTek-Cre mice (Figure 2.3G-

N). Hamp mRNA was also induced following holo-Tf injection, and the response appeared more 

potent in TfrcTek-Cre mice (Figure 2.3I). The Hamp/LIC ratio was lower at baseline (IDD) in TfrcTek-

Cre mice (Figure 2.3M), even though Hamp mRNA expression was at control levels (Figure 2.3I). 

Surprisingly, holo-Tf injection promoted induction of Bmp6, Bmp2 and Id1 mRNAs in both Tfrcfl/fl 

and TfrcTek-Cre mice (Figure 2.3G-N). Dietary iron manipulations or holo-Tf injection did not affect 

expression of Socs3 mRNA (Figure S.2.4). 

 The expression of Bmp6 and Hamp mRNAs positively and significantly correlated with 

NTBI (Figure 2.4) but also with Tf saturation and LIC (Figure S.2.5) in both Tfrcfl/fl and TfrcTek-

Cre mice. As expected, the correlation between Bmp6 and Hamp mRNA levels was also significant 

(Figure 2.4E-F). The correlations between NTBI and Tf saturation or LIC were significant only in 

control Tfrcfl/fl but not in TfrcTek-Cre mice (Figure S.2.5I-L). Together, the above data suggest that 

Tfr1 ablation in LSECs of TfrcTek-Cre mice is associated with modestly increased LIC but only 

minimally affects the capacity of these animals to induce Bmp6 in response to iron challenges. 

2.5.4 Single-cell transcriptomic profiles in the mouse liver following holo-Tf injection or acute 

dietary iron loading. 

We went on to determine the impact of holo-Tf injection or acute dietary iron loading on 

the transcriptome of liver cells using scRNA-Seq (Figure 2.5A). Three Tfrcfl/fl mice were fed IDD 

for one week; one of them was used as control. The other mice were either injected with holo-Tf 

or switched to HID for 18 h.  At the endpoints, livers were dissociated, and single-cell suspensions 
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were used for scRNA-Seq analysis. This produced good quality datasets (Figure S.2.6A-B), with 

2070 cells in the control (IDD) group, 6505 cells in the holo-Tf (IDD+holo-Tf) group and 3134 

cells in the HID (IDD→HID) group (Figure 2.5B). Dimensionality reduction followed by 

clustering and differential gene expression analysis allowed us to annotate 9 distinct cell types: 

hepatocytes (2 types), macrophages/monocytes, endothelial cells, B lymphocytes, stellate cells, T 

lymphocytes, dendritic cells, and neutrophils (Figure 2.5B-C and S.2.5C). These cell types 

expressed known gene markers (Figure 2.5C) and were found at variable proportion in each dataset 

(Figure 2.5D). 

 The effects of holo-Tf or dietary iron on liver cell transcriptomes were first investigated 

using a machine learning algorithm (Augur20) implementing a random forest classifier to detect 

most affected cell types. Compared to control, holo-Tf injection and HID intake showed most 

impact on endothelial cells (ECs) followed by stellate cells (Figure 2.5E). Yet, when comparing 

HID to holo-Tf treatments, midzonal hepatocytes were the most divergent, followed by B 

lymphocytes (BCs). Cell type-specific differential analysis between groups showed important 

gene expression changes in all cell types (Figure S.2.7). These transcriptomic variations were 

associated with differential pathway enrichment obtained from the Molecular Signatures Database 

(Figure S.2.8A). Analysis of iron pathways from this database revealed that both holo-Tf and 

dietary iron increased expression of iron-related gene sets (Figure 2.5F and S.2.5D). Notably, these 

changes were more pronounced in the group switched to HID compared to the holo-Tf-treated 

group. Across the different cell types, ECs and midzonal hepatocytes were the most responsive to 

the experimental treatments. Interestingly, the observed iron effects in both these cell types were 

matched with increases in reactive oxygen species (ROS) associated pathways, also observed in 

macrophages/monocytes and dendritic cells (Figure S.2.8B). 

2.5.5 Iron-induced genetic reprogramming in LSECs and midzonal hepatocytes.  

 Endothelial cells line hepatic arteries, veins, and sinusoids (Figure 2.6A). Sub-clustering 

of ECs from our scRNA-Seq datasets defined three subtypes expressing specific arterial 

(periportal), venous (pericentral), and sinusoidal (midzonal) marker genes (Figure 2.6B-C), in line 

with previous data21. The sinusoidal subtype (LSECs) represented most of the detected ECs 

(Figure 2.6D) and expressed genes involved in Bmp and Tgf signalling, as reported22 (Figure 

2.6E). Among LSECs, Bmp6 and Bmp2 were primarily responsive to acute dietary iron loading 
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(HID vs control: Bmp6 p=6.8e-23, log2FC=0.46; Bmp2 p=1.3e-32, log2FC=0.50) and less to 

holo-Tf (holo-Tf vs control: Bmp6 p>0.05; Bmp2 p=1.2e-19, log2FC=0.37). We thus focused on 

the transcriptomic impact of HID intake or holo-Tf injection on LSECs, which triggered important 

up-regulation of genes compared to the control group (Figure 2.6F, Table S.2.2). When comparing 

the transcriptome of LSECs between the HID and holo-Tf groups (Figure 2.6F), we found 

significant enrichments in Nfe2l2 (Nrf2) and Myc target genes (Figure 2.6G). Correlating with 

increased expression of iron-related genes in the HID group, LSECs showed indeed greater 

expression of genes related to Nrf2 and Myc pathways in comparison to the control and holo-Tf 

groups (Figure 2.6H-I). Among the iron-related genes, HID intake strongly induced expression of 

Slc39a8, Slc40a1, Fth and Ftl encoding the metal-ion (and NTBI) transporter Zip8, the iron 

exporter ferroportin, and the H- and L-subunits of the iron storage protein ferritin, respectively 

(Figure 2.6H). 

 LSECs-derived BMPs activate the SMAD signaling cascade in hepatocytes, which 

ultimately leads to transcriptional induction of Hamp. From our scRNA-Seq datasets, two clusters 

of hepatocytes were detected (Figure 2.7A). They manifested gene expression differences 

consistent with transcriptomic patterns associated with liver zonation23,24 (Figure 2.7B). 

Pericentral and periportal hepatocytes tended to cluster near each other possibly due to the iron 

treatment conditions and were thus grouped into “other hepatocytes”. Midzonal hepatocytes 

represented a smaller fraction (Figure 2.7C) but exhibited greatest response to holo-Tf or HID, 

notably regarding Hamp expression (Figure 2.7D). Moreover, gene set variation analysis showed 

higher expression of the GO iron binding pathway in midzonal hepatocytes, and more importantly 

in the HID group (Figure 2.7E). Differential gene expression analysis for the iron manipulations 

in midzonal hepatocytes revealed greater transcriptomic responses in the HID group (Figure 2.7F), 

with up-regulation of Hamp, Crot, Gpx4 and Gpx1. Pathway analysis showed significant 

enrichment in Nrf2 target genes as well as genes involved in ROS and oxidative phosphorylation 

(OXPHOS) metabolism (Figure 2.7G-H; Table S.2.3). 

 Collectively, the single-cell transcriptomics data validate the crucial roles of LSECs in iron 

sensing via Bmp6 (and Bmp2), and of midzonal hepatocytes in Hamp induction. Moreover, they 

demonstrate that acute dietary iron loading triggers more pronounced genetic responses in LSECs 

compared to holo-Tf injection, which appear to involve Nrf2- and Myc-dependent pathways. 
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2.6 Discussion 

 LSECs respond to systemic iron overload by transcriptional induction of BMP6, which in 

turn activates signaling to hepcidin in neighboring hepatocytes6. We hypothesized that iron sensing 

by LSECs may require uptake of Tf-bound iron via Tfr1. To address this, we utilized an established 

Tek-Cre mouse strain14 for endothelial cell-specific disruption of Tfr1 from Tfrcfl/fl mice13. The 

resulting TfrcTek-Cre mice exhibited partial embryonic and neonatal lethality. Considering that Tek-

Cre mice manifest variable degrees of aberrant Cre recombinase expression in hematopoietic 

lineages25 and that Tfr1 is essential during erythropoiesis26, this phenotype is likely related to Tfr1 

ablation in erythroid cells. It should be noted that adult mice carrying the Tek-Cre1Ywa allele (as 

the TfrcTek-Cre animals used in this study) appear to express only a small number of Cre-positive 

blood cells compared to other Tek-Cre mice25. This is consistent with the fact that our surviving 

adult TfrcTek-Cre mice do not develop anemia and only manifest modestly altered hematological 

indexes such as RDW, MCV and MCH (Table S1). Efficient disruption of Tfr1 in LSECs from 

our TfrcTek-Cre mice is documented in figure 2.1. 

 The data in Figures 2-3 demonstrate that TfrcTek-Cre mice efficiently respond to dietary iron 

intake by inducing Bmp6 and downstream Hamp expression despite Tfr1 ablation in LSECs. While 

these homeostatic responses are largely preserved, we noted that TfrcTek-Cre animals tended to have 

modestly increased LIC, while in some instances the iron-dependent upregulation of Bmp6 and/or 

Hamp mRNAs was relatively reduced when adjusted for LIC. This was more evident in iron-

restricted TfrcTek-Cre mice. Similar results were recently reported with TfrcStab2-Cre mice, another 

model of Tfr1 disruption in LSECs27. Together, these data suggest a minor contribution of Tf-

bound iron and Tfr1 in the iron sensing pathway that gives rise to Bmp6 induction in LSECs. 

Further support to this conclusion is provided by the scRNA-Seq data showing extensive 

reprogramming of iron pathways in LSECs by holo-Tf (Figure 2.5E-F) with minor Bmp6 induction 

compared to that achieved by acute dietary iron loading (Figure 2.6E). 

 Bmp6 and Hamp mRNA expression positively correlated with LIC, Tf saturation and NTBI 

levels in both TfrcTek-Cre and control Tfrcfl/fl mice (Figure 2.4 and S.2.5). The positive correlation 

between Bmp6 mRNA and LIC is in line with earlier findings28. Nevertheless, LIC is unlikely to 

be the driver for Bmp6 induction in LSECs for following reasons: First, ablation of the NTBI 

transporter Zip14 from Hjv-/- mice, a model of hemochromatosis, prevented hepatocellular iron 

overload without compromising appropriate Bmp6 mRNA induction29. Second, FpnTek-Cre mice 
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(bearing endothelial cell-specific disruption of ferroportin) were anemic and developed iron 

overload in Kupffer cells and hepatocytes but failed to induce Bmp6 mRNA30. Third, exposure of 

primary LSECs or LSEC-like cell lines to iron was sufficient to induce Bmp69-11,27. 

 In several publications, an acute increase in Tf saturation directly activated hepcidin in 

hepatocytes without altering Bmp6 mRNA13,28,30, likely via Tfr2 stabilization5. Thus, the induction 

of Bmp6 following holo-Tf injection in both TfrcTek-Cre and control Tfrcfl/fl mice (Figure 2.3G) was 

unexpected, even though variable responses in control animals may be related to differences in 

experimental design. Intravenous injection of 10 mg holo-Tf would lead to an input of 250 μM 

extra iron into the bloodstream, corresponding to a transient but dramatic elevation of total serum 

iron levels by ~7-fold. Excess iron was cleared after 18 h (Figure 2.3B), and presumably a 

significant fraction was taken up by liver cells; in fact, our scRNA-Seq data show prominent 

responses of macrophages/monocytes and stellate cells to holo-Tf injection (Figure 2.5F). We 

noted that holo-Tf also upregulated Bmp2 mRNA (Figure 2.3H). 

The quantitatively similar Bmp6 and Bmp2 mRNA induction in both genotypes (Figure 

2.3G-H) argues against a direct effect of Tfr1-mediated uptake of excess Tf, since LSECs of 

TfrcTek-Cre mice are Tfr1-deficient. Nevertheless, a contribution of alternative uptake of Tf-bound 

iron by Tfr2 cannot be excluded, especially considering that Tfrc and Tfr2 mRNAs are expressed 

at comparative levels in liver endothelial cells (Figure S.2.6D). Alternatively, iron-loaded Kupffer 

and/or stellate cells could secrete an activating signal. A potential candidate is ferritin, which can 

be released with its iron content by extracellular vesicles from iron-loaded cells31 and can activate 

Bmp6 expression when injected in mice32. Moreover, ferritin can also induce Bmp6 mRNA in 

cultured primary LSECs27. Conceivably, uptake of iron-rich ferritin may offer a backup 

mechanism for iron sensing by LSECs. 

The data from the holo-Tf injection experiment in figure 2.3 seem to exclude an iron 

sensing function of LSECs Tfr1. However, figure 2.2G shows that control Tfrcfl/fl but not TfrcTek-

Cre mice can induce Bmp6 following FAC injection, which implies a critical role of Tfr1. While 

the aim of FAC administration was to increase serum NTBI, this procedure also increased 

transferrin saturation. In fact, at the 5 h endpoint only high transferrin saturation was sustained and 

most NTBI was cleared. Thus, Bmp6 induction in Tfrcfl/fl mice was apparently due to uptake of 

Tf-bound iron by LSECs Tfr1. Conversely, the failure of TfrcTek-Cre mice to induce Bmp6 could be 

due to insufficient exposure of Tfr1-deficient LSECs to a sustained NTBI threshold.  
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The seemingly contradictory data from the holo-Tf and FAC injection experiments are 

consistent with a model where LSECs initially respond to an iron challenge by taking up Tf-bound 

iron via Tfr1, which provides an early signal for Bmp6 induction. Conceivably, once transferrin 

saturation increases, uptake of emerging NTBI by LSECs becomes a dominant late stimulus for 

Bmp6 induction, which could be enhanced by factors secreted from surrounding cells. As iron 

overload develops, expression of Tfr1 in LSECs and other liver cells is expected tο be suppressed 

by post-transcriptional mechanisms12. 

 Our overall data suggest that NTBI is a major driver of prolonged iron-dependent Bmp6 

induction under iron overload. It was detectable under experimental settings of acute dietary iron 

loading but not following holo-Tf injection. A notable difference in genetic responses of LSECs 

to HID intake vs holo-Tf injection (reflecting NTBI) was the activation of a battery of Nrf2 target 

genes, including Bmp6 (Figure 2.6H). This indicates oxidative stress33 and activation of iron 

pathways34, and is also consistent with the known role of NTBI as inducer of oxidative stress in 

endothelial cells35. The strong induction of Slc39a8 mRNA by acute iron loading corroborates 

earlier biochemical data in cell lines36 and makes Zip8 a good candidate for NTBI uptake by 

LSECs. This response may not be homeostatic at the cellular level but could contribute to systemic 

iron homeostasis by upregulating Bmp6 and Hamp. On the other hand, the induction of Slc40a1, 

Fth and Ftl in LSECs following acute dietary iron loading may contribute to resolution of iron-

induced oxidative stress by promoting iron efflux via ferroportin, or iron storage within ferritin. 

Our findings support the previously established role of Nrf2 as a Bmp6 regulator9. 

Moreover, they imply that the Nrf2 pathway is not the single contributor to Bmp6 induction, as 

dietary iron triggered further molecular responses. The most striking was the induction of Myc 

target genes (Figure 2.6G), primarily encoding ribosomal proteins and translation factors (Figure 

2.6I). Considering that Myc regulates ribosomal biogenesis and protein synthesis37, this finding 

indicates stimulatory effects of iron on global mRNA translation in LSECs. 

 The single-cell transcriptomics data reveal the landscape of gene expression profiles in all 

liver cell types following acute dietary iron loading or holo-Tf injection. Endothelial cells were the 

primary but not the only responders to iron challenges, and iron pathways were generally more 

sensitive to dietary iron vs holo-Tf (Figure 2.5F). Nevertheless, it should be emphasized that a 

single bolus of exogenous holo-Tf was cleared within the time frame of the experiment (Figure 

2.3B), while dietary iron loading (and NTBI formation) was continuous. 
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 Midzonal hepatocytes responded to dietary iron by inducing Hamp (Figure 2.7D) but also 

by a general genetic reprogramming of iron, Nrf2, ROS and OXPHOS pathways (Figures 5F, 7G-

H). It appears that these cells are the primary producers of hepcidin and are thereby major 

regulators of systemic iron homeostasis. The zonation of Hamp mRNA in midzonal hepatocytes 

is consistent with earlier data23,24. 

In conclusion, we demonstrate that endothelial Tfr1 contributes to early iron-dependent 

induction of Bmp6 by LSECs, especially under low iron conditions. Together with previous 

literature, our data suggest that under iron overload, LSECs mount transcriptional Bmp6 induction 

in response to NTBI via an Nrf2-dependent oxidative stress mechanism. Our single-cell 

transcriptomics analysis uncovers Zip8 as a potential NTBI transporter. Furthermore, it implies 

the contribution of additional pathways, such as Myc-dependent ribosomal biogenesis and protein 

synthesis, to NTBI-induced activation of Bmp6. 
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2.9 Figures 

 

Figure 2.1: Validation of LSECs Tfr1 knockout in the TfrcTek-Cre mouse model.  

(A) Frozen liver slices from control Tfrcfl/fl (left) or TfrcTek-Cre mice (right) were processed for immunofluorescence 

and stained for Tfr1 using a Cy3-labeled secondary antibody (red) and for CD31 using an Alexa488-labeled secondary 

antibody (green).  Overlapping areas of Tfr1 and CD31 expression are shown in yellow. Nuclei were visualized using 

DAPI staining (blue). Areas in highlighted rectangles are shown in higher magnification at the bottom of the 

images. Arrows indicate exclusive CD31 expression in the LSEC lining. Scale bar 10 µm (and 2 µm in highlighted 

rectangles). (B) Frozen liver slices from a Rosa26mT-mG/+;Tfrcfl/+;Tek-Cre reporter mouse were processed for confocal 

microscopy imaging for expression of mT (red) and mG (green); the latter emerges following Cre-mediated 

recombination. Arrows indicate the LSEC lining. Scale bars 10 µm.
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Figure 2.2: TfrcTek-Cre mice express physiological levels of Bmp6 and Hamp mRNAs and induce them in response 

to high dietary iron but fail to induce Bmp6 mRNA following FAC injection.  

(A) Schematic experimental outline. All mice were 7-8 weeks old males (n=6-10 per group). At the endpoint, the 

animals were sacrificed; serum was prepared, and livers were harvested for biochemical analysis. (B) Serum iron; (C) 

transferrin (Tf) saturation; (D) total iron binding capacity (TIBC); (E) non-transferrin bound iron (NTBI); (F) liver 

iron content (LIC); (G-J) qPCR analysis of mRNAs encoding liver Bmp6, Bmp2, Hamp and Id1, respectively; (K-N) 

mRNA/LIC ratios for Bmp6, Bmp2, Hamp and Id1, respectively. Serum data (B-E) and LIC (F) are represented as 

mean ± SEM, while gene expression data (G-N) are represented as geometric mean ± geometric standard deviation. 

Statistical differences (p<0.05) were determined using Student’s t test on original data (B-E) or log-transformed gene 

expression data (G-N). Statistically significant differences from Tfrcfl/fl and TfrcTek-Cre mice on standard diet are 

represented as a or b, respectively. Illustration in A was made with Biorender.com. 
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Figure 2.3: TfrcTek-Cre mice on iron-deficient diet have increased liver iron content, express relatively low Bmp6 

and Hamp mRNA levels and induce them in response to dietary iron or   holo-Tf.  

(A) Schematic experimental outline. All mice were 7-8 weeks old males (n=6-10 per group). At the endpoint, the 

animals were sacrificed; serum was prepared, and livers were harvested for biochemical analysis. (B) Serum iron; (C) 

transferrin (Tf) saturation; (D) total iron binding capacity (TIBC); (E) non-transferrin bound iron (NTBI); (F) liver 

iron content (LIC); (G-J) qPCR analysis of mRNAs encoding liver Bmp6, Bmp2, Hamp and Id1, respectively; (K-N) 

mRNA/LIC ratios for Bmp6, Bmp2, Hamp and Id1, respectively. Serum data (B-E) and LIC (F) are represented as 

mean ± SEM, while gene expression data (G-N) are represented as geometric mean ± geometric standard deviation. 

Statistical differences (p<0.05) were determined using Student’s t test on original data (B-E) or log-transformed gene 

expression data (G-N). Statistically significant differences from Tfrcfl/fl and TfrcTek-Cre mice on standard diet are 

represented as a or b, respectively. Dotted lines indicate average values obtained from age-matched male Tfrcfl/fl mice 

on standard diet (n=6). Illustration in A was made with Biorender.com.
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Figure 2.4: Expression of Bmp6 and Hamp mRNAs positively correlates with serum NTBI in both Tfrcfl/fl and 

TfrcTek-Cre mice. 

Pearson correlation analysis of NTBI vs Bmp6 mRNA (A-B); NTBI vs Hamp mRNA (C-D); and Hamp mRNA vs 

Bmp6 mRNA (E-F). Data are from the experiments shown in Figures 2 and 3 with Tfrcfl/fl and TfrcTek-Cre mice kept on 

standard diet (SD), exposed to 2% carbonyl iron diet (HID) for 18 hours, or placed on iron-deficient diet (IDD) for 1 

week. p values and Pearson’s r coefficients are provided for each graph.   



 

84 

 

 

 

 



 

85 

 

Figure 2.5: scRNA-Seq identifies endothelial cells and midzonal hepatocytes as the most responsive cell types 

to acute dietary iron loading or holo-Tf injection.  

(A) Schematic experimental outline of scRNA-Seq experiment. All mice were 7-8 weeks old male Tfrcfl/fl (n=1 per 

group). (B) UMAP plot of most common liver cell types. (C) Dot plot annotation based on differentially expressed 

genes and previously published cell type markers. (D) Relative proportion of each liver cell population obtained in 

the experimental settings. (E) Cell type prioritization (lollipop plot) based on Augur-calculated AUC scores for each 

comparison (IDD vs IDD+holo-Tf, IDD vs IDD→HID, and IDD→HID vs IDD+holo-Tf). (F) Heatmaps with Log2FC 

(log2 fold changes) of Gene Set Variation Analysis (GSVA) score for iron related biological pathways from the 

Molecular Signatures Database across cell types identified by scRNA-Seq, highlighting most responsive cell types to 

different iron manipulations.  
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Figure 2.6: Acute dietary iron loading triggers activation of Nfe2l2 and Myc target genes in capillary LSECs. 

(A) Schematic representation of liver cell architecture. (B-D) The portal and central vein, the artery and the sinusoids 

of the liver contain distinct endothelial cell (EC) subtypes as identified by scRNA-Seq (UMAP plot, B), which can be 

annotated based on differentially expressed genes (dot plot, C); with their relative cell subtype proportion in each 

experimental setting (D). Expression of genes involved in Bmp and Tgf signalling in endothelial cell subtypes in each 

experimental condition (dot plot, E) and differentially expressed genes (DEGs) in capillary ECs between diet 

conditions (Volcano plot, F). (G-I) DEGs in capillary LSECs between IDD+holo-Tf and IDD→HID were enriched in 

the Nfe2l2 and Myc pathways (EnrichR, G), also represented by dot plot (H and I). Illustration in A was made with 

Biorender.com.  
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Figure 2.7: Acute dietary iron loading up-regulates Nfe2l2 (Nrf2), ROS and OXPHOS metabolic genes in 

midzonal hepatocytes.  

(A-B) Midzonal hepatocytes are separated from other hepatocyte populations identified by scRNA-Seq (UMAP plot, 

A), and show a specific gene expression profile (dot plot, B). (C) Relative proportion of midzonal and other hepatocyte 

subtypes in each experimental condition. (D-E) Expression of genes involved in iron signalling (dot plot, D) and 

GSVA score for the GO Iron Ion binding pathways (Ridge plot, E) in midzonal and other hepatocyte subtypes in each 

experimental condition. (F) Volcano plot with differentially expressed genes (DEGs) in midzonal hepatocytes under 

each experimental condition. (G-H) DEGs in midzonal hepatocytes were enriched in Nfe2l2, ROS and OXPHOS 

pathways (EnrichR, G), also represented by dot plot (H).
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2.10 Supplementary Methods 

2.10.1 Immunohistochemistry.  

OCT-frozen liver slices (30 μm) were stained using primary antibodies directed against mouse 

Tfr1 (Invitrogen) or rat CD31 (Novus), and secondary antibodies conjugated to Cy3 (Tfr1) or 

Alexa488 (CD31).  Nuclei were visualized with DAPI.  Images were taken with a Zeiss LSM 780 

confocal microscope and a Planapochromat 20X 0.8 NA objective.  The 488 nm laser line was 

used to visualize Alexa488 (green, CD31).  568 nm was used to visualize Cy3 (red, transferrin 

receptor) and DAPI (blue) was visualized using the 405 nm line.  

2.10.2 Validation of Cre recombination specificity in reporter mice.  

Rosa26mT-mG/+;Tfrcfl/+;Tek-Cre mice were anesthetized by intraperitoneal (ip) injection of with 300 

to 375 mg/kg avertin. After confirming depth of anesthesia by reflex in hind footpads, the mice 

were injected ip with heparin (100 USP units). The animals were then perfused through the left 

ventricle at a constant pressure of 100 mm Hg for 5 minutes with phosphate buffered saline (PBS) 

to remove the blood, followed by 15 min perfusion with 4% paraformaldehyde (PFA). Liver tissue 

segments were collected in 4% PFA and incubated for 24 h with gentle agitation at 4°C. 

Subsequently, the tissues were dehydrated by incubation in 30% sucrose in PBS for 24 h with 

gentle agitation at 4°C. Tissues were then embedded in VWR Clear Frozen Section Compound 

(VWR international, Edmonton, Alberta, Canada) and stored at −80°C until use. Expression of 

membrane-targeted tandem dimer tomato (mT) and membrane-targeted enhanced green 

fluorescent protein (mG) was assessed by using a Zeiss LSM 800 confocal microscope and a 

Planapochromat 40X 0.8 NA objective. The 561 nm, 488 nm and 405 nm laser lines were used to 

visualize mT (red), mG (green) and DAPI (blue), respectively. 
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2.10.3 Hematological analysis and serum biochemistry.  

Blood was collected via cardiac puncture. Hematological parameters were determined with the 

Scil Vet-ABC hematology analyzer. Serum was prepared by utilizing micro Z-gel tubes with 

clotting activator (Sarstedt) and was snap-frozen at −80°C. Serum iron and total iron binding 

capacity (TIBC) were measured on a Roche Hitachi 917 Chemistry Analyzer. Transferrin 

saturation was calculated from the ratio of serum iron/ TIBC. 

2.10.4 NTBI quantification. 

NTBI was measured by adapting the method developed by Esposito et al1. Iron samples of known 

concentration were created by mixing 70 mM nitrilotriacetate (NTA) (pH 7.0) with 20 mM ferrous 

ammonium sulfate. Fe2+ was allowed to oxidize to Fe3+ in ambient air for at least 30 min and then 

the solution was diluted to 0.2 mM before further serial dilutions to create a ladder. 5 μl of ladder 

was loaded in a 96-well plate containing 195 μl plasma-like medium with or without 100 μM 

deferiprone. The composition of the plasma-like medium was: 40 mg/ml bovine serum albumin, 

1.2 mM sodium phosphate dibasic, 120 μM sodium citrate, 10 mM sodium bicarbonate in iron-

free HEPES-buffered saline (HEPES 20 mM, NaCl 150 mM, treated with Chelex-100 chelating 

resin [Bio-Rad, Hercules, CA], 0.5 mM ΝΤΑ, 40 μM ascorbic acid, 50 μM dihydrorhodamine, pH 

7.4). 5 μl of sample was loaded in a 96-well plate containing 195 μl of iron-free HEPES-buffered 

saline with or without 100 μM deferiprone. Microplates were read every 2 minutes at 37℃ over 

40 min at 485/520 nm (ex/em). Final ΝΤΒΙ was calculated by comparing the oxidation rate of 

DHR in the presence or absence of the strong chelator deferiprone. 

2.10.5 Real-time PCR (qPCR).  

Total liver RNA was extracted with the RNeasy kit (Qiagen) and cDNA was synthesized with the 

OneScript® Plus cDNA Synthesis Kit (Applied Biological Materials Inc.). Gene-specific primers 
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pairs (Table S.2.4) were validated by dissociation curve analysis and demonstrated amplification 

efficiency between 90-110 %. SYBR Green (Bioline) and primers were used to amplify products 

under following cycling conditions: initial denaturation 95°C 10 min, 40 cycles of 95°C 5 s, 58°C 

30 s, 72°C 10 s, and final cycle melt analysis between 58°-95°C. Relative mRNA expression was 

calculated by the 2-ΔΔCt method2. Data were normalized to murine ribosomal protein L19 (Rpl19) 

and reported as fold increases compared to samples from control Tfrcfl/fl mice on standard diet 

(SD). 

2.10.6 Quantification of tissue iron.  

Tissue non-heme iron was quantified by the ferrozine assay3. 

2.10.7 Statistical analysis of hematological and biochemical data.  

The Prism GraphPad software (version 9.3.1) was used for statistics and Pearson’s correlation 

analysis. Pairwise comparisons were performed by the unpaired Student’s t test. A probability 

value p<0.05 was considered statistically significant. 

2.10.8 Liver cell isolation for scRNA-Seq.  

Anaesthetized mice were perfused as previously described4 with a few modifications5. Calcium-

free Hank’s Balanced Salt Solution (HBSS) buffer containing 0.2 mg/ml EDTA was used to 

perfuse the liver followed by sequential perfusion with calcium-containing HBSS and 0.5 mg/ml 

Collagenase D (Roche) for 7 minutes. The liver was excised and minced in 5 ml warm perfusion 

buffer before addition of 0.5 mg/ml pronase (Sigma; P5147) and 0.1 mg/ml DNase I (Roche) in a 

total volume of 50 ml. Ex vivo digestion was performed at 37oC for 20 min before filtering through 

a 70 μM filter. Cells were pelleted and collected by spinning at 580 g/10 min/4℃ and resuspended 

in 25 ml DMEM. A series of 4 spins at 50 g/2 min/4℃ were performed to pellet hepatocytes and 

collect non-parenchymal cells (NPCs) in supernatant. NPCs were then pelleted at 580 g/10 
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min/4℃ and treated with RBC lysis buffer (eBioscience™) according to the manufacturer’s 

instructions before resuspension in 5 ml sequencing buffer (phosphate-buffered saline containing 

0.04% bovine serum albumin). Hepatocyte viability selection was performed as described6 on the 

hepatocyte pellet and cells were resuspended in sequencing buffer. A final mixture of cells was 

made by mixing 5% of the hepatocyte suspension with 95% of the NPC suspension before 

adjusting the cell concentration to 4000 cells/μl. 

2.10.9 scRNA-Seq analysis.  

Single-cell suspensions were processed on the 10X scRNA-Seq platform (Chromium Next GEM 

Single Cell 3' GEM Kit v3.1) and resulting, quality-controlled libraries were sequenced on 

Illumina Novaseq S1. Count matrices produced with kb-python7 (version 0.24.4, Python 3.7.4, 

reference genome GRCm38) were analyzed individually using Seurat V48. Cells expressing 

between 100 and 6,000 genes, less than 10,000 total transcripts and less than 25% of 

mitochondrially-encoded transcripts were retained for further analysis. Briefly, counts were 

normalized with SCTransform function (regression on nFeature_RNA and percent.mt) then the 

top 20 principal components based on high variable genes (3000) were used for dimensionality 

reduction (2D) using Uniform Manifold Approximation and Projection9. Graph-based clustering 

was then performed on reduced UMAP dimensions. Individual datasets were integrated together 

based on SCT normalized counts followed by UMAP dimensionality reduction on integrated data. 

Subclustering was done on integrated data as well. Differential gene expression analysis, Gene Set 

Variation analysis10 and cell prioritization with Augur11 was performed on normalised count 

(NormalizeData). Immune cell subtypes were annotated based on the Immunological Genome 

Project (ImmGen) database using SingleR12 which assigned cell identity by correlating single-cell 

expression profiles to reference data of pure cell types from microarray or RNAseq. Scaled counts 
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(ScaleData with regression on nFeature_RNA and percent.mt) were used for visualisation purpose. 

Data visualization in R 4.0.0 (R Core Team 2021, https://www.R-project.org) involved Seurat 

plotting functions as well as EnhancedVolcano13 and heatmap.2 functions (https://CRAN.R-

project.org/package=gplots). Pathway enrichment analysis from lists of differentially expressed 

genes was done using EnrichR14. Differentially expressed genes/pathways are considered for 

log2FC > 0.5 and P value<0.05. Heatmaps represent log2FC for the comparisons labeled on top 

of the graph. MsigDB V7.1 (H, C2 and C5) was used as repository to screen for biological gene 

sets (12457 gene sets passed the GSVA filter, i.e contained genes detected in our scRNA-Seq). 
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2.11 Supplementary Figures 

 

Figure S.2.1: Hematological parameters in male and female Tfrcfl/fl and TfrcTek-Cre mice.  

7-8 weeks old male or female Tfrcfl/fl and TfrcTek-Cre mice (n=6-12 per group) on standard diet were sacrificed. Serum 

was collected for analysis of: (A) Serum iron; (B) transferrin saturation; and (C) total iron binding capacity (TIBC). 

Statistical differences (p<0.05) were determined by using Student’s t test.
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Figure S.2.2: Kinetics of Bmp6 induction in response to ferric ammonium citrate (FAC) injection.  

In this preliminary experiment, 7-8 weeks old male Tfrcfl/fl mice (n=3 per time point) were injected intraperitoneally 

with 0.9 mg FAC.  The animals were sacrificed at the indicated time points and liver Bmp6 mRNA levels were 

quantified by qPCR. Under these experimental conditions, maximal Bmp6 induction was observed 6 h following FAC 

injection. In the final experiment shown in Figure 2.2, FAC was injected intravenously. We reasoned that direct 

administration of FAC to the bloodstream via the intravenous route might slightly shift the peak of Bmp6 induction 

earlier. Therefore, we chose the 5 h time point as optimal.
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Figure S.2.3: Iron quantification in the spleen, kidney and heart.  

7-8 weeks old male Tfrcfl/fl and TfrcTek-Cre mice (n=6-10 mice per group) on standard diet were sacrificed. Spleens, 

kidneys, and hearts were harvested and used to measure tissue iron content by the ferrozine assay. 
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Figure S.2.4: Iron manipulations do not affect expression of the inflammatory marker Socs3 mRNA in the liver 

of Tfrcfl/fl or TfrcTek-Cre mice.  

Socs3 mRNA expression was quantified using livers from mice described in Figure 2.2 (A) or Figure 2.3 (B). 

Statistically significant differences (p<0.05) from TfrcTek-Cre mice on standard diet are represented as b.
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Figure S.2.5: Expression of Bmp6 and Hamp mRNAs positively correlates with Tf saturation and LIC in Tfrcfl/fl 

and TfrcTek-Cre mice.  

Pearson correlation analysis of Tf saturation vs Bmp6 mRNA (A-B); LIC vs Bmp6 mRNA (C-D); Tf saturation vs 

Hamp mRNA (E-F); LIC vs Hamp mRNA (G-H); Tf saturation vs NTBI (I-J); LIC vs NTBI (K-L). Data are from the 

experiments shown in Figures 2 and 3 with Tfrcfl/fl and TfrcTek-Cre mice kept on standard diet (SD), exposed to 2% 

carbonyl iron diet (HID) for 18 hours, or placed on iron-deficient diet (IDD) for 1 week. p values and Pearson’s r 

coefficients are provided for each graph.
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Figure S.2.6: Single-cell RNAseq quality control and cell type expression screen for known iron-related genes. 

Single-cell RNAseq datasets from mouse livers from the three experimental conditions (UMAP plot, A); with post-

filtering single-cell distribution for gene count (nFeature_RNA), transcript count (nCount_RNA), and percent of 

mitochondrial encoded transcripts (percent.mt), across conditions (B) and annotated cell types (C). Cell type-specific 

expression of known iron-related genes across conditions (D).
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Figure S.2.7: Top 10 most differentially expressed genes amongst experimental conditions across cell types 

identified by single-cell RNAseq.  

For each cell types, dot plot shows the top 10 most differentially expressed genes amongst each of the three 

experimental conditions, based on p values.
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Figure S.2.8: Top 10 most differentially expressed pathways amongst experimental conditions across cell types 

identified by single-cell RNAseq.   

Heatmaps of log2 fold-change for the top 10 most differentially expressed pathways across cell types between each 

of the experimental conditions, based on P values (A). Log2 fold-change of Gene Set Variation Analysis (GSVA) 

score for Oxidative stress/ROS related biological pathways from the MsigDB across cell types identified by 

scRNAseq (heatmap, B)
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2.12 Supplementary Tables 

*Additional supplementary spreadsheets can be found online at 

https://doi.org/10.1182/blood.2022016987. 

Table S.2.1: Hematological parameters in 8-week mice fed standard diet. 

  Male Female 

Parameter Tfrcfl/fl TfrcTek-Cre p value Tfrcfl/fl TfrcTek-Cre p value 

Hb (g/dl) 16.0±0.6 15.5±1.2 0.3929 14.6±1.0 13.5±0.9 0.0856 

RBC (106/µl) 10.1±0.7 10.3±1.1 0.6662 9.0±0.7 7.9±1.5 0.1311 

RDW (%) 13.4±0.1 14.7±0.6 *0.0043 13.7±0.5 15.8±0.7 *0.0043 

HCT (%) 49.2±3.0 48.2±4.5 0.6623 44.1±3.7 37.1±7.6 0.1255 

MCV (fl) 48.8±0.8 46.7±1.2 *0.0089 48.8±0.8 46.6±1.9 *0.0285 

MCH (pg) 15.9±0.5 15.0±0.7 *0.0471 16.3±2.1 17.5±2.4 0.4202 

MCHC (g/dl) 32.6±0.9 32.3±0.8 0.4966 33.5±4.8 37.4±6.0 0.2588 

PLT (103/µl) 929.8±60.8 772.5±151.8 0.0589 849.3±58.3 686.8±232.2 0.1305 

 

 

https://doi.org/10.1182/blood.2022016987
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Table S.2.4: List of primers used for qPCR. 

 

Gene 
GenBank 

accession 
Forward primer sequence Reverse primer sequence 

     

Hamp1 NM_032541.1 AAGCAGGGCAGACATTGCGAT CAGGATGTGGCTCTAGGCTATGT 

Bmp6 NM_007556.2 ACTCGGGATGGACTCCACGTCA CACCATGAAGGGCTGCTTGTCG 

Bmp2 NM_007553.3 CTCTCTCAATGGACGTGCCC ACACTAGAAGACAGCGGGTC 

Id1 NM_010495.2 GGTACTTGGTCTGTCGGAGC GCAGGTCCCTGATGTAGTCG 

Socs3 NM_007707.3 TGCGCCTCAAGACCTTCAG GCTCCAGTAGAATCCGCTCTC 

Rpl19 NM_009078.2 AGGCATATGGGCATAGGGAAGAG  TTGACCTTCAGGTACAGGCTGTG 
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Preface to chapter 3 

 The BMPs mentioned in the previous chapter are important signaling molecules which 

exert their effects in a paracrine fashion on the liver’s parenchymal cells, hepatocytes. Binding to 

their cognate receptor triggers induction of hepcidin through activation of small mothers against 

decapentaplegic (SMAD) phosphorylation. Yet, hepcidin is also potently induced by inflammation 

which is primarily triggered by interleukin-6 (IL-6) signaling followed by signal transducers and 

activators of transcription (STAT) phosphorylation. This is thought to be part of the nutritional 

immunity response which describes the struggle to withhold nutrients, such as iron, from invading 

pathogens to prevent their growth. The earliest reports in the field suggested that BMP and IL-6 

signaling functioned independently. However, work by our group as well as others has 

demonstrated that these pathways are synergistic and that BMPs help maintain a basal threshold 

of hepcidin expression necessary for inflammatory activation of hepcidin. In fact, not only does 

abrogation of BMP signaling or members of their receptor complexes cause iron overload in 

animal models and humans, but those suffering from iron overload cannot hope to produce an 

effective hypoferremia in response to invading pathogens. Thus, the focus of this chapter has been 

to understand the requirements to induce hypoferremia in organisms that are iron overloaded either 

dietarily or genetically.  

This chapter was adapted from: Charlebois E, Fillebeen C, Katsarou A, Rabinovich A, Wisniewski 

K, Venkataramani V, Michalke B, Velentza A, & Pantopoulos, P. A crosstalk between hepcidin 

and IRE/IRP pathways controls ferroportin expression and determines serum iron levels in mice. 

eLife. 2022.
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3.1 Abstract 

The iron hormone hepcidin is transcriptionally activated by iron or inflammation via distinct, 

partially overlapping pathways. We addressed how iron affects inflammatory hepcidin levels and 

the ensuing hypoferremic response. Dietary iron overload did not mitigate hepcidin induction in 

LPS-treated wt mice but prevented effective inflammatory hypoferremia. Likewise, LPS modestly 

decreased serum iron in hepcidin-deficient Hjv-/- mice, model of hemochromatosis. Synthetic 

hepcidin triggered hypoferremia in control but not iron-loaded wt animals. Furthermore, it 

dramatically decreased hepatic and splenic ferroportin in Hjv-/- mice on standard or iron-deficient 

diet, but only triggered hypoferremia in the latter. Mechanistically, iron antagonized hepcidin 

responsiveness by inactivating IRPs in the liver and spleen, to stimulate ferroportin mRNA 

translation. Prolonged LPS treatment eliminating ferroportin mRNA permitted hepcidin-mediated 

hypoferremia in iron-loaded mice. Thus, de novo ferroportin synthesis is critical determinant of 

serum iron and finetunes hepcidin-dependent functional outcomes. Our data uncover a crosstalk 

between hepcidin and IRE/IRP systems that controls tissue ferroportin expression and determines 

serum iron levels. Moreover, they suggest that hepcidin supplementation therapy is more efficient 

combined with iron depletion. 
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3.2 Introduction 

 Systemic iron balance is controlled by hepcidin a peptide hormone that is produced by 

hepatocytes in the liver and operates in target cells by binding to the iron exporter ferroportin1,2. 

This results in ferroportin internalization and lysosomal degradation but also directly inhibits 

ferroportin function by occluding its iron export channel3,4. Ferroportin is highly expressed in 

duodenal enterocytes and tissue macrophages, which are instrumental for dietary iron absorption 

and iron recycling from senescent erythrocytes, respectively. Ferroportin is also expressed in 

hepatocytes, where excess iron is stored and can be mobilized on demand. Hepcidin-mediated 

ferroportin inactivation inhibits iron entry into plasma. This is a critical homeostatic response 

against iron overload, but also an innate immune response against infection5. Thus, hepcidin 

expression is induced when systemic iron levels are high to prevent dietary iron absorption, or 

under inflammatory conditions to promote iron retention within ferroportin-expressing cells and 

render the metal unavailable to extracellular pathogens. 

 The hepcidin-encoding Hamp gene is transcriptionally induced by iron or inflammatory 

stimuli via BMP/SMAD6 or IL-6/STAT37 signaling, respectively. These pathways crosstalk at 

different levels. For instance, the BMP co-receptor hemojuvelin (HJV), a potent enhancer of iron-

dependent BMP/SMAD signaling, is also essential for inflammatory induction of hepcidin. Thus, 

Hjv-/- mice, a model of juvenile hemochromatosis characterized by severe iron overload and 

hepcidin deficiency8, exhibit blunted inflammatory induction of hepcidin and fail to mount a 

hypoferremic response following LPS treatment or infection with E. coli9. Excess iron inhibits 

hepcidin induction via the BMP/SMAD and IL-6/STAT3 signaling pathways in cultured cells10,11, 

but the in vivo relevance of these findings is not known. 

 Hepcidin-dependent inhibition of ferroportin activity and expression is a major but not the 

sole contributor to inflammatory hypoferremia12,13. This is related to the fact that ferroportin 

expression is regulated by additional transcriptional and post-transcriptional mechanisms14. Thus, 

ferroportin transcription is induced by iron15 and suppressed by inflammatory signals16, while 

translation of Slc40a1(+IRE) mRNA, the major ferroportin transcript that harbors an “iron 

responsive element” (IRE) within its 5’ untranslated regions (5’ UTR) is controlled by “iron 

regulatory proteins” (IRPs), IRP1 and IRP2. The IRE/IRP system accounts for coordinate post-
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transcriptional regulation of iron metabolism proteins in cells17,18. In a homeostatic response to 

iron deficiency, IRPs bind to the IRE within the Slc40a1(+IRE) and ferritin (Fth1 and Ftl1) 

mRNAs, inhibiting their translation. IRE/IRP interactions do not take place in iron-loaded cells, 

allowing de novo ferroportin and ferritin synthesis to promote iron efflux and storage, respectively. 

The impact of the IRE/IRP system on regulation of tissue ferroportin and serum iron is not well 

understood. 

 The aim of this work was to elucidate mechanisms by which systemic iron overload affects 

hepcidin expression and downstream responses, especially under inflammatory conditions. 

Utilizing wild type and Hjv-/- mice, we demonstrate that serum iron levels reflect regulation of 

ferroportin in the liver and spleen by multiple signals. We further show that effective hepcidin-

mediated hypoferremia is antagonized by compensatory mechanisms aiming to prevent cellular 

iron overload. Our data uncover a crosstalk between hepcidin and the IRE/IRP system that controls 

ferroportin expression in the liver and spleen, and thereby determines serum iron levels. 

3.3 Results 

3.3.1 Dietary iron overload does not prevent further inflammatory Hamp mRNA induction in LPS-

treated wt mice, but mitigates hepcidin responsiveness.  

In an exploratory experiment, wt mice were subjected to dietary iron loading by feeding a 

high-iron diet (HID) for short (1 day), intermediate (1 week) or long (5 weeks) time intervals; 

control animals remained on standard diet (SD). As expected, mice on HID for 1 day manifested 

maximal increases in serum iron (Figure 3.1A) and transferrin saturation (Figure 3.1B). They 

retained physiological liver iron content (LIC; (Figure 3.1C) and serum ferritin (Figure 3.1D), a 

reflection of LIC. Serum iron and transferrin saturation plateaued after longer HID intake, while 

LIC and serum ferritin gradually increased to peak at 5 weeks. The dietary iron loading promoted 

gradual upregulation of serum hepcidin (Figure 3.1E) and liver Hamp mRNA (Figure 3.1F), with 

highest values at 5 weeks. This could not prevent chronic dietary iron overload, in agreement with 

earlier findings19,20. 

LPS triggered appropriate hepcidin induction and a robust hypoferremic response in 

control mice. Interestingly, LPS-induced inflammation resulted in further proportional increase in 

hepcidin and Hamp mRNA in dietary iron-loaded mice (Figure 3.1E-F). This was accompanied 
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by significant drops in serum iron and transferrin saturation (Figure 3.1A-B). However, values did 

not reach the nadir of LPS-treated control animals and were increasing in mice on HID for longer 

periods, despite significant hepcidin accumulation. These data suggest that hepatic iron overload 

does not prevent inflammatory induction of hepcidin; however, it impairs its capacity to decrease 

serum iron. 

3.3.2 Uncoupling inflammatory hepcidin induction from hypoferremic response in wt and Hjv-/- 

mice following dietary iron manipulations.  

To further explore the potential of hepcidin to promote hypoferremia under iron overload, 

wt and Hjv-/- mice, a model of hemochromatosis, were subjected to dietary iron manipulations. Wt 

mice were fed SD or HID, and Hjv-/- mice were fed SD or an iron-deficient diet (IDD) for 5 weeks, 

to achieve a broad spectrum of hepcidin regulation. Wt mice on HID and Hjv-/- mice on SD or IDD 

manifested similarly high serum iron and transferrin saturation (Figure 3.2A-B). Serum non-

transferrin bound iron (NTBI) levels appeared modestly elevated in the dietary and genetic iron 

overload models and seemed to decrease in Hjv-/- mice following IDD intake (Figure 3.2C). LIC 

was substantially reduced in Hjv-/- mice in response to IDD, but also compared to wt mice on HID 

(Figure 3.2D). The quantitative LIC data were corroborated histologically by Perls staining (Figure 

3.2E and Figure 3.2-figure supplement 1A). Dietary iron loading increased splenic iron in wt mice 

and confirmed that Hjv-/- mice fail to retain iron in splenic macrophages (Figure 3.2-figure 

supplement 1B). As expected, serum hepcidin (Figure 3.2F) and liver Hamp mRNA (Figure 3.2G) 

were maximally induced in HID-fed wt mice and were low in Hjv-/- mice on SD, and further 

suppressed to undetectable levels following IDD intake. 

 LPS reduced serum iron and transferrin saturation in hyperferremic wt mice on HID and 

Hjv-/- mice on SD or IDD, but not below baseline of control wt mice on SD, the only animals that 

developed a robust hypoferremic response (Figure 3.2A-B); see also ratios of serum iron levels 

between untreated and LPS-treated mice in Figure 3.2A. The LPS treatment was associated with 

significant accumulation of hepcidin (Figure 3.2F) and induction of Hamp mRNA (Figure 3.2G) 

in all experimental groups, while NTBI (Figure 3.2C) and LIC (Figure 3.2D) were unaffected. 

Notably, LPS-treated wt mice on HID and Hjv-/- mice on IDD exhibited dramatic differences in 

Hamp mRNA but similar blunted hypoferremic response to the acute inflammatory stimulus. Thus, 

the profound hepcidin induction in iron-loaded wt mice cannot decrease serum iron below that of 
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iron-depleted Hjv-/- mice with negligible hepcidin, which indicates reduced hepcidin 

responsiveness. In support to this interpretation, Id1 and Socs3 mRNAs (Figure 3.2H-I), which are 

markers of BMP/SMAD and IL-6/STAT3 signaling, respectively, were appropriately induced by 

dietary iron loading or LPS treatment in wt mice. Thus, the major hepcidin signaling pathways 

were intact under these experimental conditions. 

Serum iron levels are also controlled by hepcidin-independent mechanisms12,13. To explore 

their possible contribution in our experimental setting, we analyzed expression of genes involved 

in iron transport in the liver, an organ that contributes to iron sequestration during inflammation. 

Ferroportin is encoded by two alternatively spliced transcripts, Slc40a1(+IRE) and Slc40a1(-

IRE)21. Both of them were significantly increased in the liver of iron-loaded wt mice on HID and 

Hjv-/- mice on SD, which is consistent with transcriptional induction15, and were strongly 

suppressed by LPS (Figure 3.2J-K). The LPS treatment induced Slc11a2, Slc39a14 and Lcn2 

mRNAs in all animals (Figure 3.2L-N). These encode the divalent metal transporter DMT1, the 

NTBI transporter Zip14 and the siderophore-binding protein Lcn2, respectively; Lcn2 mRNA 

induction was dramatic. The transferrin receptor 1-encoding Tfrc mRNA was largely unaffected 

by LPS, except for a reduction in Hjv-/- mice on IDD (Figure 3.2O). The above data indicate that 

LPS-induced inflammation triggers transcriptional responses favoring reduced iron efflux from 

the liver and increased uptake of NTBI by liver cells. 

 To assess the downstream function of hepcidin, we analyzed tissue ferroportin levels. 

Immunohistochemical staining of liver sections revealed strong ferroportin expression in Kupffer 

cells, predominantly in periportal areas, under all experimental conditions (Figure 3.3A and Figure 

3.3-figure supplement 1). Hepatocellular ferroportin staining is also evident in the iron overload 

models, mostly in periportal hepatocytes (Figure 3.3-figure supplement 1), and in line with recent 

data22. LPS triggered redistribution and decreased expression of ferroportin in Kupffer cells from 

wt but not Hjv-/- mice (Figure 3.3-figure supplement 1), as reported9. 

 We further analyzed ferroportin in liver homogenates by Western blotting. Levels of 

biochemically detectable liver ferroportin differed substantially between wt and Hjv-/- mice. Thus, 

they were relatively low in the former and highly induced in the latter (Figure 3.3B), independently 

of iron load. The differences were more dramatic compared to those observed by 
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immunohistochemistry (Figure 3.3A and Figure 3.3-figure supplement 1). Conceivably, the strong 

ferroportin signal in Western blots from Hjv-/- liver homogenates reflects high ferroportin 

expression in hepatocytes, which are the predominant cell population and make up ~80% of the 

liver cell mass23. Yet, hepatocellular ferroportin is less visible by immunohistochemistry because 

the signal is substantially weaker compared to that in Kupffer cells (see also Figure 3.6E). 

Interestingly, the LPS treatment visibly suppressed total liver ferroportin in Hjv-/- mice on SD but 

not IDD, and appeared to modestly reduce it in wt mice (Figure 3.3B); albeit, without statistical 

significance. These data are consistent with negative regulation of ferroportin by residual LPS-

induced hepcidin in Hjv-/- mice on SD, which could explain the small drop in serum iron and 

transferrin saturation under these acute inflammatory conditions, as reported9. However, liver 

ferroportin remained detectable and apparently functional, as it did not allow significant iron 

sequestration and dramatic drop in serum iron. Notably, persistence of relatively high serum iron 

is also evident in LPS-treated wt mice on HID, despite maximal hepcidin and minimal liver 

ferroportin levels. 

 Next, we analyzed ferroportin in the spleen, an organ with erythrophagocytic macrophages 

that plays an important role in body iron traffic24. Immunohistochemical analysis shows that LPS 

reduced ferroportin in red pulp splenic macrophages from wt mice on SD, but this effect was less 

evident in wt mice on HID and in Hjv-/- mice on SD or IDD (Figure 3.3C and Figure 3.3-figure 

supplement 2). Western blot analysis shows a stronger ferroportin signal in splenic extracts from 

Hjv-/- animals (Figure 3.3D), consistent with immunohistochemistry. However, in this assay LPS 

suppressed splenic ferroportin in wt animals and in Hjv-/- mice on SD, but not IDD. This could be 

a result of residual hepcidin upregulation (Figure 3.2F-G), while the lack of significant splenic 

ferroportin suppression in Hjv-/- mice on IDD may denote hepcidin insufficiency. In any case, the 

relatively high circulating iron levels in dietary iron-loaded and LPS-treated wt mice indicates 

continuous iron efflux to plasma despite hepcidin excess. 

3.3.3 Insufficient hepcidin leads to blunted hypoferremic response in iron overload.  

We used human synthetic hepcidin to address whether the failure of mouse models of iron 

overload to mount an appropriate hypoferremic response to acute inflammation is caused by 

endogenous hepcidin insufficiency or other mechanisms. Wt and Hjv-/- mice subjected to dietary 

iron manipulations received 2.5 μg/g synthetic hepcidin every two hours for a total of four 
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intraperitoneal injections. Each dose corresponds to ~200-fold excess over endogenous circulating 

hepcidin in control wt animals. The treatment caused hypoferremia in wt mice on SD but not HID, 

where the decrease in serum iron was significant but well above baseline of untreated wt controls 

(Figure 3.4A-B); see also ratios of serum iron levels between untreated and hepcidin-treated mice 

in Figure 3.4A. Likewise, synthetic hepcidin significantly decreased serum iron but failed to cause 

dramatic hypoferremia in hepcidin-deficient Hjv-/- mice on SD. Notably, hepcidin administration 

was much more effective in relatively iron-depleted Hjv-/- mice on IDD, and lowered serum iron 

and transferrin saturation below baseline. The treatments significantly reduced NTBI in Hjv-/- mice 

on SD, with a trend in mice on IDD (Figure 3.4C) but did not affect LIC or splenic iron content 

(SIC) under any experimental conditions (Figure 3.4D-E and Figure 3.4-figure supplement 1). 

Serum iron represents <2% of total tissue iron and therefore its acute fluctuations are not expected 

to dramatically alter LIC or SIC. 

Synthetic hepcidin led to significant reduction of endogenous Hamp mRNA in wt mice on 

SD (Figure 3.4F), as earlier reported25. Conceivably, this is related to destabilization of the Hamp 

inducer Tfr2 in the liver (Figure 3.4-figure supplement 2), a known response to hypoferremia26. 

Synthetic hepcidin did not promote inflammation, iron perturbations or alterations in BMP/SMAD 

signaling in the liver, as judged by the unaltered expression of hepatic Slc40a1(+IRE), Socs3, Id1 

and Bmp6 mRNAs (Figure 3.4-figure supplement 3A-D). Moreover, synthetic hepcidin did not 

affect Slc11a2, Slc39a14, Lcn2 or Tfrc mRNAs (Figure 3.4-figure supplement 3E-H), which 

encode iron transporters; Slc39a14 and Lcn2 are also inflammatory markers. 

 Next, we analyzed liver ferroportin by immunohistochemistry. Figure 3.5A and Figure 3.5-

figure supplement 1 show that exogenous hepcidin decreased ferroportin signal intensity in all 

animal groups to varying degrees. The hepcidin effect was particularly noticeable in hepatocytes 

from Hjv-/- mice (see low magnification images in Figure 3.5-figure supplement 1). Kupffer cells 

seemed to retain some ferroportin in all groups except Hjv-/- mice on IDD. Interestingly, while 

synthetic hepcidin decreased ferroportin signal intensity in Kupffer cells, it did not alter 

intracellular ferroportin distribution as would be expected based on the data in LPS-treated wt mice 

(Figure 3.5A).  
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 Western blotting confirmed that total liver ferroportin is highly induced in Hjv-/- mice 

(Figure 3.5B). Again, the signal intensity can be attributed to protein expressed in hepatocytes. 

The treatment with synthetic hepcidin did not significantly affect liver ferroportin in wt mice 

(either on SD or HID), but substantially reduced it in Hjv-/- mice, to almost wt levels. The effect 

appeared more pronounced in Hjv-/- mice on IDD; nevertheless, ferroportin remained detectable. 

 Splenic ferroportin was reduced in all animal groups following hepcidin treatment, with 

stronger effects visualized by immunohistochemistry in wt mice on SD and Hjv-/- mice on IDD 

(Figure 3.5C and Figure 3.5-figure supplement 2). At the biochemical level, ferroportin expression 

was again much stronger in the spleen of Hjv-/- mice (Figure 3.5D). Synthetic hepcidin did not 

significantly affect splenic ferroportin in wt mice, but dramatically reduced it in all Hjv-/- mice. 

Taken together, our data suggest that synthetic hepcidin overcomes endogenous hepcidin 

deficiency in Hjv-/- mice. However, it only triggers hypoferremia in these animals following 

relative iron depletion. On the other hand, in iron-loaded wt mice with already high endogenous 

hepcidin, excess synthetic hepcidin fails to promote hypoferremia. 

3.3.4 Dietary iron manipulations are sensed by IRPs in the liver and spleen of wt and Hjv-/- mice. 

 The IRE/IRP system orchestrates homeostatic adaptation to cellular iron supply (17, 18). 

To evaluate the responses of IRPs in the whole liver and spleen to the above-described dietary iron 

manipulations, we analyzed tissue extracts from wt and Hjv-/- mice by an electrophoretic mobility 

shift assay (EMSA) using a 32P-labelled IRE probe. The data in Figure 3.6A-B show that HID 

intake tended to decrease the IRE-binding activities of IRP1 and IRP2 in both liver and spleen of 

wt mice (statistical significance is only reached in the liver); densitometric quantification of 

IRE/IRP1 and IRE/IRP2 complexes is shown on the right. Conversely, IDD intake significantly 

induced the IRE-binding activity of IRP2 in the liver and spleen of Hjv-/- mice, leaving IRP1 largely 

unaffected. IRE/IRP2 interactions are better visible in longer exposures (middle panels). EMSAs 

with tissue extracts previously treated with 2-mercaptoethanol (2-ME) were performed as loading 

controls (27) and are shown in the bottom panels. 

To clarify which cell types of the liver account for the responses of IRPs to dietary iron, 

separate EMSAs were performed using extracts from isolated hepatocytes or non-parenchymal 
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liver cells. The data in Figure 3.6C-D uncover that IRP1 and IRP2 in both liver cell populations 

from wt and Hjv-/- mice are sensitive to dietary iron loading or restriction, respectively. The EMSA 

analysis of non-parenchymal liver cells, which contain Kupffer cells among others, showed a high 

experimental variability (Figure 3.6D). Nevertheless, the overall results are consistent with those 

obtained with splenic extracts, which contain red pulp macrophages (Figure 3.6B). 

3.3.5 Relative expression of ferroportin in hepatocytes and non-parenchymal liver cells from wt 

and Hjv-/- mice.  

We determined the relative abundance of ferroportin in hepatocytes and non-parenchymal 

liver cells from wt and Hjv-/- mice on SD by Western blotting. As expected, ferroportin expression 

(normalized to β-actin) was ~1.5-2-fold higher in the non-parenchymal cell fraction as compared 

to hepatocytes in both wt and Hjv-/- mice (Figure 3.6E). In comparison across genotypes, 

ferroportin expression was ~2-fold higher in hepatocytes and ~50% higher in non-parenchymal 

cells from Hjv-/- vs wt mice. 

3.3.6 Iron-dependent regulation of ferroportin mRNA translation in the liver.  

Having established that dietary iron manipulations trigger IRP responses in the liver and 

spleen, we hypothesized that the functional outcomes of exogenous hepcidin may not merely 

depend on its capacity to degrade tissue ferroportin, but also on iron-dependent ferroportin 

regeneration via de novo synthesis.  Slc40a1(+IRE) mRNA is the predominant ferroportin 

transcript in the mouse liver and spleen, as well as in hepatoma and macrophage cell lines21, and 

is considered as a target of IRPs.  

Thus, we assessed the effects of dietary iron on whole liver Slc40a1(+IRE) mRNA 

translation by polysome profile analysis. We focused on the liver because this organ contains the 

highest number of iron-recycling macrophages28 and can also export iron to plasma from 

ferroportin-expressing parenchymal cells. Liver extracts from wt mice on SD or HID, and Hjv-/- 

mice on SD or IDD were fractionated on sucrose gradients to separate translationally inactive light 

monosomes from translating heavy polysomes (Figure 3.7A). The relative distribution of 

Slc40a1(+IRE), Fth1 (positive control for iron regulation) and Actb (negative control) mRNAs 

within the different fractions was quantified by qPCR (Figure 3.7B-D). Dietary iron loading 

stimulated Slc40a1(+IRE) (and Fth1) mRNA translation in wt mice (note the shifts from 
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monosomes to polysomes in Figure 3.7B-C). Conversely, dietary iron depletion inhibited 

Slc40a1(+IRE) (and Fth1) mRNA translation in Hjv-/- mice. We also attempted to obtain polysome 

profiles of Slc40a1(-IRE) mRNA but it was undetectable after fractionation. These data indicate 

that in mice subjected to iron overload, iron-stimulated ferroportin synthesis in the liver 

antagonizes hepcidin-mediated ferroportin degradation and prevents an appropriate hypoferremic 

response. Considering that levels of Slc40a1(+IRE) mRNA are elevated in iron-loaded wt and Hjv-

/- mice (Figure 3.2J and Figure 3.4-figure supplement 3), it is possible that increased de novo 

ferroportin synthesis is further enhanced by transcriptional induction. 

 Quantification of liver iron by ICP-MS (Figure 3.7E) validated iron loading of wt mice by 

HID, and relative iron depletion of Hjv-/- mice by IDD intake, respectively (see also Figure 3.2D). 

Iron redox speciation analysis by CE-ICP-MS revealed a profound increase in Fe2+/Fe3+ ratios in 

livers of Hjv-/- mice on SD, which was corrected by dietary iron depletion (Figure 3.7F). 

Nevertheless, there was no difference in Fe2+/Fe3+ ratios among livers of wt mice on SD or HID, 

and Hjv-/- mice on IDD. We conclude that a relative increase in total iron content, rather than 

excessive accumulation of redox active Fe2+ drives Slc40a1(+IRE) (and Fth1) mRNA translation 

in the liver.  

3.3.7 Restoration of effective hypoferremic response under iron overload following maximal 

Slc40a1 mRNA suppression.  

We reasoned that complete inactivation of ferroportin mRNA would restore hepcidin-

induced hypoferremia despite iron overload. An 8-hour treatment of mice with LPS suppressed 

liver Slc40a1(+IRE) mRNA below detection levels (Figure 3.8A), as reported9. The same holds 

true for the Slc40a1(-IRE) isoform (Figure 3.8B), which was 290 times less abundant in control 

mouse livers compared to Slc40a1(+IRE) (ΔCt=8.18), in agreement with published data21. We 

went on to examine the effects of synthetic hepcidin on serum iron under these conditions of 

maximal Slc40a1 mRNA suppression. Importantly, the prolonged LPS treatment decreased serum 

iron in wt mice on HID below the control baseline (Figure 3.8C). Furthermore, when combined 

with synthetic hepcidin, it promoted an effective hypoferremic response in wt mice on HID and 

Hjv-/- mice on SD (or IDD) (Figure 3.8C-D) and tended to decrease NTBI (Figure 3.8E). These 

data strongly suggest that the expression of actively translating Slc40a1 mRNA in iron-exporting 

tissues under systemic iron overload mitigates hepcidin-induced drop in serum iron. 
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3.4 Discussion 

 We sought to analyze how iron overload affects hepcidin-mediated inflammatory 

responses. We and others reported that excess iron inhibits the major hepcidin signaling pathways 

(BMP/SMAD and IL-6/STAT3) in cultured cells10,11. To explore the physiological relevance of 

these findings, wt mice were subjected to variable degrees of dietary iron loading and then treated 

with LPS. All iron-loaded mice could further upregulate hepcidin in response to LPS-induced 

acute inflammation (Figure 3.1). This is consistent with other relevant findings29 and apparently 

contradicts the in vitro data. While experimental iron loading of cultured cells is rapid, dietary iron 

loading of mice is gradual20 and most of excess iron is effectively detoxified within ferritin, which 

is highly induced30. By contrast, the suppression of hepcidin preceded ferritin induction in cultured 

cells10, which may explain the discrepancy with the in vivo data. 

 The unimpaired inflammatory induction of hepcidin in iron-loaded wt mice correlated with 

significant drops in serum iron, but these appeared inversely proportional to the degree of systemic 

iron loading (Figure 3.1). Thus, LPS-treated mice on 5 weeks HID developed relative 

hypoferremia but could not further reduce serum iron below a baseline of untreated control mice 

on SD. This can be attributed to mechanisms antagonizing hepcidin action. To explore how iron 

modulates the capacity of hepcidin to trigger inflammatory hypoferremia, we established 

conditions of iron overload using wt and Hjv-/- mice with extreme differences in hepcidin 

expression. Figures 2 and 3 demonstrate that iron overload prevents effective inflammatory 

hypoferremia independently of hepcidin and tissue ferroportin levels. 

We used a ~200-fold excess of synthetic hepcidin to directly assess its capacity to divert 

iron traffic in iron-loaded mice. Hepcidin injection caused hypoferremia in control wt mice on SD 

and significantly reduced serum iron in wt mice on HID and Hjv-/- mice on SD, but not below 

baseline (Figure 3.4). Thus, synthetic hepcidin failed to drastically drop serum iron levels in iron 

overload models with either high or low endogenous hepcidin. Importantly, synthetic hepcidin 

promoted robust hypoferremia in relatively iron-depleted Hjv-/- mice on IDD, with undetectable 

endogenous hepcidin. It should be noted that synthetic hepcidin had similar effects on tissue 

ferroportin among wt or Hjv-/- mice, regardless of iron diet (Figure 3.5). It reduced intensity of the 

ferroportin signal in Kupffer cells and splenic macrophages of wt mice without significantly 



 

117 

 

affecting biochemically detectable total protein levels. In addition, it dramatically reduced total 

ferroportin in the liver and spleen of Hjv-/- mice. However, in all experimental settings there was 

residual tissue ferroportin, which appears to be functionally significant.  

We reasoned that at steady-state, tissue ferroportin may consist of fractions of newly 

synthesized protein, and protein that is en route to hepcidin-mediated degradation. Conceivably, 

the former may exhibit more robust iron export activity, at least before its iron channel gets 

occluded by hepcidin. Increased de novo synthesis of active ferroportin could explain why 

synthetic hepcidin cannot drastically drop serum iron levels under iron overload. In fact, Figure 

3.7 demonstrates that dietary iron overload augments Slc40a1(+IRE) mRNA translation in the 

liver of wt mice. Conversely, relative dietary iron depletion inhibits Slc40a1(+IRE) mRNA 

translation in the liver of Hjv-/- mice, in line with the restoration of hepcidin-mediated hypoferremic 

response (Figure 3.4). 

Our data are consistent with translational control of liver ferroportin expression via the 

IRE/IRP system and do not exclude the possibility for an additional contribution of iron-dependent 

transcriptional regulation of Slc40a1(+IRE) mRNA. Direct evidence for activation of IRP 

responses in the liver and spleen to dietary iron manipulations is provided in Figure 3.6. While 

translational control of ferritin in tissues is established31, regulation of ferroportin by the IRE/IRP 

system is less well characterized and has hitherto only been documented in cell models32,33, the 

mouse duodenum34, and the rat liver35. Moreover, the physiological relevance of this mechanism 

remained speculative. The data in Figures 6 and 7 show that the IRE/IRP system is operational and 

controls Slc40a1(+IRE) mRNA translation in both fractions of hepatocytes and non-parenchymal 

liver cells. Presumably, this offers a compensatory mechanism to protect the cells from iron 

overload and iron-induced toxicity. On the other hand, this mechanism attenuates hepcidin 

responsiveness and promotes a state of hepcidin resistance, as higher amounts of hepcidin are 

required to achieve effective hypoferremia. Because hepcidin has a short plasma half-life, it is 

reasonable to predict that the use of more potent hepcidin analogs36 will overcome the antagonistic 

effects of increased ferroportin mRNA translation under iron overload. 

The critical role of de novo ferroportin synthesis in fine-tuning hepcidin-dependent 

functional outcomes is also highlighted in Figure 3.8. Thus, synthetic hepcidin was highly effective 
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as promoter of hypoferremia in dietary iron-loaded wt mice when administered together with LPS. 

LPS is known to suppress Slc40a1 mRNA in cell lines16 and mouse tissues, with a nadir in the 

liver reached at 8 h9. The recovery of hepcidin effectiveness in mouse models of iron overload was 

only possible when Slc40a1 mRNA was essentially eliminated. Under these conditions, LPS 

treatment alone was sufficient to decrease serum iron in dietary iron-loaded wt mice below 

baseline. 

Tissue iron uptake may be another important determinant of the hypoferremic response to 

inflammation. LPS did not affect Tfrc mRNA levels in the liver (Figure 3.2O), which argues 

against increased uptake of transferrin-bound iron via TfR1. On the other hand, LPS induced 

Slc39a14, Slc11a2 and Lcn2 mRNAs (Figure 3.2L-N). Zip14 is the NTBI transporter accounting 

for hepatocellular iron overload in hemochromatosis37 and is upregulated by inflammatory cues in 

hepatocytes38. DMT1 is dispensable for NTBI uptake by hepatocytes39, and its inflammatory 

induction might promote iron acquisition by macrophages16,40. Nevertheless, considering that the 

fraction of NTBI represents <2% of total serum iron even in the iron overload models (Figure 3.2A 

and C), it is implausible that NTBI uptake by Zip14 and/or DMT1 substantially contributes to 

inflammatory hypoferremia. Lcn2 is an acute phase protein that can sequester intracellular iron 

bound to catecholate siderophores41, and is more likely to transport iron to tissues during infection. 

In any case, synthetic hepcidin did not affect expression of iron transporters (Figure 3.4-figure 

supplement 3E-H). This excludes the possibility for a synergistic effect on LPS-induced tissue iron 

uptake that could promote effective hypoferremia in the iron overload models. 

Our study has some limitations. While the data highlight the importance of translational 

regulation of liver ferroportin as a determinant of serum iron, they do not accurately dissect the 

specific role of ferroportin expressed in hepatocytes and Kupffer cells; the latter were not separated 

from other non-parenchymal cells in biochemical assays. The involvement of the IRE/IRP system 

has been established indirectly, while the relative contributions of IRP1 and IRP2 in the 

mechanism are not fully defined. The possible role of iron-dependent transcriptional induction of 

ferroportin in counterbalancing hepcidin actions requires further clarification. The use of diets with 

variable iron content may have triggered responses to iron availability independent of hepcidin 

signaling and Hjv functionality. Finally, the physiological implications of translational regulation 

of ferroportin in the broader setting of inflammation and/or infection have not been explored.  
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In conclusion, our data reveal a crosstalk between the hepcidin pathway and the IRE/IRP 

system in the liver and spleen for the control of tissue ferroportin and serum iron levels. 

Furthermore, they suggest that application of hepcidin therapeutics for treatment of iron overload 

disorders should be combined with iron depletion strategies to mitigate Slc40a1 mRNA translation 

and increase hepcidin efficacy. Future work is expected to clarify whether optimizing the 

hypoferremic response to inflammation under systemic iron overload decreases susceptibility to 

pathogens. 

3.5 Materials and Methods 

3.5.1 Animals.  

 Wild type C57BL/6J and isogenic Hjv-/- mice42 were housed in macrolone cages (up to 5 

mice/cage, 12:12 h light-dark cycle: 7 am - 7 pm; 22 ± 1°C, 60 ± 5% humidity). The mice were 

fed either a standard diet (200 ppm iron), an iron-deficient diet (2-6 ppm iron) or a high-iron diet 

(2% carbonyl iron)43. Where indicated, mice were injected intraperitoneally with 1 μg/g LPS 

(serotype 055:B5; Sigma-Aldrich) or subcutaneously with 2.5 µg/g synthetic hepcidin; control 

mice were injected with phosphate-buffered saline. At the endpoints, animals were sacrificed by 

CO2 inhalation and cervical dislocation. Experimental procedures were approved by the Animal 

Care Committee of McGill University (protocol 4966). 

3.5.2 Serum biochemistry.  

 Blood was collected via cardiac puncture. Serum was prepared by using micro Z-gel tubes 

with clotting activator (Sarstedt) and was kept frozen at −20°C until analysis. Serum iron, total 

iron binding capacity (TIBC) and, where indicated serum ferritin, were determined at the 

Biochemistry Department of the Montreal Jewish General Hospital using a Roche Hitachi 917 

Chemistry Analyzer. Transferrin saturation was calculated from the ratio of serum iron and TIBC. 

Serum hepcidin was measured by using an ELISA kit (HMC-001; Intrinsic LifeSciences). 

3.5.3 Quantification of serum non-transferrin bound iron (NTBI).  

 NTBI was measured by adapting the method developed by Esposito et al44. Briefly, iron 

samples of known concentration were created by mixing 70 mM nitrilotriacetate (NTA) (pH = 7.0) 

with 20 mM ferrous ammonium sulfate. Fe2+ was allowed to oxidize to Fe3+ in ambient air for at 
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least 30 min and then the solution was diluted to 0.2 mM before further serial dilutions to create a 

ladder. 5 μl of ladder was loaded in a 96-well plate containing 195 μl plasma-like medium with or 

without 100 μM deferiprone. The composition of the plasma-like medium was: 40 mg/ml bovine 

serum albumin, 1.2 mM sodium phosphate dibasic, 120 μM sodium citrate, 10 mM sodium 

bicarbonate in iron-free HEPES-buffered saline (HEPES 20 mM, NaCl 150 mM, treated with 

Chelex-100 chelating resin [Bio-Rad, Hercules, CA], 0.5 mM ΝΤΑ, 40 μM ascorbic acid, 50 μM 

dihydrorhodamine, pH=7.4). 5 μl of sample was loaded in a 96-well plate containing 195 μl of 

iron-free HEPES-buffered saline with or without 100 μM deferiprone. Microplates were read every 

2 minutes at 37℃ over 40 min at 485/520 nm (ex/em). Final ΝΤΒΙ was calculated by comparing 

the oxidation rate of DHR in the presence or absence of the strong chelator deferiprone. 

3.5.4 Hepcidin synthesis.  

Human hepcidin (DTHFPICIFCCGCCHRSKCGMCCKT) was synthesized at Ferring 

Research Institute, San Diego, CA. The linear peptide was assembled on Rink amide resin using 

Tribute peptide synthesizer and the peptide was cleaved from the resin with the 

TFA/TIS/EDT/H2O 91:3:3:3 (v/v/v/v) cocktail. The solvents were evaporated, and the crude 

peptide was precipitated with diethyl ether, reconstituted in 50% aqueous acetonitrile and 

lyophilized. The lyophilizate was dissolved in 30% aqueous acetonitrile at the concentration of 

0.05 mM and the pH of the solution was adjusted to 7.8 with 6 M ammonium hydroxide. Folding 

was achieved within 4 hours using the cysteine/cystine redox (peptide/Cys/Cys2 1:6:6 molar ratio). 

The reaction mixture was acidified to pH 3, loaded onto HPLC prep column and purified in a TFA 

based gradient. The identity of the peptide was confirmed by mass spectrometry and by coelution 

with a commercially available sample (Peptide International, #PLP-3771-PI). 

3.5.5 Quantitative real-time PCR (qPCR).  

RNA was extracted from livers by using the RNeasy kit (Qiagen). cDNA was synthesized from 1 

μg RNA by using the OneScript® Plus cDNA Synthesis Kit (Applied Biological Materials Inc.). 

Gene-specific primers pairs (Table S.3.1) were validated by dissociation curve analysis and 

demonstrated amplification efficiency between 90-110 %. SYBR Green (Bioline) and primers 

were used to amplify products under following cycling conditions: initial denaturation 95°C 10 

min, 40 cycles of 95°C 5 s, 58°C 30 s, 72°C 10 s, and final cycle melt analysis between 58°-95°C. 



 

121 

 

Relative mRNA expression was calculated by the 2-ΔΔCt method45. Data were normalized to murine 

ribosomal protein L19 (Rpl19). Data are reported as fold increases compared to samples from wild 

type mice on standard diet (SD). 

3.5.6 Polysome fractionation.  

RNA was freshly prepared from frozen livers. Linear sucrose gradients were prepared the 

day before the experiment by using 5% (w/v) and 50% (w/v) sucrose solutions with 10x gradient 

buffer (200 mM HEPES pH=7.6, 1 M KCl, 50 mM MgCl2, 0.1 mg/ml Cycloheximide, 1 tablet 

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche), 200 U/mL Recombinant 

RNasin® Ribonuclease Inhibitor (Promega), 2 mM DTT). Linear gradients were prepared in 

Polyallomer Centrifuge Tubes (Beckman Coulter). Tubes were marked using a gradient cylinder 

(BioComp), and 5% sucrose solution was added using a syringe with a layering needle (BioComp) 

until solution level reached the mark. Then, 50% sucrose solution was layered underneath the 5% 

solution until the interface between the two solutions reached the mark. Tubes were capped with 

rate zonal caps (BioComp) and linearized using a Gradient Master 108 (Biocomp). All reagents 

were nuclease-free and all solutions were kept on ice or at 4℃. Sample preparation was adapted 

from Liang et al.46. Briefly, livers were flash frozen upon collection. Roughly 30-80 mg of tissue 

was crushed using a mortar and pestle in the presence of liquid nitrogen to prevent thawing. Tissues 

were lysed in up to 1 ml of hypotonic lysis buffer (5 mM Tris-Hcl pH=7.5, 1.5 mM KCl, 2.5 mM 

MgCl2, 2 mM DTT, 1 mg/ml Cycloheximide, 200 U/ml Recombinant RNasin® Ribonuclease 

Inhibitor (Promega), 1 tablet cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail (Roche), 

0.5% (v/v) Triton X-100, 0.5% (v/v) Sodium Deoxycholate) and homogenized using Dounce 

homogenizers (60 movements with both loose and tight pestles) on ice. Samples were centrifuged 

at 4℃, 16,060g for 4 minutes and supernatants were collected. Sample optical density was 

measured at 260 nM and samples were normalized to either the lowest value or 30 ODs. 450 μl of 

sucrose gradient was removed from the top and replaced with normalized sample. Tube weights 

were balanced by weight before centrifugation at 200,000g for 2 h at 4℃ in a SW 41 Ti rotor and 

a Beckman Optima L-60 Ultracentrifuge. Samples were fractionated using a BR-188 Density 

Gradient Fractionation System (Brandel). Immediately upon collection, 800 μl of samples were 

mixed with 1 ml of TRIzolTM and kept on ice before storage at -80℃. Polysomal RNA was 
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processed according to the manufacturer’s protocol. mRNA distribution was analyzed as 

previously described47. 

3.5.7 Electrophoretic mobility shift assay (EMSA).  

IRE-binding activities from liver and spleen were analyzed by EMSA using a radioactive 

32P-labelled IRE probe, according to established procedures27. EMSAs were also performed in 

extracts from hepatocytes and non-parenchymal cells, which were separated by using a 2-step 

collagenase perfusion technique, as previously described9. 

3.5.8 Western blotting. 

 Livers were washed with ice-cold PBS and dissected into pieces. Aliquots were snap frozen 

at liquid nitrogen and stored at −80oC. Protein lysates were obtained as described22. Lysates 

containing 40 μg of proteins were analyzed by SDS-PAGE on 9-13% gels and proteins were 

transferred onto nitrocellulose membranes (BioRad). The blots were blocked in non-fat milk 

diluted in tris-buffered saline (TBS) containing 0.1% (v/v) Tween-20 (TBS-T), and probed 

overnight with antibodies against ferroportin48 (1:1000 diluted monoclonal rat anti-mouse 1C7, 

kindly provided by Amgen Inc), β-actin (1:2000 diluted; Sigma), or Tfr2 (1:1000 diluted rabbit 

polyclonal; Alpha Diagnostics). Following a 3x wash with TBS-T, the membranes were incubated 

with peroxidase-coupled secondary antibodies for 1 h. Immunoreactive bands were detected by 

enhanced chemiluminescence with the Western Lightning ECL Kit (Perkin Elmer). 

3.5.9 Immunohistochemistry.  

Tissue specimens were fixed in 10% buffered formalin and embedded in paraffin. Samples 

from 3 different mice for each experimental condition were cut at 4-µm, placed on SuperFrost/Plus 

slides (Fisher) and dried overnight at 37°C. The slides were then loaded onto the Discovery XT 

Autostainer (Ventana Medical System) for automated immunohistochemistry. Slides underwent 

de-paraffinization and heat-induced epitope retrieval. Immunostaining was performed by using 

1:500 diluted rabbit polyclonal antibodies against ferroportin49 and an appropriate detection kit 

(Omnimap rabbit polyclonal HRP, #760-4311 and ChromoMap-DAB #760-159; Roche). Negative 

controls were performed by the omission of the primary antibody. Slides were counterstained with 

hematoxylin for four minutes, blued with Bluing Reagent for four minutes, removed from the 
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autostainer, washed in warm soapy water, dehydrated through graded alcohols, cleared in xylene, 

and mounted with Permount (Fisher). Sections were analyzed by conventional light microscopy 

and quantified by using the Aperio ImageScope software (Leica Biosystems)9. 

3.5.10 Perls Prussian blue staining.  

To visualize non-heme iron deposits, deparaffinized tissue sections were stained with Perls’ 

Prussian blue using the Accustain Iron Stain kit (Sigma). 

3.5.11 Quantification of liver iron content (LIC).  

Total liver iron was quantified by using the ferrozine assay20 or inductively coupled plasma 

mass spectrometry (ICP-MS)50.  

3.5.12 Iron speciation analysis.  

Iron redox speciation analysis in the liver was performed by capillary electrophoresis (CE) 

coupled to ICP-MS (CE-ICP-MS). Dynamic reaction cell (DRC) technology (ICP-DRC-MS) with 

NH3 as DRC-gas was applied for non-interfered monitoring of the iron isotopes. A “PrinCe 706” 

CE system (PrinCe Technologies B.V., Emmen, Netherlands) was employed for separation of iron 

species at +20 kV. Temperature settings for sample/buffer tray and capillary were set to 20oC. An 

uncoated capillary (100 cm x 50 µm ID; CS-Chromatographie Service GmbH, Langerwehe, 

Germany) was used for separation and hyphenation to the ICP–DRC-MS. A CE-ICP-MS 

interface50,51 was installed which provided the electrical connection between CE capillary end and 

outlet electrode. The self-aspiration mode allowed for best flow rate adjustment and avoided 

suction flow. Electrolytes for sample stacking and electrophoretic separation were 10% HCl = 

leading electrolyte, 0.05 mM HCl= terminating electrolyte and 50 mM HCl = background 

electrolyte. The Fe2+/Fe3+ ratio was calculated from quantitative determined concentrations of Fe-

species. 

3.5.13 Statistics.  

 Statistical analysis was performed by using the Prism GraphPad software (version 9.1.0). 

Lognormally distributed data including qPCR and ELISA results were first log transformed before 

analysis with ordinary two-way ANOVA (Tukey’s multiple comparisons test) for comparisons 
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within same treatment groups (denoted by a or b on figures) or with multiple unpaired t tests using 

the Holm-Sidak method to compare effects between treatments.  Normally distributed data was 

analyzed by two-way ANOVA using either Sidak’s method for comparisons between treatment 

groups or Tukey’s multiple comparisons test within treatments groups. Where indicated, pairwise 

comparisons were done with unpaired Student’s t test. Probability value p<0.05 was considered 

statistically significant. 
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3.9 Figures 

 

Figure 3.1: Dietary iron loading does not disrupt inflammatory hepcidin induction in LPS-treated wild type 

mice but blunts hepcidin-mediated hypoferremia.  

Nine-week-old male mice (n=12-14 per group) were fed SD or HID for one day, one week, or five weeks prior to 

sacrifice. Half of the mice were injected intraperitoneally with saline and the other half with 1 µg/g LPS 4 hours before 

sacrifice. Sera were collected by cardiac puncture and analyzed for: (A) iron, (B) transferrin saturation, (D) ferritin, 

and (E) hepcidin. Livers were dissected and processed for biochemical analysis of: (C) liver iron content (LIC) by the 

ferrozine assay and (F) Hamp mRNA by qPCR. The dotted line in (A) and (B) indicates baseline serum iron and 

transferrin saturation, respectively, of control mice on SD. Data (A-E) are presented as the mean±SEM and in (F) as 

geometric mean±SD. Statistically significant differences (p<0.05) over time compared to values from saline- or LPS-

treated control mice are indicated by a or b, respectively.
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Figure 3.2: Iron overload blunts hepcidin responsiveness to LPS-induced inflammation.  

Four-week-old male wt mice (n=12-14 per group) were placed on HID for five weeks. Conversely, age- and sex-

matched isogenic Hjv-/- mice (n=12-14 per group) were placed on IDD for five weeks to prevent excessive iron 

overload. Controls from both genotypes were kept on SD. Half of the mice were injected with saline and the other 

half with 1 µg/g LPS; all animals were sacrificed 4 hours later. Sera were collected by cardiac puncture and analyzed 

for: (A) iron, (B) transferrin saturation, (C) NTBI, and (F) hepcidin. Livers were dissected and processed for LIC 

quantification by the ferrozine assay (D) and for histological detection of iron deposits by Perls’ staining (E; 

magnification: 20x). Livers were also used for qPCR analysis of following mRNAs: (G) Hamp, (H) Id1, (I) Socs3, (J) 

Slc40a1(+IRE), (K) Slc40a1(-IRE), (L) Slc11a2, (M) Slc39a14, (N) Lcn2 and (O) Tfrc. The dotted line in (A) and (B) 

indicates baseline serum iron and transferrin saturation, respectively, of control wt mice on SD. Values in (A) represent 

ratios of serum iron levels between untreated and LPS-treated mice. Data in (A-F) are presented as the mean±SEM 

while in (G-O) are presented as geometric mean±SD. Statistically significant differences (p<0.05) compared to values 

from saline- or LPS-treated wt control mice are indicated by a or b, respectively.
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Figure 3.3: Effects of LPS on hepatic and splenic ferroportin of iron-manipulated wt and Hjv-/- mice.  

Livers and spleens from mice described in Figure 2 were dissected and processed for immunohistochemical and 

biochemical analysis of ferroportin. Immunohistochemical staining of ferroportin in liver (A) and spleen (C) sections 

(magnification for liver is 20x and for spleen 5x). Western blot for ferroportin and β-actin in liver (B) and spleen (D) 

extracts from four representative mice in each condition. Blots were quantified by densitometry and ferroportin/β-

actin ratios are shown on the right. Densitometric data are presented as the mean±SEM. Statistically significant 

differences (p<0.05) compared to values from saline- or LPS-treated wt control mice are indicated by a or b, 

respectively. Statistics in bold were performed using unpaired Student’s t test.
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Figure 3.4: Iron depletion of Hjv-/- mice improves the efficacy of synthetic hepcidin to promote hypoferremia. 

Four-week-old wt male mice (n=12-14 per group) were placed on HID for five weeks. Conversely, age- and sex-

matched isogenic Hjv-/- mice (n=12-14 per group) were placed on IDD for five weeks to prevent excessive iron 

overload. Controls from both genotypes were kept on SD. Half of the mice were injected every 2 hours for a total of 

4 injections with saline, and the other half with 2.5 µg/g synthetic hepcidin. Sera were collected by cardiac puncture 

and analyzed for: (A) iron, (B) transferrin saturation, and (C) NTBI. Livers and spleens were dissected and processed 

for analysis of: (D) LIC and (E) SIC by the ferrozine assay. (F) qPCR analysis of liver Hamp mRNA. The dotted line 

in (A) and (B) indicates baseline serum iron and transferrin saturation, respectively, of control wt mice on SD. Values 

in (A) represent ratios of serum iron levels between untreated and hepcidin-treated mice. Data in (A-E) are presented 

as the mean±SEM and in (F) as geometric mean±SD. Statistically significant differences (p<0.05) compared to values 

from saline- or hepcidin-treated wt control mice are indicated by a or b, respectively.
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Figure 3.5: Effects of synthetic hepcidin on hepatic and splenic ferroportin of iron-manipulated wt and Hjv-/- 

mice.  

Livers and spleens from mice described in Figure 4 were dissected and processed for immunohistochemical and 

biochemical analysis of ferroportin. Immunohistochemical staining of ferroportin in liver (A) and spleen (C) sections 

(magnification for liver is 20x and for spleen 10x). Western blot for ferroportin and β-actin in liver (B) and spleen (D) 

extracts from four representative mice in each condition. Blots were quantified by densitometry and ferroportin/β-

actin ratios are shown on the right. Densitometric data are presented as the mean±SEM. Statistically significant 

differences (p<0.05) compared to values from saline- or hepcidin-treated wt control mice are indicated by a or b, 

respectively.
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Figure 3.6: Dietary iron manipulations trigger IRP responses in the liver and spleen, as well as in primary 

hepatocytes and non-parenchymal liver cells of wt and Hjv-/- mice. 

Whole liver (A), whole spleen (B), isolated hepatocytes (C) or isolated non-parenchymal liver cells (D) from the mice 

described in Figure 4 were analyzed for IRE-binding activity by EMSA with a 32P-labelled IRE probe in the absence 

(top) or presence (bottom) of 2% mercaptoethanol (2-ME). Two or three representative samples from each condition 

are shown. The positions of IRE/IRP1 and IRE/IRP2 complexes are indicated by arrows. Shorter and longer exposures 

of the autoradiograms are shown in the left and middle panels, respectively. Relative band intensities were quantified 

by densitometry and shown on the right panels. (E) Isolated hepatocytes and isolated non-parenchymal liver cells were 

analyzed by Western blotting for expression of ferroportin and β-actin. Blots were quantified by densitometry and 

ferroportin/β-actin ratios are shown on the right. Densitometric data are presented as the mean±SEM. Statistically 

significant differences (p<0.05) in values from control wt mice on SD are indicated by a, from wt mice on HID by b, 

and from Hjv-/- mice on SD by c.
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Figure 3.7: Iron regulation of Slc40a1(+IRE) mRNA translation in the mouse liver. 

Four-week-old wt male mice (n=10-14 per group) were placed on HID for five weeks. Conversely, age- and sex-

matched isogenic Hjv-/- mice (n=10-14 per group) were placed on IDD for five weeks to prevent excessive iron 

overload. Controls from both genotypes were kept on SD. At the endpoint, the mice were sacrificed, and livers were 

used for polysome profile analysis and iron assays. (A) Recording of absorbance at 254 nm of representative samples. 

Fraction numbers and direction of the gradient are indicated. (B-D) Liver polysome profiles from n=3 mice in each 

experimental group. Distribution of (B) Slc40a1(+IRE), (C) Fth1 and (D) Actb mRNAs among light monosomal and 

heavy polysomal fractions (separated by dashed line) was analyzed by qPCR. Bar graph comparisons of pooled 

fractions are shown on the right. Numbers indicate the fold change compared to wt mice on SD. (E and F) Analysis 

of total iron (E), and redox iron speciation (F) in the liver by CE-ICP-MS. Data are presented as the mean±SEM. 

Statistical analysis in (A) was performed by two-way ANOVA and in (B, C) by one-way ANOVA. Statistically 

significant differences (p<0.05) compared to values from wt control mice on SD are indicated by a.
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Figure 3.8: Elimination of ferroportin mRNA by prolonged LPS treatment potentiates hepcidin-induced 

hypoferremia in mouse models of iron overload.  

Four-week-old wt male mice (n=10-14 per group) were placed on HID for five weeks. Conversely, age- and sex-

matched isogenic Hjv-/- mice (n=10-14 per group) were placed on IDD for five weeks to prevent excessive iron 

overload. Controls from both genotypes were kept on SD. (A and B) Half of the mice were injected with saline and 

the other half with 1 µg/g LPS and sacrificed after 8 h. Livers were dissected and processed for qPCR analysis of 

Slc40a1(+IRE) (A) and Slc40a1(-IRE) (B) mRNAs. (C-E) All mice were injected with 1 µg/g LPS. Half of the animals 

were subsequently injected with saline, and the other half with 2.5 µg/g synthetic hepcidin every two hours for a total 

of 4 injections. At the endpoint the mice were sacrificed. Sera were collected by cardiac puncture and analyzed for: 

(C) iron, (D) transferrin saturation, and (E) NTBI. The dotted line in (C) and (D) indicates baseline serum iron and 

transferrin saturation, respectively, of control wt mice on SD. Data are presented as (A-B) geometric mean±SD or (C-

E) mean±SEM. Statistically significant differences (p<0.05) compared to values from saline-, LPS- or hepcidin-treated 

wt control mice on SD are indicated by a, b or c, respectively.
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3.10 Supplementary Figures 

 

Figure 3.2-figure supplement 1: Effects of dietary iron manipulations in hepatic and splenic iron of wt and Hjv-

/- mice.  

(A) Liver and (B) spleen sections from mice described in Figure 2 were analyzed histologically for iron deposits by 

Perls staining (magnification: 10x).
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Figure 3.3-figure supplement 1: Low magnification immunohistochemical images of ferroportin in liver 

sections of dietary iron-manipulated wild type and Hjv-/- mice following LPS treatment.  

Liver sections from mice described in Figure 2 were used for immunohistochemical analysis of ferroportin 

(magnifications: 10x and 5x).
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Figure 3.3-figure supplement 2: Low magnification immunohistochemical images of ferroportin in spleen 

sections of dietary iron-manipulated wild type and Hjv-/- mice following LPS treatment.  

Spleen sections from mice described in Figure 2 were used for immunohistochemical analysis of ferroportin 

(magnification: 2x).
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Figure 3.4-figure supplement 1: Perls staining for iron deposits in liver and spleen sections of dietary iron-

manipulated wild type and Hjv-/- mice following treatment with synthetic hepcidin.  

(A) Liver and (B) spleen sections from mice described in Figure 4 were stained with Perls Prussian blue 

(magnification: 10x).
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Figure 3.4-figure supplement 2: Western analysis of transferrin receptors of dietary iron-manipulated wild 

type and Hjv-/- mice following treatment with synthetic hepcidin.  

Livers from mice described in Figure 4 were analyzed by Western blot for expression of Tfrc, Tfr2, and β-actin; a 

representative image (out of n=2 samples) is shown on the left. The blots were quantified by densitometry and Tfrc/β-

actin or Tfr2/β-actin ratios are shown on the right.
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Figure 3.4-figure supplement 3: Effects of LPS treatment on expression of mRNAs encoding iron transport 

proteins and signaling endpoints in the liver of dietary iron-manipulated wild type and Hjv-/- mice. 

Livers from mice described in Figure 4 were dissected and processed for qPCR analysis of mRNAs encoding iron 

transport proteins and signaling endpoints. (A) Slc40a1(+IRE), (B) Socs3, (C) Id1, (D) Bmp6, (E) Slc11a2, (F) 

Slc39a14, (G) Lcn2 and (H) Tfrc. All data are presented as the geometric mean ± SD. Statistically significant 

differences (p<0.05) compared to values from saline- or hepcidin-treated control mice are indicated by a or b, 

respectively.
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Figure 3.5-figure supplement 1: Low magnification immunohistochemical images of ferroportin in liver 

sections of dietary iron-manipulated wild type and Hjv-/- mice following treatment with synthetic hepcidin.  

Liver sections from mice described in Figure 4 were used for immunohistochemical analysis of ferroportin 

(magnifications: 10x and 5x).
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Figure 3.5-figure supplement 2: Low magnification immunohistochemical images of ferroportin in spleen 

sections of dietary iron-manipulated wild type and Hjv-/- mice following treatment with synthetic hepcidin.  

Spleen sections from mice described in Figure 4 were used for immunohistochemical analysis of ferroportin 

(magnification: 2x). 
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3.11 Supplementary Tables 

Table S.3.1: List of primers used for qPCR. 

Gene 
GenBank 

accession 
Forward primer sequence Reverse primer sequence 

    

Hamp1 NM_032541.1 AAGCAGGGCAGACATTGCGAT CAGGATGTGGCTCTAGGCTATGT 

Slc40a1(+IRE) NM_016917.2 GGCATAAGGCTGTTGTGCTT TCATGACACCAGGCGTTCTC 

Slc40a1(-IRE) XM_006496137.4 GCCGGTTGGAGTTTCAATGT TCATGACACCAGGCGTTCTC 

Slc11a2 NM_001146161.1 CTTGGGATACTGACGGTGAC GATTTGCAGTCTGGAGCAGT 

Slc39a14 NM_001135151.1 TGGATAGTGAGGCTGCGTGG ATGGTGAGGCCAAGGCTAAT 

Lcn2 NM_008491 GGCCAGTTCACTCTGGGAAA TGGCGAACTGGTTGTAGTCC 

Tfrc NM_011638.4 AGCCAGATCAGCATTCTCTAACT GCCTTCATGTTATTGTCGGCAT 

Bmp6 NM_007556.2 ACTCGGGATGGACTCCACGTCA CACCATGAAGGGCTGCTTGTCG 

Id1 NM_010495.2 GGTACTTGGTCTGTCGGAGC GCAGGTCCCTGATGTAGTCG 

Socs3 NM_007707.3 TGCGCCTCAAGACCTTCAG GCTCCAGTAGAATCCGCTCTC 

Fth1 NM_010239.2  AAGTGCGCCAGAACTACCAC  AGCCACATCATCTCGGTCAA  

Rpl19 NM_009078.2 AGGCATATGGGCATAGGGAAGAG  TTGACCTTCAGGTACAGGCTGTG 

Actb NM_007393.3 GACGACATGGAGAAGATCTG GTGAAGCTGTAGCCACGCTC 
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Preface to chapter 4 

 The work in chapter 3 demonstrated the critical importance of maintaining proper hepcidin 

levels for immunity against invading pathogens. However, this work focused on 

lipopolysaccharide (LPS)-induced inflammation which is a constituent of gram-negative bacteria 

which are typically extracellular pathogens. Organisms must trigger completely different immune 

responses to intracellular pathogens where it is preferred to export cellular iron to starve invaders. 

Leishmania, being an intra-macrophage protozoan parasite, was an ideal subject for study 

considering studies had shown it heavily relies on iron for differentiation and growth. Infection 

with this parasite can result in disfiguring cutaneous lesions or lethal visceral disease. Yet, excess 

iron can overwhelm Leishmania’s antioxidant mechanisms and absence of iron can inhibit its 

growth. Areas that are endemic for leishmaniasis are also commonly encumbered by conditions of 

iron-deficiency either due to dietary insufficiency or chronic infections. As a result, it is important 

to know if iron therapies are safe under these conditions or if they may aggravate leishmaniasis. 

The model of genetic iron overload discussed in the previous chapter provides a unique iron 

environment within macrophages which can be used to better understand Leishmania’s iron 

requirements. In the absence of systemic hepcidin, macrophages retain ferroportin at the cell 

surface for extended periods of time. This results in an intracellular deficiency of iron stores. 

Therefore, this chapter aims to explore the effects of relative macrophage iron deficiency on 

development of leishmaniasis. Both models of cutaneous and visceral leishmaniasis were studied.  

This chapter was adapted from: Charlebois E, Li Y, Wagner V, Pantopoulos K, & Olivier M. 

Genetic iron overload hampers development of cutaneous leishmaniasis in mice. International 

Journal of Molecular Sciences. 2023. 



 

146 

 

Chapter 4 

Genetic iron overload hampers development of cutaneous leishmaniasis in 

mice 

Edouard Charlebois1,2, Yupeng Li1,2, Victoria Wagner3,4, Kostas Pantopoulos1,2* and Martin 

Olivier2,4* 

 

Copyright: © 2022 by the authors. Submitted for possible open access publication under the 

terms and conditions of the Creative Commons Attribution (CC BY) license 

(https://creativecommons.org/licenses/by/4.0/). 

1 Lady Davis Institute for Medical Research, Jewish General Hospital, Montreal, QC H3T 

1E2, Canada 

2 Department of Medicine, McGill University, Montreal, QC H4A 3J1, Canada 

3 Université de Montréal Faculté de Médecine Vétérinaire, Montreal, QC J2S 2M2, Canada 

4 Research Institute of the McGill University Health Centre, Montreal, QC H4A 3J1, 

Canada 

* Correspondence: MO martin.olivier@mcgill.ca; Tel.: +1-514-934-1934 (ext. 76356) and 

KP kostas.pantopoulos@mcgill.ca; Tel.: +1-514-340-8260 (ext. 25293)



 

147 

 

4.1 Abstract 

Survival, growth, and virulence of Leishmania spp., a group of protozoan parasites, depends on 

proper access and regulation of iron. Macrophages, Leishmania’s host cell, may divert iron traffic 

by reducing uptake or by increasing efflux of iron via the exporter ferroportin. The parasite has 

adapted by inhibiting synthesis and by inducing degradation of ferroportin. To study the role of 

iron in leishmaniasis, we employed Hjv-/- mice, a model of hemochromatosis. Disruption of 

hemojuvelin (Hjv) abrogates expression of the iron hormone hepcidin. This allows unrestricted 

iron entry into plasma from ferroportin-expressing intestinal epithelial cells and tissue 

macrophages, resulting in systemic iron overload. Mice were injected with Leishmania major in 

hind footpads or intraperitoneally. Compared to wild type controls, Hjv-/- mice displayed transient 

delayed growth of L. major in hind footpads, with a significant difference in parasite burden 4 

weeks post-infection. Following acute intraperitoneal exposure to L. major, Hjv-/- peritoneal cells 

manifested increased expression of inflammatory cytokines and chemokines (Il1b, Tnfa, Cxcl2, 

Ccl2). In response to infection with L. infantum, causative agent of visceral leishmaniasis, Hjv-/- 

and control mice developed similar liver and splenic parasite burden despite vastly different tissue 

iron content and ferroportin expression. Thus, genetic iron overload due to hemojuvelin deficiency 

appears to mitigate early development of only cutaneous leishmaniasis.  

Keywords: Leishmaniasis; iron; hemojuvelin; hepcidin; hemochromatosis; macrophages. 
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4.2 Introduction 

Leishmania spp. are sandfly-transmitted trypanosomatid protozoan parasites endemic to 

tropical and sub-tropical regions including the Mediterranean area, which rely on iron for growth 

and differentiation1-3. Pathology of this disease can range from self-healing cutaneous lesions to 

lethal visceralizing disease depending on Leishmania species and strain. Infection with Leishmania 

major results in cutaneous leishmaniasis, while Leishmania infantum will spread into organs. 

Propagation of this disease is increasing due to environmental changes and socio-economic 

conflicts, with an estimated 0.7-1 million new cases annually4. In humans, parasites infect 

macrophages or neutrophils, later to be engulfed by macrophages infecting them in a trojan horse 

mechanism5,6. Macrophages are equipped with multiple mechanisms to combat this intracellular 

infection, including diverting iron flux to starve invaders7,8. Iron efflux is mediated by the sole 

cellular iron exporter ferroportin (gene name Slc40a1). Leishmania spp. have adapted to this 

challenge by inhibiting Slc40a1 mRNA translation and by promoting ferroportin degradation9,10. 

Iron is an essential micronutrient for practically all living organisms and a central 

component of heme groups, iron-sulfur clusters, and key enzymes involved in mitochondrial 

respiration and DNA synthesis. Heme is of particular importance as Leishmania spp. are heme-

auxotrophs11. Furthermore, parasite differentiation from promastigote to amastigote is dependent 

on iron, whose availability drastically differs between vector and host12. Susceptibility to 

Leishmania infection has been associated with Nramp1 (gene name Slc11a1), an iron transporter 

on the parasitophorous vacuole membrane, suggesting an important role of host iron metabolism 

for parasite growth13-15. In experiments with rodent models, pharmacological treatments with the 

iron chelator desferrioxamine had either no effect16 or suppressed17-19 intra-macrophagic growth, 

depending on parasite species. Pre-treatment of mice with desferrioxamine only seemed to cause 

a slight delay in growth of cutaneous lesions20. Comparably, dietary iron restriction had very little 

impact on proliferation of the visceral disease-causing species L. infantum21. 

Conversely, iron loading may cause parasite killing due to formation of reactive oxygen 

species (ROS) which may overwhelm parasite defenses. Thus, iron administration in murine 

models limited growth of both cutaneous20,22,23 and visceral21 disease-causing strains of 

Leishmania. Iron loading may also play a role on host immunity which can modulate NF-κB 
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signaling in macrophages24,25. This pathway would then induce differentiation of IFNγ-producing 

CD4+ T cells crucial for parasite restriction26. 

In general, iron is an important regulator of immune responses. Excess iron may either 

impair27,28 or induce29 pro-inflammatory cytokine production in macrophages. In cell culture 

experiments, iron supplementation favored Th2 activation and antagonized IFNγ responses30. Yet, 

iron was also shown to directly drive T helper cell pathogenicity through interactions with the iron 

chaperone poly(rC)-binding protein 131. Nitric oxide production necessary for intracellular 

pathogen killing greatly affects cellular iron homeostasis and promotes iron accumulation28,32. Iron 

negatively regulates transcription of the inducible nitric oxide synthase providing a feedback 

mechanism33. 

Systemic iron metabolism is primarily controlled by hepcidin (gene name Hamp), a 

hepatocyte-derived peptide hormone34. Hepcidin binds to ferroportin, occludes its opening35, and 

targets it for lysosomal degradation36. The result of this process is restricted dietary iron import 

and reduced export from erythrophagocytic macrophages to the bloodstream. Hepcidin expression 

is predominantly regulated at the transcriptional level in response to iron fluctuations through 

BMP/SMAD signaling, or in response to inflammatory cues via JAK/STAT signaling, initiated 

largely by IL-637.  

Hemojuvelin (Hjv) is a bone morphogenetic protein (BMP) co-receptor that enhances 

BMP/SMAD signaling to hepcidin on hepatocytes. Disruption of the HJV gene causes juvenile 

hereditary hemochromatosis in humans38 and a similar phenotype is observed in Hjv-/- mice39. 

Hereditary hemochromatosis comprises a group of genetically heterogenous disorders of systemic 

iron overload caused by hepcidin suppression40. Paradoxically, tissue macrophages are unable to 

retain iron41 due to unrestricted expression of ferroportin on the cell surface39,42; this results in 

lower splenic iron content. Macrophage iron deficiency combined with concurrent systemic iron 

overload provides a unique environment to study leishmaniasis. Herein, we sought to explore 

whether the hemochromatosis phenotype favors resistance to Leishmania as has been previously 

reported for other intra-macrophage pathogens43,44. 
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4.3 Results 

4.3.1. Growth of Leishmania major is transiently delayed in Hjv-/- mice during early infection 

We first sought to assess the susceptibility of genetically iron overloaded mice to cutaneous 

leishmaniasis. We injected wild type (Hjv+/+) control and Hjv-/- mice with L. major in hind 

footpads. Footpad swelling was followed over a period of 8 weeks (Figure 4.1A). Statistical 

differences in swelling between both groups were observed for all but the final week (Figure 4.1A), 

indicating that Hjv-/- mice are at least less sensitive to infection with L. major. A limiting dilution 

assay revealed that parasite load was significantly reduced in footpads of Hjv-/- mice 4 weeks post-

infection, but not at 7 weeks (Figure 4.1B-C). These data suggest that parasite load recovers before 

swelling. 

Popliteal lymph nodes, the draining lymph nodes that are accessible to parasite during 

footpad infections, were collected and evaluated for cytokine and chemokine gene expression. In 

both mouse models, cytokine gene expression appeared to increase over time. It was significantly 

higher than in mesenteric lymph nodes (MLN) used as uninfected control tissues, except for Il6 

expression which remained at baseline (Figure 4.2 A-D). Chemokine expression remained largely 

unaffected in lymph nodes with only a slight increase in Ccl2 expression at 7 weeks post-infection 

(Figure 4.2E-H). No genotype-specific differences were observed, suggesting that cytokine and 

chemokine expression in the draining lymph node is not the cause of delayed parasite growth 

observed in footpads. 

4.3.2 Cytokine acute response to Leishmania major is altered in Hjv-/- mice 

Considering that lymph node cytokine gene expression was similar across both genotypes, 

we hypothesized that early parasite establishment within the host could be a main factor in the 

observed relative resistance of Hjv-/- mice to L. major. To study this, we injected mice 

intraperitoneally with L. major and collected serum, liver, and peritoneal lavage 6 hours post-

infection. Iron parameters in the circulation were measured to better understand the systemic 

effects of Leishmania infection on iron distribution. The bacterial endotoxin lipopolysaccharide 

(LPS) was used as a control for inflammation. Serum iron from mice infected with L. major was 

unaffected compared to the drop observed by LPS in wild type animals (Figure 4.3A), which is 

known as hypoferremic response to inflammation8. Transferrin saturation, another marker of 
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circulating iron levels, displayed a similar trend (Figure 4.3B). Characteristically, iron levels were 

largely unchanged throughout all inflammatory treatments in Hjv-/- mice, and transferrin saturation 

was at maximal levels with only a slight reduction observed after LPS treatment (Figure 4.3A-B), 

as previously described45. Leishmania infection did not alter total iron binding capacity (TIBC) in 

either wild type or Hjv-/- mice (Figure 4.3C). 

The liver plays an important role in immune response to pathogens by being the major 

producer of hepcidin to control systemic iron traffic. Invading extracellular bacterial pathogens 

will typically activate expression of Hamp mRNA due to IL-6 driven inflammation46. The ensuing 

hypoferremic response is thought to inhibit growth of pathogens by depriving them of iron. Yet, 

for intracellular pathogens, this would be deleterious as iron levels would consequently increase 

within infected cells. In fact, host macrophages are known to upregulate ferroportin in order to 

reduce their iron content in response to intracellular pathogens such as S. typhimurium47. However, 

this has not been observed in the context of leishmaniasis as parasites will suppress ferroportin 

synthesis and will also increase hepcidin expression over the course of infection9,10. Interestingly, 

Hamp mRNA levels were measured and were increased in response to LPS but not to L. major in 

wild-type mice, in this experimental time frame (Figure 4.3D). Hamp expression was significantly 

reduced in Hjv-/- mice (Figure 4.3D), as expected. Expression of the inflammatory cytokine-

encoding Il6, Il1b and Tnfa mRNAs was unresponsive to L. major infection compared to endotoxin 

exposure, whereas Ifng expression was induced by the parasite (Figure 4.3E-H). Curiously, liver 

expression of the latter cytokine was significantly lower in Hjv-/- mice (Figure 4.3H). Levels of 

Il6, Il1b and Tnfa mRNAs did not differ in the livers of LPS-treated wild type and Hjv-/- mice, as 

previously reported45. 

We then assessed cytokine gene expression in the peritoneal lavage. LPS-treated animals 

responded as anticipated with increased expression of all tested cytokine and chemokine genes 

except for Ifng (Figure 4.4). A similar trend was observed in L. major-infected animals with the 

additional lack of response in Il6 (Figure 4.4A). Interestingly, there was an overall trend towards 

upregulation of cytokine and chemokine gene expression in Hjv-/- mice (Figure 4.4). L. major 

infection produced a less pronounced effect overall, without any remarkable differences between 

genotypes in expression of Il6, Ifng, Ccl3, and Ccl4 mRNAs (Figure 4.4). However, it should be 
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noted that IL-6 and CCL2 protein levels were elevated in knockout mice in peritoneal lavage 

supernatants when measured by a multiplex assay (Figure S.4.1).  

Analysis of the cell suspension by cytospin centrifugation revealed that the peritoneal 

lavage 6 hours post-infection mostly consisted of neutrophils and macrophages (Figure 4.5A). We 

utilized these cell populations to assess the rate of infection and parasite load per cell immediately 

following separation (Figure 4.5B-C), or after allowing collected cells to grow in culture for 24, 

48, and 72 hours (Figure 4.5 D-E). Under these conditions, the cultured cells were primarily 

macrophages, which clear neutrophils by phagocytosis. No genotype-specific differences were 

observed in infection rate or cellular parasite burden at any timepoint measured, suggesting that 

Hjv-/- cells do not exhibit altered phagocytosis, consistent with another report48. In addition, there 

was no increased intracellular parasite killing at these timepoints.  

4.3.3. Genetic iron overload does not impact visceral disease progression by Leishmania infantum 

despite induction of the iron exporter ferroportin 

L. infantum causes visceral leishmaniasis affecting primarily the liver and spleen. To assess 

the role of genetic iron overload in progression of visceral disease, wild type and Hjv-/- mice were 

infected with L. infantum and sacrificed 1-, 2-, or 3-weeks post-infection. Organs were collected, 

weighed, and used for limiting dilution assay (Figure 4.6A-D). No differences in organ weight 

were observed between genotypes (Figure 4.6A and C) and organ parasite burden was similar at 

the measured timepoints (Figure 4.6B and D). Splenic iron content was characteristically low in 

knockouts as previously reported39,42 (Figure 4.6E), and ferroportin protein expression was 

significantly elevated (Figure 4.6F). Nevertheless, parasite growth and disease progression were 

largely unaffected.  

4.4 Discussion 

Hemochromatosis resulting from disruption of Hjv produces a unique iron environment 

where enterocytes and macrophages cannot retain iron and release it to the bloodstream. Thus, 

excessive amounts of the metal accumulate in plasma and are eventually taken up by tissue 

parenchymal cells. In the present work, we sought to understand how this iron environment would 

affect growth of L. major and L. infantum, the parasites causing cutaneous and visceral 

leishmaniasis, respectively. The delayed swelling of L. major-infected Hjv-/- mice (Figure 4.1) 
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closely resembles results with desferrioxamine pre-treated mice, showing a several week delay in 

parasite growth20. Consequently, it is likely that the microenvironment within Hjv-/- murine 

macrophages mimics that of macrophages from desferrioxamine-pretreated mice and is 

characterized by relative iron deficiency. Furthermore, inappropriately low circulating hepcidin 

results in excessive ferroportin expression at the cell surface of macrophages, as observed in 

splenic extracts in figure 4.6F. Despite having decreased iron stores, macrophages from Hjv-/- mice 

exhibit physiological clearance of senescent red blood cells (erythrophagocytosis), which implies 

high iron turnover. In another model of iron overload, involving iron dextran injection into wild 

type mice, macrophages become extremely iron loaded. Under these conditions, L. major growth 

was inhibited due to increased parasite killing20, which is possibly enhanced by ROS-mediated 

shift of immunity toward a T helper type 1 (Th1) response23. Thus, it is difficult to directly compare 

data from the genetic and pharmacological models of iron overload since they differ significantly 

in tissue iron distribution.  

Notably, the genetic background of mice may also affect immune responses and 

leishmaniasis progression. Herein, we used C57BL/6 mice, which tend to favor a Th1 response 

resulting in resistance to persistent infection; on the other hand, BALB/c mice favor Th2 responses 

leading to susceptibility49,50. These effects are also dependent on Leishmania spp. that modulate 

macrophage immunity, adding another level of complexity. For instance, in a recent study, 

infection with L. panamensis induced a potent activation of classical M1 macrophages in C57BL/6 

mice, but only an intermediate response in BALB/c mice51. Hence, it would be of interest to study 

effects of genetic iron overload using different mouse and Leishmania spp. strains. 

We did not observe any induction of the Ifng gene by either LPS treatment or L. major 

infection in the macrophages and neutrophils collected from peritoneal lavage of both wild type 

and Hjv-/- mice 6 hours post-treatment, suggesting that these cells are not major producers of IFNγ 

(Figure 4.4D). This result somewhat contradicts previous data, where a marked reduction in IFNγ 

levels was observed 6 hours post-E. coli infection in sera as well as in cultured thioglycolate-

elicited peritoneal macrophages from Hjv-/- vs wild type mice48. The disparity between these 

findings may lie in the different sections (peritoneal cells vs. sera) analyzed as well as the mouse 

model used. Interestingly, in our experiments, liver Ifng expression was significantly diminished 

6 hours post-infection in Hjv-/- mice (Figure 4.3H) suggesting that perhaps tissue-resident Th1 or 
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NK T cells could be an important source of IFNγ, which then enters the circulation. In fact, Th1 

cells52 and NK T cells53 are considered the primary producers of IFNγ. Whether macrophages and 

neutrophils can produce IFNγ remains contentious, and in vitro experiments with primary cells 

may not always be physiologically relevant54. Taken together, our data do not provide any 

evidence that macrophages or neutrophils can produce IFNγ, at least in our experimental setting. 

However, we cannot rule out the possibility that circulating IFNγ produced elsewhere is an 

important determinant for establishment of Leishmania infection in footpads.  

We noted a marked increase in expression of many cytokine and chemokine genes in 

peritoneal cells of Hjv-/- mice (Figure 4.4). Cytokines play a differential role in infection depending 

on mouse strain as well as parasite species. Tnfa expression has been linked to protection against 

cutaneous leishmaniasis during early stages of infection55, whereas it can lead to immunopathology 

when it persists later in disease56. This makes it a strong candidate for the delayed parasite growth 

observed during the early weeks of infection in knockout animals. A multiplex assay was 

performed to measure GM-CSF, IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12p70, CCL2, and TNFα. 

Only IL-6 and CCL2 were consistently expressed in lavage supernatants of infected mice, and 

their levels were significantly higher in Hjv-/- mice (Figure S.4.1). IL-6 has been reported to play 

a dual role in leishmaniasis. It may downregulate macrophage leishmanicidal effects57, while it 

may also induce the growth of IL-10+ CD4+ T cells58. Considering the different species of 

Leishmania studied in these analyses, it is difficult to specify the exact role of IL-6 in the 

development of cutaneous lesions from L. major infection in our study. Given its effects on 

macrophages, it is unlikely that IL-6 accounts for the observed delayed growth of cutaneous lesions 

in L. major-infected Hjv-/- mice. CCL2 is an important chemoattractant for monocytes. Yet, it may 

be involved in Th2 polarization as Ccl2-/- mice are resistant to L. major and do not have abnormal 

naïve T cell migration59. This is in contrast to its cognate receptor CCR2, which plays a crucial 

role in protection against cutaneous leishmaniasis29. Thus, we rationalize that CCL2 would be 

protective during early L. major infection by recruiting monocytes but may later be detrimental. 

Taken together, Hjv-/- mice may be protected by production of TNFα, even though this cytokine 

could not be directly measured in lavage supernatants, and by enhanced expression of CCL2.  

Remarkably, Hjv-/- mice were not protected from visceral disease resulting from L. 

infantum infection despite having greatly increased ferroportin levels in the spleen, as well as 
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reduced splenic iron content (Figure 4.6E-F). These results corroborate earlier data showing that 

dietary iron restriction did not affect parasite load in the mouse liver and spleen, 60 days post L. 

infantum infection21. The stark difference in these two models is that dietary iron deficiency does 

not induce, and rather post-transcriptionally suppresses tissue ferroportin60, the expression of 

which is reported to be protective9. Interestingly, pharmacological iron deficiency induced by a 

two-week pre-treatment of BALB/c mice with desferrioxamine61 led to a significant decrease in 

splenic parasite load 6 weeks post L. chagasi infection. Taken together, these results suggest that 

the severity and timeframe of iron-deficiency may be important for parasite replication, 

particularly at later stages of infection. Nevertheless, iron-restriction does not appear an optimal 

strategy for the control of visceral leishmaniasis.  

Leishmaniasis is a complicated disease considering that iron supplementation seems to 

protect the host against the parasite20-23, while iron deprivation appears to have little to no 

effect20,21, contrary to most other pathogens7,8. The hemochromatosis phenotype of systemic iron 

overload with macrophage iron deficiency and high iron turnover did not further increase 

vulnerability to Leishmania infection as has been reported with several other bacteria, fungi, and 

even viruses62. Previous publications showed that Leishmania spp. express many different 

receptors and transporters for iron63-67, yet it remains to be clarified which form of iron is the most 

important for amastigote development and replication. Herein, we provide evidence that transient 

iron pools in macrophages are sufficient for parasite replication, even with enhanced iron export 

resulting in a net iron deficiency. Our work cannot differentiate between systemic effects of Hjv 

deficiency on iron metabolism and possible local immunological effects in macrophages. This 

remains to be addressed in future studies.  

4.5 Materials and Methods 

4.5.1 Animals and ethics 

Mouse experiments were performed in the McGill University Health Centre research 

institute in containment level 2 housing facilities. Wild type C57BL/6J and isogenic Hjv-/- mice68 

were housed under pathogen-free conditions in macrolone cages (up to 5 mice/cage, 12:12 h light-

dark cycle: 7 am - 7 pm; 22 ± 1°C, 60 ± 5% humidity). At the endpoints, animals were sacrificed 

by CO2 inhalation and cervical dislocation. All mice used in experiments were male. Animal 

experiments were performed in compliance with the Canadian Council on Animal Care (CCAC) 
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Guidelines, and McGill University Animal Care Committee (UACC). The approved animal use 

protocol number is 7791. Isoflurane was used for anesthesia prior to euthanasia to alleviate 

suffering. 

4.5.2 Parasite culture 

L. major (strain MHOM/SN/74/Seidman) were generously supplied by Dr. Robert 

McMaster (University of British Columbia, Canada). All parasites were cultured at 25˚C, 5% CO2 

in Schneider’s Drosophila Medium (SDM) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS, Wisent, St-Bruno, QC, Canada), and 5 mg/ml hemin and passaged every 3 to 4 days. 

Cultures of promastigotes growing at logarithmic phase (day 3–4 post passage) were passaged bi-

weekly and were grown to stationary phase (day 6–8 post passage) before being used in infections 

for all experiments69. 

4.5.3 Footpad infections 

Groups of ten 6-week-old mice per genotype were each injected with 5x106 L. major 

promastigotes into one hind footpad. 5 mice per genotype were sacrificed at 4 and 7 weeks and 

footpads were used to measure parasite burden by limiting dilution assay. Popliteal lymph nodes 

were also collected, snap frozen in liquid nitrogen, and later analyzed by qPCR. A group of 5 mice 

per genotype was kept and footpads were measured at 8 weeks post-infection. Mice in each group 

were housed in the same cage for the duration of the experiment. The uninfected footpad was used 

as the negative control for measurement purposes. Lesion development was monitored weekly by 

the difference of footpad thickness between the infected and uninfected footpad, measured by 

digital calipers. Experiments were repeated up to three times. 

4.5.4 Limiting dilution assay 

Footpads were sterilized with ethanol, excised, and washed with phosphate buffered saline 

(PBS). Next, tissue was disrupted manually using a glass tissue homogenizer in sterile PBS under 

a BSL2 tissue culture hood. 50 mL total volume of footpad homogenate was recovered and 100 

µL of each sample was added to 96-well plates (Sarstedt, Germany) containing 100 µL complete 

SDM per well, in duplicate. A minimum of 24 2-fold serial dilutions were performed for each 

sample. Plates were kept at 25 °C until microscopic examination 10 days later, when the highest 

dilutions at which promastigotes were observed were recorded. 
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4.5.5 Acute intraperitoneal infections 

Groups of 3 mice each were injected intraperitoneally with PBS, 1 μg/g LPS (serotype 

055:B5; Sigma-Aldrich), or 108 L. major promastigotes before sacrifice 6 hours later. Mice in each 

group were housed in the same cage for the duration of the experiment. In total, 9 mice were 

analyzed per genotype per treatment group. Mice were lavaged with 5 ml of ice-cold endotoxin-

free PBS at endpoints. The number of live cells present in the lavages was counted using a 

hemocytometer. Cells were prepared for microscopy using the Cytospin 4 cytocentrifuge (Thermo 

Scientific, Waltham, MA, USA). The cells were fixed and stained using the Differential Quik 

(Diff-Quik) Stain Kit (Ral Diagnostics, Martillac, France). The percentage of cell types found in 

the lavage was counted. Next, the percent of cells infected and the number of Leishmania 

amastigotes found within the cells were counted. 150 μl of the lavages were plated in 4 well 

chamber slides (Corning, USA) and incubated at 37°C for 1 hr before the addition of Dulbecco’s 

modified eagle medium (Wisent, St-Bruno, QC, Canada) with 10% FBS and 1% penicillin-

streptomycin-glutamine. Cells were kept at 37℃ in 5% CO2. 24, 48, and 72 hours post plating, 

media was removed, cells were then air dried, fixed, and stained using the Diff-Quik Stain Kit. 

The percent of cells infected and the number of Leishmania amastigotes found within the cells 

were counted. From the total 300 cells counted from each slide, the percentage was calculated, and 

the number of amastigotes found in individual cells was counted as well. Total lavage was 

centrifuged at 1500 rpm for 10 mins to separate cells and supernatant. These fractions were kept 

at -80℃ until processing.  

4.5.6 Visceral leishmaniasis infection 

8-week-old mice (n=5-10) were infected intraperitoneally with 108 L. infantum 

promastigotes (MHOM/MA/67/ITMAP-263). Control mice were injected with PBS. Mice were 

weighed and sacrificed 1-, 2-, and 3-weeks post-infection. Whole livers and spleens were collected, 

weighed, and snap frozen in liquid nitrogen. A piece of liver and spleen was weighed and directly 

used without freezing for limiting dilution assay. Spleens were later used for Western blotting and 

iron quantification. 
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4.5.7 Serum biochemistry 

Blood was collected via cardiac puncture. Serum was prepared by using micro Z-gel tubes 

with clotting activator (Sarstedt) and was kept frozen at −20°C until analysis. Serum iron and total 

iron binding capacity (TIBC) were determined at the Biochemistry Department of the Montreal 

Jewish General Hospital using a Roche Hitachi 917 Chemistry Analyzer. Transferrin saturation 

was calculated from the ratio of serum iron and TIBC. 

4.5.8 Quantitative real-time PCR (qPCR) 

RNA was extracted from organs and cells by using the RNeasy kit (Qiagen). cDNA was 

synthesized from 1 μg RNA by using the OneScript® Plus cDNA Synthesis Kit (Applied 

Biological Materials Inc.). Gene-specific primers pairs (Table S.4.1) were validated by 

dissociation curve analysis and demonstrated amplification efficiency between 90-110 %. SYBR 

Green (Bioline) and primers were used to amplify products under following cycling conditions: 

initial denaturation 95°C 10 min, 40 cycles of 95°C 5 s, 58°C 30 s, 72°C 10 s, and final cycle melt 

analysis between 58°-95°C. Relative mRNA expression was calculated by the 2-ΔΔCt method70. 

Data were normalized to murine ribosomal protein L19 (Rpl19). Data are reported as fold increases 

compared to samples from wild type mice. 

 

4.5.9 Multiplex cytokine/chemokine quantification assay 

100μl of the lavage supernatant were analyzed by a Mouse Cytokine Proinflammatory 

Focused 10-Plex Discovery Assay® Array (MDF10) (Eve Technologies, Calgary, AB, Canada). 

These include GM-CSF, IFNγ, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12p70, CCL2, and TNFα. The 

multiplex laser bead technology utilizes antibodies that are coupled to color-coded polystyrene 

beads where lasers activate the fluorescent dye and excites the fluorescent conjugate, which is then 

quantified for the concentration of the target analyte.  

4.5.10 Western blotting 

Spleens were washed with ice-cold PBS and dissected into pieces. Aliquots were snap 

frozen at liquid nitrogen and stored at −80oC. Protein lysates were obtained as described42. Lysates 

containing 40 μg of proteins were analyzed by SDS-PAGE on 9-13% gels and proteins were 
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transferred onto nitrocellulose membranes (BioRad). The blots were blocked in non-fat milk 

diluted in tris-buffered saline (TBS) containing 0.1% (v/v) Tween-20 (TBS-T), and probed 

overnight with antibodies against ferroportin71 (1:1000 diluted monoclonal rat anti-mouse 1C7, 

kindly provided by Amgen Inc), β-actin (1:2000 diluted; Sigma). Following a 3x wash with TBS-

T, the membranes were incubated with peroxidase-coupled secondary antibodies for 1.5 h. 

Immunoreactive bands were detected by enhanced chemiluminescence with the Western Lightning 

ECL Kit (Perkin Elmer). Blot images were quantified using ImageJ software. 

4.5.11 Tissue iron quantification 

Splenic iron content (SIC) was quantified by using the ferrozine assay72. 

4.5.12 Statistics 

Statistical analysis was performed by using the Prism GraphPad software (version 9.1.0). 

Lognormally distributed data including qPCR results were first log transformed before analysis 

with unpaired Student’s t test. Normally distributed data was analyzed by unpaired Student’s t test. 

Comparisons within same genotype are denoted by a or b on figures. Probability value p<0.05 was 

considered statistically significant. 
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4.12 Figures 

 

Figure 4.1: Hjv-/- mice exhibit relative resistance to L. major footpad infection. 

Hjv+/+ and Hjv-/- mice (n=5-24 per group) were injected in hind footpads with 5x106 L major parasites. (A) Footpads 

were measured weekly over 7 weeks, and thickness of uninfected versus infected footpads was compared. Footpads 

were collected at endpoints and used to perform a limiting dilution assay of parasite growth at 4 weeks (B), or 7 weeks 

(C) post-infection. Time course data are presented as mean ± SD while log10 number of parasites per footpad are 

presented as mean ± SEM. 
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Figure 4.2: Popliteal lymph node cytokine expression following footpad infection. 

Popliteal lymph nodes were collected from Hjv+/+ and Hjv-/- mice infected with 5x106 L. major in hind footpads 4- or 

7- weeks post-infection. Mesenteric lymph nodes (MLN) were also collected as uninfected control organs. RNA was 

extracted, reverse transcribed and used for qPCR analysis of (A) Il6, (B) Il1b, (C) Tnfa, (D) Ifng, (E) Cxcl2, (F) Ccl2, 

(G) Ccl3, and (H) Ccl4 mRNAs. Data are presented as geometric mean ± geometrical SD. Statistical differences 

compared to MLN from Hjv+/+ or Hjv-/- mice are indicated by a or b, respectively. 
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Figure 4.3: Leishmania major acute infection does not trigger a hypoferremic response. 

Hjv+/+ and Hjv-/- mice were injected intraperitoneally with either phosphate-buffered saline (control), the endotoxin 

LPS, or 108 L. major stationary phase parasites (Lm). 6 hours post-infection, blood was collected by cardiac puncture. 

Serum was separated from whole blood and used for analysis of: (A) serum iron, (B) transferrin saturation, and (C) 

total iron binding capacity (TIBC). Liver samples were collected; RNA was extracted and used for analysis of: (D) 

Hamp, (E) Il6, (F) Il1b, (G) Tnfa, and (H) Ifng mRNAs by qPCR. Data in (A-C) are presented as mean ± SEM, while 

data in (D-H) are presented as geometric mean ± geometrical SD. Statistical differences compared to untreated Hjv+/+ 

or Hjv-/- mice are indicated by a or b, respectively. 
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Figure 4.4: Cytokine expression in peritoneal lavage following acute infection with L. major. 

Hjv+/+ and Hjv-/- mice were injected intraperitoneally with either phosphate-buffered saline (control), the endotoxin 

LPS, or 108 L. major stationary phase parasites (Lm). 6 hours post-infection, peritoneum was lavaged and peritoneal 

cells were collected. RNA was extracted, reverse transcribed and used for qPCR analysis of: (A) Il6, (B) Il1b, (C) 

Tnfa, (D) Ifng, (E) Cxcl2, (F) Ccl2, (G) Ccl3, and (H) Ccl4 mRNAs. Data are presented as geometric mean ± 

geometrical SD. Statistical differences compared to untreated Hjv+/+ or Hjv-/- mice are indicated by a or b, respectively.
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Figure 4.5: Analysis of intraperitoneal macrophages and neutrophils recovered post-infection. 

Hjv+/+ and Hjv-/- mice were injected intraperitoneally with 108 L. major stationary phase parasites. 6 hours post-

infection, peritoneum was lavaged, peritoneal cells were counted, and 50 μl from the suspension was used for Cytospin 

centrifugation. Cells were fixed onto slides and stained using Diff-Quik. Numbers of separated cell types are shown 

in (A). Percentage of infected macrophages and neutrophils (B), and number of parasites per infected cell (C) were 

assessed. (E-E) 105 cells following lavage were plated in 4-well chambers. Cells were cultured over 24, 48, and 72 

hours before removal of media, drying, and staining with Diff-Quik. Percentage of infected cells (macrophages) (D), 

and number of parasites per infected cell (E) were assessed. Data are presented as mean ± SEM.
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Figure 4.6: Severe genetic iron overload does not affect visceral leishmaniasis disease progression.  

Hjv+/+ and Hjv-/- mice were injected intraperitoneally with phosphate buffered saline or 108 L. infantum parasite. Mice 

were sacrificed 1-, 2-, or 3-weeks post-infection. (A) Liver/body weight; (B) parasite burden in the liver; (C) 

spleen/body weight; (D) parasite burden in the spleen; (E) splenic iron content (SIC). (F) A representative Western 

blot of splenic ferroportin; data from n=3 experiments were quantified by densitometry and are shown on the right. 

Data are presented as mean ± SEM.
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4.13 Supplementary Figures 

 

Figure S.4.1: Multiplex cytokine expression of intraperitoneal lavage.  

Lavage supernatant was collected from mice described in figure 4. Supernatant were analysed for expression of (A) 

IL-6 and (B) CCL2 by multiplex assay. Data are presented as mean ± SEM. Statistical differences compared to 

untreated Hjv+/+ or Hjv-/- mice are indicated by a or b, respectively. 
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4.14 Supplementary Tables 

Table S.4.1: List of primers used for qPCR. 

Gene 
GenBank 

accession 
Forward primer sequence Reverse primer sequence 

Rpl19 NM_009078.2 AGGCATATGGGCATAGGGAAGAG  TTGACCTTCAGGTACAGGCTGTG 

Hamp1 NM_032541.1 AAGCAGGGCAGACATTGCGAT CAGGATGTGGCTCTAGGCTATGT 

Il6 NM_031168.2 AGCCAGAGTCCTTCAGAGAGA GGTCTTGGTCCTTAGCCACTC 

Il1b NM_008361.4 GCCACCTTTTGACAGTGATGA AGCTTCTCCACAGCCACAAT 

Tnfa NM_013693.3 TACTGAACTTCGGGGTGATCG GGTGGTTTGCTACGACGTG 

Cxcl2 NM_009140.2 CTCTCAAGGGCGGTCAAAAAG GAGGCACATCAGGTACGATCC 

Ccl2 NM_011333.3 TGCCCTAAGGTCTTCAGCAC AAGGCATCACAGTCCGAGTC 

Ccl3 NM_011337.2 TGCGCTGACTCCAAAGAGAC CTCGATGTGGCTACTTGGCA 

Ccl4 NM_013652.2 TGTGCAAACCTAACCCCGAG GCCGGGAGGTGTAAGAGAAA 

Ifng NM_008337.4 CAGCAACAGCAAGGCGAAAAAGG TTTCCGCTTCCTGAGGCTGGAT 

 

 



 

174 

 

Chapter 5: General Discussion 

 The past two decades have brought about a wealth of knowledge regarding mammalian 

iron metabolism. The discovery of the liver-derived iron hormone hepcidin has revolutionized our 

understanding of iron flux between the circulation and cells. Yet, iron deficiency remains one of 

the leading contributors to global burden of disease1. Anemias affected roughly a quarter of the 

world’s population in 2005 with iron deficiency anemia accounting for about half of cases2. Many 

of these cases are linked to malnutrition in impoverished regions. Little progress has been made 

since then as, in 2016, iron deficiency anemia was one of the top five causes of years lived with 

disability with over 1.2 billion cases reported3. On the other hand, hereditary hemochromatosis, an 

inherited disease of iron overload characterized by increased dietary iron absorption due to 

hepcidin deficiency, is one of the most common autosomal recessive disorders in Caucasians of 

northern European descent4. Roughly 1 in 200 people of this background will be affected5 and 

treatment options remain crude involving phlebotomy which may be contraindicated if patients 

present with cellulitis, abscesses, hematoma, venous fibrosis to name a few. Importantly, iron 

dysregulation will alter immune responses when faced with pathogens. Leishmaniasis has been 

studied as an example since it is a neglected tropical disease reported to have affected 4.8 million 

people in 20163. The work presented herein has used genetically manipulated mouse models 

ablating endothelial transferrin receptor 1 (TFR1) or global hemojuvelin (HJV) to study the 

corresponding mechanisms behind iron sensing and hemochromatosis. This thesis has generated 

new knowledge with respect to mammalian iron sensing, describing novel mechanisms for the 

control of serum iron levels in hemochromatosis. In addition, the work of the thesis strengthened 

our understanding on the infection susceptibility by the protozoan parasite Leishmania as a 

function of macrophage ability to retain iron.  

5.1 Main Findings, Limitations, Future perspectives 

5.1.1 Ablation of the cellular iron gate, transferrin receptor 1, only modestly influences endothelial 

iron sensing  

As demonstrated, TfrcTek-Cre mice efficiently produce bone morphogenetic protein 6 

(BMP6), the main driver of iron-mediated hepcidin expression, in response to dietary iron when 
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given in large doses (2% carbonyl iron) over 18 hours. Notably, they transiently fail to do so in a 

5-hour timeframe, where kinetic studies revealed the largest increase in BMP expression, when 

non-transferrin bound iron (NTBI) is injected intravenously in the form of ferric ammonium citrate 

(FAC) (Figure 2.2). Knockout animals respond appropriately to holo-transferrin, the primary 

regulated form of systemic iron delivery. As mentioned, these results suggest a modest role for 

TFR1 early in endothelial cell iron sensing. The major driver is proposed to be NTBI which may 

enter endothelial cells through the metal-ion transporter ZIP8. Furthermore, we rationalize that the 

18-hour holo-transferrin injection causes BMP expression under these experimental conditions due 

to cell autonomous factors. Although regulated export of ferritin may be a possible candidate for 

iron signaling from macrophages6, it should be noted that Tek expression is also found in a 

significant portion of tissue-resident macrophages as these may originate from the yolk-sac-

derived erythron-myeloid progenitors7,8. Thus, while some macrophages may still be able to obtain 

iron from transferrin, a more likely explanation would be that stellate cells signal to endothelial 

cells in response to transferrin-bound iron. Hepatocytes are an unlikely candidate due to the 

observed physiological production of BMP6 even in the absence of hepatocytic TFR19. It would 

be of great interest to disrupt the newly described CD63 pathway of ferritin-exosome signaling, 

which may be responsible for paracrine iron signaling, and measure the pathway’s role on BMP6 

expression6.  

It remains unclear why liver iron content is elevated in mice lacking endothelial TFR1 

expression. These results were corroborated in TfrcStab2-cre mice, generating liver sinusoidal 

specific TFR1 ablation, which demonstrated a similar trend10. Attempts to visualize liver iron by 

Perls’ staining revealed no obvious differences between genotypes, and hematoxylin and eosin 

staining excluded extramedullary hematopoiesis. Thus, it is difficult to conclude the localization 

and speciation of these extra iron stores. 

5.1.2 Proposed regulatory pathways of endothelial BMP6 expression 

A recent study suggested that a hepatocyte-derived factor may be necessary for liver 

sinusoidal endothelial cell (LSEC) BMP6 production as primary cultures of these cells appear 

incapable of producing BMP6 in response to a variety of iron treatments11. The authors conclude 

that only under conditions of co-cultures with hepatocytes and LSECs can the latter respond to 

iron treatments in contrast to previous reports12. The disparity in these results may stem from the 
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use of established cell lines in previous reports which may not fully recapitulate the complex LSEC 

phenotype13. Difficulty in isolating and culturing endothelial cells has been a significant barrier 

for many studying LSECs in this field. The study by Colucci et al. claims that their primary LSEC 

cultures are more physiologically relevant by the appearance of fenestrae in vitro11. Nevertheless, 

these results provide an alternative method of activation for LSEC BMP6 production which may 

complement NFE2L2-driven gene activation observed in our studies. Identification of the 

hepatocyte-derived factor is of critical importance if conclusions are to be made about LSEC iron 

sensing.  

In fact, recent reports suggest that endothelial BMP6 production is linked to NFE2L2, the 

ROS-regulated transcription factor responsible for activating antioxidant response elements 

(AREs), since an ARE is present in intron 1 of the BMP6 gene14. NFE2L2 is kept suppressed as a 

complex with KEAP1 and BACH1. In this model, mitochondrial lipid peroxidation would cause 

release of electrophilic lipids which may interact with residues on KEAP1 to activate NFE2L214. 

However, one important limitation of this study is that NFE2L2 knockout mice retain basal levels 

of BMP6 when on normal diet and express hepcidin mRNA to similar extents when fed a 2% 

carbonyl iron diet suggesting that there may be other mechanisms of BMP regulation at play. 

Moreover, endothelial cell iron loading does not seem to be directly linked to BMP6 production 

as endothelial-specific ferroportin knockout mice have reduced BMP6 expression despite liver 

iron overload15. Thus, although NFE2L2 seems to play a distinct role in the regulation of BMP6 

expression, the possibility of other factors influencing BMP6 expression cannot be discounted.  

5.1.3 Apo-transferrin injections reveal limiting factor for dietary iron uptake 

 Initial experiments in this study placed mice on iron-deficient diet for one week followed 

by injection with apo-transferrin (transferrin lacking iron) followed by feeding mice with 0.25% 

carbonyl iron diet for 6 hours. The rationale for this experimental setting was to reduce and prevent 

formation of NTBI in the bloodstream of mice by reducing iron acquisition from the diet followed 

by injecting them with additional transferrin to act as a buffer. The diet used to trigger iron uptake 

was 0.25% carbonyl, nearly a tenth of the iron compared to the high iron diet used in the 

experiments shown in Figure 2.2 (2% carbonyl iron diet). However, injection with apo-transferrin 

had the unexpected effect of rapidly increasing iron absorption from the diet resulting in a massive 

increase in serum iron, transferrin saturation, and presence of NTBI. Due to the complexity of 
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these results, they were excluded from the final manuscript in favor of intravenous FAC injections 

which directly model an acute increase in NTBI. Apo-transferrin injection did reveal that TfrcTek-

Cre animals could produce a robust BMP response and highlight that abundance of transferrin may 

be a limiting factor for dietary iron absorption. Saturation of the transferrin buffer remains 

unavoidable and is a limiting factor in iron studies. Thus, differentiating between the effects of 

holo-transferrin and NTBI remains difficult. This can be addressed by measuring results at early 

timepoints since NTBI absorption is more rapid, on the order of seconds, than holo-transferrin, on 

the order of minutes16. Moreover, FAC injection have primarily been used in animal models to 

investigate bacterial infection and brain iron accumulation17,18. The dosage used in these 

experimental conditions is proposed to induce a transient hyperferremia17. We inferred from a 

preliminary experiment using intraperitoneal FAC injection that hepcidin was activated after 6 

hours and, consequently, rationalized that intravenous injection would act earlier on hepcidin 

expression at 5 hours (Figure S.2.2). FAC was used as an alternative to iron-dextran since the latter 

is known to be directly taken up by macrophages for processing and is therefore less 

physiologically relevant19.  

5.1.4 Lessons from liver single cell transcriptomics    

 Using a scRNA-seq approach, we identified the key effects of iron uptake on endothelial 

cell mRNA expression profiles. The Augur20 machine learning algorithm revealed that the most 

profoundly altered cell types in response to either dietary iron loading or holo-transferrin injection 

within liver cell populations were endothelial cells (Figure 2.5). Interestingly, these were closely 

followed by stellate cells, which have been typically associated with carbohydrate regulation, 

mitochondrial, lipid, and retinoid homeostasis, and drive hepatic fibrosis21. Cell crosstalk analysis 

using CellChat22 performed on this dataset suggests that stellate cells may be communicating with 

endothelial cells to a greater degree than expected although the relevance of this communication 

in the context of iron metabolism is not certain. Endothelial cells were revealed to highly induce 

NFE2L2 target genes in response to dietary iron and, unexpectedly, activate expression of many 

MYC and mammalian target of rapamycin (mTOR) targets (Figure 2.6). It would be of interest to 

examine the family of small MAF proteins commonly associated with NFE2L2 to elucidate any 

possible function they may play in BMP signaling. The activation of mTOR and MYC targets 

suggests changes in translation regulation which need to be validated experimentally. Interestingly, 
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iron deficiency in mammals triggers cellular reprogramming involving the IRE/IRP system but 

also tristetraprolin (TTP) which binds AU-rich elements and promotes their turnover23. TTP may 

control the expression of TFR1, for example, and is inhibited by mTOR24. Moreover, MYC is 

another target of TTP linking iron status to expression of these targets25. To summarize, iron 

deficiency would inhibit mTOR consequently activating TTP which would function to degrade 

target genes such as MYC to regulate cellular translation. Work in the plant Arabidopsis thaliana 

demonstrated that up to 81 ribosomal proteins were differentially expressed in response to iron 

deficiency26 with significant reduction in the mRNA transcripts as observed in RNA-seq studies27. 

Conceivably, the observed activation of MYC and mTOR targets by single cell sequencing could 

reflect the recovery from the week-long iron-deficient diet fed to mice despite this timeframe being 

relatively short and incapable of significantly altering serum iron parameters and draining liver 

iron stores (Figure 2.3). This highlights the swiftness of adaptation to shortage of iron in the diet.   

Importantly, midzonal hepatocytes, the hepatocytes responsible for most hepcidin 

expression28, were the most profoundly perturbed when comparing both treatment groups. This 

comparison may reveal, in part, the effects of non-transferrin bound iron as one is studying the 

difference between an animal given holo-transferrin and one obtaining all forms of iron through 

the diet. One should consider this as a reductionist explanation considering holo-transferrin is 

given at one timepoint while diet is provided ad libitum. Nevertheless, these findings reveal the 

possibility of a midzonal hepatocyte response to NTBI which was characterized by increased 

oxidative phosphorylation, fatty acid metabolism, and, to a lesser extent, ROS signaling (Figure 

2.7).  

Single cell analysis of heme-regulated eIF2α kinase (HRI), a translational regulator during 

iron deficiency, demonstrated an upregulation at the mRNA level after dietary iron intake in both 

macrophages and endothelial cell populations (data not shown). HRI translationally regulates 

production of globin genes in erythroid precursors by phosphorylating the α-subunit of the 

eukaryotic translation initiation factor 2 (eIF2α) to prevent an imbalance of globin synthesis in the 

absence of heme29,30. Yet, bone marrow-derived macrophages lacking HRI display impaired 

erythrophagocytosis and attenuated responses to LPS31. Thus, validating and exploring this 

protein’s role in translational regulation of both macrophages and endothelial cells would be of 

interest. 
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5.1.5 Functional crosstalk between inflammatory and iron signaling to hepcidin 

 Production of BMPs is the first step in expression of hepcidin and helps control its basal 

levels. When this cascade is disrupted, inflammation cannot successfully produce hypoferremia32. 

The hypoferremic response is believed to be protective against invading extracellular pathogens 

preventing them from acquiring necessary iron for replication33.  Previous in vitro work by our 

group demonstrated that inorganic iron treatment of Huh7 cells and primary murine hepatocytes 

abrogated hepcidin gene expression and small mothers against differentiation (SMAD) 

phosphorylation34. This suggested that iron overload may, at least in part, play a role in hepcidin’s 

downregulation in hemochromatosis.  Thus, the experiments in chapter 3 aimed to dissect the 

mechanisms of hepcidin regulation in response to iron loading and to clarify the mechanisms 

which interfere with inflammatory hypoferremia in models of iron overload. Our data 

demonstrated that hepcidin is progressively induced in response to iron loading and that LPS works 

synergistically with iron to further induce hepcidin expression (Figure 3.1). Yet, dietary iron 

loading overwhelms hepcidin’s capacity to produce hypoferremia despite its intense production.  

It should be mentioned that there is no clearly defined threshold for hypoferremia as a 

protective mechanism. That is, we have previously shown that infection with live Escherichia coli 

causes a progressive decrease in serum iron over 24 hours post-infection but determining how 

protective this response is on its own is difficult considering the numerous other mechanisms 

activated during infection32. Particularly, mammals have a multitude of responses that are 

employed to withhold iron from pathogens. For bacterial infections, lipocalin-2 works to sequester 

bacterial siderophores responsible for iron acquisition within hosts35. Although cases of iron 

overload have been associated with worse outcomes for many infections36, and iron 

supplementation can be detrimental in areas endemic with infectious diseases37, iron deficiency 

has been more difficult to study. Host iron status may be difficult to determine prior to infection38, 

and iron deficiency has pleiotropic effects on the host immune system39. Herein, we have analyzed 

the hypoferremic response as a binary phenomenon which may not fully recapitulate the protective 

response mounted by the host but does shed light on many mechanisms of inflammatory iron flux. 

Injection with LPS, a potent endotoxin and toll-like receptor 4 agonist, revealed that iron 

overload, whether dietary or genetic, mitigated reduction in serum iron preventing effective 

hypoferremia. Moreover, these results revealed that LPS triggered a hepcidin-independent 
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response due to the observed modest drop in serum iron even in complete absence of hepcidin 

expression (Figure 3.2). The possibility of hepcidin-independent mechanisms for serum iron 

regulation has been proposed previously40-43 and linked to downregulation of ferroportin 

expression in macrophages of the reticuloendothelial system. Yet, the mechanism of ferroportin’s 

mRNA regulation by endotoxin-produced inflammation remains unclear. Clarifying whether the 

ferroportin promoter contains a binding element for a negative regulator, whether these effects are 

epigenetic, or even posttranscriptional could guide us toward novel avenues for ferroportin 

regulation in hemochromatosis.  

One major limitation discussed was determining which fraction of cells express the most 

ferroportin transcripts and protein in the liver, namely hepatocytes or Kupffer cells, the liver’s 

tissue-resident macrophages. We have attempted to isolate pure fractions of Kupffer cells without 

success which has hindered our ability to address this question. However, we used the approach 

of separating hepatocytes from non-parenchymal cell fractions and measuring IRE/IRP binding 

activity and ferroportin expression (Figure 3.6). Based on the immunohistochemical data in Figure 

3.3, it is assumed that macrophages would produce the most ferroportin out of non-parenchymal 

cell populations, mainly endothelial cells, stellate cells, and few tissue resident immune cells. As 

expected, non-parenchymal fractions had elevated IRP binding activity in Hjv-/- mice and 

expressed greater ferroportin protein suggesting that liver ferroportin may be predominantly in 

Kupffer cells. Nevertheless, it would be beneficial to isolate pure fractions of Kupffer cells and 

hepatocytes for direct comparison. 

This study demonstrated that de novo ferroportin synthesis appears to be the critical 

component of serum iron levels under iron overload. By disrupting ferroportin synthesis with LPS 

treatment, synthetic hepcidin’s capacity to induce degradation of ferroportin and reduced serum 

iron was greatly enhanced (Figure 3.8). Thus, future work should focus on designing targeted 

therapies disrupting ferroportin transcription combined with synthetic hepcidin treatment. 

Designing small interfering RNA targeting ferroportin combined with an adenoviral vector or a 

lipid nanoparticle for specific cellular targeting in hemochromatosis animal models would be an 

appealing approach. This approach combined with small hepcidin mimetics known as 

minihepcidins44,45 designed to improve serum half-life could be an effective strategy for long term 

control of iron overload46. This method would require differentiating the contribution to serum 
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iron of cell types as mentioned. Since macrophages of the reticuloendothelial system are typically 

major contributors to serum iron levels through the process of erythrophagocytosis and iron 

storage47,48, the spleen would be a natural target for iron therapies.  

5.1.6 Discoveries in Leishmania iron acquisition 

 The protozoan parasites of genus Leishmania reside within parasitophorous vacuoles of 

macrophages where they must compete with their hosts for iron. The primary form of iron 

acquisition for these dangerous parasites remains an important question. We investigated whether 

macrophages lacking iron stores due to increased cell surface ferroportin could harbor Leishmania 

efficiently. Our study revealed that growth of cutaneous leishmaniasis in footpads was transiently 

delayed (Figure 4.1). One important caveat of these measurements is that they measure 

inflammation in footpads which reflect cellular recruitment to the site of inoculation as well as 

parasite replication. Dysregulated iron metabolism can have pleiotropic effects on both cellular 

recruitment and immune responses49 of which only the latter was examined. For example, Th1 T 

cells are sensitive to perturbations in iron where holo-transferrin may impair autocrine and 

paracrine IFNγ signaling, while iron chelation may increase IFNγ sensitivity but will impair cell 

proliferation and IFNγ output50-52. In macrophages, function is highly dependent on iron. Iron may 

inhibit transcription of major histocompatibility complex (MHC) -II impairing interaction with 

Th1 cells53. Still, models of iron overload in vitro do not reflect macrophages in models of 

hereditary hemochromatosis where macrophages are deficient in iron stores. Interestingly, 

macrophages from Hfe-/- mice, which develop a relatively mild form of hemochromatosis, 

displayed reduced capacity to produce TNFα and IL-6 in response to Salmonella and LPS 

stimulation suggesting that reduced macrophage iron stores play a role in cytokine expression54. 

These results differ with the observed increase in TNFα gene expression in peritoneal cells from 

Hjv-/- mice, as well as IL-6 in lavage supernatant in response to Leishmania (Figure 4.4, S.4.1). 

Thus, it is possible that observed changes in cytokine expression is primarily a result of other cells 

present in collected lavages such as neutrophils.  

Our data on infection with Leishmania major reveal the interesting possibility that IFNγ is 

not produced locally at the site of infection. It remains controversial whether IFNγ can be produced 

by infiltrating macrophages or neutrophils in response to infection. One study claimed that IFNγ 

could be produced by macrophages in vitro in response to E. coli55. Yet, claims have been made 
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that primary macrophage cultures may be contaminated with minute quantities of CD8+ T cells 

and NK cells producing IFNγ56. Nonetheless, in this experimental setting, IFNγ expression from 

collected intraperitoneal cells and from supernatants of intraperitoneal lavage could not be 

measured to any appreciable extent. However, acute infection with L. major revealed that liver 

production of IFNγ was significantly lower in Hjv-/- animals 6 hours post-infection suggesting that 

circulating IFNγ may play a role in the course of infection.  

 One key limitation of this study was the use of complete Hjv knockout animals. HJV 

belongs to the RGM family of BMP co-receptors which were initially defined for their roles as 

adhesion proteins guiding the development of neurons57,58. These are now known to have a diverse 

set of functions in regulating biological processes through intracellular signaling59. Yet, very few 

studies have investigated the role of RGM family of proteins in immunity. One such study 

demonstrated a putative role for RGMa in leukocyte migration60. Another study revealed that 

disruption of RGMb in macrophages resulted in increased IL-6 expression61. The only study 

disrupting HJV in macrophages investigated its role in bacterial infection and found increased 

susceptibility to bacterial infection in knockout macrophages55. Thus, it would be of critical 

importance to determine if the observed effects in growth of cutaneous leishmaniasis were due to 

absence of HJV on macrophages or from impaired iron stores.  

 Finally, to determine the extent of the effects of iron in this model, it would be necessary 

to manipulate dietary iron in Hjv-/- mice. We have shown in chapter 3 that a 5-week course of iron-

deficient diet can successfully reduce iron stores by about 70% (Figure 3.2). This seemingly 

reprograms the liver by increasing TFR1 and reducing ferroportin gene expression. Thus, it would 

be of interest to manipulate dietary iron by both depriving Hjv-/- mice of iron or feeding them a 

high-iron diet. These may exacerbate the observed phenotype in footpads and indicate whether the 

lack of iron stores or increased iron flow through macrophages is responsible for delayed footpad 

swelling. 

5.2 Concluding remarks 

 This thesis sought to address outstanding problems in the field of iron metabolism. By 

studying iron sensing, we have clarified one of the key signals that triggers redistribution of 

systemic iron and, in doing so, have provided invaluable knowledge for treatment of iron 
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deficiency. In addition, our work on iron overload and inflammation has helped address questions 

regarding control of hemochromatosis and nutritional immunity. These issues are united by the 

underlying challenge of providing iron treatments to iron-deficient individuals in areas endemic 

with infectious diseases such as leishmaniasis. This dissertation has provided vital insights in the 

careful balancing act of iron in both health and disease. 
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