UCLA

UCLA Electronic Theses and Dissertations

Title
The Role of Iron in Lung Pathophysiology

Permalink
https://escholarship.org/uc/item/1bg83268

Author
Zhang, Vida

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1bq83268
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

The Role of Iron in Lung Pathophysiology

A dissertation submitted in partial satisfaction
of requirements for the degree Doctor of Philosophy

in Molecular and Medical Pharmacology

by

Vida Zhang

2022



© Copyright by
Vida Zhang

2022



ABSTRACT OF THE DISSERTATION

The Role of Iron in Lung Pathophysiology

by

Vida Zhang
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Professor Ting-Ting Wu, Co-Chair

Professor Tomas Ganz, Co-Chair

Iron is an essential trace mineral for normal biological function, and systemic iron homeostasis is
tightly regulated via complex systemic mechanisms and iron transporters. While there has been
much focus on systemic iron regulation and homeostasis, iron regulation in the lung has not been
well characterized. In addition, little is understood about the regulation of iron transporters and
their role in specific cell types and under different pathophysiological conditions in the lung.
Altered iron levels have also been associated with various lung pathologies, with iron overload
associated with acute lung iron injury and idiopathic pulmonary fibrosis severity and iron
deficiency correlating with worse pulmonary arterial hypertension (PAH). Our goals were to
elucidate the effect of iron dysregulation in multiple lung pathologies and to further explore the

role of iron transporters in the lung.

For Chapters One and Two, we utilized hepcidin knockout mice (HKO) as a model of severe iron

overload. In Chapter One, we induced acute lung injury (ALI) in HKO mice and wild-type (WT)



littermates via oropharyngeal aspiration (OP) of lipopolysaccharide. While we did not observe any
major differences in systemic inflammatory response or airway neutrophil infiltration, we did notice
a mild and transient increase in vascular leakage and increased neutrophil activity, potentially due
to increased lung tissue apoptosis. In Chapter Two, we treated HKO mice and WT littermates with
bleomycin OP to induce pulmonary fibrosis and did not observe any effect of iron overload on
lung collagen levels nor any differences in overall disease severity. Together, these data indicate
that despite increased lung iron levels in human patients with ALI or idiopathic pulmonary fibrosis,

iron overload may not play a significant role in the progression of either disease.

In Chapter Three, we examined the role of ZIP8, a transmembrane divalent metal ion importer
that is most highly expressed in the lung and inducible by inflammatory stimuli. We generated and
characterized a novel global inducible ZIP8 knockout (KO) mouse and observed an unexpected
phenotype of elevated spleen iron levels and decreased serum iron in ZIP8 KO mice. These data
suggest that ZIP8 plays a role in iron recycling during homeostasis. However, we did not see any
difference in response to the stress states of hemolytic anemia or iron deficiency in ZIP8 KO
versus wild-type mice, suggesting that Zip8 may be redundant in this system. We also showed
that ZIP8 is expressed on lung distal airspace epithelial cells and transports iron from the airway
into lung tissue. ZIP8 deletion, however, had no detrimental effect on the severity of LPS-induced
acute lung injury or on the outcomes of Klebsiella pneumoniae lung infection. Thus, ZIP8 plays a
role in systemic iron homeostasis but does not modulate the severity of inflammatory lung injury

or the host defense against a common bacterial cause of pneumonia.

In Chapter Four, our goal was to establish a mouse model of iron deficiency in bone
morphogenetic protein (BMP) type Il receptor (Bmpr2)-associated PAH, as mutations in Bmpr2

are the most common genetic cause of PAH. We placed mice heterozygous for a Bmpr2-null



allele and littermate controls on a low-iron diet to induce iron deficiency. Surprisingly, we found
that iron-deficient Bmpr2 heterozygous mice may have less severe PAH than corresponding
controls as evidenced by hemodynamics. We determined that while there are associations
between iron deficiency and PAH potentially through Bmpr2, the Bmpr2 mutant mouse model is

not the appropriate model for elucidating this relationship.

Chapter Five explored the role of erythroferrone (ERFE) in a mouse model of B-thalassemia.
ERFE is an erythroid hormone that increases iron availability by functioning as a BMP trap and
inhibiting the master iron regulatory hormone hepcidin. Humans with B-thalassemia and other
forms of ineffective erythropoiesis produce very high levels of ERFE. To define the contribution
of excessive ERFE levels on the severity of B-thalassemia, we generated a “humanized” mouse
model of B-thalassemia by crossing mice overexpressing ERFE with Th3/+ mice, a p-thalassemia
mouse model that does not expresses high levels of ERFE. We found that elevated ERFE levels
impair pup survival in a mouse model of B-thalassemia during early life and greatly increase iron
loading in the context of ineffective erythropoiesis. These findings suggest that targeting ERFE in

B-thalassemia should be further studied for potential therapeutic applications.

In conclusion, we have examined the effect of iron overload and deficiency as well as the role of
iron regulators and transporters on lung iron homeostasis and pathologies. Using various mouse
models, we have characterized the effects of iron during ALI, pulmonary fibrosis and pulmonary

vascular disease, the role of ZIP8 in iron pathophysiology, and the role of ERFE in p-thalassemia.
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Abstract: The lung presents a unique challenge for iron homeostasis. The entire airway is in dimect
contact with the environment and its iron particulate matter and iron-utilizing microbes. However,
the homeostatic and adaptive mechanisms of pulmonary iron regulation are poorly understood.
This review provides an overview of systemic and local lung iron regulation, as well as the roles
of iron in the development of lung infections, airway disease, and lung injury. These mechanisms
provide an important foundation for the ongoing development of therapeutic applications.

Keywords: hepcidin; iron; lung; acute lung injury; COPD; lung infection; oy stic fibrosis

L Introduction

Iron is an essential trace mineral for normal biological function in almost all organisms. Most of
the body s iron is contained within the heme of hemoglobin, the vital oxygen carrier in blood. Iron is
also required for cell viability and proliferation as a catalytic constituent of iror-containing proteins
that are involved in DNA sy nthesis and repair, and cellular energy metabolism [1]. Asexpected, iron
deficiency results in the impairment of both sy stemic oxy gen delivery and cellular function. Conversely,
an excess of iron also has dele terious effects for the host, leading to cellular toxicity via iron-generated
oxyradicals and peroxidation of lipid membranes [2]. Systemically, increased iron availability is also
associated with the increased virulence of multiple pathogens, including Yersinia enterocalitica [3],
Escherichia coli [4], and Klebsiella preumoniae [5]. In order to maintain an appropriate iron balance,
organisms have evolved complex systemic homeostatic and cellular iron transport mechanisms [5].

Iron homeostasis in the lung faces unique challenges. The entire lung epithelium is exposed to
inhaled air containing iron particulate matter and infectious pathogens, and is also part of a delicate
air-blood interface whose gas exchange function is highly susceptible to impairment by cytotoxic injury.
Thus, lung iron bioavailability must be highly regulated to prevent its use by microbes during infection
and to ensure sequestration of catalytically active iron to prevent cytotoxicity. The terminal respiratory
unit, the alveclus, is composed of three major cell types, all of which are active in the maintenance
of lung iron homeostasis: types 1 and 2 alveolar epithelial cells, and alveclar macrophages. Alveolar
macrophages are a specialized subset of macrophages that defend against pulmonary infections,
and mediate damage and repair of the lung parenchyma [7]. Howewver, the specific roles of these
cell types in basal iron regulation or in response to injury or infection is still poorly understood.
The purpose of this review is to explore recent scientific advances in understanding the role of iron

regulation in lung pathologies.
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2. Iron Regulation

21, Systemic Iron Homeostasis

A human adult requires ~25 mg/day of iron for baseline homeostasis and the replacement
of minor unregulated iron losses. The majority of this iron comes from the recycling of senescent
erythrocytes, while 1-2 mg is obtained from the absorption of dietary iron in the form of heme
or non-heme iron [8]. During times of stress erythropoiesis, iron utilization by the bone marrow
can increase 10-fold to accommodate the increased hemoglobin synthesis [9]. Thus, rapidly acting
compensatory mechanisms have evolved to increase dietary iron absorption and to allow the rapid
mobilization of iron from stores.

Hepcidin, a 25 amino acid peptide hormone produced primarily by hepatocytes [10], is the
key regulator of systemic iron homeostasis. Hepcidin acts by binding to the transmembrane
protein ferroportin (Fpn), the only known cellular iron exporter [11], causing its internalization
and degradation within lyscsomes [11,12]. As Fpn is highly expressed on duodenal enterocytes,
macrophages, and hepatocytes, hepeidin controls the flow ofiron from dietary gut absorption, recycling
of erythrocytes, and tissue iron stores. Hepeidin production is stimulated by increases in plasma iron
or iron stores, and during times of inflammation [13,14].

In addition to the mechanisms controlling sy stemic iron availability, each cell possesses regulatory
mechanisms to coordinate its iron uptake, storage, and export. Most cells acquire iron by importing
transferrin bound iron from blood via the membrane transferrin receptor (TER1), after which iron is used
for basal cellular requirements or stored in the form of ferritin. Splenic and hepatic macrophages also
acquire iron through the phagocytosis of damaged or senescent erythrocytes, and this iron is similarly
stored as ferritin or utilized for basic cellular functions [15]. Cellular iron export occurs through Fpn,
which allows cells such as duodenal enterocytes and macrophages to release iron into circulation
and maintain systemic iron homeostasis. In addition, Fpn expression is increased in iron-overloaded
tissues and acts as a safety valve to export excess cellular iron to prevent cxidative damage.

Coordination of cellular iron acquisition and distribution is regulated post-transcriptionally in
response to changes in intracellular iron levels by the iron regulatory protein/ iron responsive elements
(IRF/IRE) system [16~158]. The iron regulatory proteins, IRP1 and IEF2, bind to IREs, which are
untranslated regions of mRNA located at either the 5 or 3’ end. IREs at the 5’ end are associated
with genes involved in the storage or export of iron {ferritin, Fpn), while 3' IREs are associated with
genes involved in iron uptake (TER1, DMT1). Under conditions of cellular iron depletion, IRP1/IRP2
bind to IREs, preventing translation of mENA containing 5 IREz and stabilizing mEMNA containing
3 IRE=. This leads to the increased expression of iron uptake proteins and decreased expression of
iron storage and export proteins. Conversely, in iron-loaded cells, IRP1 is converted to c-aconitase and
IRP2 is degraded, resulting in decreased IEF binding to IREs. This leads to increased expression of
iron storage and export proteins and decreased expression of iron uptake proteins.

2.2 Lung Iron Regulation

Iron regulation in the lung has not been well characterized, with only a few in vitro and in vivo
studies attempting to identify the iron transporters in pulmonary cells (Figure 1). TfR1 has been
identified as an importer of transferrin-bound iron in the alveolar epithelium and alveolar macrophages.
In response to systemic iron deficiency, TIR1 protein levels increased in whole rat lung. Conversely,
TiR1 protein expression in whole lung did not increase with intratracheally instilled iron oxide [19].
The DMT1 transporter, a principal importer of dietary non-heme iron and an importer of endosomal
iron from the T+T{R1 complex into cytoplasm, has also been shown to be expressed in both alveclar
epithelial cells and alveclar macrophages [20]. While respiratory DMT1 appears to be regulated by
the IRP/IRE system, there is inconclusive evidence on the effects of iron deficiency and overload
on the production of DMT1 mENA and protein in the lung [19,21,22]. Multiplke studies utilizing
DMT1 mutated murine models have implicated this iron transporter in the pathogenesis of lung
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injury. The Belgrade rat, an animal model of functional DMT1 deficiency, develops more severe lung
injury in response to lipopolysaccharide (LPS) and oil fly ash [23,24]. Similarly, mk/mk mice, also
defective in DMT1, have increased bleomycin-induced lung injury compared to wild-type controls [25].
The mechanism of DMT1 attenuating the lung's response to inflammatory stimuli is unclear, but these
descriptive studies demonstrate a link between DMT1 and the lung's inflammatory response. Thus,
although iron importers are present in the lung, little is understood about their regulation and role in
specific cell types and under different pathophysiclogical conditions.
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Figure 1. Proposed scheime of lung iron homeostasis. Iron is taken up into the alveclar epithelial cells
through transferrin te ceptor (TfR1) and DMT1, and exported through ferroportin (Fpn), which was
reported to be localized on the apical/ airway facing layer of the epithelium. Within the cells, iron is
stored in a non-reactive state in ferriin. Though hepcidin is mostly produced in the liver for systemic
circulation, local production of hepeidin has also been suggested to play a role in lung iron homeostasis.
Zip8 s highly expressed in the lung and facilitates iron intake, though its specific distribution remains
unknown. Inset depicts an alveolar macrophage. Macrophages phagocytose aitway red blood cells to
recycle iron from heme. Solid arrows indicate direction of iron transport.

Fpnwas reported to be localized on the apical layer of the airway epithelia of human lung [26] and
also expressed in alveolar macrophages [27]. While the liver is the predominant source of circulating
hepcidin, the hormone is also expressed at lower levels in human airway epithelial cells and alveolar
macrophages [28], raising the possibility that hepeidin has a paracrine role in the lung, One ex vivo
study showed that LPS-stimulated mouse alveolar macrophages increased the expression of hepcidin
mRNA and decreased Fprn mRNA. Iron treatment had no effect on hepeidin mBNA expression, but did
upregulate both Dimtl and Fpn [29]. Interestingly, another in vitro study showed that Fpn in airway
epithelial cells did not internalize in response to hepcidin and that hepcidin itself had no significant
effect on iron transport in either airway epithelial cells or alveolar macrophages [30]. However,
Fpn levels do correlate with changes in iron status [27,51], suggesting that lung Fpn expression may be
controlled preferentially by the IRP/IRE regulatory system, rather than a purely hepcidin-dependent
mechanism. Additionally, the reported distribution pattern of Fpn on the apical layer of airway
epithelial cells suggests that Fpn may play a tissue-specific role of iron detexification in lungs [26].

Recent studies in mouse models with genetic iron overload have begun characterizing the roles
of hepcidin and Fpn in lung iron homeostasis. Neves et al. investigated a murine disease model of
hereditary hemochromatosis type 4, created by a global C3265 amino acid substitution in Fpn that
confers resistance to hepcidin binding and leads to systemic iron overload [32]. They reported that the
Fpn mutant mice develop increased iron levels in airway epithelial cells and bronchealveolar lavage
(BAL) fluid [27]. Interestingly, while splenic and hepatic macrophages are predictably iron-depleted
from the increased Fpn protein exporting iron, a subset of alveolar macrophages showed iron overload.
The authors suggest that these differences could be partially due to the varying levels of Fpn expression
in alveolar macrophages.
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Deschemin et al characterized the lungs in hepcidin knockout {HKO) mice, a mouse model of
severe genetic iron overload [31]. The lack of hepcidin results in increased gut iron absorption with
systemic iron overload, iron deposition in parenchymal tissues, and iron depletion of macrophages in
the liver and spleen. Iron content in the lung increased, which resulted in compensatory decreases in
Tfrc and Dmitl mENA expression, and increased levels of Fpn and ferriin mENA and protein levels.
Specific examination of the alveolar macrophages also demonstrated increased levels of Fpn and
ferritin. How ever, similar to the paper by Meves et al., these macrophages were iron-loaded, which is
in stark contrast to the iron depletion of splenic macrophages. This is likely related to the much lower
expression of Fpn in the alveolar macrophages of HEO mice compared to the splenic macrophages.
While these genetic mouse models of iron overload clearly demonstrate some unique characteristics
of lung iron homeostasis, further studies are necessary to clarify the role of the hepcidin-Fpn axis in
the lung,

ZIP8, encoded by the SLC39A48 gene, is a member of the SLC39A transmembrane metal importer
family and is expressed many-fold higher in the lung than in any other organ system [33]. Initially
identified as a zinc transporter, recent studies have shown that Zip8 also imports iron into the cytosolic
space [33]. Early in vitro and animal studies consistently show that inflammatory stimulation with
LPS greatly increases Zip8 expression, suggesting that this iron importer has a function in host
defense [34,35]. As of yet, there have been no studies investigating the role of Zip8 in human lung
infections or lung injury.

3. Iron in Lung Pathology

3.1. Acute Lung Injury

Acute lung injury {ALI), clinically known as acute respiratory distress syndrome (ARDS), is an
acute inflammatory process with neutrophil infiltration, increased vascular permeability, and diffuse
alveolar damage [36]. ARDS can occur as a result of a direct insult to the lung, including pneumonia,
aspiration, and smoke inhalation, or a systemic inflammatory response, including sepsis, trauma,
burns, and transfusion-related ALL The pathophysiology of ARDS is largely mediated by the release of
free radicals and reactive oxygen species and their injurious effects on endothelial integrity [37]. In the
presence of iron, peroxides are conwerted to damaging radicals and enhance cytotoxicity by the Fenton
weaction [38] The mlevance of iron in the development of ARDS has been evaluated with numerous
clinical studies, showing strong correlations with iron and iron-related proteins, aswell as the presence
or severity of ARDS. One study found increased concentrations of BAL total iron and non-heme
iron in ARDS patients, as compared to healthy controls. Iron-related proteins, including hemoglobin,
transferrin, TER1, lactoferrin, and ferritin, were also all elevated in BAL [39]. Future studies are needed
to examine whether these changes in BAL iron and irorrrelated proteins have a causal effect on lung
injury or are simply a byproduct of lung injury and increased vascular permeability. Serum ferritin has
alsobeen investigated as a predictor of ARDS, and was found to predict the development of ARDS with
high sensitivity and specificity in one clinical study [40]. As ferritin is a known acute phase reactant
and could simply be rising as part of the inflammatory response, a second clinical study confirmed the
predictive value of serum ferritin for the progression to ARDS while also demonstrating no correlation
of ferritin with the degmee of hypoxia, time of invasive ventilation, or mortality [41]. These studies
consistently illustrate a strong association between iron-related proteins and the development of lung
injury, but further clinical and basic mechanistic shudies are necessary to delineate the causative effects
of iron on ARDS.

3.2 Lung Infections

Host defense of the lung organ system is particularly challenging as the entire epithelium is in
constant and direct contact with environmental air containing numerous potential infectious pathogens.
As the delicate single-oell-layer alveolar epithelium is responsible for vital air-blood gas exchange,
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non-cy totoxic nutrient deprivation mechanisms of host defense play an important role against lung
microbial pathogens. The biclogical relevance of iron in the pathology of infections has been established
through numerous clinical and animal studies. Iron overload has been associated with increased
incidence of bacteremia with hemodialysis [42], and increased virulence of multiple microbes, including
Yersinia enterocolitica [3], Escherichia coli [4], and Klebsiclla preumoniae [5]. One clinical study found
a significant correlation between high dietary iron and the development of active tuberculosis ina
high-risk population [43]. Another study of 137 iron-deficient Somali patients found that iron repletion
wesulted in a significant increase in infection incidence, with the activation of pre-existing malaria,
brucellosis, and tuberculosis [44].

Both invading pathogens and their hosts have developed multiple mechanisms to control the
supply of iron necessary for microbial survival (Figure 2}, One particularly effective and well-described
method of iron scavenging by microbes is through the siderophore-dependent pathways, in which
microbes secrete small compounds called siderophores that complex with iron for active uptake by the
microbe [45]. In response, the host circumvents this pathway with neutrophil gelatinase-associated
lipocalin (NGAL), otherwise known as siderocalin or lipocalin-2. Produced by neutrophil granules
and epithelial cells in response to inflammation, this innate immune protein acts by binding to,
and sequestering, irorrloaded bacterial sideropheores [46]. One murine shudy showed that intratracheal
Esdherichia coli instillation resulted in a strong induction of NGAL expression in bronchial epithelium
and type 2 preumocytes [47]. An in vitro study of Mycobacterium tuberculosis found that recombinant
NGAL restricted the growth of the organism in broth media in an iron-dependent manner [48]. Another
major iron-binding protein in the airways is lactoferrin, a member of the transferrin gene family that is
found in nasobronchial epithelial secretions and neutrophil granules. Lactoferrin sequesters airway
iron away from microbes and is taken up by the lactoferrin receptor on lung epithelial cells and
macrophages for iron reabsorption. Levels of lactoferrin correlate with the severity of infectious
preumonia, pulmenary tuberculosis, and sepsis [49]. Another iron transporter that is vital in host
defense is natural resistance-associated macrophage protein 1 (NRAMP1), a divalent metal ransporter
expressed specifically in phagosomes, NRAMP1 reduces phagosomal iron availability and confers
wesistance to several intraphagosomal microbes [50,51].

m,’. Hniticphil h_"
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Figure 2. Proposed scheme of lung iron regulation during infection and inflaimmation. Bacteria secrete
siderophores to captire host iron. The host combats this by increasing import of iron (lactoferrin (Ln),
DMT1), decreasing export of iron through ferroportin {Fpn), and increasing iron stores through ferritin
Secreted Lfn and NGAL bind free iron and siderophore-botind iron in the airway to prevent bacterial
iron uptake. [nset shows an alveolar mactophage during infection. Alveolar macrophages phagocytose
bacteria as a host defense response, NRAMP1 is expressed in macrophage phagosomes and transports
iran ot of the phagosome to limit iron av ailability to pathogens. Solid arrows indicate direction of
iron transport.
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The hepcidin-Fpn axis also has a principal role in innate immunity. Hepcidin plays a role in host
defense by sequestering iron to hinder the growth and proliferation of invading pathogens [52]. During
times of infection and inflammation, there appears to be multiple mechanisms of hepeidin expression
regulation. The primary regulator of inflammation-induced hepcidin production is the inflammatory
cytokine IL-6. A single infusion of IL-6 into healthy human subjects increased hepeidin production
and decreased serum iren [13]. In an inflammatory state, increased I1-6 causes the activation of STAT3
{signal transducer and activator of transcription 3) and its binding to the hepcidin promoter [53].
In response to bacterial stimulation, myeloid cells have also been shown to upregulate hepeidin and
decrease Fpn expression in a Toll-like receptor 4 {TLR4}-dependent manner [54].

Recently, several transgenic murine studies have established the roles of hepcidin and iron
status in the morbidity and mortality of various pathogenic infections. Hepcidin knockout mice
developed hyperferremia with a profound susceptibility to bacteremia from Klebsiella pneumoniae,
Yersinia enterocolitica, and E. coli, and treatment with a hepcidin analogue restored hypoferremia,
decreased bacterial burden, and improved survival in each model of infection [5,55,56]. These studies
indicate that hepcidin has a protective effect against siderophilic pathogens by limiting the availability
of non-transferrin bound iron, a form of iron that is readily accessed by microbes. Another study
showed that cell-specific knockdown of hepeidin in airway epithelium increased lung bacterial
burden and injury in mice after cecal ligation and puncture, a model of polymicrobial sepsis [57].
By contrast, he pcidin-Fpn regulation may have a deleterious effect on the host during infections with
intracellular pathogens. For example, one in vitro study demonstrated that the intracellular groswth
of Chlamydia psittaci, C. trachomatis, and Legionella prneumophila in macrophages is enhanced by the
addition of hepcidin. Accordingly, macrophages from flatiron mice, a mouse strain heterozy gous with
a loss-of-function Fpn mutation (H32R), had increased bacterial proliferation that was unchanged by
the addition of exogenous hepcidin [58]. Another study used murine macrophages to show decreased
vinulence of intracellular Salmonella enterica when Fpn expression was increased, and increased
virulence with hepcidin-induced Fpn downregulation [59].

3.3. Cystic Fibrosis

Cystic fibrosis (CF) is a genetic disorder caused by mutafions in the cystic fibrosis transmembrane
conductance regulator ({CFTR) gene, and is characterized by the retention of thick airway secretions
and chronic pulmonary infections. Patients with CF also have increased levels of iron and ironrrelated
proteins in their lower respiratory tract [60], and these iron levels are strongly correlated with increases
in inflammatory cytokines [51]. A dinically important area of study in CF is the microbial pathogen
Psendomonas aeruginosa, which is responsible for the majority of CF infectious exacerbations. This
pathogen forms biofilms that are more resistant to antibiotics than the free-floating (planktonic) state
and hinder the eradication of these bacteria. Construction of this biofilm is highly dependent on iron
availability, and Psendomonas aeriginosa has developed sophisticated mechanisms to acquire iron from
the enwironment, including both siderophore-dependent and independent systems [52].

3.4, Chronic Obstructive Pulmonary Disense

Both cigare tte smoking and chronic obstructive pulmonary disease (COPD) are associated with a
disruption of iron homeostasis in the lung, Regular cigarette smoking results in a great increase in
lung exposure to iron, estimated at 5.2-13.8 ug of iron daily in a subject smoking 20 cigarettes per
day [63]. Compared to nonsmokers, smokers have increased total non-heme iron and ferritin levels in
BAL fluid and in alveolar macrophages [64], as well as increased serum ferritin levels [65]. Smokers
aleo have increased redox-active iron levels in exhaled breath condensate [66].

Although cigarette smoking is the largest risk factor for the development of COPD), genetic
association studies have uncovered differentially expressed iron-related genes that indicate a role for
iron in the susceptibility to developing COPD. The most relevant is the iron-regulatory protein IRP2
that was discovered to be a major COPD susceptibility gene in a case—control study [67]. Notably,
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IRP2 is located within a cluster of genes on a chromosome that also includes several components
of the nicotinic acetylcholine receptor [68]. As in smokers, levels of iron and iron-binding proteins
are increased in the lung tissue, BAL fluid, and alveolar macrophages of COPD patients, and iron
levels are correlated with disease severity and with worsening lung function [64]. A recent study
used mouse models of COPD to investigate the mechanism of IRP2's role in the development of
COPD [69]. The group showed that IRP2 increases mitochondrial iron loading and levels of cytochrome
c oxidase (COX), leading to mitochondrial dy sfunction and COPD development. Frataxin-deficient
mice, which develop higher mitochondrial iron loading due to lack of the mitochondrial iron-sulfur
regulator frataxin, were shown to develop worse airway mucociliary clearance and higher pulmonary
inflammation at baseline. Conversely, mice with decreased COX synthesis were protected from
cigarette smoke-induced lung inflammation and impairment in mucociliary clearance. Mice treated
with the mitochondrial iron chelator deferiprone were protected from impaired mucociliary clearance,
pulmonary inflammation, and the development of COPD. Together, these data indicate that IRP2
functions as a COPD susceptibility gene by increasing mitochondrial iron overload and levels of COX,
leading to mitochondrial dysfunction and the development of COFD.

4. Potential Therapeutics

De to the apparent importance of iron homeostasis in the development of many lung pathologies
and infections, there has been a lot of interest in manipulating iron availability for potential therapeutic
applications. Conventional means of reducing iron load in the body include dietary restriction [70],
phlebotomy, and chelators, including deferoxamine, deferiprone, and deferasirox [71]. However,
such systemic iron depletion can predispose patients to multiple adverse effects, including nutritional
deficiency, anemia, and infection. For example, systemic iron chelators such as deferoxamine have
been shown to eliminate Pseudomanas aeruginosa biofilms on a CF line in vitro [72], but deferoxamine
also functions as a bacterial siderophore and can paradoxically act as an iron supply to specific
microbes such as Rhizopus [73]. Newer synthetic iron chelators with fewer adverse effects are also
being considered for a broad range of oxidative stress-related conditions, ranging from cardiovascular
to inflammatory and malignant pathologies [74]. In addition, there has been early work examining the
therapeutic potential of modulating specific iron transporters, inchuding DMT1 and Fpn [12,75]. Studies
in mice have shown that hepcidin mimetics are effective in lowering systemic iron and modulating
the virulence and mortality of gram-negative pneumonia [576]. Another approach in the field of
CF research is the use of an iron competitor. Interfering with iron uptake by Pseudomonas aemiginosa,
with the cationic metal gallium, has been shown to have antimicrobial and antibiofilm activity [77].
Another proposed, but undeveloped, therapeutic approach would be the local or regional delivery of
iron modulators, such as chelators, iron competitors, or hepeidin analogues.

While there have been substantial scientific advances in our understanding of systemic iron
regulation and the pathogenesis of different iron disorders in recent years, lung iron regulation and its
role in pulmonary pathology has been an understudied area. Future basic and translational studies
are clearly necessary to advance this field and to enable the development of clinical therapeutic
applications. On a mechanistic lkevel, the field requires a systematic characterization of the roles and
regulation of the principal iron transporters and iron-related proteins in each of the major alveolar cell
types as well as the bronchial airway epithelium. Transgenic mice with lung-specific deletions of iron
transporters, and further mouse models of key pulmonary pathologies, could be utilized to study the
roles of specific iron-related proteins in the development of lung disease.
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Abstract

Recent studies have demonstrated a strong link between acute mespiratory distress
syndrome (ARDS) and the levels of iron and iron-related proteins in the lungs.
However, the role of iron overload in ARDS development has yet to be character-
tzed. In this study, we compared the highly iron-overloaded hepecidin knockout mice
(HEO) to their iron-sufficient wild-type (W) littermates in a model of sterile acute
lung injury (ALI} induced by treatment with oropharyngeal (OP) LPS. There were no
major differences in systemic inflammatory response or airway neutrophil infiltra-
tion between the two groups at the time of maximal injury (days 2 and 3) or during
the recovery phase (day 7). Hepcidin knockout mice had transiently increased bron-
choalveolar lavage fluid (BALF) protein and MPO activity in the lung and BALF
on day 3, indicating worse vascular leakage and increased neutrophil activity, re-
spectively, The increased ALI severity in iron-overloaded mice may be a result of
increased apoptosis of lung tissue, as evidenced by an increase in cleaved capsase-3
protein in lung homogenates from HKO mice versns WT mice on day 3. Altogether,
our data suggest that even severe iron overload has a relatively minor and transient
effect in LP5-induced ALL

EEYWORDS
acute fung mjury, ARDS, inflammation, ron overload

low tidal volume ventilation (Brower et al., 2000), neuromus-
cular agents (Papazian et al.. 2010). and prone positioning (Sud

Acute espiratory distress syndrome (ARDS) is a highly prev-
alent pathology with considerable associated morbidities and
mortality. The etiologies of ARDS are varied, and include in-
fectious pneumonia, sepsis, aspiration of gastric or oral con-
tents, and major trauma (Matthay et al., 2019). Aside from
treating the underlying pathologies, current therapies are pri-
marily focused on supportive care and minimizing long-term
damage from the destructive effects of ARDS and mechanical
ventilation. Despite advances in ARDS therapeutics, including

et al., 2010), patient cutcomes remain unacceptably poor. The
recent LUNG SAFE (Large Observational Study to Understand
the Global Impact of Severe Acute Respiratory Failure) was a
multicenter international prospective study of ARDS patients
in Intensive Care Units (ICUs) in 2014 (Bellani et al., (2016)).
Of the 29,144 patients admitted to participating ICUs, >10%
fulfilled ARDS criteria, and in-hospital mortality ranged from
35% to 46% depending on disease severty. Among those pa-
tients that survive ARDS, multiple studies have documented
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the long-term detrimental effects on health-related quality
of life, with a high incidence of posttraumatic stress disor-
der (PTSD) symptoms (Davidson, Caldwell. Curtis, Hudson,
& Sweinberg, 1999; Schelling et al., 1998). Coupled with the
staggering costs associated with an episode of ARDS, esti-
mated at $170,000 for the hospitalization alone (Bice, Cox, &
Carson, 2013), this disease process is a large public health con-
cern that warrants persistent inve stigation into its pathophysio-
logic mechanisms.

One recent area of ARDS research is the role of iron in the
development of ARDS (Zhang, Memeth, and Kim (2019}).
While iron is an essential trace mineral that is required for
oxygen carrying capacity, DNA synthesis and repair, and cel-
Iular energy metabolism (Ganz & Nemeth, 2006), an excess
of iron has deleterious effects for the host by leading to cel-
lular toxicity via ron-generated oxyradicals and peroxidation
of lipid membranes (Ramm & Ruddell, 2005). Because of
their direct exposure to the environment's particulate matter
and high axygen levels, the lungs ae uniquely vulperable to
iron-induced oxidative damage via Fenton's reaction (Dixon
& Stockwell, 2014). The pathophysiology of ARDS is known
to be mediated by the release of free radicals and eactive
oxygen species and their injurious effects on endothelial in-
tegrity (Chabot, Mitchell, Gutteridge. & Evans, 1998).

While the clinical literature indicates a strong relationship
between ARDS severity and alterations in the levels of iron and
iron-related proteins (Connelly et al.. 1997; Ghio et al., 2003,
Sharkey et al., 1999), there has been no systematic expe rimen-
tal investigation of the effects of iron overload on the develop-
ment of ARDS in a mous= model. We examined the effect of
severe iron overload on [PS-induced acute inflammatory lung
mjury in a mouse model. Extreme iron overload was induced
by the combination of a high-iron diet and the deficiency of
the iron-regulatory hormone hepeidin (the whole-body Hampl
knockout mouse) (Lesbordes-Brion et al., 2006). Hepeidin
deficiency causes unregulated intestinal iron absorption, malke-
ing mice highly susceptible to extreme tissue iron overload
from high-iron diet and increased levels of circulating iron.
Hepeidin knockout (HKO) mice were previously shown to de-
velop pulmonary iron overload (Deschemin, Mathieu, Zumerle,
Peyssonnanx, & Vaulont. 2017: MNeves et al.. 2017). This study
aimed to detect the poentially detrimental effects of iron over
load on the development of ARDS, by comparing HKO mice
fed with high-iron diet to their WT littermates on normal iron
diet after both groups were challenged with LPS aspiration.

2 | METHODS

2.1 | Animal models

All animal studies were approved by the University of
California Los Angeles (UCLA) Office of Animal Research
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Owersight. Hepcidin knockout mice were orginally provided
to our laboratory by Dr. Sophie Vaulont (Lesbordes-Brion
et al.. 2006) and were backcrossed onto the C5TBL/GJ back-
ground (Ramos et al., 2012). Under specific pathogen-free
conditions, Hampl + mice were bred to produce Hampl-/-
(HEO) mice and wild-type (WT) Hamp! ++ mice for lit-
termate controls. Seven- to twelve-week-old age- and sex-
matched male and female mice were used in experiments.
Hepeidin knockout mice were placed on a high-iron diet
{5,000 ppm iron; Teklad diet TD. 140464, Envigo) at 3 weeks
of age for 3—4 weeks to augment iron loading, then placed on
standard chow diet. WT mice were maintained on standard
chow.

To induce acute lung injury ALL mice were treated with
15 mgkg LPS in saline through oropharyngeal (OP) aspira-
tion, which was modified from De Vooght, et al. (De Vooght
et al., 2009} In brief, mice are anesthetized with an intraper-
itoneal injection of ketamine/xylazine (Sigma-Aldrich), then
suspended on a wire by the front incisors. After placement
of a nose clip, the tongue iz gently pulled out of the mouth
and to the side using forceps. The LPS solution is then pi-
petted into the posterior oropharyngeal space, and the nose
and tongue released 5 s after the solution is aspirated into the
lungs. The dose of 15 mg'kg LPS was used after a titration
study for the lowest dose necessary to consistently yield eval-
uable ALI parameters. Control mice were not administered
any saline by OF route because our goal was for the control
group to not be exposed to any inflammation. We used LPS-
injected mice as a mode] of generalized inflammation, rather
than to investigate the specific effects of LPS or the TLR4
pathway on lung injury.

Mice were euthanized 2, 3, and 7 days after LPS treat-
ment, and bronchoalveolar lavage fluid (BALF) was ob-
tained by lavaging the lungs three times with 0.8 ml of cold
phosphate-buffered saline (PBS). Lungs were perfused with
5 ml of cold PBS via the right ventricle, then lungs and liver
were harvested and snap frozen in liquid nitrogen for analy-
sis. Bronchoalveolar lavage fluid cell number was counted
using a hemacytometer, and a cytocentrifuge (CytoSpin3
Cytocentrifuge: Shandon) was used to make slides. Cell
differential staining was performed using the Hema 3
Fixative and Solutions (Fisher), and the percentages of dif-
ferent immune cell populations were counted manually.
Bronchoalveolar lavage fluid protein was measured using the
Pierce BCA Protein Assay Kit (Thermo Fisher).

22 | Quantitative PCR
Tissue ENA was extracted via TRIzol (Thermo Fisher), and
cDNA was synthesized using the iScript cDNA Synthesis
Kit (BioRad). Gene transcript levels were guantified in du-
plicate by SsoAdvanced Universal SYBR Green Supermix
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{BioRad) using a CFX Connect or CFX96 Touch Real-Time
PCR. Detection System (BioRad). mRNA expression was
calculated using the ACT method normalized to hypoxan-
thine guanine phosphoribosyl transferase (Hprt) expression
levels. Primers are listed in Table 1.

2.3 | Iron measurements

After lung and liver tissues were ground up in liquid nitro-
gen in order to homogenize the samples, lung and liver non-
heme iron concentrations were determined by a colorimetric
assay for iron guantification (Sekisui Diagnostics). ~40 mg
tissue was weighed and digested in a fixed volume of acid
{3M HCL. 10% trichloroacetic acid) for 1 hr at 95°C. Samples
were centrifuged to clear the insoluble material, then iron
levels in the supernatant were quantified according to manu-
facturer instructions.

24 | MPO assay

A guantity of ~10 mg of ground lung tissue was weighed
and homogenized in 50 mM potassium phosphate solu-
tion, pH 6.0. The solution was centrifuged, then the pellet
resuspended in 0.5% CETAB in Cell-Based Assay Buffer
(Cayman #10009322). After sonication and incubation, MPO
activity in the supermatant was measured using the colorimet-
ric neutrophil myeloperoxidase activity assay kit {Cayman
#600620). BALF MPO activity was measured directly with
the assay kit MPO activity was measured as the rate of

change of absorbance over time.
TABLE 1 Primem for RT-PCR
ForwardPrimer (5  Reverse Primen s’
=3 == 3¥)
Mouse Hprt CTG GTT AAGCAG CCOAGAG GTCCTT
TAC AGC CCC TTC ACC AGC
Mouse San-1 TGACCA GGA GTA GGA AGA
AGCCAACAG CCAGACC
Mouse II6 CTC TGC AA GAGA CGTOGT TGT CAC
CIT CCATCC CAGCATCA
Mouse Tnf AATGGC CTCCCT  GCTACG ACGTGG
CTC ATC AG GCTACA GG
Mouse MNgol CAC GGG GAC GOA GTG TGG OCA
ATG AAC GTC AT ATGCTGTA
Mouse Ik CCTTOC AGGATG TGA GTC ACA GAG
AGG ACA TGA GAT GGG CTC
Mouse Hamp CCTATCTCC ATC  AAC AGA TAC CAC
AAC AGA TG ACT GGG AA
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Ground lung tissue was homogenized in RIPA buffer con-
taining protease and phosphatase inhibitors. Protein con-
centration in lung lysates was determined by a BCA assay
{ThermoFisher Pierce, 23225), and then lysates were dena-
tured by SDS and boiling. The following antibodies were
used for western blot: anti-mouse cleaved caspase 1 (Cell
Signaling #89332), anti-mouse cleaved caspase 3 (Cell
Signaling #9661), HRP-conjugated anti-beta actin (Sigma
A3354), HRP-conjugated anti-rabbit IgG (ThermoFisher
#31462).

26 | Statistics
SigmaPlot (Systat Software) was used for all statistical
analyses. Normally distributed data were analyzed using
Student's £ test, and not normally distributed data were ana-
Iyzed using the nonparametric Mann—Whitney rank sum test.
Multivariate analyses of the effects of genotype and time
point on cutcome were performed using a two-way ANOVA.
p < .05 was considered statistically significant.

3 | RESULTS
3.1 | Systemic inflammatory response
to LPS-induced ALI is not affected by iron
overload

In order to uncover any potential phenotypic difference in
iron-sufficient (regular chow) versus severly iron-cwver-
loaded mice, we further iron-loaded our HKO mice with
a high-iron (5.000 ppm Fe) diet starting at weaning for
3—4 weeks before returning them to regular chow. WT lit-
termates were maintained on standard chow throughout the
study as iron-sufficient controls. After LPS administration on
day 0, mice were euthanized and analyzed on days 2, 3, and
7. which represent the time points of maximum lung injury
{days 2 and 3) as well as recovery (day 7). By analyzing mice
during significant injury and during recovery, we aimed to
test the hypothesis that iron overload could affect either the
development of lung injury or the subsequent recovery.

Hepcidin deletion was confirmed by gRT-PCR (Figure 1),
and the two mouse groups were characterized by liver and
lung non-heme iron measurements (Figure 2a). As expected,
HEO mice on high-iron diet developed severe iron overload,
with liver and lung iron levels 40-fold and 10-fold higher than
those of iron-sufficient mice, respectively. providing a strin-
gent test of the hypothesis.

Systemic inflammatory response was assessed by mon-
itoring weight loss and measuring levels of SAA-1, which
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is induced by proinflammatory cytokines and is an ac-
cepted marker of IL-6 activity (Hagihara et al., 2004). Mice
in both groups showed evidence of systemic inflammation
with significant weight loss of >20% from baseline by day 3
(Figure 2b). As expected, mice that were analyzed on day 7
had recovered more than half of their lost weight, with <10%
weight loss from baseline. There was no significant differ
ence in weight loss between the two groups at any time point,
and there were no incidences of mortality in either mouse
group throughout the course of the experiment (data not
shown). Saal mRNA levels similarly had peaked by days 2
and 3, with 32- and 128-fold increases compared to baseline
for WT and HKO mice, respectively (Figure 2c). Similar to
the weight loss pattern, Saal levels had largely recovered by
day 7, and there was no significant difference between the
two mouse groups during peak inflammation, days 2 and 3.
Although there was a statistically significant difference in the
Saal mRINA levels on day 7. the difference is of questionable
physiologic significance during this time of mostly resolved
inflammation. Thus, we were able to establish that despite
severe iron overloading, the systemic inflammatory response
to OP LPS was similar in the iron-sufficient and iron-over-
loaded groups during both active inflammation and recovery.

32 | Inflammatory cell infiltration of the
airway is similar in iron-sufficient and iron-
overloaded mice in the LPS model of ALI

The characteristics of BALF leukocyte populations at each
time point were evaluated to determine the degree of acute
airway inflammation for each mouse group. BALF was cen-
trifuged immediately after harvesting, and the respective
cell pellets were characterized by cell counting and micro-
scopic analysis via differential staining of cytospin slides
(Figure 3a}. The total number of BALF leukocytes per mouse
peaked by day 2 at 3.4 x 10°and 2.6 x 10°for WT and HKO
mice, respectively, after which they began a gradual return to
baseline levels (Figure 3b). As expected, baseline uninflamed
mouse airway immune cells were essentially all macrophages
with very few neutrophils. but acutely inflamed airway im-
mune cell populations were made up of > 0% neutrophils
on days 2 and 3 (Figure 3c.d). During the recovery phase
of the inflammation, mouse BALF leukocyte subpopula-
tions began to retum to their baseline composition (Alber,
Howie, Wallace, & Hirani, 2012). Of note, the differences in
total leukocyte numbers were primarily driven by neutrophil
recruitment into the lungs. While macrophage percentages
varied widely depending on the influx of neutrophils. abso-
lute macrophage numbers remained relatively stable through
the course of the inflammation (Figure 3d). In comparing
the evolution of the leukocyte profile of iron-sufficient ver-
sus iron-overloaded mice, aside from a minor increase in %
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neutrophils and decrease in % macrophages in BALF from
WT mice compared to HKO mice on day 7, we found that
there was no significant difference m any of the parameters
at any time point. However, one potential caveat is that the
neutrophil population at peak inflammation already made
up >=90% of the total leukocyte population in iron-sufficient
WT mice, which may have masked any additional increase in
neutrophil percentage in iron-overloaded HEO mice.

33 | Iron-overloaded mice develop a
mild and transient increase in ALI severity
compared fto iron-sufficient mice

We measured BALF protein and MPO activity of the lung
and BALF in order to assess and quantify the development of
ALL BALF protein levels indicated that vascular fluid leak-
age and pulmonary edema were most severe for both mouse
groups at day 3, but with significantly increased BALF pro-
tein levels in iron-overloaded mice (WT 0.6 mg/ml vs. HKO
1.1 mg/ml; p < 001) (Figure 4a). Similarly, MPO activity
levels showed that neutrophil activity was highest at day 3
for both groups, and iron-overloaded mice had significantly
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higher activity levels in both lung tissue (Figure 4b) and
BALF (Figure 4c} at the same time point (WT lung MPO 104
vs. HKO lung MPO 138; p < .001) (WT BALF MPO 0.5 vs.
HEO BALFMPO 0.9: p < 001). Interestingly, MPO activity
in BALF was higher in HKO compared to WT mice despite
comparable number of neutrophils in the two groups. This
may reflect increased secretion of MPO from neutrophils in
the HEKO group. ALI parameters by day 7 indicated substan-
tial recovery for both groups, with no difference between
iron-sufficient and iron-overloaded mice. Thus, severely
iron-overloaded mice developed worse vascular leakage and
lung injury after LPS aspiration, but the effect was transient
and did not affect recovery.

34 | The transiently more severe ALI
phenotype in iron-overloaded mice may be
caused by increased apoptosis, and not by
changes in local cytokine production, ROS
generation, or pyroptosis

In order to identify potential causes of the worse ALI that
occurs with iron overload, we investigated established
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mechanisms that contribute to the development of ALL lung
inflammatory cytokines (Cross & Matthay, 2011), ROS gen-
eration (Kellner et al.. 2017), pyroptosis (Li, Ren, Jiang, &
Zhu, 20118), and apoptosis (Lu, Harrington, & Rounds, 2005).
As expected, lung levels of 7lf and Thf mBRNA peaked
near days 2 and 3 and showed partial recovery by day 7
(Figure 5ab). However, there was no difference in the levels
of these proinflammatory cytokines between the two groups
of mice on days 2 and 3. Similarly, lung Ngol mBRMNA in-
dicated that ROS generation was highest on day 2, with a
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significant decrease in ROS by day 7 (Figure 5c), but there
were no significant differences between the mouse groups at
any time point. Lung 176 mRNA and cleaved caspase-1 pro-
tein were measured as markers of pyroptosis, and showed no
significant difference with iron overload on days 2 and 3, and
day 3, mspectively (Figure 5d.e). Of note, there were sub-
tle differences between WT and HKO mice in the levels of
Tnf and IITE mRNA on day 7, but these were not associated
with any differences in ALl parameters. However, cleaved
caspase-3 protein was increased in whole lung of HEO mice
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mEMNA show similar induction of lung mflommation between WT and HEO mice. (¢} Ngof mENA levels indicate similar ROS generation between
WT and HEO mice. Similar lang (d) JIf b mRNA levels and (e) cleaved cospase-1 kevels at 3d between the genotypes indicate that there 1s no
difference in pyroptosis. (f} Cleaved caspase-3 1s increased in HEO mice compared to WT mice at 2 d, saggesting increased apoptosis. Graphs
depict (a-d) mean + 8D or (e, f) medion + 25th/7 5th percentile; p < 035 by a two way ANOVA for comparizon of WT (#) and HEO (4) mice
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versus WT mice on day 3. indicating that iron-overloaded
mice had increased apoptosis as compared to iron-sufficient
mice (Figure 5f), Thus, our data suggest increased apoptosis
in iron-overloaded mice that could exacerbate ALT but these
effects are transient.

4 | DISCUSSION
ALL clinically known as ARDS, is an acute inflammatory
process characterized by neutrophil infiltration, increased
vascular permeability, and diffuse alveolar damage (Johnson
& Matthay, 2010). Despite its high incidence , conservatively
estimated at 150,000 new casesfyear in the United States
(Reynolds et al., 1998), and high cost to the patient and to
society, therapeutic options are limited and there are large
gaps in our understanding of this disease process. One un-
derexplored but promising area of research is the role of iron
in the pathophysiology of ARDS. Because of the strong link
between iron and oxidative stress with endothelial injury, the
mechanistic study of iron in lung injury has received early
attention in recent literature. In addition, irom status is of
particular importance in the ICU, where approximately one-
third of patients receive a blood transfusion and effectively
a large iron load (Lelubre & Vincent, 2011). In this study,
we have performed a systematic examination of ALI after
OF LPS administration, comparing iron-sufficient versus se-
verely iron-overloaded mice.

Multiple clinical studies have demonstrated the relevance
of iron in the development of ARDS, showing strong cor-
relations with iron and iron-related proteins and the pres-
ence or severity of ARDS. Ghio, et al. showed that ARDS
patients had increased concentrations of BALF total iron
and non-heme iron as compared to healthy controls (Ghio
et al., 2003}. Other iron-related proteins, including hemoglo-
bin, transferrin, transferrin receptor, lactoferrin, and ferritin
were also all elevated in the BALF. Whether these changesin
BALF iron and iron-related proteins have a cansal effect on
lung injury or are simply a byproduct of increased vascular
permeability is pending further study. Serum ferritin has also
been investigated as a predictor of ARDS, with the caveat
that ferritin is not only a marker of body iron stores, but also
a known acute phase reactant. One clinical study reported
serum ferritin to predict the development of ARDS with high
sensitivity and specificity (Connelly et al., 1997). A second
clinical study confirmed the predictive value of ferritin for
ARDS in a more homogeneous group of patients who were
at risk for trauma-related ARDS, (Sharkey et al., 1999) and
found no cormrelation of ferritin with other clinical outcomes,
including the severity of hypoxia. time of invasive ventila-
tion, and mortality.

Another clinically important question in iron man-
agement during ARDS is whether there is an infectious
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component. Increased iron status has been associated with
multiple infectious complications, including increased inci-
dence of bacteremia with hemodialysis (Jean et al., 2002),
the development of active tuberculosis in a high-risk popuo-
lation {(Gangaidzo et al., 2001}, and activation of preexist-
ing malaria (Murray, Murray, Muorray, & Murray, 1978). As
pneumonia and other infectious processes often occur con-
currently with ARDS, either as the primary cause or a sec-
ondary complication, the role of iron in infection virulence
is clinically relevant for ARDS patients. Several animal
studies have specifically examined the contribution of iron
to disease severity. Michels, et al. found that hepcidin-me-
diated iron sequestration was protective in a mouse model
of Klebriella pneuwmoniae pneumonia, with hepcidin ago-
nist treatment leading to decreased bacterial burden and im-
proved survival (Michels et al., 2017}, Another animal study
infused commercial human haptoglobin into dog models of
Staphylococcus aurenus pneumonia, and found that treated
dogs had increased clearance of cell-free hemoglobin with
lower circulating iron, less injury, and increased survival
(Remy et al., 2018). The authors concluded that the reduced
iron levels limited nutrient availability to microbes, as well
as decreased the ability for iron to cause extravascular oxi-
dative tissue injury. Another group used cecal ligation and
puncture {CLP) surgery as a model of polymicrobial sep-
sis induced preumonia and ALIL The knockdown of airway
epithelial cell hepcidin using adenovirus-mediated short
hairpin RMA increased the severity of sepsis-induced lung
injury, bacterial burden. and mortality (Chen et al., 2014},

In contrast to the abundance of animal studies examining
the interplay of iron and infections, there has been a paucity
of similar investigation into the role of iron in sterile ALL
One study compared WT to Hfe-~ mice, a model of moder-
ate iron loading, after an intratracheal administration of LPS
(Benesovaet al., 201 2). The study found attenuated neutrophil
recruitment to bronchoalveolar space in Hfe-~ mice with no
difference in circulating neutrophil numbers. Hfe-"- mice also
had altered expression of a subset of cytokines, suggesting
that iron loading could worsen inflammatory injury. Another
study (Deschemin et al., 2017) compared the response of WT
and HEO mice to an acute LP'S stimulus (6 hr), but did not
find differences in lung chemokine expression or MPO ac-
tivity at this early time point. To elucidate the mechanism of
iron involvement in the development of ARDS, we must be
careful to separate the direct contributions of iron to lung in-
jury by ROS generation versus bacterial virulence with metal
nutrient availability. In order to examine this question, we
used an LPS mouse model to mimic the lnng injury from a
gram-negative rod pathogen, independently of any effects of
microbial proliferation. To cur knowledge. our current study
is the first animal study to systematically investigate the con-
tribution of iron overload to the pathophysiology of sterile
ALL
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In designing this study to test the effects of iron loading in
the development of ALIL we chose to compare mouse groups
with extreme differences in iron loading, that is, WT mice fed
normal chow versus HKO mice fed high-iron diet. The exten-
sive literature using HKO mice does not document an iron-in-
dependent effect of hepcidin deletion, thus allowing us to use
these mice as a pure model of ron overload (Khorramian
et al, 2017; Kim et al., 2014; Lesbordes-Brion et al., 2006;
Ramos et al., 2012). However, a potential limitation of this
study is that it excluded groups of animals with intermediate
tron loading, that is, WT mice fed high-iron diet or HKO mice
fed regular chow. While the inclusion of these intermediate
groups may have provided more subtle differences in pheno-
types, the lack of a major difference in the mouse groups with
extreme differences in iron status did not allow justification for
the addition of more intermediate iron loaded groups.

Although we used a mouse model of extreme iron over-
load in order to magnify any phenotype, we saw only a mild
and transient increase in ALI severity with no impact on re-
covery. This suggests that even severe systemic iron overload
may not appreciably affect the clinical course and outcome of
acute lung injury. To examine the mechanism of the mild in-
crease In ALI in our ron-overloaded mice, we considered the
potential involvement of known contributors to ARDS devel-
opment: inflammatory cytokines (Matthay et al., 2019), ROS
generation (Tasaka, Amaya. Hashimoto, & Ishizaka, 2008},
apoptosis (Matute-Bello & Martin, 2003). and pyroptosis
{(Cheng et al., 2017). Interestingly. we found a difference
only in the degree of apoptosis between iron-sufficient and
iron-overloaded mice, with no major differences in our mea-
surements of local cytokines, ROS generation. or pyroptosis.
Thus. our study suggests that apoptosis could be the pathway
of the minor iron effects in ALL Although previous litera-
ture has shown that apoptosis in ARDS is most relevant in
epithelial cells (Galani et al., 2010), further investigation is
necessary to confirm the cell type that is the site of increased
apoptosis in the context of iron overload.

Our mouse model of iron overload showed that even se-
vere iron excess plays a modest role in lung injury severity in
the absence of infection. Further study is necessary to exam-
ine the effects of iron status in patients with ARDS, as well as
to elucidate potential contributory mechanisms.
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CHAPTER 2: LUNG IRON OVERLOAD DOES NOT EXACERBATE THE FIBROTIC

RESPONSE TO BLEOMYCIN IN A MOUSE MODEL OF PULMONARY FIBROSIS
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') Check for updates

Lung Iron Overload Does Not Exacerbate the Fibrotic
Response to Bleomycin in a Mouse Model of
Pulmonary Fibrosis

To the Editor:

Idiopathic pulmonary fibrosis (IPF) is the most common of the
idiopathic interstitial pneumonias, with a prevalence of 10-60 cases
per 100,000 in North America and Europe (1). With a dismal
prognosis of 2-4 years median survival from diagnosis and its
associated hospitalizations and healthcare costs, IPF carries a heavy
cost for both the individual patient and for society (2).

One promising area of IPF research is the role of iron in the
pathogenesis of pulmonary fibrosis. Multiple translational studies
have shown increased amounts of iron in IPF lung, including in BAL
fluid (3) and alveolar macrophages (4), and the association of iron
concentrations with severity of disease and the development of
associated pulmonary vascular disease (5). One study of patients
with IPF found a significantly increased incidence of HFE
(homeostatic iron regulator) allelic variants compared with normal
control subjects, with increased amounts of iron-dependent reactive

Supported by U.S. National Institutes of Health National Heart, Lung, and
Blood Institute (5K08-HL127293) (A.K.).

Author Contributions: Experimental conception and design: V.Z. and A.K.
Data acquisition: V.Z. and A.K. Data analysis and interpretation: V.Z., E.N.,
and A.K. Manuscript preparation and editing: V.Z., E.N., and A.K.

This letter has a data supplement, which is accessible from this issue’s table
of contents at www.atsjournals.org.
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oxygen species (ROS) in patients with HFE allelic variants as
compared with patients with wild-type alleles and IPF (4). These
findings suggest that these patients have a genetic predisposition
to IPF from iron dysregulation, possibly driven by increased
generation of ROS by Fenton’s reaction (6, 7). Another group
recently proposed that a decreased proportion of transferrin
receptor 1 (CD71)-expressing alveolar macrophages in patients
with IPF may lead to impaired iron sequestration and ultimately
worse survival (8). Building on preexisting clinical and
translational data, we used mouse models of iron overload and
pulmonary fibrosis to examine the causal relationship between
iron and pulmonary fibrosis.

Hepcidin-knockout (HKO) mice (9) were backcrossed onto
the C57BL/6] background, then bred to produce HKO and wild-
type (WT) mice as age-matched and sex-matched littermates.
Hepcidin deficiency causes unregulated intestinal iron absorption
and systemic iron overload, with secondary lung iron loading (10).
Male and female HKO mice were further placed on a high-iron diet
(5,000 parts/million iron; Teklad diet TD.14064; Envigo) at
weaning for 2.5-4.5 weeks to augment iron loading and then placed
on standard chow for the remainder of the protocol. WT mice were
maintained on standard chow throughout. At 7-9.5 weeks of age,
mice were treated with bleomycin 1-1.5 U/kg (Fresenius Kabi) in
sterile saline through oropharyngeal aspiration and then analyzed
at 2 or 3 weeks after bleomycin administration. A subset of HKO
and WT mice was harvested at 7.5-10 weeks of age and served as
untreated control animals.

Blood hemoglobin (Hgb) and mean corpuscular volume
(MCV) were measured using a HemaVet blood analyzer (Drew
Scientific). Lung and liver tissue nonheme iron concentrations were
determined with a colorimetric assay (Sekisui Diagnostics). For iron
localization, formalin-fixed and paraffin-embedded lung tissues
underwent enhanced Perls’ stain using potassium ferrocyanide 2%
and HCl 4% and the Vector SG Peroxidase Substrate kit (SK-4700;
Vector Laboratories) and were then counterstained with 0.5%
neutral red solution. Lung tissue sections were also treated with
Masson’s trichrome staining at the University of California Los
Angeles Translational Pathology Core Laboratory, then scanned for
digital analysis. Lung collagen quantification was performed using
the Sircol Soluble Collagen Assay (Biocolor) according to the
manufacturer’s protocol. Lung tissue Ngol was measured by
qRT-PCR, as previously described (11). For a listing of primer
sequences, see Table E1 in the data supplement.

SigmaPlot (Systat Software) was used for all statistical analyses.
Normally and nonnormally distributed data were analyzed
using the t test or Mann-Whitney rank-sum test, respectively.
Multivariate analyses were performed using two-way ANOVA.

Immediately before bleomycin treatment, HKO mice and WT
mice underwent hematologic measurements. As expected, iron-
overloaded HKO mice had a trend toward increased Hgb
(Figure 1A; median HKO Hgb, 12.9 g/dl vs. WT Hgb, 14.5 g/dl;
P=0.20) as well as increased MCV values (Figure 1B; mean HKO
MCV, 61.8 fl vs. WT MCV, 54.5 fl; P<0.05) as compared with
their WT littermates. Tissue iron was measured to confirm a
differential in the iron status of the WT and HKO groups. Both
liver and lung iron were dramatically increased in the treated HKO
mice compared with their genotype control animals, at more than
33-fold and 6-fold the concentrations of WT mice (Figures 1C and 1D;
P <0.001 and P < 0.001), reflecting effective iron loading of both tissue
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stores and the lung. Interestingly, liver and lung iron concentrations
increased in HKO mice after bleomycin treatment, with a trend toward
concurrent increase in WT mice after treatment. Although the etiology
is unclear, this observation suggests that the iron loading phenotype
in IPF lung may be partially secondary to the inflammatory or fibrotic
process. A representative image of Perls’ staining of bleomycin-treated
HKO mouse lung illustrates the architectural distortion, septal
thickening, and inflammatory cell infiltration that is characteristic of
the model (Figure 1E). The distribution of iron staining is diffuse,
including the airway epithelium and areas of intense punctate staining
that are potentially sequelae of microhemorrhages.

To quantify the degree of fibrosis, lung collagen was measured
in both untreated and treated mice at 2 and 3 weeks after bleomycin
administration (Figure 1F). As expected, collagen concentrations
for all treated groups were increased compared with untreated
groups, confirming the development of fibrosis with our model.
However, there were no significant differences in collagen
concentrations between the genotypes at either time point. Of note,
lung Nqol measurements showed that iron-mediated ROS levels
increased after bleomycin treatment (Figure 1G; mean WT
untreated ACT [A cycle threshold], —4.3 vs. WT 3-wk ACT, —2.8;
mean HKO untreated ACT, —3.9 vs. HKO 3-wk ACT, —1.6;
P<0.05 and P<0.001, respectively) but without a significant
difference between genotypes at each time point, indicating that
iron overload alone is not sufficient to increase ROS generation and
subsequent fibrotic damage in response to bleomycin.
Representative digital images of Masson’s trichrome-
stained bleomycin-treated mouse lungs demonstrate the
characteristic patchy collagen deposition of pulmonary fibrosis in
both WT and HKO mice (Figure 1H). Weight loss was also tracked
as a systemic marker of disease severity (Figure 1I). Although there
was significant weight loss in the treated mice as compared with
their own baselines (data not shown), there was no difference in the
weight loss among any of the treated groups.

A recent study reported increased pulmonary fibrosis in
transferrin receptor 2 mutant mice after bleomycin treatment (12).
Of note, the study used collagen deposition around small
airways as the primary biochemical parameter of fibrosis
severity. Despite a much more severe iron overload phenotype in
our HKO mice, we did not observe a significant difference
between WT and transgenic mice in response to the bleomycin
model, using conventional measurements of whole-lung collagen.
The potential reasons for the divergent conclusions include the
different outcome measures and inherent differences in the
various genetic and dietary models of iron overload. The
strengths of our study include the severity of the iron overload in
our model, the use of a robust global measure of pulmonary
fibrosis, and the inclusion of body weight as a measure of general
health. W

Author disclosures are available with the text of this letter at
www.atsjournals.org.
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Figure 1. Severe iron (Fe) overload does not augment the response to bleomycin in a mouse model of pulmanary fibrosis. Hematologic measurements prior
to bleomycin treatment show (A) a trend toward increased hemoglobin and (B) increased mean corpuscular volume (MCV) in hepcidin-knockout (HKO)
mice (n=4/genotype). (C) Liver Fe and (D) lung Fe measurements at 2 weeks after bleomycin treatment confirm severe Fe overload in HKO mice
(n=6-9/group). E) Representative enhanced Perls’ stain of bleomycin-treated HKO mouse lung demonstrates Fe deposition. (F) Collagen quantification of
whole-lung tissue shows no difference between the genotypes at either 2 weeks or 3 weeks (n = 2-5 for untreated groups; n=4-9 for treated groups).
(G) Lung NgoT increases in both genotypes after bleomycin treatment but without showing a difference between genotypes at each time paint
(n=4-10/group). (H) Representative digital image of whole-lung Masson'’s trichrome stain of WT and HKO mice. (/) Mouse weights show no difference in
weight loss among any of the treated groups (n = 4-9/group). Box-plot graphs depict the median (solid line) = 25th/75th percentile and/or the mean (dashed
line); dot density plots depict the mean (solid line). *P < 0.05 and **£ < 0.001 by (B) { test or (C and D) two-way ANOVA as indicated or (F and G) two-way

ANOVA for comparison of each treated group with its untreated genotype control group. CT = cycle threshold; NS = not significant; WT =wild type. Scale bar,
50 pm.
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") Check for updates

Retraction: Obesity-induced Endoplasmic Reticulum
Stress Causes Lung Endothelial Dysfunction and
Promotes Acute Lung Injury

This article (1) has been retracted by the authors. It was
discovered that the same immunoblot images were used to represent
two different experimental conditions. This includes Figure 1D in
which a blot of GRP78 is identical to a blot labeled as (3-catenin in
another paper (2), and Figure 2F in which a blot of GADPH is
identical to a portion of a GAPDH image used in that paper (2). In
addition, anomalies were identified in the Western blot images in
Figures 1D, 2B, 2F, 2H, 3A, 3E, 3F, and 5B. Given that the scientific

aThis article is open access and distributed under the terms of the Creative
Commons Attribution Non-Commercial No Derivatives License 4.0
(http://creativecommons.org/licenses/by-nc-nd/4.0/). For commercial usage
and reprints, please contact Diane Gern (dgern@ thoracic.org).
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integrity of this study has been compromised, the authors believe
that retraction of this paper is the best course of action. All the
authors have agreed to this decision.

The authors apologize to the Journal and its
readers. M

Reference
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Obesity-induced endoplasmic reticulum stress causes lung
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2. Shah D, Romero F, Duong M, Wang N, Paudyal B, Suratt BT, Kallen CB,
Sun J, Zhu Y, Walsh K, Summer R. Obesity-induced adipokine
imbalance impairs mouse pulmonary vascular endothelial
function and primes the lung for injury. Sci Rep 2015;5:

11362.
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") Check for updates

Retraction: Chronic Alcohol Ingestion In Rats @
Alters Lung Metabolism, Promotes Lipid
Accumulation, and Impairs Alveolar

Macrophage Functions

An article published in the December 2014 issue of the

Journal (1) has been retracted by the authors. It was discovered
that the GAPDH band in Figure 4C is incorrect and is identical
to that used in Figure 4D. Moreover, the images used to represent
acetyl-CoA synthase in Figure 4D and pAMPK in Figure 4C
are the same. In addition, anomalies were identified in the
Western blot images for AMPK (Figure 4C) and FASN (Figure
4D). Based on these findings, although the authors continue

to stand behind the conclusions reached, the scientific integrity
of the manuscript has been compromised. All the authors

have agreed to this decision, and they apologize to the Journal
and its readers.

Reference
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840-849.
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ABSTRACT

ZIP8 (SLC39A8) is a transmembrane divalent metal ion importer that is most highly expressed in
the lung and is inducible by inflammatory stimuli. In addition to zinc and manganese, ZIP8 can
transport iron but its specific roles in iron regulation during homeostatic and pathologic processes
remain poorly understood. Using a novel global inducible ZIP8 knockout (KO) mouse, we
analyzed the role of ZIP8 in steady-state iron homeostasis and during inflammation and infection.
We observed an unexpected phenotype of elevated spleen iron levels and decreased serum iron
in ZIP8 KO mice, suggesting that ZIP8 plays a role in iron recycling. We also showed that ZIP8 is
expressed on lung distal airspace epithelial cells and transports iron from the airway into lung
tissue. LPS-induced inflammation induced ZIP8 expression in the lung, but ZIP8 deletion had no
detrimental effect on the severity of LPS-induced acute lung injury or on the outcomes of
Klebsiella pneumoniae lung infection. Thus, ZIP8 plays a role in systemic iron homeostasis but
does not modulate the severity of inflammatory lung injury or the host defense against a common

bacterial cause of pneumonia.
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INTRODUCTION

Iron is an essential trace mineral for normal cellular function in all living organisms, including DNA
replication, cellular metabolism and ATP generation. The largest fraction of iron in humans and
other mammals is used for hemoglobin synthesis and erythrocyte production. Low iron levels
most commonly lead to insufficient red blood cell production, causing anemia and impaired
oxygen delivery to tissues. Excessive iron is also detrimental, leading to tissue damage as a result
of excessive reactive oxygen species (ROS) generation by the Fenton reaction. Thus, iron

homeostasis has evolved for tight iron regulation of iron levels.

In humans, iron is primarily obtained from the diet, particularly from foods rich in heme. Iron is
taken up in the duodenum and released on the basolateral side of enterocytes into blood through
ferroportin, the only known cellular iron exporter (1). As free iron is dangerous because it
generates ROS through the Fenton reaction, it is quickly taken up by the iron transporter
transferrin in the blood so that it can be safely transported to tissues. Iron-laden transferrin binds
to transferrin receptor 1 (TFR1) on cell surfaces and is internalized, allowing iron to be utilized by
the cell (2). Unused intracellular iron is stored in the iron storage protein ferritin until needed. Most
of the body’s iron is used by erythroid precursor cells in the bone marrow to make red blood cells
(RBCs) (3). As the RBCs age or are damaged, they are phagocytosed by macrophages residing
in the red pulp. The macrophages extract iron from hemoglobin and release it into circulation
through ferroportin (4). Excess body iron is stored in the liver, the main iron storage organ, and is
mobilized when iron demand is high. Hepcidin, a peptide hormone produced in the liver, is the
master regulator of systemic iron homeostasis and functions by binding to ferroportin and causing

its internalization and degradation (1).
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Regulation of extracellular iron concentration plays an important role in host defense. Numerous
studies have defined the detrimental effect of iron overload in infections by multiple pathogens,
including Yersinia enterocolitica, Escherichia coli, and Klebsiella pneumoniae (5-8). Multiple host
defense pathways function to sequester iron away from pathogens. Hepcidin-mediated
hypoferremia during infections is an important form of nutritional immunity (1, 8). Neutrophil
gelatinase-associated lipocalin (NGAL) prevents bacterial iron uptake by sequestering
siderophores, bacterial compounds that bind to iron for active uptake by the microbe (9).
Lactoferrin is present in mucosa and functions similarly to transferrin by binding to iron for re-
uptake through lactoferrin receptors (10). Intracellularly, natural resistance-associated
macrophage protein 1 (NRAMP1) is expressed in macrophage phagosomes and reduces iron

availability for various intraphagosomal pathogens (11).

In addition to systemic iron regulation, cells and tissues also regulated iron in an
autocrine/paracrine manner, although these mechanisms are less well understood. In the lung,
iron regulation has multiple unique challenges. The lung epithelium is exposed to external air as
part of its role in air-blood gas exchange, which also exposes it to iron particles and infectious
pathogens that can potentially cause injury (12, 13). In addition, altered iron levels have been
associated with lung pathologies, such as acute lung injury, COPD, and pulmonary hypertension

(12). However, how iron uptake and distribution is regulated in the lung is still unclear.

ZIP8 (SLC39A8) is a transmembrane divalent metal transporter that was initially identified as a
zinc importer, but has since been shown to transport manganese as well as iron with high affinity
(14-16). In humans, ZIP8 mutations are associated with schizophrenia, Crohn’s disease and
manganese deficiency (17-19). However, its roles in iron homeostasis and related pathology have

yet to be determined. Interestingly, ZIP8 is most highly expressed in the lung compared to other
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tissues, and is also more highly expressed in the lung than known iron transporters such as ZIP14,
DMT1 and TFR1 (15). In addition, ZIP8 is induced by inflammation, including that caused by LPS
and tobacco smoke, which suggests that ZIP8 may play a role in lung host defense through iron
regulation (20-22). Our goal was to determine the physiological functions of ZIP8 in iron

homeostasis and investigate the role of ZIP8 in pulmonary host defense.

Here we report the characterization of a novel global ZIP8 KO mouse during homeostasis and
pathologic conditions. The iron characterization studies were performed in parallel in two separate
laboratories, the Kim lab at the University of California, Los Angeles (UCLA) and the Knutson lab
at the University of Florida (UF), using the same genetic mouse model. While minor variations in
phenotype were observed between laboratories, the effects of ZIP8 deletion were substantially

similar between both groups, strengthening the conclusions of our findings.
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RESULTS

Metal analysis of baseline ZIP8 knockout mice

As whole-body deletion of ZIP8 is embryonic lethal, and ZIP8 hypomorphic mice do not survive
beyond postnatal day two (23, 24), we generated an inducible whole-body ZIP8 KO mouse to
characterize the role of ZIP8 in vivo (Supplemental Figure 1a). Loss of ZIP8 was confirmed at
the DNA, RNA, and protein levels (Supp. Fig. 1b-d). Mice appeared phenotypically normal up to
at least 1 year of age. In addition, we used a custom-made in-house antibody targeting mouse

Z1P8 that outperformed multiple commercial antibodies in our verification assays.

We performed ICP-MS on various tissues from 16-week-old ZIP8 KO and littermate controls to
quantify any baseline differences in the levels of iron (heme + nonheme), zinc, and manganese
(Mn). In the liver, there were no significant differences in iron or zinc concentrations, but ZIP8 KO
mice did have significantly less Mn as compared to their controls (Figure 1a-b), as has been
previously reported (25). In the spleens, no difference in zinc levels was observed, though there
was a noticeable but not statistically significant decrease in manganese levels in the ZIP8 KO
spleens. Unexpectedly, ZIP8 KO spleens also had significantly more iron (both concentration and

total) than their littermate controls (Figure 1c-d).

ZIP8 knockout mice have impaired iron recycling

To determine the cause of this increased iron in ZIP8 KO spleens, we analyzed steady-state iron
and hematologic parameters of 16-week-old ZIP8 KO mice at UCLA and 16- and 12-wk-old mice
at UF. Tissue non-heme iron measurements by colorimetry confirmed no significant difference in
liver iron levels between the two groups, and significantly higher spleen iron levels in ZIP8 KO
mice at both institutions (UCLA: fl/fl 298 ug Fe/g tissue vs KO 516 ug Fe/g tissue, p<0.0001)

(Figure 2a, Supp. Fig. 2a,c). Accordingly, the KO mice at both institutions had lower
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serum/plasma iron levels, suggesting that decreased circulating iron results from increased
splenic iron sequestration. At UCLA, despite the apparent reduced iron availability for
erythropoiesis, there was no significant difference in baseline hemoglobin (Hb), hematocrit (HCT)
or MCV between ZIP8 KO and control littermates (Figure 2b). At UF, ZIP8 KO mice at 16 wks of
age had a mildly decreased Hb (fl/fl 13.47 g/dl vs KO 12.13 g/dl, p<0.005) and increased
reticulocyte count (fl/fl 1.36% vs KO 4.51%, p<0.001), indicating impaired erythropoiesis
secondary to splenic iron sequestration and reduced iron availability (Supp. Fig. 2b). A similar
decrease in Hb concentrations was also observed in a larger cohort of mice at 12 wks of age
(Supp. Fig. 2d). The manifestation of the mild erythropoietic impairment could potentially be a
result of institutional differences in the vivarium environment, such as different diets, use of metal
cages, etc. Nonetheless, splenic iron sequestration and hypoferremia were consistently observed
in the ZIP8 KO mice in both laboratories. Analysis of the systemic regulators of iron homeostasis
showed that liver hepcidin and bone marrow erythroferrone (ERFE, hepcidin regulator) mRNA
levels were unchanged in KOs compared with control mice (Figure 2c), consistent with the lack
of difference in liver iron concentrations or CBCs between the two genotypes (at UCLA). Perls’
staining of the spleen showed that the increased iron was in the red pulp of the spleen (Figure
2d), the site of erythrocyte turnover (26). Using magnetic cell sorting, we confirmed that spleen
ZIP8 is primarily expressed in red pulp macrophages, the specific cells responsible for iron
recycling from senescent and damaged red blood cells (26) (Figure 2e). Taken together, these

data suggest that ZIP8 is involved in erythrocyte turnover and iron recycling.

Interestingly, despite higher non-heme iron concentrations in the KO spleen, there were no
changes in the Tfr1 mRNA expression, or ferroportin and ferritin protein levels. In addition, there
was no difference in the mRNA levels of Hmox, the enzyme responsible for the first step of heme

degradation (Supp. Fig. 3a-b). There was also no evidence of downstream oxidative damage in
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KO mice, as shown by unchanged spleen malondialdyhyde (MDA) levels and Ngo1 expression

(Supp. Fig. 3c).

ZIP8 deletion does not modify hemolytic anemia

In order to evaluate whether ZIP8 has a role during conditions of accelerated erythrophagocytosis
and iron recycling, we utilized mouse models of parenteral iron administration,
erythrophagocytosis of aged RBCs, and phenylhydrazine (PHZ)-induced hemolytic anemia. 8 wk
old C57BL/6 (B6) mice were injected IP with 10 mg iron dextran, 300 ul packed aged red blood
cells, or 60 mg/kg PHZ daily for two days, then spleens were harvested 3 days after treatment.
Splenic ZIP8 protein levels were induced in response to iron dextran as well as to PHZ (at both
institutions) (Figure 3a, Supp. Fig. 4a) but not in response to aged RBCs. ZIP8 protein across
different conditions positively correlated to the amount of iron present in the spleen (Figure 3b).
However, the inflammatory marker Saa1 was also induced in response to iron dextran and PHZ
(3 days after treatment, Figure 3c), suggesting that the increase in ZIP8 expression could be
secondary to increased inflammation rather than iron status or accelerated erythrocyte turnover.
PHZ-treated mice had CBCs measured on day 4, the peak of hemolytic anemia severity, and on
day 7, post recovery. We found no significant differences in RBC, Hb, HCT or MCV levels between
ZIP8 KO mice and their controls on day 4 or day 7 (Figure 3d). There was also no change in
inflammation and oxidative stress at day 7 as measured by liver Saa? and spleen Ngo7 mRNA
respectively (Figure 3e). After PHZ treatment, ZIP8 KO mice had more splenic iron as compared
to their controls in both laboratories (Figure 3f, Suppl Fig. 4c), despite an unchanged number of
splenic macrophages as assessed by the expression of Adgre, gene encoding F4/80 (Supp. Fig.
5b), and without a difference in serum iron levels (Figure 3f). We observed a small but statistically
significant increase in spleen ferroportin protein levels in ZIP8 KO mice at UCLA but not at UF

(Supp. Fig. 5a,c). Taken together, these data suggest that while ZIP8 does increase in response
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to iron loading and hemolytic anemia, it does not appear to play a crucial role in recovery from

hemolytic anemia.

Iron deficiency and ZIP8

We used a mouse model of iron deficiency to assess the role of ZIP8 in mobilization of recycled
iron. At UCLA, 8-week-old ZIP8 KO mice and littermate controls were placed on a 4 ppm iron diet
for 24 weeks, and underwent regular blood draws for CBC measurements until harvest. As
expected, RBC, Hb, Hct, and MCV levels all decreased in both groups as a result of prolonged
iron deficiency and repeated blood draws. However, there was no significant difference in CBC
parameters between ZIP8 KO mice and littermate controls at any time point measured (Figure
4a). There was also no significant difference in ZPP, a marker of iron deficiency (Figure 4b), and
iron measurements in serum, spleen, and liver showed no significant difference with ZIP8 deletion
(Figure 4c). There was also no difference in the iron transporters ferroportin or TFR1, the iron

storage protein ferritin, nor in liver Hamp (Figure 4d-e).

In a parallel experiment at UF, ZIP8 KO mice and littermates were fed iron-deficient diet for 8
weeks. Although the short-term iron-deficient diet regimen did not decrease Hb levels in either
control or KO mice (Supp. Fig. 2b,6a), liver non-heme iron concentrations were low in both
groups, consistent with iron deficiency (Supp. Fig. 6b). Splenic iron concentrations, however,
were higher in ZIP8 KO mice than in control mice. The higher splenic iron levels in ZIP8 KO were
associated with elevated ferritin levels in the spleen with no change in ferroportin protein levels
(Supp. Fig. 6¢). Interestingly, although splenic non-heme iron was higher in ZIP8 KOs, TFR1
levels were paradoxically increased compared to the controls (Supp. Fig. 6¢-d). It is possible that
the increased ferritin levels reflect macrophage iron status, whereas increased TfR1 levels reflect

an increase in extramedullary hematopoiesis resulting from impaired iron availability. Indeed,
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expression of several erythropoietic markers increased in ZIP8 KO compared to WT spleens

(Alas2, Erfe, Mfrn1, Supp. Fig. 6d).

Taken together, our data suggest that after a short exposure to iron deficiency, ZIP8 KO mice still
retained iron in the spleen, but also displayed mild compensatory extramedullary erythropoiesis.
However, after prolonged iron deficiency, together with repeated blood draws, iron was effectively
mobilized and no difference in CBCs was observed, suggesting that ZIP8 does not play a major
role in the increased iron mobilization and handling that occurs during the stress state of iron

deficiency.

ZIP8 is expressed in alveolar epithelial cells and is induced by inflammation

ZIP8 is most highly expressed in the lung compared to other tissues in the body but no studies
have systematically examined the role of ZIP8 in lung iron regulation. Using IHC on normal human
lung tissue sections, we found that ZIP8 is expressed on the apical side of lung epithelial cells

facing the air-filled compartment (Figure 5a).

There have been reports in the literature that ZIP8 is inducible with various inflammatory stimuli
(20-22), and we confirmed this with in human cells in vitro. We treated A549 (a human alveolar
epithelial cell line) with various cytokines and growth factors. ZIP8 mRNA and protein were
induced after treatment with IL-1a, IL-1b and TNFa (Figure 5b-c). The specificity of ZIP8
detection was confirmed through siRNA knockdown of ZIP8 (Figure 5d). ZIP8 induction with
inflammatory stimuli appears to be specific to alveolar epithelial cells, as there was no ZIP8

increase in HBECs (a human bronchiolar epithelial cell line) with the identical stimuli (Figure 5e).

ZIP8 transports iron from the airspace to the lung
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As there was no existing literature describing the in vivo function of ZIP8 in lung iron homeostasis,
we used ZIP8 KO mice to investigate the location and directionality of ZIP8-mediated iron
transport. Using magnetic sorting of mouse lung cells, we found that SIc39a8 mRNA is primarily
expressed in epithelial cells at baseline (Figure 6a). Of note, although our IHC data in human
lung showed no detectable ZIP8 staining on endothelial cells, the sorted mouse lung endothelial
cells expressed relatively high levels of ZIP8 mRNA, potentially as a result of contamination of
the endothelial cell fraction with epithelial cells. We also found that sorted mouse alveolar
macrophages express very low levels of SIc39a8 mRNA (Figure 6a), in contrast to the splenic

red pulp macrophages (Figure 2e).

As ZIP8 expression is very high on lung epithelial cells, we determined the directionality of iron
transport by ZIP8, by treating ZIP8 KO and littermate controls with 58Fe via retro-orbital injection
to the bloodstream or oropharyngeal aspiration into the airspace. After 4 hours, BAL fluid and
lung tissue were harvested for ICP-MS analysis for ®Fe. With RO %8Fe, there was no difference
in %8Fe levels between ZIP8 KO mice and littermate controls in either BAL fluid or lung tissue.
However, when %®Fe was given OP, ZIP8 KO mice had more *®Fe in the BAL fluid (fl/fl 54.97 ng
vs KO 87.30 ng, p=0.097) and less *Fe in the lung tissue (fl/fl 3160.13 ng vs KO 1823.77 ng,
p=0.013) as compared to their controls (Figure 6b). These data indicate that ZIP8 functions to
transport iron from the airspace into the lung. However, as we found no difference in steady-state
lung iron levels between ZIP8 KO and littermate controls (Figure 6c), the import of iron from the
air compartment likely does not play a large role in steady-state homeostasis. In addition, there
was no difference in oxidative stress as measured by lung Nqo7 mRNA and lung MDA (Figure

6d).

ZIP8 does not play a role in LPS-induced acute lung injury
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Because ZIP8 expression is induced by inflammation, we investigated whether ZIP8 plays a role
in the response to inflammatory acute lung injury. We treated 16-week-old ZIP8 KO mice and
littermate controls with OP LPS 15 mg/kg or no treatment. Mice were harvested after 3 days for
analysis of BAL fluid and tissue. LPS inflammation did induce ZIP8 expression in the lung of wild-
type mice (Figure 7a), but no difference was noted in lung non-heme iron levels between the
ZIP8 KO mice and their controls (Figure 7b). Measurement of the ALI parameters of BAL protein
and BAL/lung tissue myeloperoxidase (MPO) confirmed that LPS treatment resulted in significant
lung injury, but ZIP8 deletion had no effect on the severity of acute lung injury (Figure 7c-d). In
addition, there was no change in oxidative stress as measured by mitochondrial superoxide
dismutase (SOD; Figure 7e). These data indicate that while lung ZIP8 is induced with

inflammation, ZIP8 deletion does not modify the severity of LPS-induced acute lung injury.

Loss of ZIP8 is protective against K. pneumoniae infection

Because ZIP8 is induced by inflammation, we hypothesized that ZIP8 may play a protective role
in host defense by importing iron into the epithelium, thus lowering iron availability in the airspace.
To test this, we administered OP 300 CFU of Klebsiella pneumoniae in ZIP8 KO mice and controls
then analyzed mice at 3 days post infection. Interestingly, ZIP8 KO mice experienced less weight
loss than floxed littermate controls (fl/fl 15.53% vs KO 7.96%, p=0.0446) and trended towards
less bacterial burden in their lungs, livers, spleens and blood as measured by CFUs (Figure 8a-
b). There was no significant difference in lung injury as assessed by BAL protein and BAL protein
and lung MPO levels (Figure 8c-d), and there was also no difference in oxidative stress, as
measured by lung mitochondrial and cytosolic SOD (Figure 8e). Taken together, these data
suggest that ZIP8 does not play a protective role in host defense, and instead may worsen the

outcomes in K. pneumoniae infection through an as yet unknown mechanism.
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In summary, in our extensive characterization of global ZIP8 knockout mice, we have shown that
ZIP8 is highly expressed in the lung and can import iron into the epithelium from the air
compartment. However, our data demonstrate that ZIP8 is not critical for lung iron homeostasis,
as evidenced by the analysis of baseline iron levels or the inflammatory response to lung injury.
Furthermore, ZIP8 did not play a protective host defense role against K. pneumoniae lung
infection. We have also demonstrated that ZIP8 is involved in splenic iron recycling, however,
ZIP8 deletion alone is not sufficient to cause major hematological impairment at baseline or under

stress conditions.
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DISCUSSION

In our examinations of the role of the role of ZIP8 in iron regulation, both systemically and in the
lung, we generated a number of tools. As whole body deletion of ZIP8 is embryonic lethal (23,
24), we generated an inducible ZIP8 KO mouse to allow for the study of the role of ZIP8 in an
adult mouse model. In addition, we generated and validated a new anti-mouse ZIP8 antibody.

These tools will serve to enable future studies of ZIP8 function in vivo.

Most of our findings regarding the role of ZIP8 in systemic iron regulation were replicated in two
separate institutions with the same genetic mouse models, strengthening the validity of our
findings. We did observe, however, some small differences between the two sets of mice.
Increased splenic iron and decreased serum iron in ZIP8 KO mice at baseline were present in the
findings of both labs, however lower baseline Hgb in ZIP8 KO mice compared to littermate controls
was observed at UF but not UCLA. Some changes of iron-handling proteins, such as ferroportin,
TFR1 and ferritin, were also observed in one set of mice but not the other. A possible explanation
could be the differences in vivarium environment, such as different diets or use of metal cages,

which could have altered iron bioavailability or their microbiome.

The increase in splenic iron in ZIP8 KO mice was primarily in the red pulp macrophages as
determined by Perls’ staining for iron, which suggests that ZIP8 is involved in iron recycling from
red blood cells. Erythrophagocytosis occurs when aged or damaged RBCs are hemolyzed and
phagocytosed by red pulp macrophages in the spleen. The heme is released into the
erythrophagosome and transported into the cytosol through HRG1 (27). HO-1 then breaks down
heme and releases iron, which is then bound and stored in ferritin (26). When the iron is needed,
NCOA4 binds to and shuttles iron-laden ferritin to autophagosomes, which then fuse with

lysosomes to break down ferritin and release the iron, which can then be exported from the cell
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through ferroportin (28). We speculate that ZIP8 may be localized to an intracellular compartment
and transport iron from within phagosomes (the erythrophagosome and/or autophagosome) to
the cytosol, as indicated by the increase in iron in red pulp macrophages from ZIP8 KO mouse
spleens. Despite this significant increase in splenic iron, however, we see minor or no effect on
hematological parameters even after stressing the iron recycling system through hemolytic
anemia or iron deficiency. In addition, we did not see any significant differences in splenic
ferroportin, transferrin receptor or ferritin levels under baseline conditions. This lack of effect of
ZIP8 in iron recycling, despite the increased iron, may indicate redundancy with other intracellular
transporters that could compensate for the loss of ZIP8. DMT1 is also expressed intracellularly
and Nramp1, closely related to DMT1, is another intracellular iron transporter present in
macrophages (29, 30). In addition, ZIP14, a metal transporter with a very similar structure to ZIP8,
is also present in macrophages and is upregulated in activated macrophages (14, 31). It is
possible that any of these could be upregulated and blunt the effects of ZIP8 deletion and iron
sequestration on the body. The observation that splenic ZIP8 levels were markedly increased in
response to hemolysis or iron dextran, both of which increase iron loading in red pulp
macrophages (32, 33), suggests that splenic ZIP8 levels are regulated by iron. Furthermore, the
increase in splenic ZIP8 levels was positively associated with spleen iron content, suggesting a
dose-response effect of iron loading on ZIP8 abundance, similar to what was found in cultured rat

hepatoma cells (15).

Regarding the role of ZIP8 in the lung, we have established that ZIP8 is expressed on the apical
side of lung alveolar epithelial cells and confirmed that the direction of transport is from the
airspace into the lung epithelium. Furthermore, we confirmed that ZIP8 is induced by
inflammation, specifically IL-1a, IL-1b and TNFa in human alveolar epithelial cells and by LPS in

mice in vivo. As inflammation-induced ZIP8 could sequester iron away from potential pathogens
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in the airspace, our initial hypothesis was that loss of ZIP8 would be detrimental during bacterial
infections. However, loss of ZIP8 had no effect on response to ALI and we observed that loss of
ZIP8 was actually beneficial in the case of K. pneumoniae infection. This is in contrast to a recent
publication by the Knoell group examining the role of ZIP8 in macrophages (34). Their study
demonstrated that loss of ZIP8 specifically in macrophages and dendritic cells worsened
pulmonary Streptococcus pneumoniae infection by hindering the immune response in a zinc-
dependent manner through altered NFkB signaling. One potential difference between our studies
could simply be due to the differing pathogens used, as K. pneumoniae is a gram-negative
bacterium while S. pneumoniae is gram-positive. Another difference could be the type of tissues
where ZIP8 was deleted in the mouse models. Our mouse model was a whole-body postnatally-
induced knockout of ZIP8, which leads to loss of ZIP8 in the alveolar epithelium, as well as
macrophages and other cells. The mouse model used by the Knoell group specifically and
constitutively knocks out ZIP8 in myeloid cells, which means that ZIP8 in the lung epithelium is
still expressed. In addition, we found that ZIP8 is not expressed at baseline in alveolar
macrophages, suggesting that the phenotype in the Knoell study may be related to the role of
ZIP8 in monocyte-derived macrophages rather than specifically alveolar macrophages.
Altogether, our study indicates that ZIP8 does not appear to play a significant role in lung iron

regulation, nor a protective role in pulmonary host defense against K pneumoniae infection.

While ZIP8 is highly expressed in the lung, our data on the lack of any major ZIP8 role in the lung
are consistent with the reports of the human diseases where ZIP8 mutations were associated with
non-pulmonary manifestations. In addition, although ZIP8 may not be critical for lung iron
homeostasis or iron recycling, it may play a more important role in the transport of other divalent
metals. ZIP8 has already been shown to be necessary for manganese uptake and recycling from

the bile, and we have observed in our own mice that ZIP8 KO mice have significantly decreased
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manganese levels ((25), Fig 1). Furthermore, the human phenotype of ZIP8 loss has also been
shown to mostly be related to manganese, as abnormal manganese homeostasis has been
observed in human diseases such as schizophrenia, obesity and Crohn’s disease (17-19). In
addition, studies examining the role of ZIP8 in host defense characterized its effect as zinc-related

and affecting the NFkB pathway (34-36).

Our study has shown that while ZIP8 may play a role in systemic iron recycling, as indicated by
increased splenic iron in ZIP8 KO mice, it does not appear to have a significant role in pulmonary
iron regulation or host defense. However, more remains to be learned about ZIP8 and iron
regulation. One potential reason for the lack of significant iron-related differences in our ZIP8 KO
mice is that ZIP8 may be most important during development, as complete loss of ZIP8 is
embryonic lethal (23, 24) and the placenta is the organ with the highest expression of ZIP8 after
the lung (15). As iron is critical for embryonic development (37, 38), ZIP8 may potentially play a
greater role in iron regulation during development rather than in adulthood. The tools generated

in our study could be helpful in exploring the role of ZIP8 during embryonic development.
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METHODS

See Supplemental Figure legends for UF materials and methods.

Animal models

C57BL/6 (B6) mice were purchased from Jackson Laboratories (JAX # 000664). Conditional-
ready, ZIP8 floxed allele (ZIP8") mice were generated from mice harboring a targeted
recombinant allele (r) of Slc39a8 (C57BL/6NTac-Slc39a8m1aEUCOMMWsiCnm.  Fropean Mouse
Mutant Archive (EMMA)). Briefly, the r allele harbors LoxP recombination sites flanking exon 3 of
the Slc39a8 gene and FRT sites flanking a neomycin resistance gene (neo) adjacent to the
upstream LoxP site. To delete the neo cassette and generate ZIP8"" mice, Slc39a8" mice were
bred with ROSA26:FLPe knock-in mice with ubiquitous expression of FLP1 recombinase
(B6.129S4-Gt(ROSA)26Sor™ (FLP1Dym/Raind; The Jackson Laboratory, JAX# 009086). PCR and
DNA sequencing of ZIP8"" mice verified deletion of the FRT-flanked sequence and confirmed the
LoxP sites flanking exon 3. To generate ZIP8 KO mice, Slc39a8" mice were bred with mice
expressing tamoxifen-inducible Cre under the Gt(ROSA)26Sor promoter (iRosaCre*"; Jackson
Laboratory, JAX #008463) to generate iRosaCre*";ZIP8"" and iRosaCre™;ZIP8"" littermates. At 4
weeks of age, iRosaCre*~;ZIP8"" mice were placed on a 500 mg tamoxifen/kg diet (Teklad; 80
mg/kg body weight/day) for 2 weeks to induce Cre-mediated recombination and ZIP8 gene
excision, then placed back on regular chow to regain weight. These mice are referred to as ZIP8
KO mice (deletion of ZIP8 confirmed in Supp. Fig 1). iRosaCre™;ZIP8"" littermates were placed
on the same diet regimen as controls. Fourteen- to eighteen-week-old age- and sex-matched

male and female mice were used in experiments. Mice of both sexes were used for experiments.

To assess the response of splenic ZIP8 induction to iron, 8 week old B6 mice were injected with
300 pl aged red blood cells (RBCs), a single i.p. injection of 10 mg iron dextran (MilliporeSigma,

D8517) or two consecutive daily doses of 60 mg/kg phenylhydrazine hydrochloride (PHZ, Sigma
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114715). To obtain aged red blood cells, mouse blood was collected into heparin-containing
tubes, then diluted in sterile PBS and centrifuged to remove the plasma and buffy coat. The cells
were washed again in PBS, counted, then re-suspended in HEPES buffer (10 mM Hepes, 140
mM NaCl, BSA 0.1%, pH 7.4) to 108 RBC/ml. RBCs were aged by adding calcium and Ca2+
ionophore A23187 to a final concentration of 2.5 mM and 0.5 uM respectively, then incubating at

30°C for 16 hours. Aged RBCs were washed with PBS and counted before use.

To induce hemolytic anemia, ZIP8 KO mice and littermate controls were injected IP with 60 mg/kg
PHZ (dissolved in PBS) on day 0 and day 1. CBCs were measured on day 4 via cheek bleed, the
peak of hemolytic anemia severity, and on day 7, post recovery. On day 7, mice were euthanized
and tissues were harvested for analysis. During the PHZ course, mice were placed on 4 ppm Fe

diet to minimize uptake of dietary iron.

For iron deficiency studies, ZIP8 KO mice and littermate controls were placed on a low-iron diet
(4 ppm iron; TD 80396, Envigo) at 8 weeks of age for up to 24 weeks to induce iron deficiency.

Blood was collected via cheek bleeds and CBCs were assessed every 4 weeks.

To induce acute lung injury (ALI), mice were treated with 15 mg/kg LPS (Sigma, E. coli O55:B5,
L2880) in saline through oropharyngeal (OP) aspiration, which was modified from (39). In brief,
mice are anesthetized with an intraperitoneal injection of ketamine/xylazine (Sigma-Aldrich), then
suspended on a wire by the front incisors. After placement of a nose clip, the tongue is gently
pulled out of the mouth and to the side using forceps. The LPS solution is then pipetted into the
posterior oropharyngeal space, and the nose and tongue released 5 s after the solution is
aspirated into the lungs. The dose of 15 mg/kg LPS was used after a titration study for the lowest

dose necessary to consistently yield evaluable ALl parameters. Mice were euthanized 3 days
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after LPS treatment, and bronchoalveolar lavage (BAL) fluid was obtained by lavaging the lungs
three times with 0.8 ml of cold phosphate-buffered saline (PBS). Lungs were perfused with 5 ml
of cold PBS via the right ventricle, then lungs and liver were harvested and snap frozen in liquid
nitrogen for analysis. Bronchoalveolar lavage fluid protein was measured using the Pierce BCA

Protein Assay Kit (Thermo Fisher).

For Klebsiella pneumoniae infection experiments, bacteria was purchased from ATCC (BAA-
1705). Prior to the experiment, an aliquot of the stock was thawed and cultured in Tryptic Soy
Broth (TSB) overnight at 37°C, then reinoculated into fresh media and allowed to reach linear
growth phase. The bacteria were then spun down and resuspended in PBS, then diluted to the
desired concentration as determined by a OD600 vs colony forming units (CFU) curve for the
specific strain. Mice were infected with 300 CFU of K. pneumoniae via oropharyngeal aspiration
and weighed daily until euthanasia 3 days later. Blood was collected via cardiac puncture and
tissues and BAL fluid were harvested for analysis. Bacterial burden was measured by
homogenizing tissue in sterile water or diluting blood with sterile water and plating serial 5-fold
dilutions on blood agar plates (Fisher, R01200). The plates were incubated at 37°C for 15 to 16

h, and the number of colonies was counted.

Complete blood counts (CBCs) were measured from whole blood (mixed with 1 pl of heparin to

prevent clotting) using a HemaVet blood analyzer (Drew Scientific).

Iron Assay
Nonheme iron concentrations were determined by a colorimetric assay for iron quantification
(Sekisui Diagnostics). For mouse tissues samples, tissues were flash frozen and ground up in

liquid nitrogen in order to homogenize the samples. ~40 mg tissue was weighed and digested in
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a fixed volume of acid (3M HCI, 10% trichloroacetic acid) for 1 hr at 95°C. Samples were
centrifuged to clear the insoluble material, then iron levels in the supernatant were quantified
according to manufacturer instructions. For mouse serum samples, blood was collected via
cardiac puncture and placed in serum separator tubes (BD, 365967), then centrifuged to separate
serum from RBCs according to manufacturer instructions. 10 ul of serum were used to determine

concentration of iron in the serum using the same assay.

Histology/IHC

Mouse spleens were harvested and fixed in 10% neutral buffered formalin for 24 hr at room
temperature, then stored in 70% ethanol until processing. The tissues were paraffin-embedded
and sectioned at 4 um thickness by the UCLA Translational Pathology Core Laboratory. Normal
human lung tissue was obtained from Dr. Borna Mehrad (University of Florida) and processed at
UCLA. Prior to staining, sections were heated for 45 min at 50 °C and deparaffinized through
serial changes of xylenes and ethanol and rehydrated to distilled water. Light microscopy images

were captured by a digital camera (Spot Imaging).

For iron localization, mouse spleen tissues underwent enhanced Perls’ stain using potassium
ferrocyanide 2% and HCI 4% and the Vector SG Peroxidase Substrate kit (Vector Laboratories;

SK-4700) and were then counterstained with 0.5% neutral red solution.

For immunohistochemistry for ZIP8 in human lung tissue, antigen retrieval was performed by
boiling in Tris-EDTA (10 mM Tris base 1 mM disodium EDTA dihydrate, pH 9.0) for 10 min. IHC
was performed using ImmPRESS® HRP Goat Anti-Rabbit IgG Polymer Detection Kit, Peroxidase
(Vector Laboratories, MP-7451) according to manufacturer’s instructions, with anti-ZIP8 rabbit

antibody (Sigma HPAQ038833) used as the primary antibody at 200 ng/ml. Negative control
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sections were incubated with normal rabbit IgG. HRP was developed using ImmPACT® DAB
Substrate, Peroxidase (HRP) (Vector Laboratories, SK-4105) according to manufacturer’s

instructions. Sections were counterstained with Gill's hematoxylin.

Magnetic Cell Sort

Unless otherwise stated, all reagents for the magnetic bead separation were purchased from
Miltenyi. Mouse spleens were minced using the frosted side of microscope slides, rinsed with
PEB buffer and filtered through a 40 ym filter to obtain single cell suspensions. Cells were
incubated with F4/80 MicroBeads (magnetic beads bound to anti-CD45 antibodies), then flowed
through an LS column placed in QuadroMACS magnet according to manufacturer’s instructions

to obtain F4/80+ and F4/80- cell populations.

Mouse lungs were lavaged with PEB buffer (PBS pH 7.2, 2mM EDTA, 0.5% BSA) to obtain BAL
fluid. Lungs were perfused via right cardiac ventricle with 10 ml of cold PBS, then digested using
the Lung Dissociation Kit and gentleMACS Dissociator per manufacturer’s protocol, and a single-
cell suspension will be obtained by filtering cells through a 40 um filter. Airway alveolar
macrophages were obtained by isolating CD45+ cells from BAL fluid. From the lungs, a sequential
negative selection was performed to obtain a CD45+ population (immune cells), CD45-CD31+
population (endothelial cells), and CD45-CD31-Epcam+ population (epithelial cells). In brief, cells
were incubated with CD45 MicroBeads, then flowed through an LS column placed in
QuadroMACS magnet. CD45+ cells were bound to the column, while CD45- cells were in the flow
through. The CD45+ cell population was obtained by flushing the column with PEB buffer after it
was removed from the magnet. This process was repeated to obtain CD31+ cells from the CD45-
population and Epcam+ cells from the CD45-CD31- population using MicroBeads bound to the

respective antibodies.
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qgPCR

Tissue RNA was extracted via TRIzol (Thermo Fisher), and cDNA was synthesized using the
iScript cDNA Synthesis Kit (BioRad). Gene transcript levels were quantified in duplicate by
SsoAdvanced Universal SYBR Green Supermix(BioRad) using a CFX Connect or CFX96 Touch
Real-Time PCR Detection System (BioRad). mRNA expression was calculated using the ACT
method normalized to hypoxanthine guanine phosphoribosyl transferase (Hprt) expression levels.

Primers are listed in Supplemental Table 1.

Western Blot

Frozen ground tissue or cells were homogenized in RIPA buffer containing protease and
phosphatase inhibitors. Protein concentration in tissue lysates was determined by a BCA assay
(ThermoFisher Pierce, 23225), and then lysates were denatured by SDS and boiling. For
ferroportin, lysates were not denatured by SDS and not boiled. ~15 mg of protein were loaded
per lane and were separated by SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were blocked for 1h in 5% w/v dried nonfat milk and incubated with primary
antibodies in primary antibody dilution buffer (20 mM Tris pH 8, 200 mM NaCl, 0.25% Tween 20,
2% BSA, 0.1% NaNs3) overnight at 4 °C The secondary reaction was performed using HRP-
conjugated anti-rabbit or anti-mouse IgG diluted in blocking buffer. Protein blots were visualized
by chemiluminescence using the ChemiDoc XRS+ imaging system and quantified using Image

Lab software (Bio-RAD).

Commercial antibodies used are listed in Supplemental Table 2. Monoclonal mouse anti-ZIP8

antibody (9D4A9) was generated and purified by Genscript using the antigen protein sequence:
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MHPSEGPELAFSEDVLSVFGANRSLSAAQLGRLLERLGAASQQGALDLGQLHFNQCLSAEDIF

SLHGFSNVTQITSSNFSAICPAILQQLNFHPCEDLRKHNAKPSHHHHHH.

Cell lines

A549 cells (ATCC, CCL-185) and 16HBE cells (Sigma, SCC150) were cultured in RPMI 1640
medium with GlutaMAX™ supplement (Thermofisher, 61870036), supplemented with 10% FBS
and 1x Pen/Strep, at 37 °C in a 5% CO2 95% air atmosphere. For experiments, cells were seeded
at 2 x 10%well in 12 well plates and allowed to adhere overnight. Cells were serum starved
(complete media with 0.1% FBS) for 24 hr, then treated with 50 ng/mL recombinant human IL6
(R&D Systems #206-IL), IFNy (PeproTech #300-02), IL1a (PeproTech #200-01A), IL1B
(PeproTech #200-01B), TNFa (Biolegend #570102) or EGF (Gibco #10450). 16 hrs post
treatment, cells were harvested for analysis. ZIP8 knockdown was performed using Lipofectamine
RNAIMAX Reagent (Invitrogen, 13778150) and Opti-MEM according to manufacturer’s
instructions. OnTarget Smart Pool siRNAs targeting human ZIP8 (L-007573-01-0005) or

nontargeting control siRNA (D-001810-10-05) were purchased from Horizon Discovery.

%8Fe isotope preparation and sample analysis

%8Fe (93% enrichment) was purchased from Trace Sciences International, dissolved in 12N HCI
to form H. plus *®FeCl,, and H.O, was added to oxidize the H. plus *®FeCl, to H,O plus *8FeCls.
100 mM of %8FeCl; in 12N HCI was diluted 1:400 in 10 mM of sodium ascorbate to obtain ferrous
%8Fe2*, ZIP8 KO mice and littermate controls were treated with 5 pg of %®Fe?* via retroorbital
injection or oropharyngeal aspiration. 4 hours later, mice were euthanized and lung tissue and
BAL fluid was collected for analysis. Acid extraction to extract non-heme iron was performed on
lung tissues as listed above, and supernatant and BAL fluid were submitted to the UCLA ICP-MS

Core Facility for ICP-MS analysis of *Fe and *%Fe.
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Tissue concentrations of other metals were also determined at the UCLA ICP-MS facility within

the UC Center for Environmental Implications of Nanotechnology.

Mpyeloperoxidase Assay

A quantity of ~10 mg of ground lung tissue was weighed and homogenized in 50 mM potassium
phosphate solution, pH 6.0. The solution was centrifuged, then the pellet resuspended in 0.5%
CETAB in Cell-Based Assay Buffer (Cayman #10009322). After sonication and incubation,
myeloperoxidase (MPO) activity in the supernatant was measured using the colorimetric
neutrophil myeloperoxidase activity assay kit (Cayman #600620). BALF MPO activity was
measured directly with the assay kit. MPO activity was measured as the rate of change of

absorbance over time.

Superoxide Dismutase Assay
Superoxide dismutase activity (SOD) was assessed in tissues using the Superoxide Dismutase

Assay Kit (Cayman Chemicals, #706002) following manufacturer’s instructions.

Malondialdehyde Assay
Malondialdehyde was quantified in mouse tissues as a measure of lipid peroxidation using the
Thiobarbituric Acid Reactive Substances (TCA Method) Assay Kit (Cayman Chemicals #700870)

following the manufacturer’s instructions.

Statistics
Graphpad Prism (version 9.0 for Windows, GraphPad Software) was used for all statistical

analyses. Normally and non-normally distributed data were analyzed using the t test or Mann-
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Whitney rank-sum test, respectively. Multivariate analyses were performed using two-way

ANOVA.

Study Approval

All animal experiments were approved by the University of California, Los Angeles (UCLA)
Institutional Animal Care and Use Committee and were carried out in accordance with the Guide
for Care and Use of Laboratory Animals (National Institutes of Health, Bethesda, MD). All mice
were maintained on a 12-h light-dark schedule in a temperature- (22-25°C) and humidity-
controlled environment. Unless specified, mice received a standard diet (PicoLab Rodent Diet 20,
5053 Irradiated, 185 ppm iron). At the end of experiments, mice were humanely euthanized using

CO: inhalation.
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Figure 1: ZIP8 KO mice have decreased liver manganese and increased splenic iron levels.
ICP-MS was performed on liver and spleens from 16-week-old ZIP8 KO mice and littermate
controls (fl/fl). (a,c) Concentrations and (b,d) total levels of (a-b) liver and (c-d) splenic iron,

manganese and zinc were measured. p-values determined by two-tailed t-test.
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Figure 2: Baseline ZIP8 KO mice have impaired iron recycling. (a) Liver, spleen and serum

non-heme iron levels from 16-week-old ZIP8 KO and littermate controls (fl/fl). (b) Complete blood

counts. Hb: hemoglobin, HCT: hematocrit, MCV: mean corpuscular volume. (c¢) Liver Hamp
mMRNA and bone marrow (BM) Erfe mRNA levels. (d) Representative images of Perls’ staining for
iron in ZIP8 KO and fl/fl FFPE spleen tissue. 40x magnification. (e) Splenic red pulp macrophages

from C57BL/6 mice were isolated via magnetic bead separation for F4/80+ cells for ZIP8

measurement by Western blot. ZIP8 protein levels are enriched in the splenic F4/80+ population

as determined by Western blot. p-values determined by two-tailed t-test.
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Figure 3: ZIP8 KO and WT mice have similar responses to phenylhydrazine. (a-c) C57BL/6
mice were treated with 300 pl of aged RBCs, a single i.p. injection of 10 mg iron dextran or two
consecutive daily doses of 60 mg/kg phenylhydrazine hydrochloride (PHZ) to induce hemolytic
anemia. n=3-5 mice for each treatment group. Tissues were harvested 3 days after treatment. (a)
Western blot of splenic ZIP8. (b) Correlation between splenic ZIP8 protein levels as quantified by
densitometry and splenic non-heme iron levels. (c) Liver Saa? mRNA levels. (d-f) ZIP8 KO and
littermate controls (fl/fl) were treated with PHZ as described above. (d) Complete blood counts
were performed on day 4 and day 7 on heparinized blood from ZIP8 KO and fl/fl mice. Hb:
hemoglobin, HCT: hematocrit, MCV: mean corpuscular volume. (e) Day 7 liver Saaf, liver Nqo1,

and spleen Ngo7 mRNA levels and (f) spleen and serum non-heme iron. p-values determined by

two-tailed t-test.
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Figure 4: Loss of ZIP8 has no effect on response to iron deficiency in mice. ZIP8 KO mice
and littermate controls (fl/fl) were placed on 4ppm Fe diet and complete blood counts (CBCs)
were measured at 6, 8, 12, 16, 20 and 24 weeks on the diet. Tissues and serum were harvested
at the end of the treatment. (a) CBCs from ZIP8 KO and fl/fl mice. Hb: hemoglobin, HCT:
hematocrit, MCV: mean corpuscular volume. (b) Blood zinc protoporphyrin (ZPP) levels. (c)
Spleen, liver and serum non-heme iron levels from iron-deficient ZIP8 KO mice and fl/fl mice. (d)

Representative Western blot for splenic Fpn, Tfr1, and FtnH protein. (e) Liver Hamp1 mRNA.
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Figure 5: ZIP8 is induced by inflammation in human alveolar epithelial cells. (a)
Representative images for immunohistochemistry (IHC) for ZIP8 in normal human lung tissue
(n=3 biological replicates). Images are 10x magnification; inset is 40x. (b-d) A549 cells (human
alveolar epithelial cell line) were serum starved for 24 hrs, then treated with 50 ng/ml recombinant
human IL6, IFNy, IL1a, IL1B, TNFa or EGF for 16 hrs. (b) Representative Western blot for ZIP8
protein expression. (¢) SLC39A8 mRNA levels. (d) ZIP8 siRNA knockdown. NT: non-targeting
siRNA, KD: ZIP8 siRNA (e) 16HBE cells (human bronchiolar epithelial cell line) SLC39A8 mRNA

levels after treatment for 16 hours.
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Figure 6: ZIP8 transports iron from the airspace into the lung. (a) S/c39a8 mRNA levels of
C57BL/6 mouse lung subpopulation cell types. B CD45+: BAL macrophages. L CD45+: lung

macrophages. CD31+: endothelial cells. Epcam+: epithelial cells. (b) ZIP8 KO mice and littermate
controls (fl/fl) were treated with 5 pg of *Fe”" via retroorbital injection (RO) or oropharyngeal

aspiration (OP) and harvested after 4 hrs for ICP-MS analysis of *Fe levels. (c-d) 16-week-old
ZIP8 KO and fl/fl mouse lung (¢) non-heme iron levels and (d) Ngo7 mRNA and malondialdehyde

(MDA) levels. p values were determined by two-tailed t-test.
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Figure 7: ZIP8 does not play a significant role in LPS-induced acute lung injury. 16-week-
old ZIP8 KO mice and littermate controls (fl/fl) were treated with 15 mg/kg LPS through
oropharyngeal (OP) aspiration to induce acute lung injury (ALI) and harvested after 3 days. A
subset of mice in both groups were left untreated for comparison. n=3-7 mice per group (a)
Representative Western blot for ZIP8 in lung lysate. (b) Lung non-heme iron levels. (¢) BAL
protein levels. (d) BAL and lung tissue myeloperoxidase (MPO) activity. (€) Lung mitochondrial

superoxide dismutase (SOD).
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Figure 8: ZIP8 deletion is protective against K. pneumoniae infection. ZIP8 KO mice and
littermate controls (fl/fl) were infected with 1500 colony forming units (CFU) of K. pneumoniae via
oropharyngeal aspiration and weighed daily until harvest at 3 days (a) Percent weight loss in ZIP8

KO and fl/fl mice. (b) CFU counts in lung, liver, spleen and blood after infection. (¢) BAL protein

levels. (d) BAL and lung tissue myeloperoxidase (MPO) activity. (e) Lung mitochondrial and

cytosolic superoxide dismutase (SOD). p values were determined by two-tailed t-test.
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Supplemental Figure 1: Confirmation of ZIP8 deletion in ZIP8 KO mice. (a) Breeding and diet
schematic to generate ZIP8 KO mice. (b-d) Knockout of ZIP8 (KO) was confirmed by (b) excision
of ZIP8 exon 3, (c) SIc39a8 mRNA knockdown, and (d) loss of ZIP8 protein. fl/fl: littermate control.
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Supplemental Figure 2: Baseline ZIP8 KO mice have altered iron homeostasis. (a-b) Male
RosaCre*ZIP8"" and RosaCreZIP8" mice at 8 wk of age were injected with tamoxifen (100
mg/kg for 5 consecutive days) to generate ZIP8 KO mice and littermate controls (fl/fl), then
analyzed at 16 wk of age. (a) Liver and spleen non-heme iron levels and (b) Hematological
parameters for ZIP8 KO and fl/fl mice. Hb: hemoglobin, HCT: hematocrit, MCV: mean corpuscular
volume. (c-d) Male and female RosaCre*ZIP8"" and RosaCreZIP8"" mice were put on tamoxifen
diet (Teklad TD.130857) at 4 wk of age for 4 wk to generate ZIP8 KO mice and littermate controls,
then switched to standard rodent diet (Teklad 7912) for 4 wk. Mice were analyzed at 12 weeks of
age. (c) Liver, spleen and plasma non-heme iron levels of ZIP8 KO and fl/fl mice. (d) Hemoglobin

levels for ZIP8 KO and fl/fl mice. p-values determined by unpaired Student’s t-test.
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Supplemental Figure 3: Iron transport and storage protein levels in ZIP8 KO spleens are
unchanged. 16-week-old ZIP8 KO mouse and littermate control (fl/fl) spleens were harvested.
(a) Hmox1, Tfrc, Fpn mRNA levels, (b) representative Western blot of ferroportin (Fpn) and ferritin
heavy and light chain (FtnH, FtnL) proteins (Graphs depict quantification of band intensity by
densitometry with corresponding densitometry values), (¢) malondialdehyde (MDA) levels, and

Ngo1 mRNA levels.
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Supplemental Figure 4: ZIP8 KO and WT mice have similar responses to phenylhydrazine.
6-month-old ZIP8 KO mice and littermate controls (fl/fl) were treated with two consecutive daily
i.p. injections of 60 mg/kg phenylhydrazine (PHZ) or vehicle control to induce hemolytic anemia,
then harvested after 48 h. (a) Western blot for spleen, liver, and kidney ZIP8. M: male, F: female.
Prior to Western analysis, tissue lysates were digested with PNGase F to cleave N-linked glycans
(ref. 15). (b) Hemoglobin levels after PHZ injection. (c) Splenic non-heme iron. p-values

determined by Student’s unpaired t test.
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Supplemental Figure 5: Phenylhydrazine increases ferroportin in ZIP8 KO spleens
compared to WT spleens. ZIP8 KO and littermate controls (fl/fl) were treated with PHZ and their
spleens analyzed at (a-b) day 7 or (c) 48 hours. (a) Western blot of ferroportin (Fpn) protein in
ZIP8 KO and fl/fl mouse, and (b) splenic Fpn, Hmox1, Adgre mRNA levels. (c) 48 hr Western blot

for splenic Fpn protein. p-values determined by two-tailed t test.
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Supplemental Figure 6: Effect of iron-deficient diet on ZIP8 KO mice. 7-wk-old
RosaCre*ZIP8"" and RosaCreZIP8"" mice were put on a tamoxifen diet (Teklad TD.130857) for
4 wk to generate ZIP8 KO mice and littermate controls (fl/fl), then placed on iron-deficient 4 ppm
Fe diet (modified AIN-93G rodent diet) for 8 wk starting at 11 wk of age. (a) Hemoglobin levels in
iron-deficient ZIP8 KO and fl/fl mice. (b) Plasma, spleen and liver non-heme bound iron in iron-
deficient ZIP8 KO and fl/fl mice. (C) Western blot for splenic ferritin heavy and light chains (FtnH,
FtnL), transferrin receptor (TfR1) and ferroportin (Fpn) in ZIP8 KO vs fl/fl mice. (c) Splenic mMRNA

levels of various iron-related proteins. p-values determined by Student’s unpaired t test.
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Supplemental Table 1: Primers for RT-PCR

Forward Primer (5’ -> 3’) Reverse Primer (5’ -> 3’)

Target Gene

UCLA
CTG GTT AAG CAG TACAGC CCC

Mouse Slc39a8 AACTTCTCTGCCATCTGCCC

CCTATCTCCATCAACAGATG
ATC GGG CTG GAG AACAGC
CCTCACAGATGG CGTCACTT
TCATGA GGG AAATCAATG AT
ATG GGAACTGTG GCCTTCAC
CACGGG GACATG AACGTCAT
TGA CCA GGA AGC CAA CAG
CTTTGG CTATGG GCTTCCAGT
GCCCTGGCGTCGTGATTAGT

Mouse Hamp
Mouse Erfe

Mouse Tfrc

Mouse Ngol
Mouse Saa-1
Mouse Adgre
Human HPRT

Human SLC39A8

CAG TGT GGT ATC TCT ACA GGATGG A

CGA GAG GTCCTTTTCACCAGC

GGCTTTGCGTTGTGCTTTCT

AACAGATACCACACT GGG AA
TGG CAT TGT CCA AGAAGA CA
TCT GCA GGG GCAGTATCTTG
GCC CCA GAA GAT ATG TCG GAA
TCC AGG CAT GAATAC GGA GA
GGAGTG TGG CCAATGCTGTA
GTAGGAAGACCAGACC
GCAAGG AGGACAGAGTTTATC
AGCAAG ACG TTCAGT CCT GTC

CAGTTT GGG CCCCTT CAAA

Mouse Cyclophilin RN e s R e SCcL

Mouse Slc39a8 AACTTCTCTGCCATCTGCCC

Mouse FtnL
Mouse FtnH
Mouse Tfrc

GAGGTCCCGTGGATCTGTGT
AAGATGGGTGCCCCTGAAG
CTCCATAGAGTTTGCTGACACCAT
TCACCTGGCTACGTCGAAAAT

WGITEE IR RS TGACGGCAGCAGAATTCCTT

CTAATGGGGTAGCTGGGAGT
GGGCTAAGAGCCATTGTCCT
ATGGGGCTGGAGAACAGC

Mouse Mfrn

Mouse Alas2
Mouse Erfe
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GCACCTTCATATTGCGCTCC

GGCTTTGCGTTGTGCTTTCT

GGAATCCCCGGGTCTGTT
CCAGGGTGTGCTTGTCAAAGA
TCCAGCCTCACGAGGAGTGTAT
GCTGGGCTAGTCCTGAGAATAGAC

CACCCCATCCCTGTACAAATG

AGCGCTGTTTCACCACTTCT
ATGGCTTCGGGTGGTTGAAT
TGGCATTGTCCAAGAAGACA



Supplemental Table 2: Antibodies

Target Protein Primary Antibodies

Mouse and human beta-actin Monoclonal antibody-peroxidase A3854, Sigma

. Monoclonal mouse antibody 9D4A9, Genscript; See Methods for
Mouse Zip8 X )
generation of antibody
Mouse Ferroportin Rat monoclonal IC7, Amgen

Mouse Ferritin Heavy Chain Rabbit monoclonal antibody 4393, Cell Signaling Technology

Mouse Ferritin Light Chain Goat polyclonal NBP1-06986, Novus Biologicals

Mouse monoclonal antibody H68.4, ThermoFisher
Rabbit polyclonal antibody HPA038832, Sigma

ImmPRESS horse anti-rabbit IgG HRP detection kit MP-7401, Vector Laboratories
I
Mouse monoclonal antibody AC-15, AM4302, Ambion

Mouse SR-B1 Rabbit polyclonal antibody NB400-104, Novus Biologicals
. Rabbit polyclonal antibody described in Wang et al., J Biol Chem.2012,
M Zip8
Py e Rabbit polyclonal antibody described in Knutson et al., Proc Natl Acad Sci
P U S A.2005, 102:1324-8

Rabbit polyclonal, F5012, Sigma
Mouse Transferrin Receptor Mouse monoclonal, 13-6890, Life Technologies
Secondary Antibodies:

Anti-mouse IgG HRP antibody 32430, Invitrogen
Anti-rabbit IgG HRP antibody NA9340V, GE Healthcare
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Mutations in bone morphogenetic protein receptor type Il (Bmpr2) are the most common genetic
causes of pulmonary arterial hypertension (PAH), with Bmpr2 mutations found in 82% of patients
with a family history of PAH. In addition, patients with Bmpr2 mutations develop PAH at a younger
age (1). However, the low penetrance of Bmpr2 mutations (20-30%) (1) indicates that a “second
hit” is often necessary for a patient to develop PAH. One potential second hit is iron deficiency,
which is commonly associated with PAH. Iron deficiency occurs in a reported 63% of PAH
patients, and its severity correlates with decreased exercise tolerance and worse survival (2). A
molecular link between iron deficiency and PAH is that BMP signaling also plays a large role in
iron homeostasis by inducing hepcidin, the master systemic iron regulator produced by the liver

(3). Our goal was to establish a mouse model of iron deficiency in BMPR2-associated PAH.

We generated Bmpr2 heterozygous (Het) and littermate control (Ctrl) mice by crossing Bmpr2
floxed mice (4) (kindly provided by Dr. Paul Yu from Harvard University) with CMV-Cre mice.
Heterozygous deletion of Bmpr2 was confirmed by qPCR (-ACT(Hprt-Bmpr2): Ctrl -3.49+0.06 vs
Het -4.27+0.36, Fig 1a). Male and female Bmpr2 Het and Ctrl mice were weaned onto a regular
diet or a 4ppm Fe low-iron diet for 2 or 5 months. While mice on the low iron diet had a significant
decrease in liver iron stores after 2 and 5 months on the diet, confirming decreased iron stores,
there was no significant difference between the Bmpr2 Het and Ctrl mice (Fig 1b). We also
measured the expression of hepcidin via Hamp mRNA. We expected hepcidin to be lower in iron-
deficient mice and that partial loss of Bmpr2 would decrease it further, as hepcidin is induced in
response to BMP signaling (3). We found that while liver Hamp mRNA decreases overall in
response to iron deficiency, partial loss of Bmpr2 had no significant effect on hepcidin expression

at any time point (Fig 1¢).

The complete blood counts (CBCs) also showed no significant effect of Bmpr2 loss on the iron-
deficient phenotype. As expected, mice on the low iron diet had decreased hemoglobin as
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compared to mice on regular diet, which is consistent with iron-deficiency anemia (Fig 1d). Also
unsurprising was the increased red cell distribution width (RDW) that occurred due to concurrent
microcytosis from iron deficiency and relative macrocytosis from compensatory reticulocytosis
(Fig 1e). Mean corpuscular volume (MCV) was also decreased at the 2-month timepoint, as
expected due to iron-deficiency anemia, but then recovered back to normal values by 5 months,
most likely due to the compensatory increase in circulating reticulocytes (Fig 1f). Thus, the
hematological parameters showed no significant difference between Bmpr2 Het and Ctrl mice at

any time point.

PAH severity was assessed via transthoracic echocardiography measurements of pulmonary
acceleration time (PAT) and the ratio of PAT to pulmonary ejection time (PAT/PET) (5). A baseline
PAT value of 301 ms for baseline normal mice was used as reference as reported previously
(5). Prior reports in the literature have described the development of PH in murine models of iron
deficiency (6), and our study also demonstrated increased right ventricular systolic pressures in
both control and mutant iron-deficient mice, as demonstrated by higher PATs. Surprisingly, iron-
deficient Bmpr2 Het mice had the same or mildly higher PATs than their littermate controls at both
the 2-month (Ctrl 17.29 ms vs Het 19.88; difference -2.59, 95% CI [-5.34, 0.15]) and 5-month
timepoints (Ctrl 16.46 ms vs Het 20.56; difference -4.10, 95% CI [-7.52, -0.68]) (Fig 1g). PAT/PET
ratios for both genotypes were significantly lower after 5 months of diet compared to 2 months of
diet, and the subtle improvement in pulmonary pressures in Bmpr2 Het mice at 5 months was no
longer statistically significant (Fig 1h). The decrease in PAT/PET for both genotypes at 5 months
could be secondary to the prolonged duration of iron deficiency contributing to the PAH

phenotype.
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Our initial expectation was that iron deficiency could provide the “second hit” for Bmpr2-related
PAH development and worsen PAH outcomes. However, our Bmpr2 Het mice had similar or
improved PAH parameters as measured by echocardiography compared to Ctrl mice when on
low iron diet, which is counter to the correlation between iron deficiency and worse PAH
parameters shown in clinical literature. Our contrary results could be due to several reasons. The
loss of Bmpr2 could be compensated by an increase in other BMP type Il receptors, such as
ACTR2A (3), potentially causing a net overall increase in BMP signaling in the lungs. Another
potential explanation is the mouse model itself. The mutation in the Bmpr2 allele in the mouse
model used for these experiments is a loss of function, with exons 4 and 5 deleted (4). This could
potentially produce a truncated Bmpr2 that binds to BMP ligands and downregulates other BMP
signaling with unexpected downstream effects. Though there have been multiple links and
associations between iron deficiency and PAH potentially through Bmpr2, the Bmpr2 mutant

mouse model is not the appropriate model for elucidating this relationship.
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FIGURES
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Figure 1: Iron-deficient Bmpr2 heterozygous (Het) mice have unexpectedly improved
pulmonary hypertension compared to littermate controls (Ctrl). Bmpr2 Het and Ctrl mice
were placed on 4ppm Fe low iron diet for 0, 2 or 5 months. Echocardiography was performed,
then blood and livers were harvested for analysis. (a) Confirmation of Bmpr2 reduction via liver
Bmpr2 mRNA levels in untreated mice. (b-c) Iron homeostasis as assessed by (b) non-heme liver
iron levels and (c) liver Hamp mRNA levels. (d-f) Complete blood counts. (d) Hemoglobin (Hb).
(e) Red cell distribution width (RDW). (f) Mean corpuscular volume (MCV). (g-h) Pulmonary
hypertension as assessed by (g) pulmonary acceleration time (PAT) and (h) the ratio of PAT to
pulmonary ejection time (PAT/PET). p values as determined by (a) two-tailed t-test or (b-h) two-

way ANOVA with multiple comparisons.
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ABSTRACT

B-thalassemia, caused by mutations in the p-globin gene, is a genetic disease characterized by
ineffective erythropoiesis, anemia and iron-overload associated with multi-organ dysfunction. In
anemias with ineffective erythropoiesis, the erythroid hormone erythroferrone (ERFE) is
pathologically overproduced. ERFE functions by suppressing the iron regulatory hormone
hepcidin, and the chronic suppression of hepcidin in -thalassemia results in excessive iron
absorption and iron overload, even in the absence of blood transfusions. A major obstacle in
studying the role of ERFE in B-thalassemia has been the lack of a mouse model that expresses
elevated ERFE akin to human patients. Our lab generated ERFE overexpressing transgenic mice
with varying levels of ERFE and showed that they developed dose-dependent iron overload and
relative hepcidin deficiency. Two ERFE overexpressing mouse lines (high: E(H) and moderate:
E(M)) were crossed with Hbb™3* mice, a widely used model of B-thalassemia, to generate double
mutants (T-E(H) and T-E(M)) to analyze the effect of ERFE on the pathophysiology of ineffective
erythropoiesis. We observed that there was a noticeably skewed genotypic ratio of the offspring
from these pairing, with almost no T-E(H) pups surviving to adulthood and T-E(M) pups making
up only ~9% of surviving pups from their respective breedings compared to the 25% expected. At
embryonic day 18.5 (close to term ~19.25d), however, there was the expected distribution of all
genotypes in both breedings, indicating that Th3/ERFE pups are conceived but do not survive
perinatally. In the T-E(M) mice that did survive to adulthood, we observed significantly higher liver
iron levels compared to Th3 littermates, indicating that excessive ERFE increases liver iron
loading in a mouse model of B-thalassemia. Our data thus far show that elevated ERFE levels
have a negative effect on perinatal survival in B-thalassemia and cause increased iron loading.
These results support the role of ERFE as a cause of iron overload in human patients and suggest
that neutralizing excessive ERFE has potential therapeutic applications for facilitating healthy

growth and development and preventing iron overload in 3-thalassemia.
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INTRODUCTION

Systemic iron homeostasis is tightly regulated by the hepatic peptide hormone hepcidin. Hepcidin
is induced in response to increased iron levels and inhibits both intestinal iron absorption and the
mobilization of stored iron (1). Erythropoietic activity, which is highly dependent on adequate iron
supply, is a strong regulator of iron homeostasis. The hormone erythroferrone (ERFE) is produced
by erythroid cells in response to hemorrhage, hypoxia or other erythropoietic stimuli, and
suppresses the production of hepcidin in order to increase iron availability for erythropoiesis (2,3).
Recent evidence indicates that ERFE suppresses hepcidin expression by binding to select
members of the bone morphogenetic protein (BMP) family (4-6) and inhibiting the BMP signaling

that stimulates hepcidin production (7).

The goal of this study was to determine in mouse models the effect of ERFE levels approximating
those measured in humans in the context of B-thalassemia. In patients with B-thalassemia and
other anemias associated with ineffective erythropoiesis, ERFE levels are pathologically elevated,
resulting in the chronic suppression of hepcidin, excessive iron absorption and eventual iron
overload (8,9). The severity of ERFE increase in human patients is not, however, modeled in the
commonly used mouse model of B -thalassemia intermedia, the Th3/+ mice (10,11). To determine
the impact of serum ERFE levels more closely approximating those reported in patients with B -
thalassemia on the thalassemic phenotype, we created a mouse model of B-thalassemia that

overexpresses ERFE.

Our lab recently generated and characterized three lines of transgenic mice with varying levels of
erythroid ERFE overexpression. These mice developed dose-dependent iron overload, impaired
hepatic BMP signaling and relative hepcidin deficiency (7). To determine the effect of high ERFE

in murine B-thalassemia, mice that carried the erythroid ERFE-overexpressing transgene were
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interbred with Th3/+ thalassemic mice (Supplemental Figure 1). As we showed that ERFE
overproduction by itself reproduced the hyperabsorption of iron leading to hepatic iron overload,
a key phenotypic feature of B-thalassemia, we expected to see an increase in iron loading in

thalassemic mice with elevated ERFE levels compared to those with low ERFE levels.
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METHODS

Transgenic mice

All experiments involving mice were conducted with the approval of the University of California,
Los Angeles Animal Research Committee. ERFE-overexpressing transgenic mice were
generated and ERFE expression levels confirmed as stated in (7), with one line having high-
expression of ERFE (E(H)) and another having moderately highly expression of ERFE (E(M)).
Th3/+ mice (Hbb"**; JAX #003253) (10) were provided by Dr. Stefano Rivella (University of
Pennsylvania). Th3/+ mice were crossed with E(H) mice to generate offspring with both the Th3
deletion and high ERFE levels (T-E(H)) as well as Th3/+, E(H) and WT littermates. Th3/+ mice
were crossed with E(M) mice to generate offspring with both the Th3 deletion and moderately
high ERFE levels (T-E(M)) as well as Th3/+, E(M) and WT littermates. At embryonic day 18.5
(E18.5) and at 16 weeks of age, mice were euthanized by isoflurane inhalation, and blood and

tissues were harvested for analysis.

Measurement of iron-related and hematological parameters

Liver non-heme iron were measured by using a colorimetric assay according to the
manufacturer’s protocol (Sekisui Diagnostics). Prior to sampling, livers were homogenized in
liquid nitrogen to reduce variation resulting from regional differences in hepatic iron deposition.
Complete blood counts (CBCs) were measured by using a HemaVet blood analyzed (Drew

Scientific).

RNA isolation and measurement of gene expression
Total RNA isolation was performed by using TRIzol (ThermoFisher Scientfic). cDNA was
synthesized using the iScript cDNA Sythesis Kit (Bio-Rad) following the manufacturer’s protocol.

Relative mRNA expression for genes of interest were determined by quantitative RT-PCR using
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SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) and measured on a CFX-96 RT-PCR
Detection System (Bio-Rad). Primer sequences for mouse Hprt (Fwd: 5 CTG GTT AAG CAG
TAC AGC CCC 3’; Rev: 5 CGAGAGGTCCTTTTCACCAGC 3’) and mouse Hamp (Fwd: &

CCTATCTCCATCAACAGATG 3’; Rev: 5 AACAGATACCACACTGGGAA 3)).

Statistical analysis

Statistical analysis was performed by using the statistical package included in Prism version 9
(GraphPad). P<0.05 was considered statistically significant. Means of experimental groups,
defined by genotype, were compared with others by one-way ANOVA with Tukey’s multiple
comparisons test. Analysis of observed vs expected ratios when analyzing transgene inheritance
was performed by using binomial testing and an expected transgene incidence of 50%. Fisher’s

exact test was used to analyze differences in phenotypic incidence between groups.

90



RESULTS

To generate a mouse model of B-thalassemia with elevated ERFE levels, we crossed two different
ERFE-overexpressing mouse lines (high line, E(H), and moderate line, E(M)) with Th3/+ mice.
From these breedings, we expected to generate wildtype (WT), Th3/+, E(H)/E(M) and T-E(H)/T-
E(M) littermate mice to use for analyses (Supp. Figure 1). We found a striking decrease in post-
natal survival of T-E(H) pups produced by breeding Th3/+ mice with E(H) mice, with only 1 pup
surviving to adulthood (Table 1). This lethality in the T-E(H) pups appeared to be attributable to
post or perrinatal issues rather than embryo developmental complications as the ratio of pup
genotypes at embryonic day E18.5 was in line with the expected Mendelian ratios. A similar, but
less extreme, pattern of impaired survival was observed in T-E(M) pups produced by breeding
Th3/+ mice with E(M) mice, with 8.8% of T-E(M) pups surviving to weaning age compared to the
expected 25% (Table 1). While, in our hands, Th3 heterozygosity alone resulted in impaired
survival prior to weaning, the diminished survival of T-E(H) and T-E(M) pups was greater than
would be expected due to the observed independent effects of either ERFE-overexpression or
Th3 heterozygosity on pup survival, suggesting a synergistic loss of viability of Th3/+ mice in the
presence of elevated ERFE. This pattern was observed regardless of the genotype of the dam,
suggesting it is due to ERFE expression by the pup alone rather than synergy between maternal

and pup ERFE expression.

Despite impaired survival to weaning, we did not detect a significant decrease in complete blood
count values (CBCs) between Th3/+ mice and T-E(H) or T-E(M) mice at E18.5 (Figure 1),
indicating that impaired survival was not attributable to worse anemia. Surprisingly, there was
slight but significant increase in hemoglobin (Hb) in near birth T-E(H) embryos compared with
Th3/+ littermates (Th3 4.875 g/dL vs T-E(H) 6.125 g/dL) (Figure 1). This increase is possibly

attributable to increased mobilization of fetal liver iron stores for erythropoiesis as T-E(H) mice
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had lower levels of both hepcidin (fetal liver Hamp mRNA, -ACT(Hprt-Hamp) Th3/+ 4.014 vs T-
E(H) -2.948) and fetal liver iron (Th3/+ 88.1 ug/g tissue vs T-E(H) 72.12 ug/g tissue) relative to
Th3/+ mice (Figure 2). This slight increase in Hb was not observed in the T-E(M) mice (Figure
1), suggesting that this may be due to the lower circulating levels of ERFE in T-E(M), as the
decrease in fetal liver Hamp mRNA in T-E(M) mice compared to Th3/+ mice (-ACT(Hprt-Hamp)
T-E(M) 0.064 vs Th3/+ 3.877) was less than that observed between T-E(H) and Th3/+ mice, and
there was no significant difference in fetal liver iron between the Th3/+ mice and T-E(M) mice

(Figure 2).

In the surviving adult T-E(M) mice, we did not detect a substantial effect of ERFE overexpression
on CBCs (Figure 3). Hb levels were not different between WT and E(M) mice, differing from our
previous observation of a mild increase in hemoglobin levels with moderate ERFE overexpression
at 16 weeks of age (7). Th3/+ mice demonstrated moderate anemia, attributable to ineffective
erythropoiesis, as previously reported(10,11). We did not detect exacerbation of anemia by ERFE
overexpression, as T-E(M) mice maintained hematological parameters similar to those of Th3/+
mice. In terms of iron levels, at 16 weeks of age both E(M) and Th3/+ mice accumulated excess
liver iron compared with WT littermates as expected (Figure 4) (7,10,11). However, ERFE
overexpression greatly increased liver iron loading in thalassemic mice as T-E(M) mice had liver
non-heme iron levels much greater than either Th3/+ or E(M) mice. This observation supports the
hypothesis (12) that variation in ERFE concentrations in human B-thalassemia and other iron-
loading anemias contributes to the observed variation in iron overload in patients with non-

transfusion dependent iron-loading anemias.
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DISCUSSION

We found that elevated ERFE levels have a negative effect on post-natal survival in a mouse
model of B-thalassemia, despite the Th3/+ and T-E(H)/T-E(M) littermates having similar
hematological parameters and liver iron levels. In the T-E(M) mice that did survive to adulthood,
however, T-E(M) mice had substantially increased liver iron compared to Th3 mice. Ongoing
experiments are currently exploring potential mechanisms behind the increased mortality in T-
E(M) mice and the increase in liver iron stores. The findings that elevated ERFE levels impair pup
survival in a mouse model of B-thalassemia during early life and greatly increase iron loading in
the context of ineffective erythropoiesis further supports the concept that ERFE is pathogenic in

B-thalassemia and is a potential therapeutic target to reduce disease-associated complications.
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FIGURES

Th3/+ x Erfe-Tg(H) Th3/+x Erfe-Tg (M) Th3/+x WT
N=38 N=57 N=109
3 weeks Expected Observed Expected Observed Expected Observed
Jededede *kk *kk
WT 25% |55.3% (21)] 25% |43.9% (25), 50% |67.9% (74)
Th3 25% 15.8% (6) | 25% 15.8% (9) 50% [32.1% (35)
ERFE 25% 126.3% (10)] 25% [31.6% (18) - -
Th3-ERFE 25% 2.6% (1) 25% 8.8% (5) - -
N=31 N=13 N=30
E18.5 Expected Observed Expected Observed Expected Observed
NS NS NS
WT 25% 29% (9) 25% 23.1% (3) 50% 60% (18)
Th3 25% 19.4% (6) |  25% 30.8% (4) 50% 40% (12)
ERFE 25% 22.6% (7) |  25% 23.1% (3) - -
Th3-ERFE 25% 29% (9) 25% 23.1% (3) - -

Table 1. Impaired postnatal survival of Th3/+;ERFE-Tg (Th3-ERFE) mice. Th3/+ (Th3) mice
were bred with either ERFE-overexpressing Line-H (Erfe-Tg (H)), Line-M (Erfe-Tg (M)), or
wildtype (WT) mice. Expected and observed percentages of generated offspring with specified
genotypes at either 3 weeks post birth (top table) or in utero at embryonic day E18.5 (bottom
table). Total numbers are in parenthesis next to the percentages. Statistically significant
differences from expected proportions were assessed by Chi-square testing (***=P<0.001,
****=P<0.0001).
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Figure 1. Complete blood count values (CBCs) in pups from Th3/+ (Th3) x ERFE-Tg(H)
(E(H)) and Th3 x ERFE-Tg(M) (E(M)) breeding. Th3 mice were bred with either E(H) (a-d) or
E(M) (e-h) mice to generate WT, Th3, E(H)/E(M) and T-E(H)/T-E(M) littermates. Pups were
harvested at embryonic day 18.5 and blood was collected for CBCs. (a,e) Red blood cell (RBC)
counts. (b,f) hemoglobin (Hb) levels. (¢,g) hematocrit (HCT) percentages. (d,h) mean corpuscular
volume (MCV) levels. p-values were assessed by one-way ANOVA with Tukey’s multiple
comparisons test; groups not sharing a common alphabetical superscript are significantly different
(p<0.05).
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Figure 2. Fetal liver hepcidin expression and non-heme iron levels in pups from Th3/+ (Th3)
x E(H) and Th3 x E(M) breeding. Th3/+ mice were bred with either (a-b) E(H) or (c-d) E(M) mice
to generate WT, Th3, E(H)/E(M) and T-E(H)/T-E(M) littermates. Pups were harvested at
embryonic day 18.5 and fetal livers were collected for analysis. Fetal liver (a,c) Hamp mRNA and
(b,d) non-heme iron concentrations. p-values were assessed by one-way ANOVA with Tukey’s
multiple comparisons test; groups not sharing a common alphabetical superscript are significantly
different (p<0.05).
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Figure 3. CBCs in adult mice generated by Th3/+ (Th3) x E(M) breeding. Th3 mice were bred
with E(M) mice to generate WT, Th3, E(M) and T-E(M) littermates. Mice were harvested at 16
weeks of age and blood was collected for CBCs. (a) Red blood cell (RBC) counts, (b) hemoglobin
(Hb) levels, (€) hematocrit (HCT) percentages, and (d) mean corpuscular volume (MCV) levels.
Males are indicated by filled circles and females by open circles. p-values were assessed by one-
way ANOVA with Tukey’s multiple comparisons test; groups not sharing a common alphabetical

superscript are significantly different (p<0.05).
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Figure 4. ERFE overexpression exacerbates liver iron overload in thalassemic mice. Th3/+
(Th3) mice were bred with E(M) mice to generate WT, Th3, E(M) and T-E(M) littermates. Mice
were harvested at 16 weeks of age and livers were collected to measure liver non-heme iron
levels. Males are indicated by filled circles and females by open circles. p-values were assessed
by one-way ANOVA with Tukey’s multiple comparisons test; groups not sharing a common

alphabetical superscript are significantly different (p<0.05).
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Supplemental Figure 1. Breeding scheme for Th3/+;ERFE-Tg (Th3-ERFE) mice and

littermate controls.
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CONCLUDING REMARKS

The goal of this work was to examine the relationship between iron dysregulation and various

lung pathologies and to clarify the role of the iron transporter Zip8 in the lung.

In Chapters One and Two, we utilized hepcidin knockout mice as a mouse model of severe iron
overload to examine the effects of iron overload specifically on acute lung injury (ALIl) and
idiopathic pulmonary fibrosis (IPF). Our goal in Chapter One was to determine the effect of iron
overload on ALI development, and it was necessary to use a model of sterile ALI to isolate the
direct contributions of iron excess versus the effects of bacterial virulence. We found that iron
overload by itself had a mild and transient effect on ALl severity, potentially via increased
apoptosis in the lung, with no impact on recovery in mice. This suggests that severe systemic iron
overload itself may not appreciably affect the clinical course and outcome of acute lung injury. In
the IPF model described in Chapter Two, we also observed no effect of iron overload itself on
whole-lung collagen or any noticeable differences in overall disease severity. While there have
been clinical and translational studies linking iron overload and IPF, potential reasons for our
observed results could be the inherent differences in the various genetic and dietary models of

iron overload.

In Chapter Three, we examined the role of ZIP8, a transmembrane divalent metal ion importer
that is most highly expressed in the lung and inducible by inflammatory stimuli. Our study has
shown that while ZIP8 may play a role in systemic iron recycling, as indicated by increased splenic
iron in ZIP8 KO mice, it does not appear to have a significant role in pulmonary iron regulation or
host defense despite its high level of expression in the lung. This study resulted in the

development of several tools to further study ZIP8, including a novel global inducible ZIP8 KO
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mouse and a novel anti-mouse ZIP8 antibody. These tools will serve to enable future studies of

ZIP8 function in vivo, as there remains more to be learned about ZIP8 and iron regulation.

In Chapter Four, our goal was to establish a mouse model of iron deficiency in BMPR2-associated
PAH. Our initial expectation was that iron deficiency could provide the “second hit” for Bmpr2-
related PAH development and worsen PAH outcomes. Our Bmpr2 Het mice, however, had similar
or improved PAH parameters compared to control mice, which is counter to what is observed in
clinical literature. Thus, though there have been multiple links and associations between iron
deficiency and PAH potentially through Bmpr2, the Bmpr2 mutant mouse model is not the

appropriate model for elucidating this relationship.

In Chapter Five, we explored the effect of excessive erythroferrone (ERFE) in a mouse model of
B-thalassemia. We found that elevated ERFE levels impair pup survival in a mouse model of f3-
thalassemia during early life and greatly increase iron loading in the context of ineffective
erythropoiesis during adulthood. These findings suggest that ERFE is a potential therapeutic

target in B-thalassemia patients.

Overall, this work has provided a better understanding of the effects of iron dysregulation on the
lung. While we have found that inappropriate levels of iron have mild effects on lung pathologies
in our mouse models, these studies will provide the foundation for future investigations into the
relationship between iron and lung pathologies. In addition, this work has established that while
ZIP8 does not play a clinically significant iron-related role in the lung, it is potentially involved in
iron recycling in the spleen. Finally, this work also demonstrates the effect of excessive ERFE in

worsening the iron-related complications in a mouse model of B-thalassemia.
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