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ABSTRACT OF THE DISSERTATION

The role of iron and hepcidin in infection

by

Debora Chavdarova Stefanova
Doctor of Philosophy in Molecular, Cellular and Integrative Physiology
University of California, Los Angeles, 2018

Professor Elizabeta Nemeth, Chair

Iron is an essential trace nutrient for both higher organisms and bacteria. Consequently,
hosts have evolved to sequester iron during infection, while pathogens have developed
multiple iron acquisition systems to access iron pools in the host. Hepcidin, the master
iron-regulatory hormone, is induced by inflammatory cytokines early during infections.
Hepcidin lowers extracellular iron concentration by binding to and inhibiting the cellular
iron exporter ferroportin. Using structural modeling and site-directed mutagenesis, we
analyzed the structural basis of ferroportin interaction with hepcidin.

Hepcidin induction by inflammation causes a rapid decrease in plasma iron concentration
(hypoferremia) accompanied by iron retention within target cells (macrophages,
enterocytes, hepatocytes). This response to infection is highly conserved during
vertebrate evolution. In the main part of this thesis, we show that hepcidin is essential for

protection against extracellular Gram-negative bacterium Yersinia enterocolitica. At the



same inocula, hepcidin-deficient mice suffer 100% mortality while WT mice survive
disease-free. We determine that it is the spontaneous iron overload of hepcidin-deficient
mice that promotes susceptibility to infection. We find that hepcidin is not universally
protective and plays no role in catheter-associated Staphylococcus aureus infection or in
macrophage-tropic Mycobacterium tuberculosis. Surprisingly, infection with clinical
isolates of Escherichia coli, which was not previously considered siderophilic, caused
sepsis and 60% to 100% mortality in hepcidin deficiency and iron overload while WT mice
suffered 0% mortality. Although the difference in survival was not as pronounced, similar
results were obtained with another clinically common non-siderophilic pathogen:
Klebsiella pneumoniae.

Furthermore, we found that the cause of increased susceptibility of hepcidin-deficient
mice to certain Gram-negative pathogens (Y. enterocolitica, K. pneumoniae, E. coli) is
the appearance in plasma of non-transferrin bound iron (NTBI), an iron species that
stimulates the growth of these gram-negative bacteria. Endogenous hepcidin in wild-type
mice or therapeutic administration of the hepcidin agonist minihepcidin to hepcidin-
deficient mice eliminate NTBI and thus protect from infection-associated mortality in all 3
infection models.

We hypothesize that in future studies many more pathogens will manifest iron-dependent
pathogenicity. With antibiotic resistance rising rapidly, understanding the role of iron and

hepcidin in host defense can provide new tools for combating infections.
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OVERVIEW: IRON METABOLISM AND INFECTION



Introduction
1. Iron
Iron is a transition element belonging to group 8 elements. It can change its oxidation
state from -2 to +6, but +2 (ferro) and +3 (ferri) are the most common ones! at currently
prevailing atmospheric oxygen concentrations. Iron is the most abundant element by
mass on Earth, distributed in the Earth’s inner and outer core as well as crust?. However,
despite being abundant on the Earth’s surface, most of the iron is not bioavailable since

it is readily oxidized to insoluble ferric iron3.

2. Biological functions of iron

In biological systems, because of its ability to easily change its oxidation state, iron
participates as a cofactor in many proteins performing vital functions®. Iron is an essential
component of some complexes in the electron transport chain: iron-sulfur clusters® and
iron-heme® in cytochromes directly take part in transporting electrons. In the core of
hemoglobin, heme-coordinated iron binds oxygen for transport to tissues’. Furthermore,
iron is required as a cofactor in multiple enzymes and other proteins that participate in
DNA replication and repair, regulation of gene expression, as well as cell proliferation and

differentiation?.

3. Iron distribution in the body

The adult human organism contains about 4 g of iron most of which (2-3 g) is in
hemoglobin in red blood cells. Another major compartment is the liver where iron is stored
in ferritin (about 1 g) and released when needed. However, every cell in the organism
requires iron for its vital functions including but not limited to energy metabolism,

replication, differentiation etc. Humans absorb 1-2 mg of iron daily from the food through
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enterocytes, and this balances out thel-2 mg of iron that is lost daily from the body as
result of desquamation and minor bleeding*®°. Most of the daily iron requirement (20-25
mg) is needed for the synthesis of hemoglobin in new red blood cells. This iron is provided
by the recycling of old red blood cells by splenic and hepatic macrophages (Figure 1).

Regulation of iron metabolism is similar between humans and mice but there is a
difference in the rates of absorption and recycling — while humans absorb minor amount
of iron from food and depend mostly on recycling, mice absorb about half of their daily
iron requirement from food and thus depend less on iron recycling. Consequently, it is
significantly easier and requires less time to manipulate mouse body iron content through

changes in dietary iron supply than it would for a human?®.

Figure 1. Iron -
L'Verx Other cells
distribution and , AVIoN and tissues
S 4 ~ 400m,
- . . Ly g
utilization in  the £ Bone
. marrow
organism  (adapted \/ -t \
from Hentze et al, Cell, P
2004). The organism 20-25mg/ (Fe3), - Tf
day ~3mg 1-2mg/day

contains about 3-4g of Redblood cells
~ 1800mg

iron, most of which is \ o /\ ._-mnlos's.
localized in red blood @i} 1-2mg/day

cells (around 1800mg)

Reticuloendothelial Duodenum
or stored in the liver macrophages

~600mg
(around 1000mg). Iron
from recycled erythrocytes or from dietary absorption is transported towards the plasma
from where it is directed towards tissues for utilization (mostly the bone marrow, requiring
20-25mg iron daily) or storage towards the liver. Minimal amounts of iron are lost daily (1-

2mg) which is compensated for by dietary absorption.



4. Iron species in the organism

Iron, taken up from food or recycled from senescent red blood cells is transported through
circulation towards different cell types based on their iron needs. In this process iron is
bound to different carrier and storage proteins outside or inside the cell, and rarely
remains “free” of such high affinity proteins.

4.1 Iron toxicity
Free iron is highly reactive and readily participates in Fenton’s reaction thus leading to
the generation of free radicals® which can damage all types of biomolecules and
consequently affect cellular and organismal functions'?. As a result, under normal
conditions iron is always complexed with proteins which act as chaperons and protect the
organism from the highly reactive iron.
4.2 Intracellular iron

Intracellular iron is usually stored in ferritin, a 24-subunit protein that forms a nanocage
which can encapsulate up to 4500 iron atoms'3. Iron that is mobilized from ferritin or
imported from the extracellular compartment is used for synthesis of prosthetic groups for
ferroproteins (iron-sulfur clusters, heme etc.). Another iron species found inside cells is
in the so-called labile iron pool (LIP). LIP is poorly defined due to its heterogeneity as well
as difficulty of studying it. Generally LIP is a transition pool between extracellular iron and
intracellular protein-bound iron. The chemical forms vary from iron associated with
organic anions, through iron associated with polypeptides or membrane components. A

common characteristic of LIP is that iron is loosely bound and is thus redox reactive!®.



4.3 Extracellular iron
Extracellular iron is formed as a result of iron efflux predominantly from enterocytes,
macrophages and hepatocytes through ferroportin.

4.3.1 Transferrin-bound iron
Iron in the blood is usually bound to transferrin'®. Transferrin is a two-domain protein and
each domain can bind iron, thus yielding mono or diferric transferrin. The binding affinity
of transferrin for iron'® is very high with Ka = 10%° M-1. Under normal physiologic conditions
about 30% to 50% of plasma transferrin is bound to iron while the rest is unoccupied and
available to bind surges of iron when needed.

4.3.2 Non-transferrin bound iron (NTBI)
In iron-loading conditions, the binding capacity of transferrin can be surpassed leading to
the formation of non-transferrin bound iron!” (NTBI). NTBI is heterogeneous but
comprises mostly iron citrate and iron loosely bound to albumin'8. Since NTBI is not tightly
bound to any chaperone protein, it is highly reactive and is more readily available to
pathogens. NTBI is taken up predominantly by the liver where the excess iron is stored
but can also be taken up by other tissues such as the heart and adrenal glands leading
to tissue iron overload and damage. Interestingly, NTBI is detectable in the blood of both
humans and mice at transferrin saturation above 70% rather than at 100%%°. NTBI
concentration is likely determined by the kinetics of iron efflux combined with transferrin

availability and ability of the liver to quickly deplete NTBI.

S. Iron transport
Once iron enters the organism, it is transported between different compartments for

utilization, storage and recycling.



5.1 Systemic iron transport
Dietary iron is absorbed by enterocytes in the duodenum from where it flows out of the
cells through the sole known iron exporter ferroportin. Once released into circulation iron
is bound by the carrier protein transferrin and distributed to the cells that require iron®. In
terms of quantity, most of the iron is utilized by the bone marrow for red blood cells
synthesis. However, every cell in the organism requires iron.
5.2 Cellular iron transport

Most cells have a receptor for transferrin (TfR1) and can take up mono- or preferably
diferric transferrin from the circulation®®. Once inside the cell, iron is trafficked either for
synthesis of ferroproteins or to ferritin for storage. Excess iron is released from the cell
through the iron exporter ferroportin. The cells that handle the largest amounts of iron in
the organism (enterocytes, hepatocytes, macrophages) have some specialized
adaptations that allow them to perform their function. Enterocytes, for example, need to
import ferric iron from the food so they have a ferrireductase duodenal cytochrome B on
the apical membrane that reduces ferric to ferrous iron, which is then taken up by the
divalent metal transporter 1 (DMT1). They also have an apical heme transporter to take
up heme iron from meats?!. Hepatocytes, which are responsible for iron storage in the
organism, take up transferrin-bound iron through TfR1 but can also take up NTBI through
the Zip14 transporter of divalent metals?223. Similarly to other cells, hepatocytes store
excess iron in ferritin. During the transfer of iron between cellular compartments labile

iron pool (LIP) can be generated?!*.

6. Hepcidin

Hepcidin is the master iron-regulatory hormone?“.



6.1 Hepcidin nature and structure
Despite changes in diet or blood loss, plasma iron concentrations are maintained quite
stable in the range of 10 to 30 uM suggesting that there is homeostatic regulation.
Hepcidin is the sole known iron regulatory hormone. Itis a 25 amino acid peptide hormone
with four disulfide bonds (Figure 2). Hepcidin is produced by hepatocytes and secreted
into circulation?®. Other tissues have been shown to produce hepcidin, such as the heart?®
and the brain?’, which may play a role in local iron homeostasis but does not contribute
significantly to systemic iron regulation. Hepcidin is a highly conserved molecule and the

gene encoding it can be found in all vertebrate except possibly for most birds.

DTHFPI IF G HRSK_ GM_ KT Flgure 2. Hepcidin

structure (adapted from
Ganz, Physiol Rev, 2013).
Hepcidin is 25 amino acid
peptide hormone. It has 4
disulfide bonds in its structure
(highlighted in yellow). The
pink shading outlines the N-

terminus which is required for

hepcidin's biological activity.

6.2 Mechanism of action of hepcidin

Hepcidin is produced primarily by the liver and is released into the blood stream where it
travels to target cells that express the iron transporter ferroportin. Hepcidin binds to
ferroportin and causes ferroportin ubiquitination followed by internalization and
degradation?®. Consequently, iron efflux from the cell is inhibited leading to iron retention

within cells and a decrease in extracellular iron concentration. Chapter 4 of this work



describes a novel mechanism of interaction between hepcidin and ferroportin that does
not depend on internalization.

6.3 Regulation of hepcidin production
Hepcidin production is regulated transcriptionally by multiple stimuli, including iron,
inflammation and erythropoiesis. There are, however, additional modes of hepcidin
regulation, such as during pregnancy, that are currently being investigated?°.

6.3.1 Regulation by iron
Hepcidin production is regulated through feedback mechanisms by extracellular iron as
well as tissue iron stores®. BMP6 is the main ligand that plays a role in this iron sensing
feedback mechanism, although BMP2 also contributes. These BMPs are produced by
sinusoidal endothelial cells in proportion to the iron content of the liver3!. The BMPs reach
the hepatocytes where they bind BMP receptors to phosphorylate SMAD1/5/8 which
interact with SMADA4 to enter the nucleus and activate hepcidin transcription. The BMP-
BMP receptor complex requires co-receptors among which hemojuvelin is absolutely
essential (Figure 3). Extracellular iron sensing is probably achieved through TfR2 or the
TfR1/HFE complex binding holotransferrin, and interacting with the BMP receptor system

to modulate its activity32.
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Figure 3. Regulation of hepcidin production (adapted from Coffey et al, HemaSphere,
2018). Hepcidin production is regulated by intracellular iron as well as by extracellular
(holotransferrin). In conditions of iron overload, the concentration of holotransferrin
increases, accompanied by increased production of BMP 6 and 2 by sinusoidal
endothelial cells. The secreted BMPs form a complex with BMP receptors, hemojuvelin
and other coreceptors. Consequently, BMPR activation leads to SMAD 1/5/8
phosphorylation which interact with SMAD4, enter the nucleus and activate hepcidin
transcription. Erythropoiesis decreases hepcidin production through the action of the
hormone erythroferrone which decreased SMAD 1/5/8 phosphorylation through unknown

receptor and signaling pathways.



6.3.2 Regulation by erythropoiesis
Erythropoiesis requires a large proportion of the total iron flow for hemoglobin synthesis.
In conditions of stress erythropoiesis, such as after phlebotomy, hepcidin production is
suppressed to allow for higher iron flux into the plasma from where iron is distributed to
erythropoietic tissues (mostly bone marrow). Hepcidin suppression is in response to
erythropoietic iron demand is mediated by the hormone erythroferrone which is produced
by the bone marrow33.
6.3.3 Regulation by inflammation

Hepcidin was discovered as an antimicrobial peptide whose blood concentration was
greatly increased by severe infection leading to significant excretion of hepcidin in the
urine. However, later studies determined that even though hepcidin structurally resembles
antimicrobial peptides and is induced by infection, it does not have direct antibacterial
properties at physiological concentrations. Hepcidin production is induced by
inflammation in IL-6 dependent manner through STAT-3 pathway (Figure 4) in response
to both bacterial and viral pathogens®*. Hepcidin upregulation inhibits iron efflux through
ferroportin and leads to iron retention within target cells (with macrophages mostly
affected) and rapid decrease in plasma iron concentration (hypoferremia). Hepcidin-
induced hypoferremia is a highly conserved response to infection present in all
vertebrates except for possibly most birds. Hypoferremia is hypothesized to be a
mechanism of innate immunity to limit iron availability for pathogens®®. In this thesis, the
significance of this mechanism and the spectrum of pathogens affected is studied.

However, in conditions of chronic inflammation, prolonged hepcidin upregulation restricts
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iron availability for erythropoiesis and eventually leads to anemia known as anemia of

inflammation36.

Figure 4. Hepcidin regulation
by inflammation (adapted from
Ganz and Nemeth, Hematology

Peptide synthesis, Am Soc Hematol Educ
processing, secretion

Program, 2011). During

Hepcidin
mRNA

inflammation IL6 binds its
receptor and activates the JAK-
STAT3 pathway to stimulate

hepcidin transcription

\ hepatocyte

7. Hereditary hemochromatosis

Hereditary hemochromatosis (HH) is a genetic disease caused by hepcidin deficiency
which results from mutations in some of the genes encoding hepcidin regulators or in the
hepcidin gene itself. Consequently, the organism cannot properly regulate dietary iron
absorption, and iron accumulates in tissues over time due to the inability of verterbrates
to compensate by increasing iron excretion3’. Excess iron deposition eventually leads to
tissue damage and organ dysfunction. Hereditary hemochromatosis is classified into
several types. The most severe is juvenile HH, usually caused by mutations in hepcidin
or hemojuvelin, and leads to cardiomyopathies and endocrinopathies in late
childhood/early adulthood38. Adult forms of HH are less severe and usually caused by
mutations in the HFE gene, which are quite common in northern European people.

Diagnosis of adult forms of HH is usually a result of laboratory testing targeted for health

11



maintenance or diagnosis of other conditions since HH patients rarely develop iron
overload sufficient to cause symptoms or signs of disease on its own. Occasionally some
patients develop cirrhosis or liver cancer. However, HH patients have been shown to be
more susceptible to multiple infections, some of which preferentially cause systemic

infection and/or sepsis in this population3%40:41.42,

8. Iron supplementation

Anemia is one of the most prevalent health problems worldwide, affecting 1.62 billion
people (WHO, 2008), and is most commonly caused by iron deficiency. The treatment for
iron-deficiency anemia is iron supplementation which can be oral or intravenous (V). Oral
supplementation is easy, inexpensive and poses few risks. However, in some cases oral
iron supplementation is either ineffective as a result of hepcidin upregulation, which
blocks dietary iron absorption*3, or not rapid enough for the specific medical situation.
Alternatively, iron can be administered IV, and in these preparations, iron is surrounded
by a carbohydrate shell. IV iron preparations are taken up by macrophages where the
complexes are processed and iron released into circulation. 1V iron supplementation
always leads to transient increase in serum iron concentration and the potential for
formation of NTBI, and can even result in iron overload because of the large iron doses
administered*. It is not surprising that 1V iron has been associated with higher infection

risk*>-47, which has led to guidelines that warn of the risks of IV iron therapy.
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9. Infection
Infection is the invasion of the host organism by foreign microorganisms (bacteria,
parasites, viruses) followed by their replication and dissemination in tissues, which
eventually causes disease.

9.1 Bacteria
Bacteria are unicellular prokaryotic microorganisms that inhabit all ecosystems on Earth.
Bacteria are usually very small, much smaller than a eukaryotic cell, measuring a few
micrometers in length. Bacteria grow in various shapes from spheres (cocci) through rods
(bacilli) to associations of multiple bacteria forming a shape that resembles a bunch of
grapes. Bacterial shape is one of the characteristics used for their classification. Another
important characteristic is the structure of the bacterial wall which determines whether a
bacterium is Gram-positive, Gram-negative or falls in neither category.

9.2 Gram-positive bacteria
The designation of bacteria as Gram-positive or Gram-negative is based on their
microscopic appearance after subjecting them to the Gram-stain test. Gram-positive
bacteria retain the crystal violet dye because their cell wall is thicker and thus appear
purple after the staining. The cell wall of Gram-positives is made of plasma membrane,
small periplasmic space and a thick peptidoglycan layer. The most common Gram-
positive pathogens in humans are Streptococci and Staphylococci®®.

9.3 Gram-negative bacteria
Gram-negative bacteria have a thinner cell wall which is why they do not retain crystal
violet dye and are eventually stained pink with the counterstain. Their cell wall is made

of plasma membrane, larger periplasmic space, thin peptidoglycan layer and outer
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membrane where lipopolysaccharides (LPS) are found. When LPS is released from
bacteria by the immune cells, it can cause an overwhelming reaction toxic for the
organism, known as septic shock. The best known Gram-negative bacterium is
Escherichia coli but other common ones include species such as Yersinia,
Pseudomonas, Klebsiella, Vibrio etc*.

9.4 Siderophilic pathogens
Siderophilic literally means iron-loving pathogens. This is a group of pathogens that do
not cause serious disease in patients with normal iron status but cause severe
overwhelming disease in iron-loaded patients®. Classical siderophilic pathogens are rare,
with two characteristic exemplars: Vibrio vulnificus, which causes sepsis in iron-loaded
hosts with 50% mortality®!, and Yersinia enterocolitica®. The molecular mechanism
thought to underlie their dependence on host iron is the lack of production of small
molecule iron chelators (siderophores) by the bacteria. Because of the absence of
siderophores, it is thought that these bacteria are inefficient at stealing iron from host
ferroproteins. This thesis demonstrates that more pathogens than previously realized,
including clinically common ones, may fall into the siderophilic category and furthermore,
that siderophilicity is not always defined by the lack of siderophore production.

9.5 Yersinia enterocolitica
Yersinia enterocolitica is a food-borne Gram-negative extracellular pathogen which
causes self-limited gastro-intestinal infections in healthy people. However, in patients
who are immunocompromised or iron-overloaded, Y. enterocolitica can cause systemic
infection affecting multiple organs including the spleen and liver, with mortality rate up to

50%%2. In a retrospective multicenter study, underlying iron overload was found in 40%
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of Yersinia bacteremia patients*?, which combined with the higher incidence of
septicemia in patients treated with the bacterial siderophore-derived iron chelator
deferoxamine suggests a role for iron in the systemic spread of Yersinia enterocolitica.

9.6 Klebsiella pneumoniae
Klebsiella pneumoniae is a Gram-negative bacterium, commonly associated with
hospital-acquired infections®? including pneumonia, bloodstream infections, surgical site
infections and meningitis (CDC), with mortality rates in severe infections as high as
70%°. Recently, the incidence of infections with multidrug resistant strains has
increased immensely®®, while novel hypervirulent strains are spreading®® that are
capable of causing systemic infection in healthy people, with devastating sequelae. As
was shown in the last few years, iron-acquisition related genes are a critical determinant
of the associated hypervirulence.

9.7 Escherichia coli
Escherichia coli, the most common pathogenic Gram-negative bacterium, is among the
most frequent causes of hospital-acquired infections, ranging from gastrointestinal
through urinary tract infections to bacteremia and sepsis®’. Sepsis is a leading cause of
mortality affecting around 750 000 people in the USA alone each year and reaching
mortality rates as high as 30% to 50%°%8. Hepcidin was recently shown to be a critical
determinant of outcome in a urinary tract infection model, with HKO mice showing higher
bacterial burden.

9.8 Staphylococcus aureus
Staphylococcus aureus is a Gram-positive bacterium present as a commensal in about

30% of the population (CDC). In most humans it is harmless but in people with
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compromised or weakened immune system, such as hospitalized patients, it can cause
severe infections including bacteremia, pneumonia, endocarditis, osteomyelitis etc.
Medical device associated infections comprise 60-70% of all hospital acquired
infections® and are usually caused by biofilms, with Staphylococcus aureus being a
leading cause among these®. Recently, some in vitro studies supported a role for iron
in Staphylococcus aureus biofilm formation®?.
9.9 Mycobacterium tuberculosis

Mycobacterium tuberculosis is the causative agent of tuberculosis. Tuberculosis (TB) is
the second most deadly infection after HIV with more than 8 million new cases and 1
million deaths in 2010, mostly in the developing world (WHO). M. tuberculosis usually
affects the lungs but can spread to other tissues leading to extrapulmonary tuberculosis,
a condition common in immunocompromised or HIV co-infected patients. Recently it was
shown that macrophage iron overload worsens tuberculosis outcome®?. lin agreement
with that, hepcidin, which promotes iron retention within macrophages, was found to be
an independent co-morbidity factor in TB/HIV co-infected patients®3. However, M.
tuberculosis can acquire iron from multiple sources including heme, ferritin and using

siderophores.

10. Iron and infection

Multiple studies have shown that increased iron availability is linked to bacterial growth
and pathogenicity®+5. Extensive in vitro data suggests that high iron concentration
promotes growth of both extracellular and intracellular bacteria®-, Administration of iron
supplementation to infants in Africa and South Asia lead to unexpected serious adverse

effects and mortality associated with malaria, gastrointestinal and respiratory infections*®-
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47, In addition, hereditary hemochromatosis patients, who are iron-overloaded as a result
of hepcidin deficiency, have been shown to be more susceptible to multiple infections.
10.1 Bacterial iron acquisition
Iron is required for vital processes which renders it essential for nearly all living organisms,
including pathogens. However, iron in the host organism is rarely free but rather is
chaperoned by high affinity proteins. Consequently, microbes needed to evolve efficient
iron acquisition systems that can “steal” iron from these high affinity interactors®. The
most common microbial strategy is the production and secretion of siderophores?.
Siderophores are molecules that have even higher affinity for iron than many host
ferroproteins and can thus extract iron from transferrin, ferritin or other sources. The
siderophore carrying iron is then taken up through special receptors in the bacterium cell
wall. Siderophore production, however, comes at a metabolic cost and siderophores can
be readily utilized by competitor bacteria. E. coli, K. pneumoniae, M. tuberculosis, S.
aureus and some serotypes of Y. enterocolitica (O8 studied in this work) can all produce
siderophores. Another strategy some pathogens employ is direct utilization of host
ferroproteins: some bacteria have receptors for transferrin-bound iron’?, others can utilize
iron from ferritin and yet others take up heme or hemoglobin. Thus the battle for iron
between host and pathogen is multifaceted and can sometimes be the determinant of
infection outcome.
10.2 Host defense and hepcidin

Host defense mechanisms can be divided into early and late immune responses. Innate
immunity, responsible for the early phase, is not specific to the pathogen and includes

inflammation, complement, neutrophil and macrophage recruitment as well as
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involvement of NK (natural killer) cells. Inflammation drives hepcidin upregulation in an
IL-6 dependent manner thus rapidly decreasing plasma iron concentration®4. Such
hypoferremia of inflammation is hypothesized to be a mechanism of innate immunity to
limit iron availability and thus limit bacterial replication’. In this thesis, we studied the
significance of hepcidin-mediated hypferremic response, as well as its pathogen targets.
If the pathogen is not cleared by innate immunity, adaptive immune response is mounted,
which is specific for the pathogen and thus very effective but requires a longer period of
time to activate sufficiently.
10.3 Nutritional immunity and the battle for iron
Nutritional immunity is a strategy of the organism to limit a critical nutrient in order to
inhibit bacterial replication. Since zinc and iron are quite scarce in the human organism,
but required for vital processes, it is mostly the sequestration of these metals that has
been studied in the context of nutritional immunity. Iron is tightly bound to proteins, and
inflammation during infection further decreases iron concentration in the extracellular
compartment in hepcidin-dependent manner. However, pathogens secrete siderophores
in an attempt to steal iron from the host ferroproteins. The host immune system has
evolved further to produce lipocalin-2 which can bind bacterial siderophores, while
bacteria, on the other hand, have evolved to take up iron from multiple other sources.
Thus the battle for iron between host and pathogen happens on multiple levels and both
sides constantly evolve to gain the upper hand’3.
11.Minihepcidin
Minihepcidins are synthetic hepcidin analogues based on the N-terminus of hepcidin

which is required for its biological activity. Minihepcidins are, however, significantly
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smaller (7 to 9 aminoacids) and are designed to contain unnatural aminoacids to inhibit
proteolysis and increase their stability in blood plasma. In addition, some minihepcidins
are PEGylated or acylated in order to decrease their clearance by the kidneys (Figure 5).
Altogether, these chemical modifications render minihepcidin more potent and with
significantly longer half-life than endogenous hepcidin. Similarly to hepcidin, minihepcidin
binds ferroportin and causes its ubiquitination, internalization and degradation thus
decreasing iron efflux towards the blood’*. At the doses used in this work, minihepcidin

effect on serum iron can be detected up to 24h post injection.

o a o NH,

TZ

Figure 5 Chemical structure of minihepcidin PR73 (adapted from Chua et al,

Bioorganic & Medicinal Chemistry Letters, 2015)

12.Summary
This work contributes towards understanding the role of iron in infection. Chapter 1 shows
an extensive study of the role of iron and hepcidin in infection with extracellular,
intracellular and biofilm forming pathogens leading to the conclusion that hepcidin is
essential for protection against extracellular siderophilic Gram-negative Yersinia
enterocolitica. The protective role of hepcidin is to clear non-transferrin bound iron (NTBI)
from circulation. Chapter 2 shows that hepcidin plays a role in infection with non-
siderophilic Klebsiella pneumoniae, although the effect on mortality is not as dramatic as
in Yersinia enterocolitica model. Chapter 3 definitively shows that hepcidin deficiency and

iron overload promote susceptibility to sepsis after infection with multiple clinical E. coli
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isolates thus proving that clinically common pathogens such as E. coli behave as
siderophilic, and can be targeted by manipulation of iron status by minihepcidin. Lastly,
Chapter 4 provides evidence of a novel mechanism of interaction between hepcidin and
ferroportin where ferroportin is not degraded but is rather occluded by hepcidin to inhibit
iron export. Overall this work enhances our understanding of the role of hepcidin and iron
in infection and provides insight into which pathogens could be therapeutically targeted

by minihepcidin.
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CHAPTER 1

Endogenous hepcidin and its agonist mediate resistance to selected infections by

clearing non-transferrin bound iron
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The iron-regulatory hormone hepcidin is induced early in infection, causing iron sequestration
in macrophages and decreased plasma iron; this is proposed to limit the replication of
extracellular microbes, but could also promote infection with macrophage-tropic pathogens.
The mechanisms by which hepcidin and hypoferremia modulate host defense, and the
spectrum of microbes affected, are poorly understood. Using mouse models, we show that
hepcidin was selectively protective against siderophilic extracellular pathogens (Yersinia
enterocolitica 09) by controlling non-transferrin-bound iron (NTBI) rather than iron-transferrin
concentration. NTBI promoted the rapid growth of siderophilic but not nonsiderophilic
bacteria in mice with either genetic or iatrogenic iron overload and in human plasma. Hepcidin
oriron loading did not affect other key components of innate immunity, did notindiscriminately
promote intracellular infections (Mycobacterium tuberculosis), and had no effect on extracel-
lular nonsiderophilic Y enterocolitica 08 or Staphylococcus aureus. Hepcidin analogs may be

Key Points

* In mouse models, hepcidin
participates in innate
immunity by controlling NTBI.

* NTBI-dependent infections
can be treated with
hepcidin agonists in mouse
models of hereditary
hemochromatosis or
parenteral iron overload.

Introduction

useful for treatment of siderophilic infections. (Blood. 2017;130(3):245-257)

During infections, inflammatory signals potently stimulate the
production of the iron-regulatory hormone hepcidin,' causing iron
sequestration in macrophages and decreased plasma iron concentra-
tions.> Hypoferremia is hypothesized to limit iron availability for
growth of extracellular microbes but iron retention in macrophages is
thought to promote the growth of macrophage-tropic pathogens.

Hereditary hemochromatosis patients, who are iron-overloaded as a
result of hepcidin deficiency, are more susceptible to infections with
Escherichia coli,3 Vibrio vulniﬁcus,4 Listeria monocytogenes,5 and
Yersinia enterocolitica.®” Patients with transfusional iron overload are
also at increased risk of infections.® Conversely, an association between
elevated hepcidin and tuberculosis disease progression was reported.” The
mechanisms by which hepcidin and iron regulation contribute to host
defense remain largely unexplored in mammalian models of infection. We
previously showed that hepcidin is critical for mouse survival in V
vulnificus infection,'® but extremely rapid lethality (12 hours) prevented
detailed analysis of the mechanisms involved, and the relevance for
clinically more common infections was unknown.

In this study, we comprehensively examine the role of hepcidin
and iron in innate immunity, using a broad range of murine
infection models, conditions of genetic or iatrogenic iron overload
or iron depletion, as well as studies of iron-dependent growth
of bacteria ex vivo. We examined infections with extracellular

Y enterocolitica (siderophilic and nonsiderophilic strains) and
Staphylococcus aureus, as well as intracellular Mycobacterium
tuberculosis. We note that the term “siderophilic” is loosely defined
and is not based on molecular characterization of the organisms.
Rather, it generally applies to microbes whose virulence is
enhanced in iron-overloaded hosts, with V vulnificus and certain
strains of Y enterocolitica considered the classic examples.

‘We propose that the primary host defense function of hepcidin is not
to decrease extracellular iron concentration (ie, transferrin-bound iron)
but to eliminate non—transferrin-bound iron (NTBI). NTBI is a
heterogeneous group of iron species that appears in circulation when the
binding capacity of transferrin is exceeded, such as in iron-overload
conditions. NTBI encompasses ferric citrate, acetate, and iron loosely
bound to albumin,'" and may be more readily utilizable by pathogens
than transferrin-bound iron. We also explore the therapeutic potential of
hepcidin agonists in treating infections that are exacerbated by NTBI.

Methods

Details are provided in supplemental Materials and methods (see supplemental
Data, available on the Blood Web site).
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Figure 1. Hepcidin deficiency and resulting iron overload promote mortality
from siderophilic but not nonsiderophilic Y enterocolitica. (A) Survival after oral
infection with increasing doses of siderophilic Y enterocolitica 09 (10*-10® CFUs per
mouse) of WT mice with normal iron status or naturally iron-loaded HKO mice.
*Comparison of HKO to WT mice infected with the same dose. (B) Survival curve for
WT or naturally iron-loaded HKO mice infected through oral gavage with 10% CFUs
per mouse Y enterocolitica serotype O9 (siderophilic) or O8 (nonsiderophilic). (C)
Survival of naturally iron-loaded or dietary iron-depleted HKO mice after oral infection
with 108 CFUs per mouse Y enterocolitica O9. Infection with siderophilic O9 bacteria

BLOOD, 20 JULY 2017 « VOLUME 130, NUMBER 3

Bacterial organisms

We used Y enterocolitica O9 strain Ruokola/71, Y enterocolitica O8 strain WA
(ATCC 27729), S aureus (strain Xen36 derived from the bacteremia isolate
ATCC 49525), and M tuberculosis (Erdman strain).

Animal models

All animal studies were approved by the University of California Los Angeles
(UCLA) Office of Animal Research Oversight. All mouse strains were on a
C57BL/6 background: C57BL/6 wild-type (WT) mice, hepcidin-1 knockout
mice (HKO), LysEGFP mice (enhanced green fluorescent protein [EGFP]
insertion into lysozyme M locus'?), and HKO/LysEGFP mice. Iron depletion of
HKO mice was achieved with a 4-ppm Fe diet for 6 to 8 weeks, and iron loading
of WT mice was achieved by intraperitoneal (IP) injection of 20 mg of iron
dextran. For minihepcidin treatment, each mouse received 100 nmol PR73'" or
solvent by IP injection daily. Researchers were not blinded as to which treatment
group each mouse belonged.

Y enterocolitica strains. 09 (10*10° colony-forming units [CFUs] per
mouse) and O8 (10° CFUs per mouse) were administered by oral gavage or IP
injection.

Bioluminescent S aureus. Catheters incubated in 10’ CFU/mL S aureus
were inserted under the skin, and mice imaged over 7 days with IVIS 200 from
Xenogen Inc.

M tuberculosis. Mice were challenged by aerosol with 30 CFU per
mouse, and euthanized 5 and 10 weeks later.

Assessment of animal survival

As prescribed by animal use regulations at UCLA, death was not used as an end
point. Rather, the mice were euthanized when showing characteristics predictive
of imminent mortality, including rapid weight loss combined with cessation of
water and food intake, loss of grooming, and immobility despite stimulation.

NTBI assessment by eLPI

NTBI refers to a heterogeneous group of iron complexes in circulation. To measure
the NTBI content of mouse and human plasma, we used an “enhanced labile
plasma iron” (eLPI) assay. The eLPI assay is an adaptation of a published
protocol'® based on catalytic conversion on nonfluorescent dihydrorhodamine
to fluorescent rhodamine, in the presence and absence of the iron chelator
deferiprone, but with an inclusion of a mild metal-mobilizing agent, nitriloacetate.

In vitro assay for Y enterocolitica

Human plasma was incubated with 0 to 60 pM ferric ammonium citrate (FAC),
and mixed with concentrated liquid agar to produce 90% plasma agar plates.
Y enterocolitica (5 X 10° CFUs) was plated on plasma agar, and bacterial growth
assessed using a dissecting microscope.

In vitro assay for V vulnificus

V vulnificus (1 X 10° CFU/mL) were grown for 10 hours in a plated reader, in
250 pL of human plasma supplemented with 0 to 100 uM of either FAC,
holotransferrin, or apotransferrin, and optical density at 600 nm measured.

Additional methods

Histopathology, CFU count, analysis of LysEGFP mice, measurement of iron
parameters, gene expression, and hepcidin enzyme-linked immunosorbent assay
are described in supplemental Materials and methods.

Figure 1 (continued) resulted in significantly greater mortality than infection with
nonsiderophilic O8 bacteria in iron-loaded HKO mice. Survival is defined in
“Methods.” Statistical comparison of survival was performed using multifactorial
Kaplan-Meier log-rank analysis.
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Statistics

Statistical analysis was performed with SigmaPlot using the Student 7 test and
Mann-Whitney rank sum (for normally and nonnormally distributed data), 2-way
analysis of variance (time-course analysis), Kaplan-Meier and log-rank tests
(survival), and the X2 test (tissue abscess analysis).

Results

Hepcidin prevents mortality from siderophilic but not
nonsiderophilic Y enterocolitica

HKO mice have much higher baseline liver and serum iron con-
centrations than WT mice (supplemental Figure 1). We first com-
pared the survival of WT and HKO mice after oral infection with
Y enterocolitica 09 (10*-10® CFU per mouse), a siderophilic serotype

that causes severe infection in patients with iron overload.'*'* Survival
outcomes were dramatically different: HKO mice suffered inoculum-
dependent mortality, reaching 100% in the 10° CFU group by day 6, but
WT mice had 0% mortality after any of the inocula (Figure 1A).

We next studied Y enterocolitica O8, a strain with a high patho-
genicity island, a genomic region encoding siderophore systems,'*
thought to render it more virulent than O9 in healthy organisms and less
dependent on ambient iron."*'® As expected, in healthy WT mice, the
O8 strain caused greater mortality than the O9 strain (Figure 1B), but
there was no difference in mortality between WT and iron-overloaded
HKO mice, indicating the infection outcome was unaffected by iron
overload. However, O8-induced lethality was much lower than that of
09 in iron-loaded HKO (Figure 1B). Thus, an iron-rich environment
makes siderophilic Y enterocolitica more virulent than the non-
siderophilic strain, perhaps because the smaller genome allows faster
replication and avoids the increased metabolic costs of siderophore
production and uptake.
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Figure 3. M tuberculosis infection is not by hepcidi

y or iron |

in mice. Control WT mice, naturally iron-loaded HKO mice, and parenterally

iron-loaded WT mice (iron-dextran injection, WT + ID) were infected with 30 CFUs of M tuberculosis (aerosol). After 5 and 10 weeks, there was no difference between the
3 groups of mice in pulmonary (A) or extrapulmonary (B) bacterial burden as assessed by tissue CFUs. (C-D) Lung and spleen iron concentration. Statistical analysis: Student
ttest if data were normally distributed (C: WT vs HKO 5 weeks, WT vs WT+ID 10 weeks; D: WT vs HKO, 5 weeks) and Mann-Whitney U test if they were not normally distributed.

To determine whether the susceptibility of the HKO mice to the
siderophilic O9 strain was a consequence of their baseline iron overload
or any direct, iron-independent, antimicrobial effect of hepcidin, we
compared the survival of iron-loaded and iron-depleted HKO mice after
infection with 10® CFU Y enterocolitica 09. In contrast to the 100%
mortality in the iron-loaded HKO group, iron-depleted HKO mice were
completely protected (Figure 1C). The dietary iron depletion regimen
was effective, as confirmed in a parallel set of mice by measuring liver
and serum iron (supplemental Figure 1). Therefore, hepcidin protects
the host from severe siderophilic Y enterocolitica infection not through
direct effects of the hepcidin peptide on microbes, but by controlling
systemic iron availability.

Hepcidin deficiency and iron overload do not promote
catheter-associated infection with S aureus

S aureus commonly causes catheter-associated infections,'” and its
biofilm formation in vitro was reported to be enhanced by iron.'® We
developed a catheter-associated infection model with luminescent
S aureus, and monitored bacterial burden over the entire time course by
in vivo imaging (Figure 2A) in naturally iron-loaded HKO, dietary iron-

depleted HKO mice, and WT mice. Liver and serum iron measurements
for each group are shown in Figure 2B-C. Luminescence signal as a
measure of bacterial burden was maximal between days 3 and 5, and
infection was mostly cleared by day 7. None of the mice developed
systemic infection and no mortality occurred. We did not observe any
difference in bacterial burden as a function of iron loading or hepcidin
deficiency (Figure 2D). These results indicate that iron availability and
hepcidin production do not modulate catheter-associated infection with
S aureus in vivo.

M tuberculosis infection in mice is not affected by hepcidin and
iron status

It was previously reported that B2m-deficient mice, which have
liver iron overload and aberrant major histocompatibility complex
type I expression, develop greater M tuberculosis burden that WT
mice, which can be reversed by treatment with lactoferrin.'® We
tested whether hepcidin and macrophage iron loading promotes the
growth of macrophage-tropic intracellular bacteria in vivo. Using a
mouse model of pulmonary M tuberculosis infection (aerosol-
delivered 30 CFUs per lung), we compared 3 mouse groups: control
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Figure 4. Iron overload promotes rapid growth and dissemination of Y enterocolitica 09. (A) Survival of naturally iron-loaded or dietary iron-depleted HKO mice after IP
infection with 10% CFU Y enterocolitica O9 is comparable to that after oral infection (Figure 1C) indicating that intestinal bacterial translocation is not the critical iron-dependent
step. (B-H) Iron-loaded or iron-depleted (depl) HKO mice were orally infected with 10° CFUs per mouse Y enterocolitica O9. (B-C) Liver and serum iron concentrations
confirmed iron loading and iron depletion of HKO mice. (D) Iron-loaded HKOs had dramatically increased bacterial dissemination to the liver, spleen, and blood as assessed
by tissue CFUs, and consequently (E) much higher liver Saal mRNA expression compared with iron-depleted HKOs. (F-H) Hematoxylin and eosin (H&E) and staining with
antibody (Ab) specific for Y enterocolitica O9 of tissue sections from the liver, spleen, and Peyer patches of iron-loaded (in green rectangles) or iron-depleted (in blue
rectangles) HKO mice; X 10 magnification. Arrows point to bacterial abscesses. Survival is defined in “Methods.” Statistical analysis of survival curves (A) was performed

using multifactorial Kaplan-Meier log-rank analysis. Statistical analysis in panels B thro

ugh E was performed using the Student  test for normally distributed data (D: spleen

CFUs; E) and the Mann-Whitney U test for data that were not normally distributed. ACt, Acycle threshold; hprt, hypoxanthine-guanine phosphoribosyltransferase.

WT mice, HKO mice which have systemic iron overload but low
macrophage iron content due to uncontrolled iron export through
ferroportin, and WT mice injected with iron dextran which causes
macrophage iron loading. Bacterial burden in the lung (Figure 3A) and
the spleen (Figure 3B) was assessed 5 and 10 weeks after M tuberculosis
challenge, but no significant difference in CFUs was detected between
the 3 groups of mice at either time point. Lung iron content was higher
in HKO mice and iron-dextran WT mice compared with control WT
mice (Figure 3C). Spleen iron content, an indicator of macrophage
iron loading, was lower in HKO mice compared with WT controls
as expected, and higher in iron-dextran WT mice (Figure 3D). We
conclude that hepcidin deficiency and macrophage iron status do not
appreciably alter the outcome of M tuberculosis infection in mice.

Hepcidin protects against mortality from siderophilic
Y enterocolitica by controlling baseline iron levels

We used the Y enterocolitica O9 infection model to analyze in detail
how hepcidin and iron participate in host defense. We hypothesized that

3

in WT mice exposed to Yersinia, an early induction of hepcidin and
consequent hypoferremia may account for their resistance to infection.
Surprisingly, oral infection of WT mice with 10° CFU per mouse
did not cause any significant change in serum iron (supplemental
Figure 2A), or hepatic expression of the inflammatory marker Saal
(supplemental Figure 2B), and serum hepcidin levels were only
marginally increased in infected mice (supplemental Figure 2C). None
of the infected mice developed signs of disease. Thus, in WT mice with
normal baseline iron levels, Y enterocolitica infection was already
effectively controlled, without eliciting a systemic inflammatory
response, presumably because any bacteria that crossed the intestinal
barrier could not multiply rapidly in the absence of accessible iron,
and therefore did not cause systemic infection. However, when
Y enterocolitica was administered intraperitoneally in WT mice at
the same dose, we observed an increase in serum hepcidin and Saa-1 as
well as hypoferremia (supplemental Figure 3), indicating that the
expected inflammatory response is mounted when high bacterial
numbers are present in the systemic circulation. Thus, normal iron
levels maintained by physiologic hepcidin concentration may be
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Figure 4. (Continued).

sufficient to protect healthy mice from severe yersiniosis, even without
a reactive hepcidin increase or hypoferremia.

High mortality of iron-loaded HKO mice could hypothetically
result from 2 separate mechanisms: (1) iron overload could promote the
intestinal translocation of Y enterocolitica via an unknown mechanism,
seeding the blood and allowing systemic infection to proceed or (2)
high iron availability could promote the rapid growth of bacteria that
reached the circulation, without affecting their intestinal translocation.
‘We bypassed the intestine by injecting the pathogen intraperitoneally
into iron-loaded or iron-depleted HKO mice. Similarly to oral infec-
tion (Figure 1C) but more rapidly, IP Y enterocolitica 09 (10® CFU
per mouse) caused 100% mortality in the iron-overloaded group
(Figure 4A) whereas iron-depleted HKO mice again had 0% mortality.
Similar dependence of oral vs IP infection outcome on iron status of
the mice suggests that high iron levels promote the growth of bacteria
once they reach systemic circulation rather than affect their intestinal
translocation.

Iron overload promotes rapid metastatic growth of
Y enterocolitica 09 without affecting initial neutrophil
recruitment and bacterial killing

To confirm that iron availability affects bacterial growth in vivo, we
measured CFUs in blood and organs in iron-loaded and iron-depleted
HKO mice after oral Y enterocolitica O9 infection ( 10° CFU per mouse).
Measurements of liver (Figure 4B) and serum iron concentration

(Figure 4C) confirmed that the mice were markedly iron-loaded or
efficiently iron-depleted, as intended. Bacterial CFUs were dramat-
ically increased in the liver, spleen, and blood of iron-loaded
compared with iron-depleted HKOs (Figure 4D). We also measured
expression of liver Saal, an acute-phase protein produced by
hepatocytes and used as a sensitive marker of inflammation in mice.
In agreement with the widespread infection in iron-loaded animals,
Saal messenger RNA (mRNA) was highly induced only in the iron-
loaded group whereas iron-depleted groups had Saa-1 mRNA levels
comparable to those of uninfected mice (Figure 4E). Furthermore,
histological analysis of the liver, spleen, and Peyer patches (an
important entry site for Y enterocolitica), and staining of tissue
sections with an antibody specific for the O9 strain, revealed multiple
large bacterial abscesses only in iron-loaded mice (Figure 4F-H).
Iron could promote metastatic bacterial infection by altering host
defenses at the site of entry, affecting bacterial dissemination in blood
and bacterial attachment in tissues, or modulating the multiplication
of bacteria that have entered the organism. We first examined the effect
of iron and hepcidin on host defense response at the site of infection and
on early bacterial dissemination to blood. We used WT or HKO mice
that have EGFP-expressing neutrophils and macrophages (LysEGFP
and HKO/LysEGFP), and confirmed that these mice show the same
difference in survival and iron loading as WT and HKO mice not
carrying LysEGFP (supplemental Figure 4). The 2 groups of mice were
injected intraperitoneally with 108 CFUs per mouse Y enterocolitica
09, and 6 hours later, bacterial killing was assessed by measuring CFUs
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Figure 5. (Continued).

in peritoneal fluid. Early bacterial dissemination to blood was assessed
by blood CFUs, and neutrophil recruitment to the IP cavity was
assessed by counting the total number of cells as well as the GFP-
expressing cells in the peritoneal lavage fluid. There was no difference
in bacterial burden in peritoneal fluid or in blood (supplemental
Figure 5A), or in the number of GFP™ (supplemental Figure 5B) or
total cells (supplemental Figure 5C), in peritoneal fluid between WT
mice and mice lacking hepcidin.

To further assess the initial dissemination and attachment of bacteria
in target tissues, iron-loaded or iron-depleted HKO mice were injected
intraperitoneally with 10% CFUs per mouse Y enterocolitica 09 and
6 hours later CFUs were assayed in liver, spleen, and blood. No
difference in initial bacterial spread and adhesion to target tissues was
observed between iron-depleted and iron-loaded mice (supplemental
Figure 5D). Iron measurements for these mice are shown in supple-
mental Figure 6.

Together, these results indicate that the innate immune response to
Y enterocolitica infection is not affected by hepcidin deficiency and
iron overload.

High extracellular iron concentration promotes Y enterocolitica
09 virulence and is therapeutically targetable by minihepcidins

Iron-overloaded mice that were susceptible to yersiniosis had both high
serum iron and high liver (but not spleen) tissue iron concentrations.
Because Y enterocolitica is an extracellular pathogen, we hypothesized
that Y enterocolitica O9 virulence would be suppressed by low
extracellular iron concentrations, even if tissue iron concentrations
remained high. We treated iron-loaded HKO mice with a synthetic
hepcidin analog minihepcidin PR73'® or solvent 2 hours before oral

infection with 10® CFUs per mouse of Y enterocolitica 09, and then
daily for 5 days. Mice from the solvent-treated group were euthanized
when showing signs of imminent mortality, including rapid weight loss
combined with changes in behavior and appearance (days 3, 4, and 6).
Matching numbers of minihepcidin-treated animals were euthanized
at the same time points for comparative analysis of CFUs and iron
parameters. As expected, the short-term treatment with minihepcidins
did not affect liver iron stores (Figure 5A) but reduced serum iron
concentration (Figure 5B). The treatment nearly completely ablated
bacterial dissemination to the liver, spleen, and blood (Figure 5C-F).
Accordingly, hepatic expression of the inflammatory marker Saal was
increased only in solvent-treated HKO mice that had disseminated
infection, but Saal expression in minihepcidin-treated mice was
comparable to uninfected mice (Figure 5G). In a replicate experiment,
survival of mice was likewise dramatically different: whereas all of the
solvent-treated mice died by day 8, minihepcidin-treated mice showed
>80% survival (Figure SH). Thus, high extracellular iron concentra-
tions are essential for Y enterocolitica O9 virulence.

To test the therapeutic potential of manipulating extracellular iron
concentrations in Y enterocolitica infection, iron-loaded HKO mice
were orally infected with 10® CFU bacteria on day 0, and minihepcidins
or solvent treatment started 2 or 3 days after they were infected,
when the disease signs were already apparent and mortality started
occurring. In contrast to the solvent-treated group where 100%
mortality was reached by day 8, the survival rates in minihepcidin-
treated groups by day 21 were 100% when PR73 treatment was
initiated on day 2 and 70% when treatment was initiated on day 3
(Figure 51). Confirming the remarkable efficacy of even the delayed
treatment, tissue bacterial burden 3 weeks after the infection was
low to absent (Figure 5J).

Figure 5. High extracellular iron promotes Y enterocolitica 09 virulence, and lowering of

iron by minihepcidin tr prevents mortality. (A-H) Iron-

loaded HKO mice were orally infected with 10° CFUs of Y enterocolitica O9 and treated with solvent or minihepcidin (Minihepc; 100 nmol). Minihepcidin treatment did not alter
liver iron (A) but lowered serum iron (B) and prevented bacterial dissemination to the liver, spleen, and blood (C). (D-F) H&E or anti-Y enterocolitica antibody staining of tissue
sections from the liver, spleen, and Peyer patches of solvent-treated (in red rectangles) or minihepcidin-treated (in green rectangles) HKO mice; X 10 magnification. Arrows
point to bacterial abscesses. (G) Liver Saa1 mRNA expression. (H) Survival curves. (I-J) Iron-loaded HKO mice were orally infected with 108 CFUs per mouse Y enterocolitica
09 and treated with solvent or minihepcidin for 7 days starting on day 2 (Minihepcidin 1) or 3 (Minihepcidin 2) after infection. (I) Survival curve. (J) Bacterial dissemination and
tissue burden for minihepcidin-treated groups was assayed at euthanasia (on day 21 after infection). Tissue CFUs of iron-loaded moribund HKO mice were used for
comparison (D). Survival is defined in “Methods.” Statistical analysis: The Student t test was used for normally distributed data (B; C: spleen CFUs; G) and the Mann-Whitney
U test for data that were not normally distributed (A; C: liver and blood CFUs). Survival (H-) was analyzed using Kaplan-Meier log-rank. tx, treatment.
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Figure 6. Minihepcidin treatment is beneficial even in mice with intact hepcidin regulation and iatrogenic iron overload. WT mice were iron loaded through IP
injection of 20 mg of iron dextran on day —1, then orally infected with 10° CFUs of Y enterocolitica O9 on day 0 and treated with solvent or minihepcidin (100 nmol per day)
for 10 days. (A-B) Liver and serum iron levels. (C) Bacterial dissemination to liver, spleen, and blood assessed by CFUs (whole liver and spleen). (D) Gross
pathology of liver and spleen, with many abscesses visible in the tissues from solvent group. Scale bar, 1 cm. (E) Abscess proportion analysis (x> test) showed
abscess formation predominantly in solvent-treated animals, whereas minihepcidin treatment rescued the phenotype. Statistical analysis was done using the Student
t test for normally distributed data (A; B; C: liver CFUs) and the Mann-Whitney U test for data that are not normally distributed (C). Data in panel F were analyzed using

the x° test.

Minihepcidin treatment is beneficial even in mice with intact
hepcidin regulation and iatrogenic iron overload

WT mice with normal iron levels do not develop systemic infection
(Figure 1) but WT mice that are iron-loaded by parenteral administra-
tion of iron dextran do. We injected 20 mg of iron dextran 1 day before
orally administering 10% CFU per mouse of Y enterocolitica O9.
Although no mice died within 10 days after infection, the mice did
develop systemic infection as evidenced by multiple abscesses in the
liver (supplemental Figure 7).

To test the effect of minihepcidins in this model, we treated the iron-
loaded infected WT mice with either solvent or minihepcidin daily
for 10 days starting on the day of infection. Minihepcidin treatment
slightly increased liver iron concentration (Figure 6A) but led to a dramatic
drop in serum iron levels (Figure 6B) and almost completely ablated
bacterial dissemination to the spleen, liver, and blood (Figure 6C).
Minihepcidin treatment decreased weight loss (supplemental Figure 8A)
and prevented the formation of tissue abscesses and organomegaly
(supplemental Figure 8B; Figure 6D-E). Thus, minihepcidins may
have therapeutic potential not only in patients with primary iron
overload due to hepcidin deficiency (eg, hereditary hemochromatosis),
but also in patients with iatrogenic iron overload (dialysis patients,*
patients with hemolytic anemias,?' transfused patients, etc) who still
produce endogenous hepcidin.

Bacterial growth and associated mortality depend on NTBI

We observed that NTBI was only present in the serum of iron-loaded
WT and HKO mice, but not in iron-depleted HKO or WT mice,
paralleling the susceptibility to yersiniosis (Figure 7A). Minihepcidin
treatment, which prevented yersiniosis, completely ablated NTBI in
the blood of both iron-loaded HKO and parenterally iron-loaded WT
mice (Figure 7C). To conclusively differentiate between the role of
transferrin-bound iron and NTBI in the growth of Y enterocolitica,
we developed a new in vitro assay using multiwell agar plates
containing 90% human plasma supplemented with increasing
concentrations of FAC (Figure 7D) generating increasing trans-
ferrin saturation. Using plasma from 3 separate donors, we showed
that bacteria only grew in wells where the added iron exceeded the
unsaturated iron-binding capacity of plasma and NTBI became
detectable (Figure 7E).

Importantly, we observed an equivalent growth dependence
on NTBI for another siderophilic bacterial species, V vulnificus
(Figure 7F). We previously showed that V vulnificus bacterium became
hypervirulent in iron-overloaded hepcidin KO mice that had high
NTBI, and caused mortality within <24 hours.'® Furthermore,
V vulnificus was reported to grow rapidly in vitro in human serum
with high transferrin saturation.”> Here, we developed a liquid culture
system using human plasma supplemented with different forms of iron
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to identify which of the iron forms stimulated bacterial growth.
V vulnificus growth was initiated in plasma only when a sufficient
amount of FAC was added to saturate transferrin, at which point NTBI
appears in the sample. Addition of holotransferrin or apotransferrin to the
same human plasma sample did not promote the growth of V vulnificus
(Figure 7G-H). Summarizing the results for 6 different human plasma
samples, Figure 71 shows that for each plasma sample, V vulnificus
growth was detected at iron concentrations where transferrin saturation
neared 100%. Thus, the presence of NTBI appears to be essential for
outgrowth of siderophilic pathogens in human plasma. In contrast,
nonsiderophilic Y enterocolitica O8 did not show such dependence
of colony formation on NTBI. Rather, similar numbers of bacterial
colonies were observed in each plasma sample independently of NTBI
presence (supplemental Figure 9), although the colony size increased
slightly with total iron concentration.

Discussion

As an acute-phase reactant, hepcidin has long been suspected to play
a role in innate immunity, but critical examination of its effect
on infection outcomes has only begun.'® Here, we comprehensively
examined the role of hepcidin and iron in innate immunity using mouse
models. We showed that hepcidin is essential for survival after infection
with Y enterocolitica 09, a bacterium that causes severe illness in iron-
overloaded humans. However, neither hepcidin nor variations in
systemic iron loading had demonstrable effect on infections with
Yersinia O8 strain or S aureus (Figures 1 and 2). This may be because
the O8 strain can scavenge iron from multiple sources and is less
sensitive to iron availability because it grows slower than 09,'*1 and
S aureus was shown to primarily use heme iron during infection
initiation.”® Also, hepcidin or macrophage iron loading did not promote
growth of macrophage-tropic M tuberculosis in vivo (Figure 3). Many
in vitro studies have established the general importance of iron for
pathogen growth. Contrary to expectations, our studies demonstrate
that over the pathophysiological range of iron concentrations in vivo,
outcomes of many infections are not affected, likely because iron
uptake mechanisms in those bacteria can compensate for the ambient
changes in iron.

The protective role of hepcidin against the siderophilic O9 strain
was related to its iron-regulatory function rather than direct
antimicrobial activity, as iron depletion of HKO mice resulted in
complete resistance to infection, equivalent to that of WT mice. Hepcidin
deficiency and accompanying iron overload did not affect early innate
immune responses we tested (supplemental Figure 5), as WT and iron-
overloaded HKO mice infected by the peritoneal route showed a similar
initial local inflammatory response, local bacterial killing, and early
dissemination from the site of infection. As bacteria disseminate,
an important determinant of the outcome of infection is the rate of
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bacterial multiplication in blood/extracellular fluid. Y enterocolitica
09 did not grow out on human plasma-agar plates unless enough ferric
iron was added to saturate transferrin and generate NTBI (Figure 7D-E).
Likewise, only mice that had NTBI in their blood were susceptible to
systemic infection, whereas the groups that did not have detectable
levels of NTBI were resistant to infection. Moreover, parenterally iron-
overloaded WT mice with lower but detectable NTBI levels had a less
severe illness and survived longer than hepcidin KO mice with higher
NTBI concentrations. Analyzing all of the models together, serum NTBI
concentrations below 2 M correlated with nonlethal systemic infection
whereas NTBI levels >2 wM associated with lethal Y enterocolitica
09 infection (supplemental Figure 11). We surmise that 1 or more iron
species that appear when transferrin is saturated may be accessible
to Y enterocolitica O9, which lacks the high-affinity iron-binding
siderophore system. The presence of these NTBI species then stimulates
rapid Yersinia growth and pathogenicity. We observed similar de-
pendence on NTBI in another siderophilic pathogen, V vulnificus, which
also exhibits hypervirulence in iron-overloaded patients. Like the O9
strain, other strains of Y enterocolitica most virulent in iron-overloaded
patients generally lack known mechanisms for utilizing transferrin-bound
iron or host ferroproteins. We hypothesize that bacteria that thrive in this
niche trade off the fitness cost of dependence on NTBI against the cost of
maintaining high-affinity siderophore systems or receptor-mediated
ferroprotein uptake mechanisms. Because siderophilic bacteria are com-
monly zoonotic, we surmise that nonhuman hosts with extracellular
NTBI exist, in which siderophilic strains have a fitness advantage over
nonsiderophilic strains. The enhancement of bacterial outgrowth by
NTBI in the plasma-agar assay could serve as a clinically useful predictor
of NTBI-dependent pathogenicity in vivo for different bacterial species. It
remains to be determined which specific forms of NTBI in circulation are
capable of stimulating rapid growth of siderophilic pathogens.
Historically, the concept of iron-based nutritional immunity has
focused on the reduction in plasma iron concentration or transferrin
saturation during infection, not taking into account the inaccessibility
of transferrin-bound iron to pathogens unless they are equipped with
transferrin receptors®* or high-affinity siderophores. We therefore
propose that the prevention of NTBI production is the principal host
defense function of hepcidin. During infections, the potential supply
of iron into plasma increases because of macrophage scavenging
of damaged erythrocytes and injured tissues. At the same time,
erythropoietic demand for plasma iron decreases because of
suppression of erythropoiesis by inflammatory cytokines. The 2
effects combine to raise plasma iron concentrations unless hepcidin is
present. Indeed, in hepcidin KO mice, Y enterocolitica infection
caused further increase in serum iron over already high baseline iron
levels (supplemental Figure 10), and a similar increase in serum iron
was observed in hepcidin KO inflamed with heat-killed Brucella
abortus.>® Viewed in this light, the inflammation-induced increase of
hepcidin concentration may reduce the possibility that NTBI will be

Figure 7. Bacterial growth depends on NTBI. (A-E) Y enterocolitica and (F-1) V vulnificus. (A) NTBI and (B) serum iron measurements in WT, iron-depleted HKO, iron-
loaded WT, and iron-loaded HKO mice. Presence of NTBI correlates with the severity of Y enterocolitica infection. (C) Minihepcidin treatment abolished NTBI in serum of iron-
loaded WT and HKO mice. (D) Microscopy images (magnification x4) of bacterial growth 24 hours after plating Y enterocolitica 09 (10° CFU/mL) on agar plates made of
human plasma supplemented with 0 to 60 nM FAC. Bacterial growth was observed only in the samples with measurable NTBI (dark gray section). (E) Transferrin (Tf)
saturation (sat), NTBI concentration, and bacterial growth on agar plates made from plasma of 3 different donors. Statistical analysis (A,C): Mann-Whitney U test. (F-I) V'
vulnificus (1 x 10° CFU/mL) were grown in vitro in human plasma supplemented with (F) 0 to 100 wM FAC, (G) 0 to 100 uM holo-Tf, or (H) 0 to 100 wM apo-Tf. V vulnificus
growth was initiated only when 40 to 100 .M FAC was added to the plasma at which point transferrin saturation reached 100%. Bacteria did not grow in plasma supplemented
with holo-Tf or apo-Tf. Each line represents mean (n = 3) = standard deviation. (I) V vulnificus growth was measured in 6 different human plasma samples supplemented with
a range of FAC. Black circle indicates the iron concentration at which V vulnificus growth was initiated. White bar shows plasma iron concentration at which transferrin
saturation reached 100% for each sample. Dashed line indicates baseline plasma iron concentration for each human sample. V vulnificus growth in vitro in human plasma

occurred only when transferrin was nearly completely saturated. OD, optical density.
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generated, thus preventing NTBI-dependent growth and hyper-
virulence of siderophilic pathogens.

We propose that the term “siderophilic infection” should be
redefined to specifically denote those organisms whose rate of growth is
enhanced by NTBI. By this definition, siderophilic infections may be
more common than is generally realized. In addition to V vulnificus and
Y enterocolitica strains, Klebsiella pneumoniae, a common cause of
pneumonia and sepsis, also manifested NTBI-enhanced pathogenicity
in our mouse models.?®

Clinical conditions that are characterized by the presence of NTBI,
and therefore may be susceptible to more severe infections with NTBI-
sensitive pathogens, include not only hereditary hemochromatosis
and {3-thalassemia, but also alcoholic liver disease, acute or chronic
hepatic failure, stem cell transplantation, and chemotherapy-associated
myelosuppression.>” Importantly, NTBI levels >2 pM at the begin-
ning of myelosuppression were associated with a higher risk of sepsis
caused by gram-negative bacteria.”®

Minihepcidins, synthetic hepcidin agonists, rapidly cause hypo-
ferremia, desaturation of transferrin, and elimination of NTBI. In both
iron-loaded hepcidin KO and iron-loaded WT mice, minihepcidin
administration dramatically decreased the morbidity and mortality
of infection (Figure 5), even when started 2 to 3 days after infection
(hepcidin KO model), providing a realistic framework for future human
trials. Minihepcidin treatment may be uniquely suited to rapidly deprive
siderophilic bacteria of iron, a pharmacologic activity distinct from that
of iron chelators. Deferoxamine has been associated with promoting
bacterial growth in multiple studies,***® whereas deferiprone at lower
concentrations (data not shown) stimulated Y enterocolitica growth in
vitro.

In summary, we propose that the function of hepcidin in innate
immunity is to clear NTBI from plasma, and thereby inhibit the
systemic spread of microbes whose outgrowth is enhanced by NTBI
Conversely, bacteria not dependent on NTBI appear to be unaffected by
hepcidin or changes in systemic iron concentrations in our animal
models. This paradigm shift implies that in vitro testing of microbial
responses to NTBI may predict which infections can be treated with
hepcidin agonists, and that doses of hepcidin agonists that consistently
clear NTBI in vivo should be highly effective for the treatment
of siderophilic infections. Testing of additional infection models is
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needed to determine whether hepcidin-mediated changes in transferrin
saturation may also control the growth of other microbes. Our study was
designed to provide a proof of concept for the relevance of hepcidin-
mediated regulation of iron in multiple infection models in mice in vivo.
We recognize that inbred animal models are an imperfect representa-
tion of complex human conditions,®" and that the mechanisms and
therapeutic applications proposed in our study will need further testing
and refinement in human clinical studies.
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Supplemental Materials and Methods
Bacterial preparation

Clinical isolates Yersinia enterocolitica serotype O9 strain Ruokola/71 (kindly provided
by Dr. Mikael Skurnik, University of Helsinki, Finland) and serotype O8 strain WA
(ATCC 27729) were used for this study. The bacteria were stored as 35% glycerol stock
at -80C and were cultured overnight (16-18 h) at room temperature (23 to 27C) in Luria
Bertani broth (Becton Dickinson) before each experiment. On the day of the experiment,
the bacteria were collected by centrifugation (7500 rcf for 5 min), washed with sterile
buffer and suspended in sterile phosphate-buffered saline (PBS) to the required final
concentration, using their wet weight as a measure of bacterial count (100mg = 10"
bacteria for serotype 09 and 7.8x10"° for serotype 08).

Bioluminescent Staphylococcus aureus (strain Xen36 derived from the bacteremia
isolate ATCC 49525) was kindly provided by Prof. Nicolas Bernthal, Orthopedic hospital
research center, UCLA 1 Briefly, the strain contains lux ABCDE reporter cassette and
thus continuously emits bioluminescence when the bacteria are metabolically active.
The bacteria were stored as 35% glycerol stock at -80°C and were cultured overnight in
Trypticase™ soy broth (TSB, Becton Dickinson, BD) at 37°C starting the night prior the
experiment. On the following morning (the day of the experiment) the bacteria were
collected by centrifugation (7500 rcf for 10min), washed once in TSB and twice in sterile
PBS. Finally, the bacteria were resuspended in TSB with 0.5% glucose (Sigma) and
concentration was adjusted to 10’ CFU/mI (ODggo = 0.660 equals about 2x10® CFU/ml).
The suspension was then aliquoted (1ml) to sterile microtubes and transferred to the
procedure room where catheters would be incubated and implanted by surgery.

A pretitered stock of M. tuberculosis (Erdman strain) was used for the mouse infection
experiments. Stock was prepared by culturing bacteria passaged through guinea pig on
Middlebrook 7H11 agar®.

Animal models

All experiments involving animals, including infections with Y. enterocolitica, S. aureus
and M. tuberculosis were approved by the University of California, Los Angeles (UCLA)
Office of Animal Research Oversight. Researchers were not blinded as to which
treatment group each mouse belonged.

The following mouse strains, all on C57BL/6 background, were used in infection
experiments: C57BL/6 wild type (WT) mice (The Jackson Laboratory); hepcidin-1
knockout mice 3 (HKO); LysEGFP mice (kindly provided by Dr. Nicholas Bernthal from
University of California, Los Angeles) and HKO/LysEGFP mice. LysEGFP mice have
green fluorescent granulocytes and macrophages owing to EGFP insertion into
lysozyme M locus *_ All animals used in the experiments were bred in our vivaria.
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The mice were fed either standard diet (containing 185 ppm Fe) or iron-deficient diet (4
ppm Fe, Envigo Teklad). In order to achieve substantial iron depletion, HKO mice were
kept on 4 ppm Fe diet for 6 to 8 weeks prior to the experiment. Iron-loading of WT mice
was achieved by intraperitoneal (IP) injection of 20 mg iron dextran (Sigma) per mouse
one day before infection.

In dose-response experiments with Y. enterocolitica O9, mice were infected with 10* to
108 CFUs by oral gavage. Control mice were given sterile saline solution (Hospira). In
some experiments, mice were infected with 10° CFUs per mouse by oral gavage or by
intraperitoneal (IP) injection. The mice were fasted 2 h prior and 1 h post oral gavage.
After infection, the mouse weight, appearance and behavior were monitored daily.

For Yersinia enterocolitica survival experiments the mice were euthanized using
isoflurane (Clipper) when they showed signs of imminent death. These included rapid
weight loss (>10%) combined with failure to consume food and water, loss of grooming
and immobility despite stimulation.

For catheter associated Staphylococcus aureus infection, the catheters (BD Angiocath
catheters 16GA x 3.25) were cut on the day of the experiment in sterile conditions (in
biosafety hood using a sterile scalpel and on a sterile gauge) to 0.5 cm pieces. Each
catheter piece was incubated in 1 ml of 10’ CFU/mlI Staphylococcus aureus (in TSB with
0.5% glucose) for 15 min at room temperature. During these 15 min, the mouse was
anaesthetized using 2-3% isoflurane gas (Clipper) constantly flowing through a nose
cone and eye ointment (company) was applied. The surgical area (upper right back)
that was shaved the day before was cleaned three times consecutively with povidone-
iodine pads (Professional Disposables, Inc., PDI) and alcohol pads (PDI). Sterile
instruments were used to make a small incision (less than 0.5 cm) and the opposite tip
of a sterile loop was used to create space for the catheter under the skin. Before
insertion under the skin, the catheter was briefly washed in sterile PBS and the inside
was rinsed using an insulin syringe with 100 pl sterile PBS to ensure that only bacteria
attached to the catheter remain. After implantation, the incision site was sutured
(Ethicon 662G ETHILON Suture, Reverse Cutting, FS-2 19mm 3/8 Circle, 18", 4-0), the
mouse was injected subcutaneously with 1 mg/kg buprenorphine SR-LAB long acting
narcotic and monitored until recovery of full mobility. The mice were single-housed to
prevent obstruction of the surgery site by other mice, and were injected with
buprenorphine SR every 72 h until the end of the experiment.

For Mycobacterium tuberculosis infection, 6-7 weeks old WT with normal iron status,
iron-loaded WT (IP injected with 20 mg/mouse iron dextran, 4 days prior infection), or
naturally iron-loaded HKO mice were challenged by aerosol with 30 CFU per mouse.
The mice were euthanized and tissues were collected in two groups, respectively 5 and
10 weeks after infection.
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Minihepcidin synthesis and preparation

Minihepcidin PR73 was synthesized by standard solid-phase Fmoc chemistry as
previously described ®. To dissolve PR73, the peptide and solvent DSPE-020 CN (NOF
Corporation) were first separately dissolved in 70% ethanol (Gold Shield Chemical Co),
then mixed and dried in a SpeedVac to remove the ethanol, and stored at 4 C for a
maximum of 5 days. Lyophilized mixture was suspended in sterile water (Abbot
Laboratories) immediately before use to a final concentration of 100 nmol PR73 per 100
pl injectate. Each mouse received 100 pl solvent or PR73 solution by IP injection.

Assessment of bacterial burden

Heparinized blood was collected using cardiac puncture, and a piece of the liver (~100
mg) and spleen (~50 mg) from each mouse was weighed and homogenized in sterile
dH,0O. For some experiments (noted in the legend of the figure) the whole liver and
spleen were homogenized, 50pl/75ul of the homogenate were weighed, sterile dH,O
was added and the mixture was processed. Each fluid was serially diluted 5 or 10-fold
with sterile phosphate-buffered saline (PBS) containing 0.1% Tween-20 (Fisher), 5 pl of
each dilution was plated on Luria-Bertani (LB) agar plates, and plates were incubated at
room temperature (RT) for 24 h to 48 h. The colonies were counted using a dissecting
microscope. For lung and spleen CFUs from mice infected with Mycobacterium
tuberculosis, the whole organ was homogenized, the homogenate was serially diluted
and 100 ul per plate were spread. The plates were incubated for 2.5 weeks and
colonies number was counted.

For catheter associated Staphylococcus aureus infection, infection progression was
assessed through in vivo bioluminescence imaging every other day starting on day 1
after surgery (imaging center in the California NanoSystems Institute at UCLA) with IVIS
200 from Xenogen Inc. The imaging settings were: 5min exposure, binning — medium,
F/stop 1.2, photo binning — medium, F/stop 16, open filter, XFOV on, measure region of
interest (ROI) — auto, 5% threshold. Both total flux and average radiance were
quantified. In a small number of mice, for an unknown reason there was a complete lack
of bioluminescent signal at all time points after catheter implantation and these animals
were excluded from the final analysis since infection burden could not be evaluated.

Non-heme iron concentration measurements

Blood was collected by cardiac puncture, and serum obtained using separator tubes
(BD). Iron concentration was measured by the colorimetric Iron SL assay (Sekisui
Diagnostics) following the manufacturer's instructions. Serum samples with high
hemolysis (as indicated by redness and high baseline absorbance) were not included in
the analyzed data (as advised by the manufacturer's protocol). For liver iron
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measurements, about 90% of the liver was homogenized, 75 pl from the homogenate
was weighed and incubated in 1125 pl protein precipitation solution (0.53N HCI Fisher
and 5.3% trichloroacetic acid, Fisher) at 100°C for 60 min. After centrifugation to
remove tissue debris, the supernatant was analyzed for iron concentration using Iron SL
assay (Sekisui Diagnostics). Serial dilutions of Iron AA standard (RICCA Chemical
Company) were used to generate standard curves.

Histopathology

Tissues (liver, spleen, ileum) for histopathology analysis were freshly collected and fixed
in 10% formalin (Fisher) solution for 24 h, then paraffin-embedded and sectioned at the
UCLA Translational Pathology Core Laboratory (TPCL). H&E staining was also
performed by TPCL. For immunohistochemical analysis, the slides were stained with
rabbit antibody specific for Yersinia enterocolitica O9, kindly provided by Dr. Mikael
Skurnik (University of Helsinki, Finland) and visualized by Vectastain Elite ABC Kit,
Rabbit 1gG (Vector Laboratories) following the manufacturer's protocol. Peroxidase
staining was developed using ImmPact DAB (Vector Laboratories) and fast nuclear red
was used as counter stain.

Gene expression assessment

Total RNA was isolated from frozen liver using TRIzol Reagent (Life Technologies).
cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad) following the
manufacturer’s protocol. Quantitative real-time PCR was performed using Sso Advance
SYBR Green Supermix (Bio-Rad) and CFX96 Touch Real-Time PCR Detection System

(Bio-Rad), with following primer sequences for Saa1 (forward:
AGTCTGGGCTGCTGAGAAAA; reverse: ATGTCTGTTGGCTTCCTGTG) and Hprt
(forward: CTGGTTAAGCAGTACAGCCCCAA; reverse:

CAGGAGGTCCTTTTCACCAGC). All samples were measured in ftriplicate. Saa1
expression was normalized to Hprt and results shown as dCt = Ctypr-Ctsaar.

Hepcidin ELISA

Hepcidin protein concentration in the serum was determined as previously described °
by ELISA using Ab2B10 (capture) and Ab2H4-HRP (detection) antibodies kindly
provided by Amgen, and synthetic mouse hepcidin-25 was used to generate standard
curves ranging from 400 pg to 3.2 pg/ml.

NTBI assessment by enhanced labile plasma iron assay (eLPl)
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In a protocol adapted from Esposito et al ®, HBS (20 mM HEPES Sigma, 150 mM NaCl
Fisher, pH=7.4) was iron-depleted by incubation with Chelex-100 chelating resin (Bio-
Rad) for 1 h. Solution was filtered to remove resin particles and supplemented with 60
nM deferrioxamine (Sigma). Dihydrorhodamine 123 dihydrochloride salt (DHR) 50 mM
stock solution in dimethylformamide (Biotium) was stored in the dark, at -20°C and
under nitrogen. Additional reagents included: 10 mM deferiprone (DFP) stock (Sigma),
40 mM ascorbic acid (AA) stock (Sigma) stored in the dark at -20°C, 35 mM
nitrilotriacetic acid (NTA) stock with pH=7 (Sigma) stored protected from light.

In order to construct the standard curve, plasma-like medium (PLM, 20mM HEPES
Sigma, 150 mM NaCl Fisher, 120 pM sodium citrate, 40 uM ascorbic acid, 1.2 mM
sodium phosphate dibasic, 10 mM sodium bicarbonate, 40 mg/ml bovine serum
albumin, pH 7.4) was supplemented with ferric iron. Ferric iron was prepared as a
mixture of 35 mM NTA (pH 7) and 10 mM ferrous ammonium sulphate (FAS, Sigma)
incubated for 30 min at RT to allow for oxidation of Fe(ll) to Fe(lll) and then stored at
4C. The mixture of PLM and FAS/NTA was incubated at 37C for 30 min and then
diluted in iron-free HBS to concentrations ranging from 5 to 0.41 yM. PLM that was not
supplemented with iron was used as blank.

Before the start of each measurement, HBS was incubated with 0.5 mM NTA (final
concentration) at 37C for 15-30 min. For LPlI measurements, 5 to 20 ul of serum
samples were pipetted in 4 to 6 separate wells of Multiplate PCR 96-well plate (BioRad)
and then 140 pl/well of HBS/50 uM DHR/40 uM AA/0.5 mM NTA were added to half of
the wells (“-DFP”). The remaining buffer was supplemented with DFP to final
concentration 100 uM and 140 ul/well were added to the other half of the wells for each
sample (“+DFP”). Changes in fluorescence were then detected for 40 min at 37C with a
read every 2 min using CFX96 Touch Real-Time PCR Detection System (Bio-Rad) with
FAM selected as fluorophore. The slope of fluorescence change between 15" and 40"
minute was calculated for each sample, the replicates were averaged and the difference
between “-DFP” and “+DFP” was used as a measure of LPI.

In vitro assay for iron-dependent growth of Yersinia enterocolitica on plasma-agar

Human plasma (from three separate donors) was inactivated for 30 min at 56C,
centrifuged to remove precipitate and then incubated overnight (14-20 h) at 37 C with a
range of ferric ammonium citrate (Sigma) concentrations. A few drops of hot
concentrated liquid agar (12% agar dissolved in water, autoclaved and kept in the hot
water from the autoclave to prevent premature solidification) were added to 2-4 ml
plasma to produce 90% plasma agar plates. The plasma was kept at 56C to prevent
immediate solidification of the agar drops and poured into a 12-well plate with 2 plates
per condition. Yersinia enterocolitica was resuspended at 10° CFU/ml and 5 pl plated in
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triplicates on each plasma agar well, incubated for 24-48 h at 37 C and bacterial growth
assessed using a microscope.

Transferrin saturation

Transferrin saturation (Tf sat) of plasma samples used for Y.enterocolitica in vitro
growth was determined by measuring the unsaturated iron binding capacity (UIBC) of
non-supplemented plasma with UIBC kit (Sekisui) following the manufacturer’s protocol.
Plasma iron concentrations combined with UIBC were used to calculate Tf sat.

In vitro assay for iron-dependent growth of Vibrio vulnificus in human plasma liquid
cultures

Deidentified human plasma samples (from six separate donors) were obtained from
UCLA Clinical Laboratories, inactivated by heating, and plasma iron measured as
described above. V. vulnificus (1x10° CFU/mI) were grown in 250 pl of human plasma
supplemented with 0-100 uM of either ferric ammonium citrate (FAC), holo-transferrin or
apo-transferrin, for 10 h at 37C with shaking (300 rpm) in a plated reader. Bacterial
growth was measured every 15 min by quantification of the optical density at 600 nm.

Determination of GFP-expressing and total cell count at the site of infection in LysEGFP
mice

LysEGFP mice were injected with 108 CFU/mouse Y. enterocolitica IP. Six hours later
fluid from the peritoneum was collected through IP lavage. Briefly, after euthanasia the
peritoneum of the mice was injected with ice-cold PBS containing 3mM EDTA,
massaged gently and the fluid was aspirated using 20Ga needle (to prevent damaging
the cells). The obtained fluid was tested for bacterial concentration (CFU count as
described previously). In addition, cell infilirate was assessed after a 10-fold dilution by
counting the number of GFP cells as well as total cell number under the microscope
using hemocytometer. Four squares were counted and averaged per each animal.

Statistics

All statistical analysis was performed using SigmaPlot and the samples were compared
through Student’s t test if the data were normally distributed or Mann-Whitney rank sum
test if they were not normally distributed. Two-way ANOVA was used to compare
kinetics of serum hepcidin concentration, serum iron concentration and liver Saa1
expression between infected and uninfected animals. Differences in survival were
assessed using Kaplan-Meier survival curves and log-rank test. The results were
considered statistically significant if p value was below 0.05. Chi-squared test was
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performed to compare the presence or absence of abscesses in tissues from infected
animals. Box plots with error bars are showing the median, 10th, 25th, 75th, and 90th
percentiles. Bar graphs with error bars are showing the mean and standard deviations.
Data for tissue bacterial burden measurements (CFUs/mg or ml) were log-transformed
before they were subjected to statistical analysis and plotted on the graph (Fig. 3A, 3B,
4D, 5C, 5J, 6C, S5D). G*Power was used to calculate group sizes with effect size p =
0.9, a error prob = 0.05 and power (1-B err prob) = 0.80.
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Figure S1. Hepcidin knockout mice are iron loaded at baseline compared to wild-type mice
but can be efficiently iron depleted by low iron diet. (A) Liver iron and (B) serum iron
concentration in WT mice, naturally iron-loaded HKO mice, and dietary iron-depleted HKO mice
without systemic infection. Data from six independent experiments were combined. Statistical
analysis was performed using Student’s t-test for normally distributed data and Man-Whitney U

test for data that were not normally distributed.
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Figure S2. Oral infection with Yersinia enterocolitica O9 does not induce systemic
inflammatory response. WT mice were either given saline (control) or infected with 10°
CFU/mouse Y. enterocolitica O9 through oral gavage, and analyzed 1, 2, 3, 4 and 7 days after
challenge. (A) Serum iron, and (B) liver Saa1l mRNA expression were not different between
infected and uninfected groups. (C) Serum hepcidin only marginally increased in infected mice.
Statistical analysis for comparison of uninfected to infected group was performed using two-way
ANOVA.
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Figure S3. Oral exposure to Y. enterocolitica O9 does not generate systemic inflammation
or increase hepcidin in healthy WT mice. Serum iron (A), serum hepcidin (B) and liver Saa1
mRNA expression (C) 6h after oral or intraperitoneal (IP) infection of WT mice with 10° CFU Y.

enterocolitica O9. Statistical analysis was performed using Student's t-test if data were normally
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distributed, or Mann-Whitney U test if they were not normally distributed.
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Figure S4. Susceptibility of LysEGFP mice to yersiniosis-associated mortality is promoted
by hepcidin deficiency and iron loading. Mice with GFP-expressing neutrophils and
macrophages (GFP inserted into the lysozyme M gene) were infected orally with 10° CFU/mouse
Y. enterocolitica O9. Mice that are WT for hepcidin survived 100% while mice lacking hepcidin had
only 30% survival (A). Serum iron (B) and liver iron (C) concentration correlated with the observed
mortality. Student’s t-test was used for normally distributed data and Mann-Whitney U test for data

that are not normally distributed. Survival difference were analyzed using Kaplan-Meier log-rank

test.
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Figure S5. Hepcidin deficiency does not affect initial bacterial killing and immune cell
recruitment to infection site nor initial bacterial attachment to target tissues. Mice with
GFP-expressing neutrophils and macrophages (GFP inserted under lysozyme M promoter) that
were either WT or KO for hepcidin were infected through IP injection with 10° CFU/mouse Yersinia
enterocolitica O9. (A) Initial bacterial killing (CFUs from the fluid collected through IP lavage) and
systemic spread (blood CFUs) did not differ between the two groups. (B and C) Hepcidin
deficiency did not affect initial immune cell recruitment. (D) HKO mice (non GFP expressing) that
were either naturally iron-loaded or iron-depleted (through diet and phlebotomy) were injected IP
with 10° CFU Yersinia enterocolitica O9. Initial bacterial spread and adhesion to target tissues
(liver, spleen and blood) was measured 6 h later and was equivalent between iron-loaded and
iron-depleted HKOs. Statistical analysis was done using Student's t-test if data were normally
distributed or Mann-Whitney U test if they were not.
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Figure S6. Iron overload does not affect initial bacterial adhesion to target tissues. HKO
mice that were either naturally iron-loaded or iron-depleted (through diet and phlebotomy) were
injected IP with 10° Y. enterocolitica O9. Despite large difference in liver iron (A), serum iron (B)
and NTBI (C) between iron-loaded and iron-depleted groups, there was not difference in initial
bacterial adhesion to target tissues (liver, spleen and blood, Fig 5D). Student’s t-test was used for

normally distributed data and Mann-Whitney U test for data that are not normally distributed.
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Figure S7. Parenterally iron-loaded WT mice develop systemic infection after oral
administration of Y. enterocolitica 09. WT mice were iron-loaded by IP injection of 20mg iron
dextran. Control mice were injected with the same volume of saline. Saline and iron dextran were
administered one day before infection. The mice were orally infected with 10° CFU/mouse Y.
enterocolitica O9. Gross pathology of the liver on day 13 revealed multiple abscesses in iron-

loaded mice. Livers of two representative animals are shown for each condition.
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Figure S8. Minihepcidin treatment prevents weight loss and splenomegaly in infected iron-
loaded WT mice. WT mice were iron-loaded by IP injection of 20mg iron dextran one day before
infection, and were orally infected with 10° CFU/mouse Y. enterocolitica O9 and treated IP with
solvent or 100 nmol minihepcidin for 10 days. Solvent-treated mice lost 2.5t0 5.7 g of weight (10%
to 25% of their total weight) while minihepcidin treatment prevented the weight loss (A). In
addition, organomegaly in the target organs was observed with spleen index increasing up to 5-
fold (B). Student’s t-test was used for normally distributed data and Mann-Whitney U test for data

that were not normally distributed.
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Figure S9. Growth of non-siderophilic Yersinia enterocolitica O8 does not depend on NTBI.
Yersinia enterocolitica O8 (10°cfu/ml) was grown on 90% plasma agar that was pre-incubated at
37C for 20h alone or with a range of ferric ammonium citrate (FAC) concentrations. (A) Images
represent bacterial growth as detected with light microscope after 22 h at 37C. Bacterial growth

did notdepend on high transferrin (Tf) saturation or NTBI (B).
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Figure S10. Serum iron increases in systemic infection of hepcidin-deficient mice.
Naturally iron-loaded HKO mice were orally gavaged with saline (uninfected) or 10° CFU/mouse
Y. enterocolitica O9 (infected). Samples from the infected animals were collected on day 3, 4 and
5 after infection upon developing severe disease signs. Matching numbers of uninfected animals
were sacrificed at the same time points. Serum iron levels were significantly higherin the mice that
developed severe systemic infection compared to the uninfected. Student’s t-test was used for

statistical comparison of the two groups.
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Figure S11. The relationship between infection outcomes and serum NTBI concentrations
in mice. Mice were infected orally with 10° CFU/mouse Y. enterocolitica O9. Infection outcomes
were represented as three distinct groups: “healthy” (no weight loss or ill appearance); “sick”
(having severe systemic infection but no mortality within 10 days of infection); “dead” (animals
euthanized when showing signs of imminent mortality). Data include animals from multiple
experiments: iron-loaded WT mice, iron-loaded and iron-depleted HKO mice, solvent and

minihepcidin treated animals. Chi square testwas used for statistical analysis.
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CHAPTER 2

Hepcidin-mediated iron sequestration protects against bacterial dissemination during

pneumonia
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Hepcidin-mediated iron sequestration
protects against bacterial dissemination
during pneumonia
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Gram-negative pneumonia is a dangerous illness, and bacterial dissemination to the bloodstream
during the infection is strongly associated with death. Antibiotic resistance among the causative
pathogens has resulted in diminishing treatment options against this infection. Hepcidin is the
master regulator of extracellular iron availability in vertebrates, but its role in the context of
host defense is undefined. We hypothesized that hepcidin-mediated depletion of extracellular
iron during Gram-negative pneumonia protects the host by limiting dissemination of bacteria to
the bloodstream. During experimental pneumonia, hepcidin was induced in the liver in an IL-6-
dependent manner and mediated a rapid decline in plasma iron. In contrast, hepcidin-deficient
mice developed a paradoxical increase in plasma iron during infection associated with profound
susceptibility to bacteremia. Incubation of bacteria with iron-supplemented plasma enhanced
bacterial growth in vitro, and systemic administration of iron to WT mice similarly promoted
increased susceptibility to bloodstream infection. Finally, treatment with a hepcidin analogue
restored hypoferremia in hepcidin-deficient hosts, mediated bacterial control, and improved
outcomes. These data show hepcidin induction during pneumonia to be essential to preventing
bacterial dissemination by limiting extracellular iron availability. Hepcidin agonists may
represent an effective therapy for Gram-negative infections in patients with impaired hepcidin
production or signaling.

Introduction

Infections caused by aerobic Gram-negative bacteria are prevalent and dangerous. As a group, these organ-
isms are the most common etiology of nosocomial infections, including most cases of hospital-acquired
pneumonia, ventilator-associated pneumonia and healthcare-associated pneumonia, and they are import-
ant causes of morbidity and death in hospitalized patients (1). Dissemination of these organisms from the
primary site of infection to the bloodstream is especially associated with mortality (2, 3). The progressive
rise in antibiotic resistance among Gram-negative bacteria, particularly in the healthcare setting, has criti-
cally diminished the available treatment options for these infections. Better mechanistic understanding of
the host-pathogen interplay during Gram-negative infections has the potential to lead to novel therapeutic
strategies to augment the diminishing armamentarium of traditional antibiotics.

Iron is an essential component of many proteins and a required nutrient for nearly all organisms. In
biological systems, free iron ions are present at extremely low concentrations, and the competition for iron
between pathogens and the host is important to the outcome of many infections (4). While the iron acqui-
sition mechanisms of aerobic Gram-negative bacteria are known to be essential to their virulence (5), the
host mechanisms of iron restriction in these infections are incompletely defined.

Under homeostatic conditions, plasma iron is rapidly turned over with a half-life of < 1 hour, being
continuously utilized in erythropoiesis and replenished by splenic macrophages that scavenge iron from
senescent erythrocytes (6). The hormone hepcidin is the key regulator of plasma iron concentration that
acts by mediating the degradation of the only known cellular iron exporter, ferroportin, thus trapping
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Figure 1. Iron availability during Klebsiella pneumonia. Time O represents uninfected animals. (A) Iron
concentration in the plasma. (B and C) Calculated total iron levels in whole lung homogenate per mouse, and
bronchoalveolar lavage fluid (BAL) recovered in a volume of 1 ml per mouse. Data shown as mean + SE; n = 4-6
animals per time point, representative of 2 independent experiments; ***P < 0.001 (1-way ANOVA, multiple
comparison for linear trend). (D) Plasma iron following i.p. injection with PBS or ferric ammonium citrate (iron)
30 minutes prior to intrapulmonary K. pneumoniae challenge. n = 6-8 per group per time point, combined result
of 2 experiments; ****P < 0.0001, two-way ANOVA. (E) Mice were treated with either PBS or ferric ammoni-
um citrate (iron) 30 minutes prior to intrapulmonary K. pneurnoniae challenge and again 24 hours thereafter.

n = 6-12 per group, combined result of 2 experiments; ***P < 0.001 Mantel-Cox test. (F) Bacterial burden on
day 2 of infection in mice treated with ferric ammonium citrate or PBS prior to intratracheal challenge with K.
pneumonia. Horizontal lines represent median, and each circle represents 1animal; animals with no detectable
bacteria are reported to have a bacterial burden of 1 CFU on the logarithmic scale. n = 9-11, combined result of 2
experiments; **P < 0.01 Mann-Whitney U test.
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iron inside cells and reducing extra-
cellular iron (7). During homeosta-
sis, hepcidin is induced by elevated
extracellular and intracellular iron
levels via SMAD4 signaling, and is
inhibited by anemia and hypoxia.
During inflammation, hepcidin is
induced as an acute-phase reactant
by IL-6 and Activin B via STAT3
and SMADA4, respectively (8, 9). In
the context of inflammation, hep-
cidin mediates acute hypoferremia,
which is posited to be a defense
mechanism against infectious dis-
ease; continual hepcidin production
in this setting can infamously cause
anemia of chronic inflammation.
The role of hepcidin in disorders of
iron metabolism is well established,
but its contribution to antimicrobial
host defenses is an emerging field.
For example, hepcidin appears to
protect the host against malaria but
to promote the growth of pathogens
that reside within the intracellular
niche of macrophages (10). Hep-
cidin-mediated hypoferremia is
essential for protection of the host
against Vibrio vulnificus in a murine
model (11), consistent with the clin-
ical observation that individuals
with iron-overload conditions are
uniquely susceptible to this organ-
ism (12). In contrast, the role of hep-
cidin as a general defense against
common bacterial infections, such
as those caused by Enterbacteriace-
ae, remains unknown.

‘We reasoned that the bloodstream dissemination of microorganisms from the primary site of infection

insight.jci.org

is a critical complication in Gram-negative bacterial infections. In the context of pneumonia, as well as other
focal infections caused by aerobic Gram-negative bacilli, bacteremia is strongly associated with sepsis and
death (13, 14). We therefore tested the hypothesis that hepcidin-mediated depletion of extracellular iron
during Gram-negative pneumonia protects the host by limiting dissemination of bacteria to the bloodstream.

Results

Plasma iron is suppressed during bacterial pneumonia. We used a well-described model of Klebsiella pneumonia
caused by a virulent strain of bacteria, delivered directly into the trachea of sedated experimental mice (15,
16). We first characterized the effect of Klebsiella pneumonia on iron metabolism in WT mice. As expected,
plasma iron concentration decreased quickly in WT mice following infection (Figure 1A), similar to prior
reports with acute inflammatory stimuli (9). To assess the availability of iron to bacteria in the lungs, we
also measured heme-associated and non-heme-associated iron levels in whole lung homogenates (which
includes both intra- and extracellular iron), and in the extracellular space, in the bronchoalveolar lavage
(BAL) supernatant (Figure 1, B and C). We found that most lung iron was intracellular, and extracellular
iron levels were low and did not change appreciably during infection.
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Increased iron availability worsens the outcome of infection. To determine whether iron availability influences
host defense during the course of infection, we tested the effect of transient increase in extracellular iron
availability, achieved by i.p. injection of ferric ammonium citrate, on the outcome of Klebsiella pneumo-
nia. Mice treated with iron prior to intrapulmonary K. pneumoniae challenge developed transient elevation
in plasma iron that resolved completely within 12 hours (Figure 1D) without influencing lung iron (Sup-
plemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.92002DS1), consistent with prior studies indicating that excess iron is rapidly cleared from the blood
and redistributed to the BM, spleen, and liver (6). This transient increase in iron availability during the first
24 hours after infection was associated with a markedly increased mortality from pneumonia associated with
increased bacterial burden in the lung and the blood (Figure 1, E and F). Since WT mice developed hypo-
ferremia upon infection with K. pneumoniae, and excess iron was associated with poor infection outcome, we
hypothesized that endogenous iron regulation was important for controlling infection.

Hepcidin regulates plasma iron during bacterial pneumonia by an IL-6—dependent mechanism. To assess the role
of hepcidin in mediating hypoferremia during pneumonia, we began by characterizing hepcidin expression
during the infection. Infection resulted in a marked increase in hepcidin protein levels in plasma, in parallel
with the development of hypoferremia (Figure 2A). Hepcidin protein concentration also increased in the
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Figure 3. The role of IL-6 in hepcidin induction during Klebsiella pneumonia. (A) Animals were treated daily with an isotype control or IL-6 neutralizing
monoclonal antibody and assessed for bacterial burden on day 2 of infection. Horizontal lines represent median, and each circle represents 1animal; animals
with no detectable bacteria are reported to have a bacterial burden of 1 CFU on the logarithmic scale; * and **** denote P values of <0.05 and <0.0001 by
Mann-Whitney U test, respectively. (B and C) Plasma hepcidin protein and iron levels in uninfected and infected animals treated with isotype or IL-6 neu-
tralizing antibody. Box and whisker plots show median (line within box), upper and lower quartiles (upper and lower box boundaries), and total range (bars)

combined from 2 experiments; n
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= 8-9 animals per group; **P < 0.01, one way ANOVA Tukey post-test.
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way epithelial cells in response to inflammatory

stimuli under in vitro conditions (19-21). We thus

measured hepcidin transcription in the liver, blood,
and lungs during infection and found a robust induction of hepcidin mRNA in the liver (Figure 2B) but not in
peripheral blood leukocytes or lungs (Figure 2, C and D), suggesting that liver is the main source of hepcidin
during the infection and elevations in lung hepcidin protein likely represent extravasation from the blood.

The cytokine IL-6 is a key inducer of acute phase proteins in the liver and an important regulator of
hepcidin expression in vivo (9). IL-6 is induced in the lungs in this model of pneumonia (22). We found that
immunoneutralization of IL-6 resulted in higher blood and lung bacterial burden 2 days following infection
(Figure 3A). In addition, IL-6 neutralization abrogated the increase in plasma hepcidin during the infection
and eliminated the associated hypoferremia (Figure 3, B and C), indicating that hepcidin induction during
pneumonia is dependent on IL-6.

Hepcidin mediates hypoferremia during bacterial pneumonia and is required for survival. Reduced availability of
plasma iron in the context of acute inflammation can occur as a result of both hepcidin-dependent and -inde-
pendent mechanisms (23-25). We therefore tested the contribution of hepcidin in regulation of plasma iron
levels in the context of bacterial pneumonia. In contrast to reduction in plasma iron during infection in WT
mice, plasma iron in hepcidin-deficient mice became more elevated during the infection (Figure 4A), indicat-
ing that hepcidin is essential for controlling plasma iron levels following infection. Consistent with reports of
tissue iron overload in hepcidin-deficient mice (18, 26), we found elevated lung iron levels in hepcidin-defi-
cient as compared with WT mice, but these values did not change over the infection period (Figure 4B).

We next assessed the contribution of hepcidin-mediated iron sequestration to host defense against K.
pneumoniae and found that hepcidin-deficient animals were markedly more susceptible to bacterial pneu-
monia, demonstrating 100% mortality compared with 50% mortality in WT controls (Figure 4C), compa-
rable to mice treated with exogenous iron during infection (Figure 1, D and E). Hepcidin-deficient mice
exhibited 23% greater incidence of bacteremia and > 100-fold higher median blood bacterial concentration,
as well as ~10-fold higher bacterial burden in the lungs and liver as compared with WT mice (Figure 4D).

Since the hepatocytes in hepcidin-deficient animals are iron loaded, we reasoned that the increase
of iron in infected hepcidin”~ mice could originate from greater release of iron from damaged hepato-
cytes. We therefore quantified alanine aminotransferase and aspartate aminotransferase in the blood of
infected mice to assess liver damage and found neither enzyme to be elevated in hepcidin™~ as compared
with WT mice in the context of infection (Supplemental Figure 2), arguing against disproportionate
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en together, these data suggest that the
hepcidin-mediated control of bacterial growth during infection is iron dependent.

Excess iron promotes the growth of K. pneumoniae in plasma. To assess whether the increased susceptibil-
ity of hepcidin-deficient mice to infection was attributable to increased bacterial growth in the high-iron
environment of the plasma, we assessed the effect of iron supplementation on the in vitro growth of K.
pneumoniae in human plasma. Supplementing agar composed of 90% human plasma with ferric ammo-
nium citrate at physiologically relevant concentrations incrementally raised the transferrin saturation of
the sample, resulting in the appearance of non-transferrin-associated labile pool iron (Figure 5A). The
appearance of labile pool iron at transferrin saturation greater than 70% is consistent with prior reports (28,
29). K. pneumoniae growth was suppressed in plasma but was permitted by iron supplementation, consistent
with reports that transferrin inhibits bacterial growth (30) (Figure 5B). Interestingly, we found that, in plas-
ma preparations from 3 independent donors, addition of ferric iron resulted in K. pneumoniae out-growth
coincided with the appearance of labile iron in the plasma, rather than with the total amount of iron citrate
added. These data suggest that ferric ammonium citrate supports K. pneumoniae growth in plasma by pro-
viding iron, rather than acting as a carbon or nitrogen source.

‘We next sought to test the hypothesis that, during in vivo infection, elevated plasma iron is sufficient to
enhance growth of blood-borne bacteria. To test this, we subjected WT mice with an i.p. injection of PBS
or ferric ammonium citrate prior to i.v. challenge with K. pneumoniae. After 24 hours, mice treated with
ferric ammonium citrate had higher blood bacterial content than mice treated with PBS, indicating that
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Figure 6. Leukocytes resp during Klebsiella p ia. (A-F) BAL and blood were harvested from WT and

hepcidin™/- mice before and 2 days following infection. Box and whisker plots show median (line within box), upper
and lower quartiles (upper and lower box boundaries), and total range (bars). n = 4-5 per group, one way ANOVA Tukey
post-test. No significant differences were found for any WT to hepcidin~/- comparison. (G) Freshly isolated neutrophils
from WT and hepcidin™/- mice were coincubated with 2 x 10° CFU of K. pneumoniae for 1 hour. Total surviving bacteria
were enumerated from each well. n = 3 independent experiments per group; data were analyzed using a 2-way ANOVA,
and no differences were found between groups

elevated plasma iron directly mediates increased growth of K. pneumoniae in the blood stream (Figure 5C).
Interestingly, mice treated with ferric ammonium citrate also had higher bacterial burdens in the lungs. We
interpret this as evidence that, in mice with increased bacteremia, bacterial seeding of the lung from the
bloodstream contributes to higher lung bacterial content. Similar to prior reports (31), mice treated with
iron also had marked elevation of plasma hepcidin as compared with mice treated with PBS in response
to acute iron loading (Figure 5D), indicating that hepcidin induction alone is not sufficient to protect mice
from fatal infection if plasma iron levels are high and supporting the hypothesis that the beneficial effects of
hepcidin are mediated via induction of hypoferremia, rather than an iron-independent effect.
Hepcidin-deficient mice have intact cellular immunity against Klebsiella. Iron deficiency and iron overload have
complex effects on immune responses (32), and phagocytes from iron-overloaded hosts may have altered
antibacterial properties that could contribute to impaired host defenses of hepcidin-deficient mice inde-
pendent of the effects of acute hyperferremia on bacteria. In order to assess the functionality of the innate
immune response in hepcidin-deficient mice, we analyzed leukocyte populations in the blood and BAL (Fig-
ure 6, A-F). We found similar concentrations of circulating neutrophils, and Ly6C" and Ly6C" monocytes
in WT and hepcidin-deficient mice at baseline and 2 days following infection. The number of BAL alveolar
macrophages, neutrophils, and monocyte-derived macrophages were also similar between WT and hepci-
din-deficient hosts, both at baseline and following infection, arguing against a defect in leukocyte quantity
or recruitment in the absence of hepcidin. Since oxidative burst is an iron-dependent process, we compared
the generation of reactive oxygen species in lung and blood leukocyte populations and found no difference
between infected WT and hepcidin-deficient mice (Supplemental Figure 4). Similarly, neutrophils from WT
and hepcidin-deficient mice exhibited comparable ex vivo bacterial killing (Figure 6G). While these data do
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Figure 7. The effect of hepcidin agonist treatment in Klebsiella pneumonia in hepcidin-deficient mice. (A and B) Nonheme iron levels in the plasma and
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by Mann-Whitney U test, respectively. (D) Survival of hepcidin-deficient mice treated with either vehicle or hepcidin analogue days 0-5; n = 16 per group,
combined result of 2 experiments; *P < 0.05 by Mantel-Cox test.
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not formally exclude the possibility that hepcidin deficiency impairs the immune system in some other way,
they suggest intact cellular innate immune mechanisms against K. pneumoniae in hepcidin™- mice.

Restoring hypoferremia is sufficient to protect hepcidin-deficient mice from infection. Impaired hepcidin produc-
tion is common in the clinical setting — for example, in patients with liver disease (33-36) — and our data
suggests a mechanism by which these hosts may be predisposed to Gram-negative bacterial infections. As
proof-of-principle of a potential therapeutic approach in this population, we assessed the effect of minihep-
cidin, a hepcidin analogue, on the outcome of K. pneumoniae infection in hepcidin-deficient hosts. We used
a previously described synthetic peptide based on the 9 N-terminal amino acids of the hepcidin molecule,
which are necessary and sufficient to induce the degradation of ferroportin (37, 38). Daily treatment with
the hepcidin analogue beginning on the day of infection resulted in markedly lowered plasma iron levels
in infected hepcidin-deficient mice as compared with vehicle-treated controls without affecting the total
lung iron content (Figure 7, A and B), consistent with utilization of plasma iron in erythropoiesis (6). The
treatment also resulted in > 99% reduction in median lung and blood bacterial burden in infected hepci-
din-deficient mice and 40% reduction in mortality compared with vehicle alone (Figure 7, C and D). These
data provide evidence that the acute induction of hypoferremia during infection in hepcidin-deficient hosts
may represent a plausible therapeutic strategy.

Discussion
Although the competition for iron is thought to be a general feature of antimicrobial host response, the mech-
anisms and contribution of iron restriction in most infections are undefined. In particular, hepcidin-mediated
hypoferremia has only been implicated in host defense against V. vulnificus, an organism with specific affinity
for iron-overloaded hosts, but its role in defense against common pathogens and in normal hosts is not known
(10). We showed that hepcidin was necessary for protection against bacterial dissemination in Gram-negative
pneumonia and that treatment with iron citrate was sufficient to permit bacterial outgrowth in WT mice.
Finally, we showed that treatment with minihepcidin restored hypoferremia and rescued iron-overloaded,
hepcidin-deficient hosts from the infection. Taken together, these data suggest that hepcidin-mediated iron
sequestration protects against Gram-negative pneumonia.

Our data suggest that the hepcidin-dependent protection was mediated by reducing plasma iron, as indi-
cated by our observation that WT mice treated with iron citrate were susceptible to K. pneumoniae infection
despite robust hepcidin induction (Figure 1, E and F) and that hepcidin-deficient mice were protected from
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infection if starved of iron (Supplemental Figure 3B). While there may be iron-independent effects of ferric
ammonium citrate administration that we have not accounted for, such as bacterial fermentation of citrate,
we are encouraged that the phenotype of iron citrate-treated mice is remarkably similar to that of hepcidin™~
mice in terms of death and bacterial burden. Furthermore, we found that hepcidin-deficient mice treated
with minihepcidin were robustly protected from infection despite having tissue iron overload, suggesting that
restriction of iron in the plasma is sufficient for protection (Figure 7, C and D). Hepcidin exhibits antimicro-
bial activity against a broad array of pathogens in vitro, and an iron-independent direct microbicidal role for
hepcidin has thus been suggested (17, 39, 40). Arguing against such a direct microbicidal role, we report plas-
ma hepcidin levels at concentrations much lower than those required to mediate killing in vitro (39). Similarly,
administration of a hepcidin analogue, which lacks the B-defensin motif required for its antimicrobial activity
(37), rescued the phenotype of hepcidin-deficient mice (Figure 7, C and D).

Although hepcidin-independent mechanisms of hypoferremia have been reported after challenge with
inflammatory stimuli (23, 25, 41), we found that hypoferremia during pneumonia was completely abro-
gated in hepcidin-deficient mice, and in fact, plasma iron levels became elevated following infection in
hepcidin-deficient mice. Our use of an infectious agent, rather than sterile inflammatory stimuli used in
other reports, may account for this difference. We speculate that this increase in plasma iron levels reflects
decreases in iron consumption by cytokine-suppressed erythropoiesis (24) and release of iron from intra-
cellular sources damaged by infection, such as the liver (42). We thus propose a model in which infections
result in a tendency toward increased extracellular iron that benefits the pathogen, and the protective role
of inflammation-mediated hepcidin induction is to counteract this phenomenon. Furthermore, while hep-
cidin can be produced by leukocytes, airway epithelial cells and other tissues(19-21), our results indicate
that hepcidin is predominantly produced by the liver and circulates systemically in the context of bacterial
pneumonia. Consistent with this, we observed that hepcidin induction was dependent on IL-6, similar to
observations with other systemic inflammatory stimuli (43). In addition, we found that IL-6 neutralization
disrupted host defense against K. pneumoniae (Figure 3A), in corroboration with previous reports (22).
While IL-6 induces many acute phase reactants, such as C reactive protein, which are crucial to the innate
immune response, we speculate that hepcidin induction may be a component of IL-6—mediated protection.

These data provide the host counterpart to the existing literature on the role of the bacterial siderophore
system in the virulence of Gram-negative pathogens (30, 44). The hypervirulent strain of K. pneumoniae used
in this study produces yersiniabactin, which supports bacterial growth in the respiratory tract, and glycosylated
enterobactin, which promotes bacterial growth in the bloodstream by evading lipocalin-2, a host-derived mole-
cule that sequesters nonglycosylated enterobactin and limits microbial iron uptake (45—49). Our findings indicate
that even bacteria equipped with these high-affinity acquisition systems are susceptible to a host mechanism that
limits iron availability in the host environment. As such, we speculate that these findings may be broadly applica-
ble to infections caused by other phylogenetically related aerobic Gram-negative pathogens (50).

This work has several implications for future research. First, our results may have implications for the
therapeutic use of hepcidin antagonists, which are currently under development for the treatment of anemia
of inflammation. In this context, we posit that relieving the iron-restricted state could predispose some indi-
viduals to Gram-negative sepsis. Second, impaired hepcidin production is a feature of several common clini-
cal entities, including alcohol intoxication and chronic liver disease (33-36), illnesses associated with striking
susceptibility to Gram-negative bacteremia (51, 52). Our data suggest that impaired hepcidin production
may represent an unappreciated mechanism predisposing these hosts to infection. Finally, hepcidin agonists
may represent a novel therapeutic strategy in illnesses where hepcidin production is diminished, such as liver
disease and hereditary hemochromatosis, and possibly more broadly in acquired iron-overload states.

Methods
Supplemental Methods are available online with this article.

Animals and in vivo procedures. C57BL/6 mice, purchased from the Jackson Laboratories. Hepcl”~ mice
generated on a C57BL/6 background (26) — acquired from the University of California, Los Angeles, Cal-
ifornia, USA — were bred at the University of Virginia under specific-pathogen—free conditions for a min-
imum of 2 generations, and offspring were used in the experiments. To minimize any effect of differing
microbiota between groups of animals, all animals were bred and maintained in the same room in the vivar-
ium and used bedding from cages of breeders, and animals to be used in experiments were intermixed at
weekly intervals. Age- and sex-matched male and female 6- to 12-week-old mice were used in experiments.
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Standard rodent chow has artifactually high iron content that causes near-maximal expression of hep-
cidin at baseline in WT animals (43). To correct this, all animals were conditioned on a low-iron diet
(24 ppm iron; Teklad diet TD.80396, Envigo) for 5-7 days prior to, and throughout the duration of, all
experiments. In our pilot studies and published reports (43, 53), this protocol normalizes baseline hepcidin
expression without inducing iron deficiency.

Experimental bacterial pneumonia was induced as previously described (15, 16), by intratracheal inoc-
ulation of 500-1,500 CFU of K. pneumoniae strain 43816 (American Type Culture Collection). In some
experiments, 1,500 CFU of K. pneumoniae was delivered i.v. in 100 ul PBS. To induce transient hyperferre-
mia without iron overload, 900 pg of ferric ammonium citrate in 100 pl PBS was delivered i.p., using a pre-
viously characterized protocol (54, 55). In some experiments, mice were given 1 mg anti-IL-6 antibody or
isotype control i.p. 3 hours prior to and 24 hours following infection (clones MP5-20F3 and HRPN1, BioX-
cell). In other experiments, 100 nmol of the synthetic hepcidin analogue PR73 (manufactured in house),
referred to as minihepcidin in text, or vehicle was administered via i.p. injection beginning 5 hours prior to
infection and then every 24 hours until day 5 after infection. PR73 was synthesized using Fmoc solid-phase
peptide synthesis and was solubilized for in vivo use with SL220 (a polyethylene glycosylated-phospholipid
based solubilzer; NOF America Corporation) as previously described (11, 37, 38).

Tissue harvest and determination of bacterial burden. Animals were euthanized with an overdose of a ket-
amine/xylazine solution, blood was collected from the right ventricle into heparinized syringes, and pul-
monary vasculature was perfused with 2 ml of 2 mM EDTA solubilized in PBS. The median liver lobe
was collected for RNA analysis. Lungs and liver were homogenized in 1 ml PBS. BAL was performed by
serially inflating the lungs via an intratracheal catheter with 1 ml of 2 mM EDTA solubilized in PBS and
recovering the fluid 4 times (56). For bacterial enumeration, lung homogenates and blood were serially
diluted in sterile water and cultured on blood agar plates, as previously described (57).

RNA, protein, and iron analysis. Tissue RNA was extracted using TRIzol and chloroform (Thermo-Fisher
Scientific). Buffy coat RNA was extracted using a commercial kit (Qiagen). A commercial kit was used to
synthesize cDNA (Promega). Hepcidin transcript was quantified by quantitative PCR in duplicate using SYBR
green (Bioline). Expression was calculated using the AAC(t) method normalized to glyceraldehyde 3-phosphate
dehydrogenase, and then relative to hepcidin expression of uninfected animals. Primers were custom synthe-
sized (Sigma Aldrich) as previously published (35): hepcidin 5 TGCAGAAGAGAAGGAAGAGAGACA 3’
(forward) and 5’ CACACTGGGAATTGTTACAGCATT 3’ (reverse); glyceraldehyde 3-phosphate dehydroge-
nase 5' TTCACCACCATGGAGAAGGC 3’ (forward) and 5' GGCATGGACTGTGGTCATGA 3’ (reverse)
(58). The thermal cycling conditions were as follows: 2 minutes at 95°C, 10 minutes at 95°C, 5 seconds at 95°C,
and 10 seconds at 55°C for 40 cycles. Reactions were performed on a BioRad iQ5 Cycler. Protein concentration
of hepcidin was quantified using a commercial ELISA kit (Intrinsic Life Sciences) according to the manu-
facturer instructions. Plasma iron was quantified with a commercial kit (Sekisui Diagnostics) according to
manufacturer instructions with minor modifications — namely, samples were scaled to volume and centrifuged
at 10,000 g for 10 minutes between steps to clear insoluble material. Transferrin saturation was determined
by measuring the unsaturated iron binding capacity (UIBC) of each sample using a commercial kit (Sekisui
Diagnostics). UIBC values were added to plasma iron values in each sample to calculate the total iron binding
capacity (TIBC). Transferrin saturation was calculated as (plasma iron/TIBC) X 100%.

Tissue heme and nonheme iron levels were quantified using the ferrozine assay, as previously described
(59-61). Whole lungs and left lateral lobe of the liver were homogenized in 1 ml of water. BAL was col-
lected into 1 ml of 2 mM EDTA solubilized in PBS. Briefly, 100 ul sample were heated in 100 pl buffer
containing 1 N hydrochloric acid and 10% trichloroacetic acid with (total iron) or without (nonheme iron)
2.25% KMnO, at 60°C for 2 hours. Samples were centrifuged at 16,000 ¢ for 10 minutes to remove insoluble
material and were incubated with 50 pl iron detection reagent (6.5 mM ferrozine, 6.5 mM neucoproine, 1 M
L-ascorbic acid, 2.5 M ammonium acetate) for 10 minutes and then plated in duplicate and read at A, nm
on a Dynex Triad microplate reader (Dynex Technologies). Heme-iron values were calculated by subtracting
nonheme iron values from total iron content. Labile plasma iron (LPT), the major component of non—trans-
ferrin-bound iron, was measured using a published protocol with minor modifications (62): briefly, HEPES
buffered saline was iron-depleted by incubation with Chelex-100 chelating resin (Bio-Rad) for 1 hour, fil-
tered, and supplemented with 60 nM deferrioxamine (Sigma-Aldrich). For LPI measurements, 10 ul of
plasma samples were mixed with either 140 pl of HBS/50 uM dihydrorhodamine/40 uM ascorbic acid/0.5
mM nitriloacetic acid (-DFP) or 140 pl of the same buffer supplemented with 100 M deferriprone (+DFP).

https://doi.org/10.1172/jci.insight.92002

67



RESEARCH ARTICLE
[

insight.jci.org

Changes in fluorescence were measured over 40 minutes, and the slope was calculated for each sample. The
difference between —DFP and +DFP was used as a measure of LPI. The experiment was repeated a total of
3 times using different plasma donors with similar results.

Flow cytometry. Cell suspensions from blood and BAL fluid were prepared and analyzed by flow cytom-
etry as previously described, with minor modifications (16, 63, 64). The following antibodies were used
for surface antigen staining: anti-MHC-IT APC (clone M5/114.15.2), anti-CD11b Pe-Cy7 (clone M170),
and anti-CD115 APC (clone AF598) from eBioscience; anti-CD11c¢ PerCP (clone HL3) and anti-CD64
brilliant violet 421 (clone X54-5/7.1) from BioLegend; and anti-CD16/CD32 (clone 2.4G2), anti-Ly6G
PE (clone 1A8), and anti-CD45 AmCyan (clone 30-F11) from BD Biosciences. After extracellular staining,
cells were washed in 1% FCS in PBS once and resuspended in the same buffer. Data were acquired on a
FACS Canto II instrument using BD FACS Diva software (version 8.0; BD Biosciences) and analyzed with
FlowlJo software (version 8.8.6; Tree Star Inc.). The absolute cell number was calculated as the product of
the cell type frequency (as determined by gating analysis) and the total number of cells in the sample (as
determined by manually counting under a hemocytometer).

In vitro experiments. BM neutrophils were isolated by grinding the tibia, femur, pelvis, and spine from
uninfected mice in a sterile mortar and pestle as previously described (15, 57), followed by positive selection
using anti-Ly6G magnetic beads, according to the manufacturer’s instructions (MACS; Miltenyi Biotec).
Isolated populations were found to have > 90% viability by examination in trypan blue. Neutrophil bacte-
rial killing was quantified using a published protocol with minor modifications (57). Briefly, K. pneumoniae
was opsonized at a concentration of 8 X 10° CFU/ml in 20% fresh mouse serum and HBSS for 30 minutes
at 37°C, washed once in cold water, once in HBSS, and resuspended in HBSS. Aliquots of 2 X 10° bacteria
were added to sterile U-bottom 96-well plates and coincubated with 5 x 10°, 2 x 10°, 2 x 10%, 2 x 10°, or
no neutrophils from WT or hepcidin-deficient mice in triplicate in a total volume of 200 ul HBSS. Samples
were incubated in a humidified chamber with 5% CO, at 37°C for 1 hour. Number of surviving bacteria
was determined by hypotonic lysis of neutrophils in cold water and serial dilution and culture.

Human plasma was inactivated (30 min at 56°C) and incubated overnight at 37°C with 0-60 uM ferric
ammonium citrate (Sigma-Aldrich), followed by quantification of transferrin saturation and LPI. The sam-
ples were then used to generate 90% plasma agar solid media, poured in sterile 12-well tissue culture plates.
K. pneumoniae was suspended at 1 X 10* CFU/ml and 5 pl plated in triplicates on plasma agar wells and
incubated for 24 hours at 37°C; bacterial colonies were counted and photographed.

Statistics. Data were analyzed using Prism software (version 6.0, GraphPad Software). The Mantel-Cox
test was used to analyze survival data. A one-way ANOVA with a post-test for linear trend was used to
analyze change in a single parameter over time, and one-way ANOVA with a Tukey multiple comparison
post-test was used to analyze differences between 3 or more groups. A 2-way ANOVA with Tukey multiple
comparison post-test was used to compare changes over time between 2 groups. An unpaired, 2-tailed ¢
test was used to compare 2 groups for RNA, protein, and iron levels. A Mann-Whitney U test was used to
compare bacterial burden between groups. P <0.05 was considered statistically significant.

Study approval. Animal experiments were performed in compliance with NIH Guide for the Care and
Use of Laboratory Animals, The US Animal Welfare Act, and PHS Policy on Humane Care and Use of
Laboratory Animals and was approved by the Institutional Animals Care and Use Committee at the Uni-
versity of Virginia (protocol 3571).
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Lung iron content (ug iron)

PBS Iron citrate

Figure S1. Lung iron content in wildtype mice treated with PBS or iron citrate.
Mice were treated with either PBS or ferric ammonium citrate (iron) 30 minutes prior to
intrapulmonary K. pneumoniae challenge and again 24 hours thereafter; lungs were
harvested on day 2 of infection. Lung iron content was determined using the ferrozine
assay. . Box and whisker plots show median (line within box), upper and lower quartiles
(upper and lower box boundaries), and total range (bars); n = 6-5 per group; NS, not

significant (t-test).
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Figure S2. Aspartate transaminase (AST) and alanine transaminase (ALT) in
wildtype and hepcidin -/- mice. Wildtype (WT) mice were maintained on standard diet,
and hepcidin -/- mice were maintained on wither a prolonged iron-deficient diet (Iron
depleted hepcidin -/-) or standard diet prior to intratracheal inoculation with K.
pneumoniae. Samples were harvested on day 2 of infection. Box and whisker plots
show median (line within box), upper and lower quartiles (upper and lower box
boundaries), and total range (bars); n=6-9 per group; NS=not significant, one way

ANOVA.
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Figure S3. Iron-depleted hepcidin-/- mice are not susceptible to infection
compared to wildtype mice. Wildtype (WT) mice maintained on standard diet and
hepcidin -/- maintained on a prolonged iron-deficient diet were infected intratracheally
with K. pneumoniae and samples were harvested on day 2 of infection. (A) Liver, lung,
and plasma iron content in wildtype and iron-depleted hepcidin -/- mice. Box and
whisker plots show median (line within box), upper and lower quartiles (upper and lower
box boundaries), and total range (bars); *** and **** denote p <0.001 and p <0.0001
respectively; NS, not significant (t-test). (B): Lung, blood, and liver bacterial burden in
wildtype and iron-depleted hepcidin -/- mice. Horizontal lines represent median and
each circle represents one animal; animals with no detectable bacteria are reported to
have a bacterial burden of 1 colony forming units on the logarithmic scale; NS, not

significant (Mann-Whitney test). N=8-9 per group in both panels.
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Supplementary methods:

Iron depletion protocol: Hepcidin-deficient mice were weaned to iron deficient chow at

22 days of age for 3-4 weeks before use in experiments.

Determination of AST and ALT: Plasma AST and ALT were measured using
commercial kits according to the manufacturer instructions (Liquid AST Reagent set and

Liguid ALT Reagent Set; Pointe Scientific, Canton, Ml).

Flow cytometry: Cell populations were isolated and stained as described in the main
methods. After extracellular staining, cells were washed in FA buffer once and prepared
for reactive oxygen species staining using DCFDA (2’,7'—dichlorofluorescein diacetate)
with a commercial kit (Abcam, Cambridge, UK) according to the manufacturer’s
instructions. Cells were stained using 2 uM DCDFA for 15 minutes at 37°C. TBHP (Tert-
butyl-hydrogen peroxide) was added to a final concentration of 50 uM for stimulated
cells. Cells were incubated for an additional 45 minutes at 37°C. Data were acquired
immediately after incubation on a FACS Canto Il instrument using BD FACS Diva
software (version 8.0; BD Biosciences) and analyzed with FlowJo software (version

8.8.6; Tree Star, Ashland, Oregon).
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Figure S4. Reactive oxygen species (ROS) production in infected mice. ROS
production in indicated cell types from in the blood and bronchoalveloar lavage fluid
(BAL) of wildtype and hepcidin -/- mice 2 days following infection. Box and whisker plots
show median (line within box), upper and lower quartiles (upper and lower box
boundaries), and total range (bars); n = 4-5 per group; NS, not significant (t-test) for

comparing ROS production between WT and hepcidin-/- mice.
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CHAPTER 3

Hepcidin protects against lethal E. coli sepsis in mice
inoculated with isolates from septic patients

(submitted manuscript)
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Introduction

Iron is an essential trace element required for multiple vital functions such as oxygen
transport, cellular respiration, DNA replication and repair, cell proliferation and
differentiation. Consequently, iron is critical for the survival of nearly all organisms
including microbial pathogens. Host defense mechanisms evolved to target the iron
dependence of invading microbes during infections, with multiple mechanisms acting to
sequester iron from microbes?. Hepcidin is a hepatic peptide hormone that acts as the
principal regulator of iron homeostasis, and orchestrates iron absorption and tissue
distribution by inhibiting ferroportin-mediated cellular iron transport to plasma and
extracellular fluid®. Hepcidin production is strongly induced by IL-6 and other inflammatory
signals* thus causing iron sequestration in enterocytes and macrophages and rapid
reduction in plasma iron levels. On the other side, pathogens have evolved to obtain iron
from multiple sources even under limiting conditions, using such mechanisms as
transferrin receptors®, breakdown of ferroproteins including hemoglobin® and the
secretion and reuptake of siderophores’ which can “steal” iron from host molecules.
However, these mechanisms, while effective, may impose a substantial metabolic burden
on the invading pathogen. The battle for iron between the host and the invading pathogen
can determine the outcome of infection®.

Interventions or diseases that increase iron availability in the host have been linked to
enhanced bacterial pathogenicity and increased susceptibility to infections®!. Iron
supplementation in human trials in South Asia and Africa was associated with increased
risk of respiratory and gastrointestinal infections as well as malaria, leading to greater

severity of infection and even mortality*?'5. In addition, hereditary hemochromatosis

77



patients, who are iron-overloaded as a result of hepcidin deficiency, are highly susceptible
to infections with several types of bacterial®-1°, Intramuscular iron dextran administration
was associated with increased E. coli sepsis in neonates?.

We recently showed that hepcidin deficiency and iron overload dramatically increase
infection-associated mortality in mouse models of infection with siderophilic bacteria
Yersinia enterocolitica?* or Vibrio vulnificus??. Studies with a strain of common Gram
negative reference Klebsiella pneumoniae (ATCC 43816) revealed similar results
although the effect of iron availability on survival after infection was less striking?3. It is
therefore not clear whether the enhancement of pathogenicity by excess iron is applicable
to clinically common bacteria that cause sepsis in humans.

In each of these infections, the experimental evidence implicates non-transferrin bound
iron (NTBI) as the iron species promoting infection. NTBI?* appears in circulation when
the binding capacity of the principal plasma iron-transport protein transferrin is exceeded
transiently or chronically, as seen in conditions such as hereditary hemochromatosis or
B-thalassemia, acute and chronic liver failure, hematopoietic stem cell transplantation,
chronic parenteral iron administration and blood transfusions with older PRBCs (11)%° ¢,
The molecular forms of NTBI include mainly ferric citrate but also ferric salts of other
organic acids and iron loosely bound to albumin.

E. coli is a Gram-negative pathogen, which normally inhabits the gastrointestinal tract of
humans and other animals without causing any adverse effects?’. However, it is also
among one of the most common causes of infections in hospitalized patients: ranging
from gastrointestinal infections and urinary tract infections to bacteremia and sepsis?®.

Sepsis affects around 750 000 people in the United States every year and has high
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mortality rate reaching 30% to 50%72°. According to CDC, E. coli was the most commonly
isolated pathogen from the blood of septic patients®°. Even though E. coli is not
considered a siderophilic pathogen there are a few reports suggesting a correlation
between iron overload and susceptibility to E. coli infection332 but the mechanistic
connection has not been further explored.

Using randomly selected clinical isolates of E. coli from pediatric patients with sepsis, we
now show in mouse models that iron overload, either from genetic hepcidin deficiency
(hereditary hemochromatosis) or intravenous (1V) iron supplementation increases sepsis-
associated mortality. Pathogenicity of E. coli is enhanced not by tissue iron overload but
by the generation of a specific iron species, NTBI.

We demonstrate that hepcidin has a critical role in host defense against E. coli infections
by clearing NTBI and that acute post exposure treatment of susceptible HKO mice with

the hepcidin agonist PR73 abolishes NTBI and improves survival.

Results

Hepcidin deficiency promotes susceptibility to E. coli sepsis

Hepcidin-deficient mice had much higher susceptibility to E. coli infection compared to
WT mice (Table 3-1 and Supplemental Figure 3-1). Most of the clinical E. coli isolates, 8
out of 10, caused mortality (60 to 100%) in naturally iron-loaded (IL) HKO mice within 24h
of infection at doses where none of the WT mice developed signs of disease (no
significant weight loss, Supplemental Table 3-1; no changes in appearance or activity).
The remaining two E.coli isolates (isolate 9 and 10) were not pathogenic in mice since we

observed very low mortality after infection of IL-HKO and WT mice even with high
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bacterial doses. The mortality in mice did not correlate with ceftriaxone resistance of the
bacteria.
Genetic as well as iatrogenic iron overload promote sepsis-associated mortality in

E. coli infection model

From among the five isolates that caused rapid mortality in mice at the 104 CFU
inoculum, we randomly selected isolate 1 (blood culture isolate from a patient with
urosepsis) for more detailed characterization. Because they lack hepcidin, HKO mice
develop spontaneous severe iron overload even when they are fed standard diet,
modeling hereditary hemochromatosis in human patients. As shown in Table 3-1, E. coli
isolate 1 caused 100% mortality in IL-HKO mice while none of the infected WT mice died
(Fig. 3-1A). These results were validated using WT littermates of HKO mice (data not
shown). Further analysis showed that hepcidin deficiency and associated iron overload
promoted tissue bacterial dissemination: 16h after infection WT mice had undetectable
CFUs while naturally iron-loaded HKO mice had 1010 CFU/ml in their blood and 10”6
CFU/mg in their liver (Fig. 3-1B), indicating that the initial inoculum rapidly multiplied in
the host. We then tested whether it was the iron overload that promoted susceptibility to
E. coli infection rather than any other potential effect of hepcidin deficiency. In these
experiments, iron-loaded HKO mice suffered 80% mortality within 24h of IP infection with
1074 CFU/mouse E. coli (isolate 1). However, iron-depletion (ID) of HKO mice completely
prevented infection-associated mortality with the same isolate (Fig. 3-1C) indicating that
hepcidin deficiency promotes susceptibility to E. coli infection through iron overload.
Accordingly, bacterial burden in tissues and blood was very high for iron- loaded HKO

(IL-HKO) mice while bacteria were not detected in
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Isolate Ceftriaxon | Dose %Mortality %Mortality p
Diagnosis

number e-resistant | (CFU/mouse) (HKO mice) (WT mice) value

1 Urosepsis no 10nM 100% 0% <0.001

2 Liver failure | no 10nM 100% 0% <0.001

3 Leukemia no 10nM 100% 0% 0.002
Sickle cell

4 yes 10nM 100% 0% 0.003
disease

5 Urosepsis no 10nM 100% 0% 0.003
Congenital

6 heart no 1076 100% 0% 0.003
disease
Evan's

7 yes 1076 100% 0% 0.012
syndrome
Kidney,

8 liver no 1076 60% 0% 0.05
transplant
Liver and

9 bowel no 1076 30% 0% 0.386
transplant
End stage

10 Renal yes 10n7* 20% 0% 0.371
disease
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Table 3-1 Hepcidin deficiency promotes susceptibility to infection with clinical E.
coliisolates: List of clinical E. coli blood isolates obtained from the Ronald Reagan UCLA
Medical Center. WT mice suffered 0% mortality and did not develop disease signs such
as weight loss, change in appearance or decreased activity after infection with any of the
isolates at the described doses. However, for 8 out of 10 isolates HKO mice suffered 60%
to 100% mortality with the same inocula.

*For isolate 10 we also tested 5x1077 CFU/mouse dose and it caused 100% mortality in
both WT and HKO mice.

iron-depleted HKO (ID-HKO) mice (Fig. 3-1D).

Intravenous (IV) iron administration for iron deficiency is used quite commonly in
chronically ill hospitalized patients especially if repletion is urgent or the oral route is not
available because of the underlying disease processes. IV iron can cause iatrogenic iron
overload in these patients and in some studies has been linked to higher infection rates®.
Here we investigated whether IV iron supplementation affects E. coli sepsis. WT mice
were injected with either 2-4 mg of IV iron sucrose (Fig. 3-1E) or 2 mg of IV iron dextran
(Fig 3-1F) through the retroorbital plexus. Control animals received sterile saline
injections. Four hours after IV iron administration the mice were infected intraperitoneally
(IP) with 104 CFU/mouse E. coli (isolate 1). We observed 100% mortality in iron sucrose
injected mice and 50% mortality in iron dextran injected mice (Fig. 3-1E, F) while all
control animals survived, suggesting that iatrogenic iron loading also promotes
susceptibility to sepsis-associated mortality in WT mice. We also tested IV iron injection
alone without infection and did not observe any adverse effects of iron administration
(data not shown). Another common cause of iron overload and possible transient increase
of serum iron is red blood cell (RBC) transfusion especially when older packed RBCs are

transfused. We developed a model in which WT mice were transfused through the
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retroorbital plexus with 400 pl of fresh (3h old) mouse packed RBCs and 4h later were
infected with E. coli. However, transfusion did not promote susceptibility to sepsis in this
model (Supplemental Figure 3-2). It has been previously shown that a single transfusion
only with old (>14 days old mouse PRBCs which is equivalent to >42 days old human
packed RBCs) but not fresh packed RBCs promotes susceptibility’! to infection which
may explain our results. Furthermore, a single transfusion in our model introduced only a
moderate amount of iron (~0.4 mg), most of which likely remained in RBC hemoglobin
during the course of infection, and did not reflect the degree of clinical iron overload

resulting from multiple transfusions over time=3.

In infected WT mice, early inflammatory response induces hepcidin and

subsequent hypoferremia

We have previously shown that hepcidin is essential to protect from early mortality after
infection with certain siderophilic (“iron-loving”) pathogens such as Yersinia enterocolitica
and Vibrio vulnificus2122, Hepcidin has two important effects which are demonstrated
respectively in the two models: 1) it controls baseline iron levels allowing local defenses
to abort the initial infection without eliciting a systemic inflammatory response (in the case
of oral administration of Y. enterocolitica), and 2) it induces inflammation-driven
hypoferremia after the initial infection develops and thus further limits available iron for
subsequent bacterial replication (seen after intraperitoneal injection of Y. enterocolitica
and subcutaneous injection of V. vulnificus). To measure the inflammatory response in

our E. coli model we injected WT mice IP with
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Figure 3-1 Genetic as well as iatrogenic iron overload enhances sepsis-associated
mortality in a mouse model of E. coli infection A) Survival and B) bacterial CFU in
blood and liver after infection of wild type (WT, in black) or naturally iron-loaded hepcidin
knockout (IL-HKO, in red) mice with 104 CFU/mouse E. coli (isolate 1). C) Survival and
D) bacterial CFU in blood and liver after infection of IL-HKO (in red) or dietary iron-
depleted HKO (ID-HKO, in blue) mice with 10"4 CFU/mouse E. coli (isolate 4). E) and F)
Survival for WT mice that were injected 1V with saline (in black) or with 2-4 mg iron sucrose
(E, in purple) or 2 mg iron dextran (F, in purple) and 4h later infected IP with 104
CFU/mouse E. coli (isolate 1). Two separate experiments were combined for E and for F.

saline (control) or 10 CFU/mouse E. coli (isolate 1) and collected tissues for analysis
at 4h and 16h post infection (p.i.). As before, none of the infected WT mice suffered
mortality or showed signs of illness. However, liver Saal mRNA, which is a marker of
acute inflammation, was increased 64-fold both at 4h and 16h p.i (Fig. 3-2A) showing that
an early systemic inflammatory response to the infection was mounted. Accordingly,
hepcidin was induced as we detected 2-fold higher hepcidin protein (Fig. 3-2B) and 4-fold
increased hepcidin mRNA (Fig. 3-2C) at 4h p.i. We often observe even greater hepcidin
induction but the mice used in this experiment were 10-14 weeks old and their baseline
hepcidin level was already very high, limiting the fold-increase. Hepcidin induction at 4h
p.i. resulted in hypoferremia (Fig. 3-2D) detected at 16h p.i since it takes time for the
plasma to become depleted of iron after iron efflux is inhibited by hepcidin. It has been
previously reported that inflammation can induce hypoferremia independently of
hepcidin®* but this is not the case in our model since hepcidin-deficient mice do not have
lower serum iron at 16h after infection with E. coli (Supplemental figure 3). Thus, even in

mice that did not show any signs of illness, E. coli infection was sufficient to elicit a
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systemic inflammatory response, increased hepcidin and hypoferremia.
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Figure 3-2 E. coli infection rapidly induces systemic inflammation, increases
hepcidin and causes hypoferremia. WT mice were injected IP with either saline (white
boxes) or 10" CFU/mouse E.coli (isolate 1, orange boxes). Tissues were collected 4 and
16 hours post infection for analysis. A) We measured liver Saal as a marker of systemic
inflammation, B) hepcidin protein, C) hepcidin mMRNA and D) serum iron concentration.
Inflammation induces the initial rise in serum hepcidin protein and mRNA followed by
hypoferremia and a reactive decrease in hepcidin protein and mRNA.

Minihepcidin PR73 prevents E. coli sepsis-associated mortality in HKO mice, a

model of hereditary hemochromatosis
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Our study so far showed that hepcidin is essential for protection against E. coli sepsis.
We therefore tested for the therapeutic effect of the hepcidin agonist PR73 in infected
mice. Naturally iron-loaded HKO mice were infected with 104 CFU/mouse E. coli (isolate
1) and treated IP with solvent (control) or 100 nmoles of PR73 at 3h and 24h post
infection. As before, 100% of the control animals died within 24h of infection and solvent
treatment. However, treatment with only two doses of minihepcidin was sufficient to
completely prevent mortality after infection with isolate 1 (Fig. 3-3A). Similar results were
obtained when using isolate 2 (Supplemental Figure 3-4A). This effect resulted from
inhibition of bacterial dissemination and replication, as both blood and liver CFU were
significantly decreased by the PR73 treatment (Fig. 3-3B): while control animals had on
average 1070 CFU/ml and 107 CFU/mg in their blood and liver respectively,
minihepcidin treated animals had only 1072 CFU/ml or mg in each tissue. Next, we asked
whether minihepcidin treatment could be beneficial if started even later than 3h p.i. Since
most of the mice become moribund by 16h p.i. we decided to administer the first
minihepcidin dose at 10h p.i. However, at this time point the mice were already very sick
and minihepcidin treatment was not beneficial (Supplemental Figure 3-4B). These results
suggest that minihepcidin treatment prevents E. coli sepsis-associated mortality in a

model of hereditary hemochromatosis but only if given early enough after infection.
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Figure 3-3 Minihepcidin prevents E. coli sepsis-associated mortality in a model of
hereditary hemochromatosis: Naturally iron-loaded HKO mice were infected IP with
1074 CFU/mouse E. coli (isolate 1) and treated with solvent (in red) or 100 nmoles
minihepcidin (in green) at +3 and +24h p.i. A) Survival was monitored and B) in two repeat
experiments tissues were collected 16h p.i. to assess bacterial burden in the blood and

liver.

Increased non-transferrin bound iron promotes E. coli infection

Having shown that iron overload promotes susceptibility to E. coli infection and that
endogenous hepcidin or exogenous minihepcidin are protective, we next asked which
iron pool may be critical in promoting infection. We analyzed tissue iron (liver),
extracellular iron (serum) and a specific extracellular iron species (non-transferrin bound

iron, NTBI) in groups of mice that are susceptible to or protected from infection (Fig. 3-4).

Comparing those parameters between resistant WT and susceptible iron-loaded HKO
mice, we found that iron-loaded HKO mice had high liver iron, serum iron as well as NTBI

(Fig. 3-4A) confirming that iron overload promotes susceptibility to infection.
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To selectively deplete extracellular iron, we treated HKO mice with the minihepcidin
PR73, a potent hepcidin agonist, at a dose that prevents sepsis-related disease signs
and mortality. As expected, a single minihepcidin dose did not change liver iron but
caused a significant drop in serum iron and NTBI concentration (Fig. 3-4B) suggesting

the importance of extracellular rather than total body iron in promoting E. coli infection.

Lastly, we compared iron distribution in iron-depleted HKO and iron-loaded HKO mice.
As expected, we found tissue iron levels to be higher in iron-loaded than iron-depleted
HKO mice (Fig. 3-4C). As HKO mice lack the ability to lower their serum iron
concentrations until their stores are completely iron-depleted, serum iron levels were
comparable between the two groups and only NTBI was different. The generation of NTBI
is not reflected solely in serum iron concentration but is also dependent on the kinetics of
iron efflux from macrophages, hepatocytes and enterocytes, and the ability of the liver to
rapidly clear NTBI. The differences in cellular iron content and therefore efflux likely
account for the difference in NTBI concentration between the infection-susceptible iron-
loaded and resistant iron-depleted groups. Altogether, the protective effects of iron
depletion and minihepcidin treatment indicate that it is not primarily the tissue iron nor the

serum iron level but NTBI that promotes susceptibility to E. coli sepsis.

To determine whether NTBI promotes E. coli growth in human plasma, we supplemented
the plasma with increasing concentrations of iron. We added 0 to 60 puM ferric ammonium
citrate, FAC, an iron species similar to the predominant component of NTBI®® in order to
gradually saturate transferrin thus increasing the concentration of transferrin-bound iron
(Tf-Fe) and eventually leading to the formation of non-transferrin bound iron (NTBI). The
plasma was solidified by the addition of agar, and E. coli (isolate 1) plated on the plasma
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agar. We observed bacterial growth only in conditions where NTBI was present (Fig. 3-
4D and Supplemental Table 3-2). When testing the other 9 isolates we observed two
types of behavior (Supplemental Table 3-3): similarly to isolate 1, five out of the nine
isolates grew only in conditions where NTBI was detectable. The other four isolates
likewise failed to grow in plasma when iron was not supplemented, but did start growing
already at lower FAC concentrations where we could not yet detect NTBI with our
methodology. We hypothesize the plasma did not reach equilibrium with the added FAC
so that a small amount of NTBI was present and was sufficient to promote bacterial growth
for these isolates. The obtained results are heterogeneous, reflecting the expected
heterogeneity of clinical isolates. However, for all isolates the additional iron accelerated
bacterial colony formation within 24h incubation. Further incubation would not be relevant
for our model since all of the mice die within 24h of infection. These data indicate that the
ability of hepcidin to clear NTBI from circulation and extracellular fluid delays bacterial

growth and this delay is an important determinant of infection outcome.
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Figure 3-4 Non-transferrin bound iron (NTBI) rather than total iron promote
susceptibility to E. coli sepsis: Liver iron, serum iron and non-transferrin bound iron
measurements for: (A) WT (white boxes) and IL-HKO (red boxes) mice, (B) IL-HKO (red
boxes) and ID-HKO (white boxes) mice, (C) IL-HKO mice treated IP either with single
dose solvent (red boxes) or 100 nmoles minihepcidin (white boxes) 14h prior tissue
collection. All mice were infected IP with 10"4 CFU/mouse E. coli (isolate 1) and tissues
were collected 14-16h post infection (p.i.). IL=iron-loaded; ID=iron-depleted. D) Human
plasma was supplemented with 0 to 60 uM ferric ammonium citrate (FAC), and used to
make agar plates. E. coli isolate 1 was plated and incubated for 38-41h at 37°C and
bacterial CFUs documented by photography. Two separate experiments using different

plasma donors are shown. Conditions below the red line had detectable NTBI.
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Discussion

During infection and inflammation, the plasma concentration of hepcidin is greatly
increased, leading to sequestration of iron in macrophages and enterocytes with
consequent hypoferremia®. We previously showed that this mechanism of innate
immunity limits extracellular iron availability and inhibits the growth of siderophilic
pathogens Vibrio vulnificus??> and Yersinia enterocolitica?!, in vitro and in mice. However,
hepcidin-induced hypoferremia is a highly conserved response to various infections of
mammals raising the question of whether it acts against a broader set of bacteria than
these relatively rare classical siderophilic pathogens. We therefore compared outcomes
after infection of HKO mice and WT mice with 10 different clinical E. coli isolates. To our
surprise, with most isolates, hepcidin-deficient mice rapidly developed overwhelming
sepsis and suffered 100% mortality within 24h of infection at inoculum doses where 0%
of wild type mice with normal iron metabolism died (Table 1). Thus, hepcidin is essential
for protection against E. coli infection-associated mortality. The dramatic difference in
survival was observed for 8 out of the 10 clinical isolates, while the remaining 2 isolates
showed low virulence in mice, not causing significant mortality in either WT or HKO mice.
These results suggest that hepcidin is an important component of innate immune
response against a wider range of pathogens than heretofore appreciated. Using iron-
depletion experiments, we showed that the protective effect of hepcidin is dependent on
its effects on iron distribution rather than a direct antimicrobial effect. The hepcidin
analogue PR73 completely protected the highly susceptible HKO mice with only two

doses given at 3h and 24h post infection.
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Hepcidin controls extracellular iron levels by occluding and degrading the iron transporter
ferroportin. Inflammation resulting from administration of different PAMPs (pathogen
associated molecular patterns) in mice was reported to decrease ferroportin expression
independently of hepcidin3* . In our hepcidin-deficient mice, however, this mechanism
was not sufficient to alter plasma iron levels or protect mice from sepsis, indicating that in
infection in vivo, hepcidin plays an essential and dominant role in controlling iron
availability to pathogens.

Iron supplementation has been linked to increased infection rates in some human
trials'213, As a result, medical guidelines recommend avoiding IV iron in infected patients,
although without strong evidence supporting causality®. In our model of E. coli infection,
IV iron administration dramatically increased sepsis and mortality (Fig. 3-2) thus
supporting the concern about iron supplementation in patients with infections. Moreover,
parenteral iron administration may be linked to systemic oxidative stress-induced
mortality in experimental murine sepsis models with heat-killed E. coli¥”. We cannot
exclude the possibility that increased oxidative stress also contributes to mortality in our
models of E. coli sepsis.

We suggest that assessing the infection status of patients should be an important
consideration in the timing of iron therapy. Furthermore, as with the classical siderophilic
bacteria?, the iron species implicated in increased susceptibility to sepsis with clinical
isolates of E. coli was NTBI. Apparently, NTBI, not tightly bound to chaperone proteins,
is more readily available to pathogens, may allow them to acquire iron faster or with lower
energy expenditure, thus allowing faster growth. E. coli has not been considered a classic

siderophilic pathogen because, unlike Y. enterocolitica and V. vulnificus, its disease-
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causing ability has not been clearly linked to iron availability. Furthermore, most E. coli
isolates produce siderophores®® and should be able to access iron from multiple sources.
However, siderophore production incurs a high metabolic cost, and secreted
siderophores are readily pirated by niche competitors. Many bacteria do not produce
siderophores constitutively but induce production in response to environmental clues. The
initial survival of bacteria entering the host may depend on relative rates of bacterial
proliferation compared to bacterial clearance by host defense mechanisms. If NTBI is
present during early phases of infection, the bacteria may rapidly replicate, overwhelming
local defense mechanisms and causing severe infection and mortality such as we see in
HKO mice and IV iron injected WT mice (Table 3-1 and Fig 3-1). In the absence of NTBI,
the bacteria depend on the induction of more complex iron acquisition systems that
require additional metabolic resources, slowing the initial proliferation of bacteria.

Our current understanding of the role of iron in infections is still limited and future studies
may find that the disease-causing ability of many more bacterial species is enhanced by
genetic or iatrogenic iron excess. In these settings, the manipulation of iron metabolism
by hepcidin agonists early in the course of the disease could be an effective adjunctive

treatment.

Methods

Bacterial preparation

Escherichia coli blood culture isolates collected in 2015 from hospitalized pediatric
patients were kindly provided by the Pediatric Infectious Disease Division at UCLA, with

brief patient histories in Table 1. 35% glycerol stock was prepared for each of the isolates,
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aliquoted and stored at -80°C. For infection experiments, an aliquot of the stock was
thawed, 5 pl was inoculated in 5ml Luria Bertani broth (LB, Becton Dickinson BD) and
cultured overnight at 37°C (18-22h). Overnight culture (ON) was re-cultured (100pl of the
ON culture in 5ml fresh LB) for 3h at 37°C in order to reach exponential phase and then
centrifuged at 7500rcf for 5min and re-suspended in sterile phosphate buffered saline
(PBS). The bacteria were diluted to the desired concentration using ODsoo as indicator of

bacterial concentration (ODsoo = 1 is equivalent to 1x1079 CFU/mI)3.

Animal models

All animal experiments performed for this study were approved by the UCLA Office of
Animal Research Oversight. Wild type (WT) mice (The Jackson Laboratory) and hepcidin-
1 knockout mice*® (HKO), both on C57BL/6 background, were used for infection
experiments. For survival experiments comparing HKO to WT mice, we used either WT
and HKO littermates, or WT mice purchased from the Jackson Laboratory and acclimated
to our vivarium for at least two weeks, with no difference in outcomes. At arrival to the
vivarium the bedding was exchanged between purchased WT mice and resident HKO
mice to partially account for differences in microbiome. The animals were fed ad libitum
standard diet (185 ppm iron concentration). In order to achieve iron depletion of HKO
mice, the animals were fed iron-deficient diet (4 ppm Fe, Envigo Teklad) for 5-6 weeks
prior to the experiment. For some experiments WT mice were injected intravenously (1V)
with iron sucrose or iron dextran: the animals were anaesthetized using isoflurane
(Clipper) and then injected IV in the retroorbital plexus using 28Ga insulin syringe. The

dose used was 2 or 4 mg iron sucrose (Venofer, American Regent Inc.) per mouse in 100
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or 200 pl volume respectively, or 2 mg iron dextran (Sigma) in 100 ul per mouse. Iron

administration was performed 4h prior to infection.

Mice were infected via intraperitoneal (IP) injection with different doses of E. coli. Animal
wellbeing and behavior were monitored closely and mice euthanized by isoflurane
(Clipper) when they showed symptoms of imminent mortality (decreased activity, weight

loss, lack of grooming).

Preparation of minihepcidin

Minihepcidin PR73 was synthesized as previously described?? using standard solid-
phase Fmoc chemistry. Lyophilized minihepcidin was dissolved in 70% ethanol (Gold
Shield Chemical Co) together with solvent DSPE-020 CN (NOF Corporation). The
solution was dried in SpeedVac to decrease ethanol content. The dried product was
stored at 4°C until needed for experiment, when it was resuspended in sterile injection
water (Abbot Laboratories). IP injections were administered at 100nmol PR73 in 100ul

per mouse. Control animals were injected with solvent only (100ul IP).

Assessment of bacterial burden

Blood and liver were collected 13 to 18 hours post infection for bacterial burden
measurement. Blood was collected through cardiac puncture, mixed with heparin to
prevent coagulation, and serial 10-fold dilutions with sterile PBS prepared. The whole liver
was collected, homogenized, and 50pul of the homogenate weighed and mixed with 200
ul sterile water. The resulting mixture was used for serial 10-fold dilutions with sterile PBS.

For both blood and liver CFU assessment, 5ul from each dilution was plated on LB 1.5%
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agar plates in duplicates. The plates were incubated at 37°C for 15-16h and the number

of colonies was counted using a dissecting microscope.

Measuring non-heme iron

The whole liver was dissected, homogenized and 75ul weighed. Then 1125ul protein
precipitation solution (0.53N HCI Fisher and 5.3% trichloroacetic acid, Fisher) was added
and the mixture was incubated at 100°C for 1h. The samples were centrifuged and the
supernatant was analyzed for iron concentration using the colorimetric Iron SL assay
(Sekisui Diagnostics) following the manufacturer’s instructions. Iron AA standard (RICCA
Chemical Company) was used in serial dilutions to generate standard curve and
determine iron concentration in the samples. For serum iron measurements, blood was
collected through cardiac puncture and centrifuged in serum separator tubes (BD) to
obtain serum samples. Their iron concentration was measured using the colorimetric Iron

SL assay (Sekisui Diagnostics) following the manufacturer’s instructions.

Gene expression assessment

TRIzol Reagent (Life Technologies) was used to isolate RNA from snap frozen liver
samples. Then cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad)
following the manufacturer’s protocol. Sso Advance SYBR Green Supermix (Bio-Rad)
and CFX96 Touch Real-Time PCR Detection System (Bio-Rad) were used to perform
guantitative real-time PCR for the following genes: Saal (forward:
AGTCTGGGCTGCTGAGAAAA; reverse: ATGTCTGTTGGCTTCCTGTG); Hprt (forward:
CTGGTTAAGCAGTACAGCCCCAA,; reverse: CAGGAGGTCCTTTTCACCAGC); Hamp

(forward: TTGCGATACCAATGCAGAAGA reverse:

98



GATGTGGCTCTAGGCTATGTT). Hprt was used as the house-keeping gene and results

in figures are shown as dCt = CtHprt-Cttest.

Hepcidin ELISA

Serum hepcidin protein concentration was measured by performing ELISA as previously
described?? with the following reagents: Ab2B10 (capture) and Ab2H4-HRP (detection)
antibodies kindly provided by Amgen, synthetic mouse hepcidin-25 (standard curves

ranging from 400 pg to 3.2 pg/ml).

Non-Transferrin bound iron (NTBI) assay

Non-transferrin bound iron concentration was measured as previously described?! in a
protocol adapted from Esposito et al*!. All samples were frozen after collection and stored
at -80°C. Once thawed, the samples were measured in triplicates at 5 pl/well and never

reused.

Bacterial growth in human plasma agar

Human plasma was inactivated by incubation at 56°C for 30min and centrifuged at 9200g
to remove precipitated protein. Then OuM to 60uM ferric ammonium citrate (FAC, Sigma)
was added and the plasma was incubated ON at 37°C to allow for the iron to bind
transferrin. The following day a few drops of hot 12% agar were added to the warm
plasma and the mixture was quickly pipetted into a 96-well plate. E. coli isolates were
cultured as described above, diluted to a concentration of 104 CFU/ml and 5pl plated in
each well in duplicate. The bacteria were incubated for up to 42h at 37°C and bacterial

growth photographed.
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Statistics

Statistical analysis was performed using SigmaPlot. Survival was analyzed using Kaplan-
Meier survival curves and log-rank test. For the rest of the data, student’s t-test was used
for normally distributed data and Mann-Whitney rank sum test was used for data that are
not normally distributed. Box plots with error bars show the median, 10th, 25th, 75th, and

90th percentiles.
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Supplemental Data

WT mice HKO mice
Average weight Average weight
r:i?r!?)t:r (CFlE)/%S:use) change 16-24h after | n | change 16-24h after | n
infection infection
1 10M -1.7% 6 -8.1% 6
2 10M -1.3% 6 -8.7% 6
3 10M -4.9% 4 -8.3% 4
4 10M 0.5% 5 no data
5 10M 2.2% 5 no data
6 1076 0.0% 5 -10.3% 2
7 10”6 -1.3% 3 -7.3% 4
8 10”6 1.7% 5 -1.5% 5
9 10”6 -2.0% 3 -4.1% 4
10 1017 -0.3% 5 -8.1% 5

Supplemental Table 3-1 WT mice and naturally iron-loaded HKO mice were infected IP
with E. coli. Weight was recorded at the same time for WT and HKO mice: at the time of
infection and 16 to 24h later. WT mice did not lose weight or lost weight within the error
range (5%). For each isolate HKO mice lost more weight than WT mice. Not all mice were

weighed because some were moribund and were euthanized.
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Donor 1 Donor 2

Sar[‘)p'e TfSat |UMNTBI| TfSat |pM NTBI

Plasma 30% 0 31% 0
10puM FAC 43% 0 A47% 0
20uM FAC 58% 0 60% 0
30uM FAC 65% 0 76% ~0.4
40uM FAC 77% 0 96% 3.2
50uM FAC 89% 2.7 100% >5
60uM FAC 100% >5 100% >5

Supplemental Table 3-2 Human plasma was supplemented with 0 to 60uM ferric
ammonium citrate (FAC), agar was added and E. coli isolate 1 was inoculated on the
plasma agar. The table shows transferrin saturation (Tf Sat) and non-transferrin bound

iron (NTBI) concentration for the different conditions at the start of the experiment. Two

different plasma donors were used in separate experiments
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Isolate | Growth in plasma Growth in plasma Growth in plasma
number | (no added iron) | (added iron but no NTBI) (with NTBI)
1 no no yes
2 delayed yes yes
3 no no yes
4 no yes yes
5 no no yes
6 no no yes
7 no no yes
8 delayed yes yes
9 no yes yes

10 no no yes

Supplemental Table 3-3 Each of the isolates was inoculated in human plasma (agar or
liquid) supplemented with 0 to 60uM FAC and bacterial growth was monitored for 22 to
41h. No growth means that no bacterial colonies or increase in OD600 were observed
within the time frame of the experiment (40h and 22h respectively). Delayed growth
designates lack of bacterial colonies at 22h of incubation but positive bacterial growth at
40h of incubation. Positive growth means that colonies were detected early in the

experiment.
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Survival

Survival

Isolate 1
1.0
| — WT (n=6)
08 — HKO (n=6)
0.6 1
p < 0.001
0.4 -
0.2 1
0.0 I T I T ! L) 1 1
0123 4567 89
Time (days)
Isolate 3
1.0
—WT (n=5)
0.8+ — HKO (n=6)
0.6
p =0.002
0.4
0.2
0.0 T J T T T T T 1
01234561789
Time (days)
Isolate 5
1.0
— WT (n=5)
0.81 — HKO (n=5)
0.6+
p =0.003
0.4
0.2
0-0 T T T T T 1 T 1
0123456172829
Time (days)

B Isolate 2
1.0
— WT (n=6)
— 0.81 — HKO (n=6)
©
>
'S 0.6 1
5 p < 0.001
?0.4-
0.2
0.0 T T T T T T T 1
0123 456172829
Time (days)
2 Isolate 4
1.0
— WT (n=5)
0:84 — HKO (n=5)
©
; 0.6
= p = 0.003
o 0.4-
0.2 -
0-0 1 T 1 T T T T 1
01 2345¢6 7829
Time (days)
F Isolate 6
1.0 .
— WT (n=5)
R — HKO (n=5)
[
2 0.61
>
= p = 0.003
0 0.4
0.2
0-0 T T T T T T T 1
0123 456789
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Isolate 7 Isolate 8
1.0 1.0
— WT (n=3) — WT (n=3)
0.8- — HKO (n=5) 0.8 - — HKO (n=5)
.g 0.6 - p=0.012 .g 0.6 p = 0.050
2 2
3 0.4 S 0.4
(77} n
0.2 0.2 4
0.0 T T T T T T T T 1 0.0 T T T T T T T T 1
012 3 4567 89 012 3 4567 829
Time (days) Time (days)
/ J
Isolate 9 Isolate 10
1.0 1.0
0.8 0.8
Tanl — WT (n=3) © el — WT (n=5)
> 0.6 > 0.6
E — HKO (n=4) E — HKO (n=5)
= =2
0.4 1 0.4-
“ p = 0.386 o p=0.317
0.2 - 0.2
0-0 I T 1 T T T T T 1 0-0 T T 1 1 T T T T 1
0123456173829 012345617829
Time (days) Time (days)

Supplemental Figure 3-1 Wild type (WT) mice and naturally iron-loaded hepcidin
knockout mice (HKO) were infected IP with different clinical E.coli isolates at the following
doses: 10" CFU/mouse for isolates 1 through 5; 10”6 CFU/mouse for isolates 6 through
9 and 1077 CFU/mouse for isolate 10. Survival was monitored. WT mice suffered 0%
mortality and did not develop disease symptoms (no weight loss, no changes in
appearance or behavior) after infection with any of the isolates. HKO mice suffered 100%
mortality within 24h of infection with isolates 1 to 7, 60% mortality after infection with
isolate 8 and no significant difference in mortality between WT and HKO mice was
observed for isolates 9 and 10. Panel A was presented in the main body of the paper as
Figure 1A
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Transfusion
1.0
0.8 —Infected (n=6)
" = Uninfected (n=4)
= 0.6
2
£ 0.4-
7]
0.2
0-0 T T T 1 1 1
0 1 2 3 4 5 6
Time (days)

Supplemental Figure 3-2 WT mice were injected 1V through the retroorbital plexus with
250-400ul fresh packed red blood cells (PRBCs). PRBCs were isolated the same day
from mice with the same genotype and age. 4h post transfusion the mice were injected

IP with either saline (uninfected) or 10”4 CFU/mouse E.coli (isolate 1). Survival was
monitored but none of the mice suffered mortality.

IL-HKO

70
’E; 60 - T
= 50
c $
£ 40 I
£ 304
=
o 20
(/s

19 p =0.44

uninfected infected
n=9 n=28

Supplemental Figure 3-3 Naturally iron-loaded HKO mice were injected IP with 0.1ml
saline or 10”4 CFU/mouse E.coli (isolate 1) and serum was collected for analysis 16h

later. No significant difference was observed between infected and uninfected animals.
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Isolate 2 Late treatment
1.0 1.0
08 — Solvent (n=5) 0.8 — Solvent (n=4)
=] =— Minihepcidin (n=5) ol = Minihepcidin (n=8)

‘_§ 0.6 E 0.6
S p =0.003 e~ p=1.0
5 0.4 E 0.4
73] 7

0.2 0.2

oo N o.0+—Y% :

0 1 2 3 4 5 6 00 05 10 15 20 25
Time (days) Time (days)

Supplemental Figure3- 4 A) Naturally iron-loaded HKO mice were infected IP with 104
CFU/mouse isolate 2 and treated with solvent (control) or 100nmol minihepcidin at 3h
and 24h post infection (p.i.). Survival was monitored. 100% of control animals died by day
1, while minihepcidin treated animals suffered 0% mortality. B) Naturally iron-loaded HKO
mice were infected IP with 10°4 CFU/mouse isolate 1 and treated with solvent (control)
or 100nmol minihepcidin at 10h post infection. Survival was monitored. All of the mice
died by day 2 p.i
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CHAPTER 4

Structure-function analysis of ferroportin defines the binding site and an alternative

mechanism of action of hepcidin
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KEY POINTS

® Analysis of mutations
causing nonclassical
FD defined the
hepcidin-binding site
in the central cavity
of Fpn.

Nonclassical ferroportin disease (FD) is a form of hereditary hemochromatosis caused by
mutations in the iron transporter ferroportin (Fpn), resulting in parenchymal iron overload.
Fpn is regulated by the hormone hepcidin, which induces Fpn endocytosis and cellular iron
retention. We characterized 11 clinically relevant and 5 nonclinical Fpn mutations using
stably transfected, inducible isogenic cell lines. All clinical mutants were functionally re-
sistant to hepcidin as a consequence of either impaired hepcidin binding or impaired
hepcidin-dependent ubiquitination despite intact hepcidin binding. Mapping the residues
onto 2 computational models of the human Fpn structure indicated that (1) mutations that
caused ubiquitination-resistance were positioned at helix-helix interfaces, likely preventing
the hepcidin-induced conformational change, (2) hepcidin binding occurred within the
central cavity of Fpn, (3) hepcidin interacted with up to 4 helices, and (4) hepcidin binding
) should occlude Fpn and interfere with iron export independently of endocytosis. We
experimentally confirmed hepcidin-mediated occlusion of Fpn in the absence of endo-
cytosis in multiple cellular systems: HEK293 cells expressing an endocytosis-defective Fpn mutant (K8R), Xenopus
oocytes expressing wild-type or K8R Fpn, and mature human red blood cells. We conclude that nonclassical FD is caused
by Fpn mutations that decrease hepcidin binding or hinder conformational changes required for ubiquitination and
endocytosis of Fpn. The newly documented ability of hepcidin and its agonists to occlude iron transport may facilitate
the development of broadly effective treatments for hereditary iron overload disorders. (Blood. 2018;131(8):899-910)

® Hepcidin inhibits iron
export through Fpn
not only by causing
Fpn endocytosis, but
also by occluding the
transporter.

anemia of inflammation,>¢ in which iron accumulates in recycling
macrophages and enterocytes, but may become insufficient in
other tissues. The other extreme of the spectrum of iron disorders
is exemplified by hereditary hemochromatosis or B-thalassemia
intermedia.”® In these disorders, Fpn is hyperactive, usually as
a result of hepcidin deficiency, and leads to excessive iron ab-
sorption and toxic iron deposition in hepatocytes and other pa-
renchymal cells, but relative iron depletion of macrophages.
Understanding the mechanism of hepcidin-ferroportin interaction
would allow improved targeting of this regulatory axis and de-
velopment of novel treatments for iron disorders.

Introduction

Iron homeostasis is maintained by the hepcidin-ferroportin (Fpn)
axis, which controls intestinal absorption of iron, as well as internal
iron recycling and systemic distribution. Fpn is the only known
cellular iron exporter in vertebrates and is the conduit through
which iron is delivered into plasma (reviewed in Drakesmith et al').
The main tissues expressing Fpn include duodenal enterocytes
absorbing dietary iron, hepatic and splenic iron-recycling macro-
phages, and hepatocytes, which export stored iron when demand
is high. Hepcidin is a systemically acting iron-regulatory peptide
hormone and the only known natural Fpn ligand. Hepcidin binding
to Fpn causes the ubiquitination, endocytosis, and degradation of
the ligand-receptor complex, thereby decreasing iron supply to

To study structural determinants of hepcidin-ferroportin interac-
tion, we focused on Fpn mutations that cause ferroportin disease

plasma.?* Decreased Fpn activity, usually caused by high hepcidin
levels, is manifested as an iron-restriction syndrome. The condition
is exemplified by iron-refractory iron deficiency anemia (IRIDA) or
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(FD), a rare, autosomal-dominant iron disorder. Specifically, we
focused on nonclassical FD, which is characterized by hyper-
ferritinemia with high transferrin saturation and iron overload

€ blood® 22 FEBRUARY 2018 | VOLUME 131, NUMBER 8



primarily in hepatocytes, thought to result from Fpn gain-of-
function mutations.”'® In contrast, classical FD is characterized
by hyperferritinemia with normal-to-low transferrin saturation that
arises from Fpn mutations that cause decreased iron export (loss-of-
function), and iron accumulates primarily in macrophages, which
normally export very high amounts of iron after erythrophagocytosis.

We examined the structural and functional characteristics of
clinical gain-of-function Fpn mutants associated with both
hyperferritinemia and transferrin saturation >60% (Table 1'"-24).
Additional nonclinical mutants were generated to probe the
hepcidin-binding region in greater detail.

Our study builds on 2 important technical advances: improved
cellular modeling of Fpn mutants and updated structural Fpn
data. To avoid the limitations of transiently transfected cells
with large variations of Fpn expression between individual cells
and mutants, 101314182429 we established stable, inducible mam-
malian cell lines expressing wild-type (WT) or mutant Fpn from
a defined genomic location, a Flp-In recombination locus.
This allowed for a more accurate comparison and quantification
of the mutation effects on iron export, Fpn stability, hepcidin
binding, and hepcidin-induced Fpn ubiquitination and degra-
dation, steps that were not individually assessed in earlier studies
of hepcidin resistance.'0:13:1418.24-29

The lack of information about Fpn structure has also hampered
understanding of hepcidin-Fpn interaction.?82%-32 Recently,
Taniguchi et al identified the prokaryotic protein, BAFPN, from
the bacterium Bdellovibrio bacteriovorus as an ortholog of Fpn
and obtained its structure by X-ray crystallography.®* However,
hepcidin itself and the hepcidin-binding site within Fpn are
found only in vertebrates,? so in this context, the BAFPN
structure can only serve as a modeling constraint. We therefore
used the available structural data from related members of the
major facilitator superfamily, including eventually BAFPN, and
incorporated the experimental results from the Fpn mutant
analysis to develop a new model of hepcidin-Fpn interaction,
which segregates the Fpn residues important for hepcidin-
induced conformational change from those critical for hepci-
din binding. As predicted by the model, we also experimentally
demonstrated that hepcidin can function by occluding Fpn and
preventing iron export even in the absence of endocytosis.

Materials and methods

Site-directed mutagenesis

Human Fpn-GFP in the pGFP-N3 vector?” was transferred into
the pcDNAS/FRT/TO vector (Invitrogen). Single mutations were
introduced using the QuikChange Lightning Site-Directed Muta-
genesis Kit (Agilent Technologies) and confirmed by sequencing.
Mutagenesis primers are listed in supplemental Table 1 (available
on the Blood Web site).

Stably transfected inducible cell lines

All mutant human Fpn-GFP pcDNAS/FRT/TO vector constructs
were verified by sequencing. Using the Flp-In T-Rex system
(Invitrogen K5600-01), HEK293T cells were transfected with the
pcDNAS/FRT/TO vector encoding WT or mutant Fpn and pOG44
vector. Stable cell lines were established according to the
manufacturer’s protocol. Doxycycline (dox) was used to induce
expression of Fpn-GFP.
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The characterization of these cell lines, including Fpn micros-
copy, Fpn cell surface localization, iron export as assessed by
ferritin assay or radiolabeled iron export, hepcidin binding to
Fpn, hepcidin-dependent ubiquitination of Fpn, Fpn stability,
and hepcidin-dependent degradation of Fpn by western blot-
ting, is described in the supplemental Methods.

Computational modeling

Structural models of human Fpn (hFpn) were generated using
I-TASSER lterative Threading ASSEmbly Refinement).352¢ This
server predicted the protein structure and function of hFpn by
threading hFpn onto program-selected crystal structures of other
members of the major facilitator superfamily (Protein Data Bank
entries: 41KV, 3WDO, 4AV3, and 4Mé4), either not including
(Figure 2) or including (supplemental Figure 7) the BAFPN crystal
structure (Protein Data Bank entry: 5AYM) as a template. The
models without and with the BAFPN template were generated
respectively on 18 June 2015 and 20 January 2016.

Functional expression of hFpn in Xenopus oocytes
The pOX(+) oocyte expression plasmid vectors containing hu-
man WT or K8R Fpn-GFP were used to synthesize RNA in vitro.
RNA-injected Xenopus oocytes were incubated for 4 to 5 days
before being used in functional assays. Oocytes were treated for
0 to 4 hours with 10 wM hepcidin before assaying iron efflux.
Oocytes were injected with 50 nL of 5 uM °°Fe, added as FeCl;
(Perkin-Elmer Life Science Products). The first-order rate con-
stants (k) describing iron efflux >30 minutes was determined,®’
and live-cell imaging of Fpn-GFP performed as described.?”

Treatment of human red blood cells with hepcidin
and hepcidin agonists

Human packed red blood cells (PRBCs) were obtained from the
University of California, Los Angeles Department of Pathology and
Laboratory Medicine. PRBC aliquots from 4 different donors were
incubated in their citrate-phosphate-dextrose-adenine (CPDA-1)
storage medium at 37°C for 24 hours in the presence of hepcidin
(0.4 and 3.6 uM), PR73 (0.4 and 3.6 wM), or solvent. Samples
were collected after 24 hours by centrifuging the PRBC at 5000 g
for 8 minutes to obtain cell pellets. The supernatant was centri-
fuged again, and non-transferrin-bound iron (NTBI) was measured
using enhanced labile plasma iron assay, as previously described.*®
For protein isolation, cell pellets were lysed, and membranes
were pelleted and lysed in RIPA buffer. After electrophoresis and
transfer, western blotting was performed using anti-ferroportin
antibody (human anti-human ferroportin 38C8, Amgen) and de-
veloped with SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo Scientific).

Mouse treatment with hepcidin agonists

C57BL/6 mice were injected intraperitoneally with PR73 (2 60-nmol
doses, 12 hours apart) or solvent, and analyzed 4 hours after the
second injection. Th3 mice were injected subcutaneously with
50 nmol minihepcidin M009* and were analyzed over a time course
of 0 to 36 hours after injection. We measured serum iron using
a colorimetric assay, duodenal and splenic Fpn levels by western
blotting, and serum hepcidin by enzyme-linked immunosorbent
assay.

Additional details and methods can be found in the supple-
mental Methods and supplemental Figures 1-14.
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Table 1. Nonclassical FD mutations

Serum Transferrin Adult
Mutant  ferritin, pg/L  saturation, % Examples of pathological findings References patients, n
WT 15-200 F 15-45 both (N
40-300 M M and F
C326Y* 481-552F 94-80 F " 2F,2M
4232-4326 M 96-100 M
C3265* Elevated Elevated Cirrhosis and arthritis 12 1 Mt
Y501C* 43-199 F 35-64 F Asthenia, arthralgia, and hepatomegaly 13 2F,2M
568-642 M 94-104 M
D504N* 1514-1605 M 89-102 M Hepatomegaly 14 2M
N144D* 7500 F 99 M Iron loading in hepatocytes and BDECs, cirrhosis 15 1F, 1M
10510 M
V72F* 27-174 F 31-35 F Iron loading primarily in hepatocytes, but also in Kupffer 16 2F,3M
195-1091 M 53-81 M cells, BDECs, and PTMs, fibrosis, and hepatic steatosis
Y64NT 176-513 F 47-86 F Iron loading in Kupffer cells and hepatocytes, fatigue and 17 3F,5M
647-2,812 M 91-98 M tremors
H507Rt 233 F 46 F Iron loading in hepatocytes, mild steatosis, and siderosis 18, 19 1F,3M
785-3751 M 93-100 M
S71F% 5500 70 Uncharacterized 20 18
G204St 4-5236 F 2-100 F Mixed iron loading, but mainly hepatocytes 20, 21 3F,5M
508-3755M 2791 M heterogeneous phenotype
D270Vt <1000 F 78 F Fatigue, fibrosis, iron loading in hepatocytes and Kupffer 22,23 1TF, 1M
353-559 M|| 37-41 M|| cells, hepatitis C
S338RfE 1990 M 90 M Iron loading in hepatocytes, Kupffer cells, and PTMs, mild 24 1™
steatosis

Based on the literature, the 12 Fpn mutations listed in the table are associated with elevated serum ferritin and transferrin saturation, although not every subject carrying the mutation had

abnormal biochemical parameters or related pathology. Adult = =18 years.
BDEC, bile duct epithelial cell; F, female; M, male PTM, portal tract macrophage.

*Mutants in which hepcidin binding is impaired based on the results of our study; of these, C326Y, C326S, Y501C, D504N, and N144D were more severely impaired.

1Six descendants aged 8 to 16 had transferrin saturation 84-97%.

$Mutants in which hepcidin binding is normal, but hepcidin-mediated ubiquitination is impaired based on the results of our study; of these, Y64N and H507R were most severely impaired,

followed by S71F and G204S.
§Source did not cite sex.

|IThe patient’s parameters were recorded at 2 different times.

Results

Fpn-GFP mutants localize to cell membrane and
export iron

We first examined whether the gain-of-function Fpn mutants
(Table 1) were expressed on the cell membrane and exported
iron. Mutants were visualized by microscopy to assess membrane
localization. Green fluorescence was visible on the cell membrane
for all mutants (supplemental Figure 1). To quantify the amount
of Fpn present on the cell surface compared with the total Fpn
amount, we performed cell-surface, thiol-specific biotinylation
targeting the Fpn C326 residue. All mutants were expressed on
the cell surface similarly to WT (quantitation shown in Figure 1A,
representative western blots in supplemental Figure 2). As
expected, C326S mutant showed essentially no biotinylation,
confirming the specificity of the method. We next assessed the
iron-exporting function of the mutants by measuring intracellular
ferritin as an index of remaining cellular iron stores. All mutants
exported iron as indicated by decreased intracellular ferritin
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concentration after induction of Fpn-GFP expression with dox,
compared with cells not induced with dox (Figure 1B).

Gain-of-function Fpn-GFP mutants display hepcidin
resistance because of either impaired hepcidin
binding or altered hepcidin-induced conformational
change of Fpn with consequently decreased
hepcidin-induced ubiquitination

Resistance of Fpn mutants to downregulation by hepcidin is
thought be an essential component of nonclassical FD patho-
genesis and manifests as continued cellular iron export despite
exposure to hepcidin concentrations that cause iron retention in
cells expressing WT Fpn. We therefore measured intracellular
ferritin as an indicator of iron retention in cells treated with or
without hepcidin for 24 hours and observed by microscopy the
localization of Fpn after 24 hours. Finally, we quantified the sta-
bility of WT and mutant Fpn over 24 hours by western blotting,
as well as Fpn degradation after treatment with hepcidin for
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Figure 1. Fpn mutants have either impaired hepcidin bil or intact hepcidin binding but impaired hepcidin-depend biquitination, leading to varying hepcidil

resistance. (A) HEK293T cells stably transfected with hFpn-GFP mutants or WT were induced with dox (+D) to express Fpn, surface-thiol biotinylated for 30 minutes,
immunoprecipitated with anti-GFP antibody (Ab), and immunoblotted with streptavidin-HRP or anti-GFP Ab. Band intensity was normalized to total GFP and then further normalized to
WT Fpn on each blot. Because mutant data within each western blot were normalized to the WT sample on the same blot, the WT value is always 1 and is without error bars. WT is
included in the graph only for visual reference. (B) hFpn-GFP mutants were induced overnight with dox and then incubated for 24 hours in the presence of 25 uM ferric
ammonium citrate (FAC). The intracellular ferritin concentration was normalized to the total protein concentration. Ferritin was normalized to the uninduced sample (—D) for each
cell line (uninduced = 1). Data shown are means =* standard errors of the means of 3 to 5 independent experiments. For statistical analysis, the 2-tailed 1-sample Student t test
(normally distributed data) or the 2-tailed 1-sample signed rank test (data with nonnormal distribution) was used with 1 as the comparison. The false discovery rate (FDR) procedure
was used to determine significance (*significant). (C) Expression of WT and mutant hFpn-GFP was induced overnight or not, and cells were then incubated for 24 hours with 25 uM FAC
+ 1 pg/ml (04 pM) hepcidin. The intracellular ferritin concentration was normalized to the total protein concentration and expressed relative to uninduced cells (ie, maximal ferritin
levels for each mutant, —dox). (D) HEK293T cells expressing WT and mutant hFpn-GFP were treated with N-terminally biotinylated hepcidin for 30 minutes, immunoprecipitated with
anti-GFP Ab, run under nonreducing conditions, and immunoblotted with streptavidin-HRP or anti-GFP Abs. The streptavidin signal was first normalized to total GFP, and then mutant
hepcidin binding values were expressed as a fraction of hepcidin binding to WT Fpn. Because mutant data within each western blot were normalized to the WT sample on the same
blot, the WT value is always 1 and is without error bars. WT is included in the graph only for visual reference. (E) Fon-GFP WT and mutants were treated with hepcidin for 30 minutes,
immunoprecipitated with anti-GFP Ab, and immunoblotted with anti-poly-/monoubiquitin (FK2) Ab or anti-GFP Ab. The ubiquitination signal was first normalized to the GFP signal,
and then the mutant ubiquitination was expressed as a fraction of WT Fpn ubiquitination. As in panel B, WT is included only for visual reference. For statistical analysis in panels B and C,
the 2-tailed 1-sample Student t test was used wtih 1 as the comparison, and for panel A, the 2-tailed Student t test (normally distributed data) or the Mann-Whitney rank sum test (data
with nonnormal distribution) was used with WT as the comparison. After the P values were obtained, the FDR procedure was used to determine significance (*significant). Data shown
are means * standard errors of the means of 3 to 6 independent experiments. Hepcidin-binding mutants are denoted by red shades and ubiquitination mutants by green shades.
Severely impaired mutants are denoted by bolder colors. Severe impairment was defined as =25% of WT values based on assessing the values from panels C-E for mutants with
impaired hepcidin binding and panels C and E for impaired hepcidin-induced conformational change mutants. Also, for panels A-E, red and dark green indicate severe mutations,
medium green indicates mild mutation, and pink and light green indicates borderline mutations.
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Figure 2. hFpn structure depicti y rell

mutantr

(A) A side view of hFpn in its outward-facing state, with the N-terminus on the left and C-terminus on

the right. (B) A top-down view of hFpn in its outward-facing state. D270V is not modeled because it is located in the unstructured intracellular loop of Fpn. The red/pink color
denotes mutants with impaired hepcidin binding, and the green color denotes mutants with intact hepcidin binding, but variably impaired hepcidin-dependent ubiquitination.

For simplicity, the mild and borderline mutants are labeled with the same light color.

24 hours. All clinical mutants, with the exception of V72F, D270V,
and S338R, were functionally hepcidin resistant compared with
WT as demonstrated by lower ferritin retention after hepcidin
treatment (Figure 1C), and less Fpn-GFP degradation as assessed
by both microscopy (supplemental Figure 1) and western blotting
compared with WT (supplemental Figure 3A, representative blots
and supplemental Figure 3B, quantitation). To detect milder
resistance, we exposed V72F and D270V mutants to a lower
hepcidin concentration for a shorter time and measured iron
export using radioactive iron release for =10 hours. V72F and
D270V indeed displayed mild hepcidin resistance compared
with WT Fpn (supplemental Figure 4; S71F and C326S mutants
were added as controls manifesting strong resistance). We also
examined S338R using the radioactive iron export assay, but with
higher hepcidin concentrations (supplemental Figure 4), and also
observed mild, but significant resistance to hepcidin (with N144D
and C326S serving as controls for medium-to-strong resistance).

Of note, several mutants (Y64N, H507R, D270V and S338R) had
decreased stability at 24 hours compared with WT (supple-
mental Figure 3A,C), which could partially counteract hepcidin
resistance in vivo, and modulate the patient phenotype.

Two potential mechanisms can explain the hepcidin-resistant
phenotype of the clinical Fpn mutants as shown in Figure 1C: (1)
decreased hepcidin binding to Fpn, or (2) decreased hepcidin-
induced endocytosis of Fpn despite intact hepcidin binding. To
determine if the Fpn-GFP mutants bind hepcidin, we treated
mutant cell lines with biotinylated hepcidin for 30 minutes, immu-
noprecipitated Fpn with anti-GFP antibody, and detected bound
hepcidin by immunoblotting with streptavidin-horseradish
peroxidase (HRP), taking advantage of the stability of the
hepcidin-ferroportin complex in nonreducing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis.?#® We identified 5
mutants that showed impaired hepcidin binding compared
with WT (quantitation shown in Figure 1D and representative
western blots in supplemental Figure 5): C326S, Y501C, DS04N,
N144D and V72F.
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After hepcidin binding to Fpn, ubiquitination of several cyto-
plasmic lysines is required for endocytosis of Fpn.? To assess
hepcidin-induced ubiquitination, we treated Fpn-GFP mutants
with hepcidin, immunoprecipitated with anti-GFP antibody, and
probed for ubiquitin with an antibody that recognizes both poly-
and monoubiquitinated proteins. We identified 6 mutants that
had normal hepcidin binding, but variably deficient hepcidin-
induced ubiquitination: Y64N and H507R showed severe im-
pairment in ubiquitination, and S71F, G204S, D270V, and S338R
were less impaired (quantitation shown in Figure 1E and rep-
resentative western blots in Figure Sé).

The results shown in Figure 1D-E (hepcidin binding and Fpn
ubiquitination, respectively) were used as the basis for color
assignment in additional figures in this manuscript (Figure 2,
supplemental Figures 3, 7, and 10): red/pink indicates mutants
with impaired hepcidin binding, and light/dark green indicates
mutants that bind hepcidin normally but have variably impaired
ubiquitination. The intensity of the color denotes the severity of
the impairment, where bold colors indicate severe impairment,
lighter colors indicate mild impairment, and the lightest colors
(V72F, D270V, and S338R) indicate borderline impairment.

Fpn-GFP mutants map out a hepcidin-binding site in
the central cavity and reveal peripheral hindrance
of conformation-dependent ubiquitination

We next mapped the mutations causing impaired hepcidin
binding (C326S, Y501C, D504N, N144D, and V72F) or impaired
hepcidin-dependent ubiquitination (Y64N, H507R, S71F, G204S,
D270V, and S338R) onto a computational structural model of
hFpn (Figure 2). All the mutations that decreased hepcidin binding
localized within the main cavity of Fpn, implicating 4 helices in the
hepcidin-binding site (helices 2, 4,7, and 11). All of the mutations
causing impaired Fpn ubiquitination localized to the periphery
of Fpn at the helix-helix interfaces, suggesting that these sub-
stitutions interfere with appropriate conformational change after
hepcidin binding. A second computational model (supplemental
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Figure 3. Analysis of linical hFpn-GFP Cells
expressing inducible nonclinical Fpn mutants were ana-
lyzed with the same approaches as those expressing clinical
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mutants. (A) All mutants were displayed on the cell membrane.
Membrane localization was determined as in Figure 1A. (B) All
mutants exported iron. Ferritin was determined as in Figure 1B
by normalizing it to the uninduced (—dox) condition for each
cell line (thus, uninduced ferritin levels = 1). (C) Hepcidin
binding was determined as in Figure 1D. (D) Ubiquitination was
determined as in Figure 1E. (E) Relative ferritin retention after
hepcidin addition was determined as in Figure 1C. Data shown
are means * standard errors of the means of 3 to 6 in-
* dependent experiments. For statistical analysis the 2-tailed
1-sample Student t test was used with 1 as the comparison for
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Figure 7A-D), which included the crystal structure of BAFPN in the
modeling, led to the same conclusion.

To refine the model of hepcidin binding to Fpn, we generated
additional nonclinical mutations within helices 7 and 11 (sup-
plemental Figure 7E) because our data suggest that these he-
lices contribute most strongly to hepcidin binding. We tested
F324A, F324Y, Y333A, Y333F, and F508Y with the same assays
as clinical mutants, which showed that all were displayed on
the membrane and exported iron (Figure 3A-B). Only F508Y
exhibited impaired hepcidin binding, whereas the other mutants
had impaired ubiquitination compared with the WT (Figure 3C-D).
Ferritin retention as a marker of functional resistance to hepcidin

€ blood® 22 FEBRUARY 2018 | VOLUME 131, NUMBER 8

showed that F508Y was strongly resistant despite its conservative
amino acid substitution (Figure 3E; supplemental Figure 8),
whereas for other residues, nonconservative substitutions
(F324A and Y333A) were required for significant resistance
(Figure 3E). Interestingly, even though F508Y bound hep-
cidin very poorly and failed to retain intracellular ferritin or
radiolabeled iron, it was mostly degraded by 24 hours
(supplemental Figure 9A-B), suggesting delayed internalization
and degradation. The only unstable nonclinical mutant was F324A
(supplemental Figure 9C), a ubiquitination-impaired mutant.
Mapping the 5 nonclinical Fpn-GFP mutants onto our compu-
tational hFpn model (supplemental Figures 7 and 1) indicates that
the deduced hepcidin-binding site may include F508. The model
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Figure 4. Iron export by the K8R is inhibited by hepcidin despite the ab of ligand-induced ubiq (A) Cells were treated as in Figure TA. K8R localized

to the cell membrane similarly to WT. (B) Cells were treated as in Figure 1B. K8R exported iron and decreased ferritin similarly to WT. For statistical analysis, the 1-sample Student
ttest with 1 as the comparison (normally distributed data) or the 1-sample signed rank test (data with nonnormal distribution) was used. (C) HEK293T cells expressing WT and
mutant Fpn-GFP were treated with N-terminally biotinylated hepcidin for 30 minutes, immunoprecipitated with anti-GFP Ab, run under nonreducing conditions, and
immunoblotted with streptavidin-HRP or anti-GFP Abs. Hepcidin bound less to K8R compared with WT. (D) Cells were treated as in Figure 1E. The K8R mutant was not
ubiquitinated after hepcidin addition. For the statistical analysis in panels A, C, and D, the 2-tailed Student t test was used with WT as the comparison. (E) Cells were loaded with
2mM 55Fe-NTA for 48 hours, washed, replated, induced overnight, washed again, and then *3 ug/ml hepcidin was added. Extracellular radioactivity was measured at 0, 2, 4, and
8 hours. The “uninduced” measurement at each time point was subtracted as background, and the slope for each sample was determined and used to calculate the percentage
of iron export by normalizing the slopes to the untreated WT. For the statistical analysis in panel E, the 2-tailed Student t test (normally distributed data) and Mann-Whitney
rank sum test (data with nonnormal distribution) were used with WT as the comparison. Data shown are means * standard errors of the means of 3 to 4 biological replicates.

**p < 001; **P < .01; *P < .05. Hepc-Fpn, hepcidin complexed with Fpn; Mem, membrane.

also highlights the role of peripheral Fpn mutations in impeding
ubiquitination and thereby causing variable resistance to
hepcidin-induced Fpn endocytosis and degradation.

Characterization of K8R Fpn mutant and evidence
of its occlusion by hepcidin and minihepcidin

Our structural Fpn model implies that hepcidin binding deep in
the Fpn central cavity should impede iron export, even if hepcidin-
induced endocytosis of Fpn is disabled. To test this, we designed
an Fpn variant deficient in ligand-induced endocytosis through
mutations that disable ubiquitination, but have a minimal effect
on the intramembrane domains of Fpn. The cytoplasmic loop
that connects the two é-helix bundle lobes of Fpn contains lysines
that undergo hepcidin-dependent ubiquitination,® so we
generated a cell line stably expressing inducible K8R Fpn-GFP, in
which 8 lysines of the loop were mutated to arginines (supple-
mental Figure 7E). K8R localized on the cell membrane (Figure 4A),
exported iron similarly to WT as measured by the loss of intracellular
ferritin after Fpn induction (Figure 4B), and bound hepcidin, though
at about 30% of WT Fpn binding (Figure 4C). K8R had severely
impaired hepcidin-induced ubiquitination as expected (Figure 4D),
even at very high hepcidin concentrations (supplemental Figure 11).
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Despite the complete loss of hepcidin-dependent ubiquiti-
nation, K8R *°Fe export was still decreased by hepcidin
treatment (Figure 4E). We compared ferritin retention and Fpn
degradation in WT, C326S (a mutant that cannot bind hepci-
din), and K8R in response to a range of hepcidin concentra-
tions. After hepcidin addition, K8R Fpn retained ferritin in a
dose-dependent manner, and higher hepcidin concentrations
achieved maximal iron retention comparable with WT (Figure 5A).
The C326S mutant was resistant to hepcidin-induced iron re-
tention. The profound block of iron export through K8R was
achieved despite impaired Fpn degradation, as determined by
western blotting (Figure 5B), and despite the lack of degradation
or punctate structures characteristic of endocytosis, as shown by
microscopy (Figure 5C). PR73,*" a minihepcidin that was engi-
neered to bind to Fpn more strongly than hepcidin, was 10 times
more potent than hepcidin in inducing ferritin retention without
endocytic degradation of K8R Fpn (supplemental Figure 12).

We next tested whether hepcidin-mediated occlusion occurs
in those clinical Fpn mutants that bind hepcidin strongly,
but have impaired ubiquitination (Y64N and H507R). How-
ever, unlike in K8R Fpn, we could not dissociate occlusion
from internalization in these mutants: Fpn-GFP underwent
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Figure 5. Evid for Fpn occlusion by hep Cells

A expressing inducible nonubiquitinating K8R mutant were
s 1.0 compared with those expressing WT Fpn or C326S mutant,
= which does not bind hepcidin. (A) Ferritin retention after
3 hepcidin addition was determined as in Figure 1C. For the
2 . statistical analysis the 2-tailed Student t test was used
:'g with the respective untreated control for comparison.
& **p < 001; **P < .01; *P < .05. (B) Lysates from panel A
= were analyzed by western blotting. Top: representative
= western blot. Bottom: densitometry of triplicate western
g blots. The Fpn signal was first normalized to glyceraldehyde-
2 3-phosphate dehydrogenase, then expressed as a fraction
; of its respective untreated control (no hepcidin treatment).
<3 For the statistical analysis, the 2-tailed 1-sample Student
= t test was used with 1 as the comparison. ***P < .001;
QE) **p < 01, *P < .05. C) Microscopy of live cells from panel A
; after 24 hours (original magnification X40). Data shown are the
% mean * standard errors of the mean of 3 independent
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endocytosis and degradation when treated with high con-
centrations of hepcidin (supplemental Figure 13A) or mini-
hepcidin (supplemental Figure 13B-C). Although it remains to
be explained why these clinical nonubiquitinating mutants are
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less severe than the K8R mutant, the finding has important
implications because it suggests that patients carrying these
mutations may benefit from treatment with pharmacological
doses of hepcidin.
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Figure 6. Effect of hepcidin on WT and mutant Fpn expressed in Xenopus oocytes. (A) First-order rate constants (k) describing 5°Fe efflux (assayed over 30 minutes) from
control oocytes (gray) and oocytes expressing WT Fpn (black) pretreated with 10 wM hepcidin for 0 to 240 minutes (n = 8-12 per group). Two-way analysis of variance (ANOVA)
revealed an interaction (P < .001); within Fpn, the 0- and 10-minute time points differed from all other time points (P < .001), and the 30- to 240-minute time points did not differ
from one another (P = .35). (B) **Fe efflux in control oocytes and oocytes expressing WT or K8R Fpn that were untreated (—H) or pretreated for 30 minutes with 10 wM hepcidin
(+H) (n = 9-12 per group). Two-way ANOVA revealed an interaction (P < .001). Percent inhibition of *Fe efflux by hepcidin did not differ between WT (76% * 6%) and K8R
(71% + 3%) (means * standard errors of the means) (P = .47). (C) Live-cell imaging of control oocytes and oocytes expressing WT or K8R Fpn before and after 30 minutes of
treatment without hepcidin (—
approximately bisects the oocytes. Scale bars, 0.2 mm. Two-way ANOVA of the change in fluorescence intensity (AF) over time revealed a greater loss of fluorescence in

0 min

55Fe efflux, k (x107 min™") 55Fe efflux, k (x107 min™")

12 12
Control

H) or with 10 wM hepcidin (+H) in the same oocyte preparation as used in panel B. Each frame captures portions of 3 oocytes, and the image plane

untreated oocytes (—

Hepcidin occludes both WT and K8R Fpn in
Xenopus oocytes

To further confirm that hepcidin can inhibit iron export without
causing Fpn endocytosis but by occluding Fpn, we used Xenopus
oocytes expressing WT or K8R Fpn-GFP. Oocytes expressing
WT Fpn-GFP were pretreated with hepcidin for up to 4 hours to
determine the time course of the hepcidin effect on iron export.
In contrast to mammalian cells, in which hepcidin treatment results
in a progressively greater inhibition of iron export for =10 hours,
maximal inhibition of iron export in cocytes was observed after
only 30 minutes of pretreatment (Figure 6A). We found that
30 minutes of hepcidin treatment inhibited **Fe efflux from oocytes
expressing K8R Fpn to the same degree as it did for WT Fpn
(Figure 6B). Live imaging of oocytes revealed that the 30-minute
hepcidin treatment did not induce endocytosis of either WT or
K8R Fpn (Figure 6C). Whereas some reduction in the intensity
of GFP fluorescence at the oocyte perimeter was observed in
WT and K8R oocytes over time (presumably due to photo-
bleaching), hepcidin did not stimulate a loss of fluorescence from
the oocyte perimeter either for WT or K8R. These data reveal
that hepcidin can directly inhibit Fpn-mediated iron transport
activity independently of Fpn internalization not only in the K8R
mutant but also in WT Fpn.

Hepcidin occludes endogenous Fpn in mature red
blood cells

In vivo, occlusion by hepcidin may be the critical mechanism of
regulation of iron efflux in Fpn-expressing cells that lack endo-
cytic machinery, such as mature red blood cells (RBCs).*? To test
this, we treated PRBCs ex vivo in a transferrin-free medium with
hepcidin or minihepcidin for 24 hours. Although Fpn was not
degraded even with high concentrations (3.6 wM) of hepcidin or
PR73, iron export was dose-dependently decreased, as evidenced
by the lower concentration of NTBI in the medium (Figure 7), con-
firming that hepcidin-mediated occlusion modulates iron export by
endogenous Fpn in RBCs.

HEPCIDIN-FERROPORTIN INTERACTION

H) compared with hepcidin-treated (+H) (P = .005) and that AF did not differ between WT and K8R (P = .75).

How much occlusion contributes to the regulation of iron fluxes
in vivo is difficult to determine in the absence of a mouse model
expressing a nonendocytosing Fpn. Because injection of synthetic
full-length hepcidin in mice was previously shown to cause ferro-
portin degradation in the spleen and duodenum,**# we probed
for the presence of occlusion in vivo by injecting mice with
minihepcidins, because these peptides occlude Fpn more effi-
ciently than does native hepcidin. Minihepcidins were injected
into WT or thalassemic mice, and serum iron and Fpn levels were
assessed. Treatment of WT mice with 2 60-nmol injections of
PR73 over 16 hours resulted in a dramatic decrease in serum iron
(supplemental Figure 14A), however, no decrease in Fpn protein
levels in the duodenum or the spleen were observed (supple-
mental Figure 14B-E). Likewise, a single injection of another
minihepcidin, M0O09,%? did not decrease spleen Fpn levels at
6, 12, 24, or 36 hours postinjection (supplemental Figure 14F),
but caused a prolonged decrease of serum iron (supplemental
Figure 14G). Transient suppression of endogenous hepcidin
production was also observed in response to hypoferremia
(supplemental Figure 14H). Thus, in the absence of detectable
Fpn degradation, the profound effect of hepcidin agonists on
serum iron was consistent with the mechanism of occlusion in
both mouse models. Interestingly, in contrast to the lack of Fpn
degradation in vivo, minihepcidins readily caused Fpn degra-
dation in vitro (supplemental Figure 12B-C). The reasons for this
differential effect of minihepcidins on Fpn endocytosis are not
clear. Itis possible that Fpn glycosylation and/or Fpn-interacting
proteins differ between in vitro cellular models and tissues
in vivo, which may differentially affect minihepcidin binding to
Fpn, Fpn conformational change, and its endocytosis. The data
suggest that serum iron rather than Fpn levels should be used as a
more accurate measure of the activity of hepcidin and its agonists.

Discussion

In this study, we characterized the mechanisms by which known
clinical Fpn mutations (Table 1) cause nonclassical FD and ex-
tended these findings to gain insight into the structural basis of
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Figure 7. Hepcidin blocks iron export from human RBCs without degrading Fpn.
Human PRBCs from 4 different donors were treated with hepcidin or PR73 for
24 hours at 37°C. (A) Iron export from PRBCs was assessed by measuring NTBI in the
medium. For the statistical analysis, the 2-tailed 1-sample Student ttest was used with
100% as the comparison. (B) Western blotting of Fpn and actin levels in PBRCs.

Fpn function and its regulation by hepcidin. Our cellular models
revealed that nonclassical FD mutations cause resistance to
hepcidin either by impairing the binding of hepcidin to Fpn or by
altering hepcidin-induced conformational change and thereby
impairing the ubiquitination required for endocytosis. Although
all of the mutations were associated with a clinical phenotype of
nonclassical FD, the mutants varied considerably in their degree
of hepcidin resistance. In particular, V72F, D270V, and S338R
showed only very mild hepcidin resistance in our cellular model,
suggesting that additional factors may modify the phenotype of
FD caused by these mutations. One such factor could be the
decreased stability of some mutants, including Y64N, H507R,
D270V, and S338R (supplemental Figure 3A,C). Such instability
could decrease Fpn cell surface expression and iron export at
baseline, perhaps accounting for the frequent reports of a mixed
form of FD (Table 1) manifesting restriction of iron export leading
to iron accumulation in Kupffer cells with simultaneous resistance
to hepcidin leading to systemic and hepatic iron overload. The
structural model also suggests that D270V and S338R may be
mild because of their peripheral position on the Fpn structure:
S338R is predicted to be located on an extracellular loop rather
than at a helix-helix interface, and D270V in the long intracellular
loop, where it may act by interfering with ubiquitination of a
nearby lysine residue. Lastly, important modifiers that affect
disease severity include sex, age, and comorbidities, such as
alcohol abuse, obesity, and metabolic syndrome, which are all
known to affect the iron status of patients with FD.2%4” Although
our cellular model faithfully documents profound hepcidin
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resistance in the more severe mutations, it lacks the complex
cellular and systemic regulatory factors that could amplify the
effects of the weakest mutations.

Our structural models indicate that hepcidin binding occurs
within the main cavity of Fpn, where hepcidin interacts with
as many as 4 different helices. Additionally, we conclude that
peripheral amino acids, positioned at helix-helix interfaces, in-
fluence the hepcidin-induced conformational change that leads
to the ubiquitination of Fpn. They may even affect Fpn con-
formation in the absence of hepcidin, which explains how some
of the ubiquitination-impaired mutants (Y64N, H507R, D270V,
S338R, and F324A), but none of the hepcidin binding-impaired
mutants, are unstable. Although the alternative structure gen-
erated by adding BAFPN to the threading set displayed small
differences from our earlier model (supplemental Figure 7), it did
not alter the conclusions of our analysis.

Using the model as a guide to design informative nonclinical mu-
tants, we examined F508Y, the nearest residue that could contribute
to the binding site based on its location on helix 11 immediately
above Y501 and D504. F508Y was a milder hepcidin-resistant
mutant than Y501C and D504N, likely because the amino acid
substitution we chose was very conservative. We previously showed
that hepcidin binding to Fpn involves a disulfide-thiol interaction
between hepcidin and Fpn C326 residue, because the isosteric
C326S substitution results in the complete loss of hepcidin
binding.?° However, our current study implicates several ad-
ditional residues on multiple helices in stabilizing the binding
between the ligand and its receptor. We also examined F324 and
Y333 Fpn residues, because we had previously noted that mutants
at these locations did not internalize radiolabeled hepcidin.* In
the present study, we found that these mutants bound hepcidin,
but displayed impaired ubiquitination and endocytosis. Our
proposed Fpn structural model is consistent with all our experimental
data classifying residues as those involved in hepcidin binding versus
those that affect the conformational change leading to the ubig-
uitination of Fpn. After we completed the cellular analyses and
modeling, Praschberger et al described a partially hepcidin-resistant
clinical Fpn mutant, Aé69T,% in a patient with iron-overloaded he-
patocytes. Another group described a patient with the A69T mutation
as having severe hyperferritinemia (6242 p.g/L) and elevated serum
transferrin saturation (95.4%).” According to our hFpn computational
model, this mutation would be expected to affect hepcidin binding
based on its location in the central cavity (supplemental Figure 7).

Chung et al previously observed that hepcidin treatment inhibited
iron efflux in Caco-2 cells, but failed to decrease Fpn protein
levels, and hypothesized that hepcidin could directly block iron
export through Fpn in these cells.** Taniguchi et al.** similarly
proposed Fpn occlusion by hepcidin based on the structure of
the prokaryotic homolog BbFPN. Our refined models also predict
that hepcidin binds to Fpn in the main cavity, and our mutagenesis
data experimentally identified a patch of Fpn residues critical for
hepcidin binding. Furthermore, we provide the first experimental
evidence that hepcidin binding occludes Fpn and directly blocks
iron export even without causing Fpn internalization. We report
that the engineered Fpn mutant, K8R, shows severely impaired
hepcidin-induced Fpn internalization and degradation, but its
ability to export iron is completely inhibited by hepcidin, although
requiring higher concentrations than WT. Furthermore, using
Xenopus oocytes, which do not endocytose Fpn in response to
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hepcidin, we show that hepcidin blocks iron export by occlusion
of not only K8R, but also WT Fpn.

We surmise that high concentrations of hepcidin are necessary
to demonstrate the occlusion of iron transport, because at
lower concentrations, many Fpn molecules may not be stably
occupied by hepcidin. If so, hepcidin-induced endocytosis
serves to amplify the effect of transiently bound hepcidin. The
relative contribution of Fpn occlusion and endocytosis may
differ depending on the cell type, its endocytic machinery, and
even Fpn glycosylation, perhaps explaining the reported dif-
ferences between tissues in sensitivity to hepcidin and the
discrepancies between the effects of hepcidin on iron export
compared with endocytosis.** Indeed, we observed the effect
of occlusion in mature human RBCs, a cell type that expresses
high levels of Fpn,*? but lacks endocytic machinery: hepcidin
and minihepcidin decreased iron export from RBCs without
affecting Fpn levels in these cells. Similarly, injection of WT or
thalassemic mice with minihepcidins profoundly decreased
serum iron without lowering Fpn protein levels in the duo-
denum or the spleen, suggesting that serum iron rather than
Fpn degradation should be the primary readout of the activity
of hepcidin and its agonists in vivo. The high potency of
minihepcidin in inhibiting iron export by Fpn K8R suggests
that assays of Fpn iron export and FPN endocytosis measure
potentially distinct activities of hepcidin agonists, and that
engineered hepcidin agonists may exert a therapeutic effect
even in patients exhibiting Fpn resistance to hepcidin.
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SUPPLEMENTAL METHODS

Reagents were obtained from Sigma-Aldrich or Research Products International unless
otherwise indicated.

Microscopy in mammalian cells

Cells were induced with 100 ng/ml dox overnight in 12-well poly-D-lysine coated plates
(BD). Cells were washed with PBS, and treated with 25 yM ferric ammonium citrate
(FAC), hepcidin (Peptide International) or PR73'® for 24 hours (concentrations as
indicated in figure legends). Cells were visualized with an epifluorescence microscope
(Nikon Eclipse), and images were acquired with a 40x objective, SPOT camera, and
SPOT Advanced Imaging Software (Diagnostic Instruments).

Fpn membrane localization in mammalian cells

Cells were seeded on 6-well poly-D-lysine coated plates (BD) and induced with 500 ng/ml
doxycycline for 24 hours. Cells were washed 3x with PBS and treated with EZ-link
maleimide PEG-2-biotin in PBS for 30 minutes at 4 °C. Cells were then washed with 1x
PBS, solubilized in RIPA (Boston BioProducts) with protease inhibitors, and Fpn-GFP
was immunoprecipitated with anti-GFP Ab as described previously'®. Blots were probed
with Streptavidin-HRP (Pierce) and total Fpn was detected with anti-GFP Ab (Roche). To
adjust for variations between individual Western blots, we normalized band intensity to
WT Fpn sample within the same blot.

Ferritin assay

Cells were processed the same as in the microscopy section. After 24 hours of treatment,
cells were washed with PBS and harvested in RIPA with protease inhibitors. Ferritin levels
were determined by an ELISA assay (Ramco Laboratories) according to the
manufacturer’s instructions and were normalized to the total protein concentration in each
sample (BCA assay, Pierce). To adjust for variations of the absolute ferritin values
between multiple experiments, we expressed the measurements as the relative change
in ferritin, according to the formula I/U, where | is the ferritin value for the induced cell line
and U is the ferritin value for the uninduced cell line. For hepcidin or PR73-treated cells,
we expressed the ferritin measurements as (H-1)/U or (P-1)/U, where H refers to the ferritin
value for the induced cells treated with hepcidin and P refers to the ferritin value for the
induced cells treated with PR73.

Hepcidin binding

Cells were treated with 3 pg/ml N-terminally biotinylated hepcidin (Peptides International)
for 30 min at 37°C. Protein lysates were immunoprecipitated with anti-GFP Ab (Abcam)'8,
run under non-reducing conditions, and blotted with Streptavidin-HRP (Pierce). Total Fpn

124



was blotted with anti-GFP Ab (Roche). To adjust for variations between Western blots,
we normalized the values from Fpn mutants to those of WT Fpn within the same blot.

Immunoprecipitation and Western blotting for ubiquitination

Immunoprecipitation was performed as previously'®, except the gel-loading dye contained
5% 2-mercaptoethanol. To adjust for variations between Western blots, we normalized
the mutant ubiquitination values to those of the WT within the same blot.

Radioactive iron export for clinical and nonclinical mutants

Adherent cells were loaded with 2 mM %5Fe-NTA for 48 hours (prepared from %5FeCls,
Perkin Elmer), washed 3x with medium, re-plated, induced overnight, washed 2x with
medium, and then hepcidin was added to some wells. Aliquots of the medium were
sampled for up to 10 hours to measure iron export. The “uninduced” measurement at
each time point was subtracted as background. The slope of each line was determined
and used to calculate the percent iron export by comparing the slopes to that of untreated
WT.

Fpn Western blot

Protein was measured by BCA assay, 6x SDS-loading buffer was added to lysates which
were then separated by SDS-PAGE on 4-20% Mini-PROTEAN TGX Precast Gels
(BioRad), and transferred to PVDF membranes using Trans-Blot Turbo (Bio-Rad).
Blocking was performed overnight at 4°C in 5% milk in TBST (50mM Tris-HCI, pH7.5,
150mM NaCl, 0.1% Tween 20). Anti-GFP (Roche) was used to detect Fpn and anti-
GAPDH-HRP (Cell Signaling) were used for normalization.

Fpn stability Western blot

Cells were induced with 100 ng/ml doxycycline overnight in 12-well poly-D-lysine coated
plates (BD). Next, the medium was removed, cells were washed 2x with 1xPBS, and the
zero-time point sample harvested. The remaining wells were treated with 25 uM ferric
ammonium citrate (FAC) either with or without 1 pug/ml hepcidin for 24 hours. The protein
concentration was measured using the BCA assay and 25 ug of protein per sample was
used for Western blots. Anti-GFP Ab (Roche) was used to detect FPN, and normalization
was performed using an anti-GAPDH Ab or anti-actin Ab when specified.

Functional expression of hFpn in Xenopus oocytes

We performed laparotomy and ovariectomy on adult female Xenopus laevis frogs (Nasco)
under 2-aminoethylbenzoate methanesulfonate anesthesia (0.2%, by immersion, to
effect) following a protocol approved by the University of Cincinnati Institutional Animal
Care and Use Committee. The pOX(+) oocyte expression plasmid vectors containing
human WT or K8R Fpn-GFP were used to synthesize RNA in vitro. We examined the
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functional expression of hFpn-GFP and K8R-hFpn-GFP in RNA-injected Xenopus
oocytes as described'” except for the following modifications. RNA-injected oocytes were
stored at 17 °C in modified Barths’ medium (MBM) containing 50 mg.I"! dox, and
incubated 4-5 days before being used in functional assays.

We treated oocytes for 0-4 h with 10 uM hepcidin in MBM prior to assaying iron efflux.
Oocytes were injected with 50 nl of 5 uM %Fe, added as Fe®* FeCls (Perkin-Elmer Life
Science Products) in a vehicle of composition 250 mM KCI, 5 mM nitrilotriacetic acid
trisodium salt, 4 mM 2-(N-morpholino)ethanesulfonic acid (GFS Chemicals). To initiate
the efflux assay, we placed oocytes in efflux medium of composition 100 mM NaCl, 1 mM
KCIl, 2 mM CaClz, 1 mM MgCl2, 0.5 mM bathophenanthroline disulfonic acid, 1 mM
nitrilotriacetic acid trisodium salt, 50 pug.mlI™' human apotransferrin (R&D Systems),
buffered with 2.5 mM 1,4-diethylpiperazine (Alfa Aeser) and approximately 2.5 mM 2-(N-
morpholino)ethanesulfonic acid to obtain pH 7.5. We obtained the first-order rate
constants (k) describing iron efflux over 30 min determined for individual oocytes as
described®. Live-cell imaging of Fpn-GFP in oocytes before and after 30-min 10 yM
hepcidin treatment was performed as described'”.

Iron export and Fpn Western in human red blood cells

Human packed red blood cells (PRBC, 1 to 10 days old) from four different donors were
obtained from the Division of Transfusion Medicine, Department of Pathology and
Laboratory Medicine, David Geffen School of Medicine, UCLA, Los Angeles, California.
PRBCs were aliquoted and incubated in their storage medium (Anticoagulant Citrate
Phosphate Dextrose Adenine Solution, USP, CPDA-1) at 37 °C for 24 h in the presence
of 0, 0.4 and 3.6 uM hepcidin or PR73. Samples were collected after 24 h by centrifuging
the PRBC at 5,000 g for 8 min. The cell pellet was frozen at -80 °C for further processing.
The supernatant was centrifuged again at 5,000 g for 8 min and non-transferrin bound
iron (NTBI) measured as previously described'®. Briefly, we used an “enhanced labile
plasma iron” (eLPl) assay, based on the catalytic conversion of nonfluorescent
dihydrorhodamine to fluorescent rhodamine, in the presence and absence of the iron
chelator deferiprone, and a mild metal-mobilizing agent, nitriloacetate.

To measure Fpn protein by Western blotting, cell pellets were lysed in 5 mM sodium
phosphate buffer pH 8 with protease and phosphatase inhibitors (Halt protease and
phosphatase inhibitors cocktail, Thermo Scientific) to obtain RBC ghost membranes. The
membranes were pelleted at 10,000 g for 5 min at 4 C and washed three times in the
same buffer. The resulting pellet was lysed in 80 pl RIPA lysis buffer (Chem Cruz, Santa
Cruz) with protease and phosphatase inhibitors, by incubation for 15 min on ice and
periodic vortexing. The samples were then centrifuged at 14,000 g for 15 min at 4 °C and
the supernatant was used to determine protein concentration using Pierce BCA Protein
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Assay Kit (Thermo Scientific) following the manufacturer’s protocol. 10 ug protein was
loaded on a 4-20% protein gel (Mini Protean TGX gels, BioRad) (samples were not boiled
and no reducing agent was added). Proteins were transferred to a Trans Blot Turbo
nitrocellulose membrane (BioRad), the membrane was blocked for 1 h with 5% milk
dissolved in Tris-buffered saline (Sigma) with 0.1% Tween 20 (TBST, Acros Organics),
and incubated with primary antibody (human anti-human ferroportin 38C8, Amgen)
overnight at 4 °C at concentration 1 pg/ml, washed and incubated with secondary Goat
anti-Human IgG (H+L) Horseradish Peroxidase Conjugate (BioRad) at dilution 1:3000.
After washing, the membrane was incubated with Super Signal West Pico
chemiluminescent substrate (Thermo Scientific) and imaged using ChemiDoc XRS+
imaging system (BioRad).

Mouse treatment with hepcidin agonists

C57BL/6 mice injected with PR73: Experiments were conducted in accordance with the
guidelines by the National Research Council and were approved by the Animal Research
Committee of the University of California, Los Angeles. 6-week old male C57BL/6 mice
received two intraperitoneal injections 12 hours apart of either solvent SL220 (NOF
Corporation) or 60 nmoles PR73 dissolved in SL220, and were analyzed 4 hours after the
second injection.

th3 mice injected with minihepcidin M009: th3/+ mice received a single subcutaneous
injection of M009'® (~50 nmoles per mouse), and were analyzed over a time-course of 0-
36 h after injection (n=3 per group).

Serum iron was determined as previously described,?° using acid treatment followed by
a colorimetric assay for iron quantitation (Sekisui Diagnostics, Charlottetown, Canada).
Duodenum Fpn and spleen Fpn were determined by Western blotting as follows: spleen
or duodenum was homogenized in lysis buffer, centrifuged, and the supernatant was
collected. The protein concentration was determined using the Pierce BCA assay.
Samples were run on a 4-15% SDS-PAGE gel without boiling or reducing agent. Once
transferred onto nitrocellulose, the blot was blocked in Genscript blocking buffer for 5
minutes. The blot was incubated overnight with rat-anti-mouse Fpn (IC7 from Amgen) in
WB-2 buffer from Genscript or monoclonal anti-actin antibody (Sigma) in 5% milk/TTBS
overnight at 4 °C. After incubation with secondary antibodies, the blots were imaged using
chemiluminescence on ChemiDoc XRS+ imaging system (BioRad). Serum hepcidin was
detected using a hepcidin ELISA immunoassay as previously described?!.

Statistical analysis

We set critical significance level, a = 0.05, and expressed our data as mean, SEM for n
observations. Statistical analyses employed the two-tailed t-test (normally distributed
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data) or Mann-Whitney rank sum test (data with non-normal distribution), the two-tailed
one-sample t-test (normally distributed data) or the two-tailed one-sample signed rank
test (data with non-normal distribution) compared with a reference of 1, and 2-way
analysis of variance (ANOVA). (SigmaPlot version 12.5, Systat Software). The unequal
variance t-test was used when the samples failed the equal variance t-test. To account
for the possibility of false positives due to multiple comparisons, we determined the
significance for each mutant by using the false discovery rate (FDR) correction for multiple
comparisons procedure. The significance threshold, a, was set at 0.05. To determine if
an individual p-value is significant, the critical level for each comparison is first calculated
by a/Ki, where Ki= the rank of the individual comparison (its ranking when compared to
other mutants when ordered from highest to lowest p-value). If the individual P value (Pi)
is less than the individual critical significance level then that mutant is significantly
different from its comparator (designated by * in graphs). The first ranked value of Pi that
is greater than its corresponding critical significance level is not significant and all

comparisons with a higher Pi are not significant.

Table S1. Primers for site-directed mutagenesis of human Fpn-GFP

Mutation | Forward primer Reverse primer

S71F ctggtggtggcagggtttgttctggtectg caggaccagaacaaaccctgccaccaccag

V72F ggtggcagggtcttttctggtectggg cccaggaccagaaaagaccctgecace

G204S tggctccccagtcatcagetgtggctttatttc gaaataaagccacagctgatgactggggagcca

D270V catctaatgggtgtgaaagtctctaacatccatgagctt aagctcatggatgttagagactttcacacccattagatg
S338R cactcagggactgaggggttccatcctcagt actgaggatggaacccctcagtccctgagtg

Y501C ggtgtacagaactccatgaactgtcttcttgatcttctge gcagaagatcaagaagacagttcatggagttctgtacacc
D504N gtacagaactccatgaactatcttcttaatcttctgcatttcatcat | atgatgaaatgcagaagattaagaagatagttcatggagttctgtac
H507R ctatcttcttgatcttctgcgtttcatcatggtcatcctgg ccaggatgaccatgatgaaacgcagaagatcaagaagatag
F508Y atcttcttgatcttctgcattatatcatggtcatcctggcetee ggagccaggatgaccatgatataatgcagaagatcaagaagat
Y64N ccaccaccagcccgttgactgctgtcaaaag ctittgacagcagtcaacgggcetggtggtgg

N144D | ctattgcaaatattgcagatttggccagtactge gcagtactggccaaatctgcaatatttgcaatag

Y333A accacagggtacgccgccactcagggactgag ctcagtcecctgagtggcggcegtacectgtggt

Y333F cacagggtacgccttcactcagggactga tcagtccctgagtgaaggcegtaccctgtg

F324A tatatgactgtcctgggegetgactgcatcaccacagg cctgtggtgatgcagtcagcgcccaggacagtcatata
F324Y | tatgactgtcctgggctatgactgcatcaccac gtggtgatgcagtcatagcccaggacagtcata

C326S tcctgggcettgacagcatcaccacaggg ccctgtggtgatgctgtcaaagcccagga
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WT+H C326S (C326S+H Y501C Y501C+H D504N D504N+H N144D N144D+H

V72F V72F+H  YB64N  Y64N+H H507R  H507R+H  S71F S71F+H  G204S G204S+H

D270V D270V+H S338R S338R+H F324A F324A+H F324Y F324Y+H Y333A Y333A+H

Y333F Y333F+H F508Y F508Y+H K8R+H

Figure S1: Microscopy of human Fpn (hFpn) mutant cells + hepcidin treatment.
HEK293T cells stably transfected with doxycycline (dox)-inducible hFpn-GFP mutants
were induced with 100 ng/ml dox overnight. The cells were then washed, incubated with
+1 ug/ml hepcidin (0.4 uM) for 24 hours, and imaged by fluorescent microscopy.
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Figure S2: Representative Western blots: cell surface biotinylation of hFpn.
HEK293T cells stably expressing doxycycline (dox)-inducible hFpn-GFP mutants were
induced with dox to express Fpn, treated with maleimide-biotin for 30 minutes,
immunoprecipitated using anti-GFP Ab, and immunoblotted with streptavidin-HRP or anti-
GFP Ab. X denotes mutants not discussed in the paper.
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Figure S3: Stability and hepcidin-induced degradation of WT and mutant Fpn. Cells
were induced overnight to express hFpn-GFP. The inducer was removed, the cells were
washed, and some wells were harvested for the 0 h time point or incubated for another
24 hours £ 1 pg/ml hepcidin (0.4 uM). A) Representative Western blot of WT and mutant
hFpn-GFP. Fpn was detected using anti-GFP Ab and GAPDH was used for normalization.
U= uninduced Fpn cells, 0= 0 h time-point, 24= 24 h time-point without hepcidin treatment,
and H= hepcidin treatment for 24 h. B) Quantification of Fpn degradation by hepcidin.
Densitometry was performed on triplicate Western blots from A. GAPDH was used for
normalization of the GFP signal. Values of hepcidin-treated samples were further
normalized to their respective untreated 24 h control to express results as relative Fpn
amount after hepcidin treatment. The two-tailed t-test comparing mutants to WT was
employed and the FDR procedure was used to determine significance where * =
significant. C) Quantification of Fpn stability. Densitometry was performed on triplicate
Western blots from A, and GAPDH was used for normalization of GFP signal. Fpn values
at 24 h (non-hepcidin treated) were expressed as a fraction of their respective controls at
0 h. 1=amount of Fpn at the 0 h time point for each respective mutant. Statistical analysis
employed the two-tailed one-sample t-test using 1 as the comparison and the FDR
procedure was used to determine significance where * = significant. Data shown are
means + SEM of 3-5 independent experiments.
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Figure S4: Iron export after hepcidin addition. Cells were loaded with 2mM 5°Fe for 48
hours, washed, re-plated, and either left uninduced or were induced by adding
doxycycline overnight. Cells were washed again and medium was sampled at multiple
time points to measure iron export up to 10 hours + hepcidin (Group 1: 0.1 pg/ml, Group
2: 3 pg/ml). The "uninduced" measurement at each time point was subtracted as
background. The slope for each "induced" and "induced + hepcidin" sample was
determined, and % export after hepcidin treatment calculated. Data shown are means +
SEM of at least 4 biological replicates. Statistical analysis employed the two-tailed t-test
if normally distributed and the two-tailed t-test on ranks if not, comparing each mutant to
the WT Fpn analyzed within the same experiment. Once the P-values were determined,
the FDR procedure was used to determine significance, which is indicated with *. C326S,
a highly hepcidin-resistant mutant, was used in each experiment as a control for assay
integrity.
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Figure S5: Representative Western blots: hepcidin binding to hFpn. Cells induced
to express WT or mutant hFpn-GFP were treated with N-terminally biotinylated hepcidin
for 30 minutes, immunoprecipitated with anti-GFP Ab, run under non-reducing conditions,
and immunoblotted with streptavidin-HRP or anti-GFP Ab. Hepc-Fpn= hepcidin
complexed with Fpn.*= WT with no hepcidin added. X denotes a mutant not discussed in
the paper.
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Figure S6: Representative Western blots: ubiquitination of hFpn. Cells expressing
WT and mutant hFpn-GFP were treated with hepcidin for 30 minutes, immunoprecipitated
with anti-GFP Ab, and immunoblotted with anti-poly/mono ubiquitin Ab (FK2) or anti-GFP
Ab. X denotes a mutant not discussed in the paper.

135



SEEEE=DDLS &@VUW,

@%@%%%%%@%%o
1@%M$%ﬁ3$ﬁ@$
sﬁﬂwy%ﬁ%%%%&%
%wwg%%%%%%w

E@ SPES S,

0620606

=
%%%%%%%ﬁwwwu
BT e

M@ @%@%%@%%%%%go%@w
.

r.

e
~SHTHIL S

@O@—

E

B

136



Figure S7: hFpn I-TASSER modeling without or with BAFPN among templates. A,B)
Model generated without the Bd2109 crystal structure; side-view and top-view of hFpn in
its outward-facing state are shown. C,D) Model generated by including the Bd2109 crystal
structure among templates; side-view and top-down view of hFpn in its outward-facing
state are shown. D270V is not modeled because it is in the disordered intracellular loop
of Fpn. Red/pink color denotes mutants with impaired hepcidin binding, and the green
color denotes mutants with intact hepcidin binding but variably impaired ubiquitination.
AB9T, the white colored mutant, is a recently discovered clinical mutation causing non-
classical ferroportin disease that was not experimentally examined in our study. E) 2D
Fpn model of A and B. Red Ks (lysines) indicate the residues mutated in the K8R Fpn
mutant. For A-E, the bold color denotes severe mutants and lighter color denotes mild
and borderline mutants.
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Figure S8: F508Y Fpn mutant is functionally resistant to hepcidin as determined by
radiolabeled iron export. Cells were loaded with 2mM %°Fe for 48 hours, washed, re-
plated, and either left uninduced or were induced by adding doxycycline overnight. Cells
were washed again, and medium sampled at multiple time points to measure iron export
up to 10 hours % 0.1 pg/ml hepcidin. The "uninduced" measurement at each time point
was subtracted as background. The slope for each "induced" and "induced + hepcidin"
sample was determined, and % export after hepcidin treatment calculated. Statistical
analysis employed the two tailed t-test comparing each mutant to the WT. Data shown
are means + SEM of at least 4 biological replicates. *** P < 0.0005, **P < 0.005, *P < 0.05
by t-test or t-test on ranks if not normally distributed. C3268S, a highly hepcidin-resistant
mutant, was used in each experiment as a control for assay integrity.
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Figure S9: Stability and hepcidin-induced degradation of hFpn. Cells expressing
inducible nonclinical Fpn mutants were analyzed with the same approaches as described
in Figure S3. Cells were induced overnight to express WT and mutant hFpn-GFP.
Doxycycline was removed and cells harvested for the 0 h time point or incubated for
another 24 hours *1 ug/ml hepcidin (0.4 uM) hepcidin. A) Representative Western blots.
B) Quantification of Fpn degradation by hepcidin. C) Quantification of Fpn stability.
Densitometry in B and C was performed on triplicate Western blots from A, and an
average of two housekeeping proteins was used for normalization (GAPDH and actin).
Statistical analysis employed the two-tailed t-test comparing the mutants to WT (B) or the
two-tailed one-sample t-test using 1 as the comparison (C) Data shown are means + SEM
of 3 independent experiments. The FDR procedure was used to determine significance
(* = significant).
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Figure S10: hFpn structure depicting nonclinical mutant residues. A) A side-view of
hFpn in its outward-facing state, with the N-terminus on the left and C-terminus on the
right. B) Top-down view of hFpn in its outward-facing state. All nonclinical mutants are
mild mutants.
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Figure S11: High concentrations of hepcidin do not cause ubiquitination of K8R
Fpn. A) hFpn-GFP WT and mutants were treated with hepcidin for 30 minutes,
immunoprecipated with anti-GFP Ab, and immunoblotted with anti-poly/mono ubiquitin Ab
(FK2) or anti-GFP Ab. The C326S mutant, which does not bind hepcidin, was used as a
control. B) Quantification of triplicate Western blots from A. Ubiquitination was normalized
to total Fpn in each sample and then expressed as fold increase over hepcidin-untreated
sample. 1=the amount of basal ubiquitination for each respective untreated mutant in the
absence of hepcidin. Results are shown as the mean + SEM of 3-5 independent
experiments. Statistical significance for mutants was achieved only for the WT treated
with 3.6 uM hepcidin when employing the two-tailed one-sample t-test using 1 as a
comparison.
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Figure S12: Evidence for Fpn occlusion by
minihepcidin. Cells expressing inducible non-
ubiquitinated K8R mutant were compared to
those expressing WT Fpn. A) Ferritin retention
after hepcidin addition was determined as in
Figure 3A. Statistical analysis employed the two-
tailed t-test using the respective untreated
control for comparison (***P<0.001, **P<0.01,
*P<0.05). Data shown are the mean + SEM of 3
independent experiments. B) Lysates from A
were analyzed by Western blotting. Top:
representative  Western  blot. Bottom:
densitometry of triplicate Western blots. Fpn
signal was first normalized to GAPDH, then
expressed as the fraction of respective untreated
control (no hepcidin treatment). Data shown are
the mean + SEM of 3 independent experiments.
For A and B, statistical analysis employed the
two-tailed one-sample t-test using 1 as the
comparison (***P<0.001, **P<0.01, *P<0.05). C)
Microscopy of samples in A after 24 hours.
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Figure S13: H507R and Y64N Fpn are degraded in the presence of high hepcidin or
minihepcidin concentrations. A) Cells expressing inducible Y64N or H507R mutations
were compared to those expressing WT Fpn in the presence of 0-3.6 uM hepcidin.
Lysates were analyzed by Western blotting. Top: representative Western blot. Bottom:
densitometry of triplicate Western blots. Fpn signal was first normalized to GAPDH, then
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expressed as the fraction of respective untreated control (no hepcidin treatment). B) Cells
expressing inducible Y64N or H507R mutations were compared to those expressing WT
Fpn in the presence or absence of 3.6 uM PR73. Lysates were analyzed by Western
blotting 24 hours after treatment. Left: representative Western blot. Right: densitometry
of triplicate Western blots. Fpn signal was first normalized to GAPDH and then expressed
as the fraction of respective untreated control (no PR73 treatment). Data shown are the
mean + SEM of 3 independent experiments. For A and B statistical analysis employed
the two-tailed one-sample t-test using 1 as the comparison (***P<0.001, **P<0.01,
*P<0.05). C) Microscopy of WT and mutant cells 24 hours + PR73 treatment.
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Figure S14: In vivo Fpn levels do not change after minihepcidin administration
despite drastic decrease in serum iron. (A-E) WT mice were injected two times with
60 nmoles of PR73 and analyzed 4 hours after the second injection. A) Serum iron. B)
Quantitation of duodenal Fpn levels (corresponding to the Western blot in D, normalized
to actin). C) Quantitation of splenic Fpn levels (corresponding to the Western blot in E,
normalized to actin). A-C) Cntrl= control. D) Western blot of Fpn and actin in duodenal
enterocytes. E) Western blot of Fpn and actin in spleen. (F-H) th3 mice received a single
injection of MO09 minihepcidin, and tissues were harvested after 0, 6, 12, 24 and 36 h. F)
Western blot of Fpn in the spleen. G) Serum iron. H) Serum hepcidin. Graphs show the
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mean + SEM. For A, B, C, G and H, statistical analysis employed the two-tailed t-test
using either the control (A-C) or the zero hour time point (G,H) for comparison
(***P<0.001, **P<0.01, *P<0.05).
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Conclusion

This dissertation comprehensively examined the role of iron and hepcidin in different
infection models ranging from extracellular to intracellular and biofilm-forming bacteria.
We demonstrate that iron overload greatly increases susceptibility to infection with Gram-
negative pathogens, and that hepcidin is essential for innate immune response in the
context of nutritional immunity. Hepcidin, however, was not universally protective and
played no role in infection with intracellular macrophage-tropic M. tuberculosis or
extracellular biofilm-forming S. aureus.

Hepcidin-induced hypoferremia was protective against Y. enterocolitica systemic
infection, K. pneumoniae dissemination during pneumonia, and E. coli sepsis and the
associated mortality. We showed that the role of hepcidin was not to decrease total body
iron or total serum iron, but rather to prevent formation of non-transferrin bound iron
(NTBI) in the plasma. Therefore, we propose that a siderophilic pathogen should be
defined by the enhancement of pathogenicity by NTBI.

We demonstrate that hepcidin-induced hypoferremia is an effective mechanism in
combating not only the rare classic siderophilic pathogen Y. enterocolitica but also
clinically common E. coli and K. pneumoniae. These results suggest that many more
bacteria than previously appreciated may behave as siderophilic. Furthermore, we
propose that siderophilicity is not promoted exclusively by the lack of siderophores. We
showed that hepcidin agonist minihepcidin prevents infection-associated mortality in
hepcidin-deficient mice infected with Y. enterocolitica, K. pneumoniae and E. coli. This

indicates that manipulation of iron status may have therapeutic potential as an alternative
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to antibiotic treatment. We further determined that the protective effect of minihepcidin
was related to ablation of serum NTBI.

Lastly, we provide further understanding of ferroportin structure and the interaction
between hepcidin and ferroportin with the potential to therapeutically target this complex.
We believe that our work greatly enhances the understanding of the role of iron in infection

and provides potential novel directions for anti-infection therapy.
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