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O ferro € um elemento essencial para os organismos vivos. No entanto, na forma livre,
conduz a danos nas células e nos tecidos. Para evitar esta toxicidade, assume-se que o ferro
sérico estd inteiramente ligado a transferrina (TF), uma proteina de transporte de ferro. Além
disso, a ferritina (FT) € um polipeptideo de armazenamento de ferro intracelular composto
pelas subunidades H (FTH1) e L (FTL), mas pode ser encontrada no soro. A FT sérica é
formada principalmente por FTL e contém uma pequena quantidade de ferro. Durante a infe-
¢ao, a luta pelo ferro leva a alterag6es no metabolismo do ferro ho hospedeiro, como meca-
nismo de defesa. No entanto, ainda ndo € completamente claro como a infe¢cao pode influen-

ciar o metabolismo do ferro no hospedeiro.

Com este trabalho, pretendemos explorar o papel da infecdo nas proteinas de ferro
séricas. Para isso, 1) realizamos um estudo observacional no contexto da doenga coronavirus
2019 (COVID-19) e 2) usamos diferentes modelos animais de infecéo para esclarecer o papel
e a libertacdo da FT na circulacdo e, também, para elucidar as alteracées no perfil de ligacéo
do ferro sérico e a sua regulagdo. Para a primeira parte do trabalho: avaliamos pardmetros do
ferro sérico em pacientes com COVID-19 em comparagdo com dadores de sangue e pacien-
tes admitidos num hospital portugués com um teste PCR para SARS-CoV-2 negativo. Os
nossos resultados indicam que a diminuicdo dos niveis de ferro sérico na COVID-19 néo é
completamente explicada pela hepcidina. Além disso, niveis elevados de FT sérica foram ob-

servados. Neste estudo, ndo detetamos alteragdes nos niveis de heme ou haptoglobina.

No estudo experimental usando modelos animais de infecdo, colhemos soro e 0s nos-
sos dados sugerem que o perfil de ligagéo do ferro sérico nao depende do tipo de infegcdo nem
dos componentes da resposta imune estudados. Em relacéo a liberacdo de FT para o sangue,
0s nossos dados mostram que o interferdo-gama (IFN-gama) podera ser um mediador deste

Processo.

Em suma, as observacdes feitas neste trabalho podem ter potencial para mudar a vi-
sdo atual sobre o transporte de ferro sérico durante a infecdo. Melhor compreender cada um
destes topicos € pertinente ndo apenas para infe¢des virais, mas também para infe¢cdes bac-
terianas e outros tipos de processos inflamatérios. No futuro, pretendemos explorar ainda

mais o impacto de diferentes infe¢cbes na homeostasia e distribuicdo do ferro no hospedeiro.

Palavras-chave: Homeostasia do ferro, transferrina, ferritina, infecao, virus, bactéria.
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Abstract

Iron is an essential element for living organisms. However, in a free form, it leads to
cell and tissue damage. To avoid this toxicity, serum iron is assumed to be entirely bound to
transferrin (TF), an iron transport protein. Additionally, ferritin (FT) is an intracellular iron stor-
age polypeptide composed of H- (FTH1) and L-subunits (FTL), but it can be found in the serum.
Serum FT is formed mainly of FTL and contain a small iron content. During infection, the fight
for iron leads to alterations in the host iron metabolism as part of a defensive response. How-

ever, it is not completely clear how infection impacts the host iron homeostasis.

With this work, we aimed to explore the infection role in serum iron proteins. For that,
we 1) performed an observational study in the context of the coronavirus disease 2019
(COVID-19) and 2) used distinct animal models of infection to clarify the role and the release
of FT into circulation, and to elucidate the iron-binding profile alterations and their regulation.
For the first part of the work: we evaluated serum iron parameters in COVID-19 patients in
comparison with blood donors and patients admitted to a Portuguese hospital with a negative
PCR test for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Our results in-
dicate that serum iron levels decrease in COVID-19 is not completely explained by hepcidin.
Also, increased serum FT levels were observed. In this study, we did not detect alterations in

heme or haptoglobin levels.

In the experimental study using animal models of infection, we collected serum and our
data suggest that serum iron-binding profile does not depend on the type of infection, nor the
immune components studied. In terms of serum FT release into blood, our data shows that

interferon-gamma (IFN-gamma) may be a mediator of this process.

Overall, the observations made in this work may have potential to change the current
view of serum iron transport during infection. Further understanding each of these topics is
pertinent not only for viral, but also for bacterial infections, and other types of inflammatory
processes. In the future, we aim to further explore the impact of distinct infections on the host

iron homeostasis and distribution.

Keywords: Iron homeostasis, transferrin, ferritin, infection, virus, bacteria.
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1. Introduction
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1.1. Iron distribution and homeostasis

Life, as we know, is not possible in the absence of iron, since it is an essential element
for almost all living organisms. Due to its capacity to exchange electrons with other molecules,
iron is involved in energy production processes, nucleic acid synthesis and repair, and cell
proliferation [1, 2]. However, in a free form, it catalyzes the production of reactive oxygen spe-
cies, which leads to cell and tissue damage [3]. To avoid these cytotoxic effects, the iron bal-

ance needs to be well controlled both at the systemic and cellular levels [4, 5].

In mammals, iron can be found in its divalent (Fe?*, ferrous) and trivalent (Fe3*, ferric)
forms. The ferrous form is mainly enclosed within the prosthetic group heme, and non-heme

iron is usually in the ferric form, bonded to or nucleated in proteins [2, 6].

Regarding the sources of the two iron forms in food products, heme iron is present in
meat and other animal products, and non-heme iron is found in both plant and animal products.
These different chemical forms lead to distinct intestinal absorption and cellular uptake mech-
anisms. Heme iron exhibits a high bioavailability (25—-30% is absorbed) compared to the ab-

sorption of non-heme iron (1-10% is absorbed) [7].

In terms of iron distribution, the human body contains ~3000-5000 mg of iron (45-55
mg/kg of body weight in adult women and men, respectively) and most of it is incorporated in
the hemoglobin (HB) (~2000 mg) of developing erythroid precursors in the bone marrow and
mature erythrocytes. The remaining body iron can be found in circulation, bound to transferrin
(TF, an iron transport protein) (~3 mg), in reticuloendothelial macrophages (~600 mg), in
hepatocytes, stored within the ferritin (FT, an iron storage protein) (~1000 mg), in muscles
within myoglobin (~300 mg), and a small portion is in other cellular iron-containing proteins
and enzymes (~8 mg) (Figure 1) [8-10].

Daily, a healthy human absorbs 1-2 mg of iron from the diet, compensating for the non-
specific iron loss by the skin and intestine’s cell desquamation. Additionally, menstruating
women lose iron every month [11]. Moreover, the mechanism of iron recycling via reticuloen-
dothelial macrophages has a crucial role, mainly because most of the iron required for eryth-

ropoiesis (30 mg/day) is obtained through this route [12].

Furthermore, there is not any known mechanism of controlled hepatic or renal iron ex-
cretion, thus intestinal iron absorption constitutes the main way of regulating the body iron

levels [1].



[APORTO PORTO
4 | Fcup |ICBAS F Pevomotoccitnens L icBAS st
New roles for serum iron proteins during infection C PITSOIR0ORIT o 12000t venices w0

Dietary Iron Absortion
1-2 mg/day

e B
A
5&4’,.. 3'.":.'

Transferrin

- T\

Muscle 1000 mg

300 mg
o P\
' Erythrocytes
\Q' - 1800 mg

Macrophages Bone
600 mg 300 mg

~

I 4

Body Iron Loss
1-2 mg/day

Figure 1. Body iron distribution.

Iron is acquired daily from the diet by duodenal enterocytes, then this micronutrient is transported, bounded to transferrin in the
bloodstream, to where it is needed in the body. Mainly, iron is utilized for erythrocyte production in the bone marrow. Senescent
erythrocytes’ iron is recycled into plasma by reticuloendothelial macrophages. Reserve iron is stored in muscles, within myoglobin,
or in the liver, within ferritin. the body iron loss occurs through the skin and intestine’s cell desquamation and during women’s

menstruation (adapted from [9]).

Iron metabolism is similar among mammals. In general, it comprises the processes of

iron absorption and uptake, metabolic loss, storage or export, transport, recycling, or excretion

[8].
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1.1.1. Transferrin

In the bloodstream, iron needs to be associated with proteins to avoid its cytotoxicity.
TF is a liver-derived glycoprotein with approximately 80 kDa. It binds one or two serum ferric
iron ions, after the oxidation of ferrous iron by the duodenal enterocytes’ transmembrane fer-
roxidase hephaestin (HEPH), in a soluble and non-toxic form, originating the circulating diferric
TF (TF-Fey). Additionally, this TF-bound iron is the main transport form of iron to a variety of
tissues, including the liver, bone marrow and spleen, and, consequently, the most relevant iron

source [5, 13].

TF enters the cell by the ubiquitous TF endocytic cycle. It starts when the TF-Fe; forms
a complex with the TF receptor 1 (TFR1, also known as TFRC, CD71) on the membrane of,
for instance, erythrocytes, the main destination of this iron source. Then, this complex is en-
docytosed, exposed to an acidic environment and the iron is released from the complex. After
its reduction to the ferrous form by the ferrireductase six-transmembrane epithelial antigen of
prostate 3 (STEAP3), the iron is transported to the cytosol via the divalent metal transporter 1
(DMT1, also known as natural resistance-associated macrophage protein 2 [NRAMP2] or so-
lute carrier family 11 member 2 [SLC11A2]) [1, 14]. Being important for efficient iron uptake,
the recycling mechanism of TF and TFR1 includes the targeting of the TF-TFR1 complex into
recycling endosomes, which needs the sorting nexin 3 (SNX3) [15], and the return of this com-
plex to the cell surface, which requires the exocyst complex component 6 (EXOCS6), followed
by the dissociation of TF from its receptor. Moreover, it has been observed in mice that TFR1
and, subsequently, the TF endocytic cycle are essential for iron import into erythrocytes [1].
Notwithstanding, it is not the case for most non-erythroid cells [10, 16], which supports the

existence of other mechanisms of iron uptake that do not depend on TF.

In parallel with the uptake from the TF-Fe,, iron also can be imported into erythroid

precursors through other processes, such as the pinocytosis of extracellular FT [1].

1.1.2. Ferritin

FT, one of the first proteins known to play a role in iron metabolism [17], is a polypeptide
with approximately 450 kDa composed of 24 subunits of H-ferritin (FTH1) or L-ferritin (FTL)
chains, with nearly 20 kDa each and different H and L ratios, depending on the tissue. The

assembling of these subunits into the FT nanocage (a hollow shell) allows the accommodation
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of up to 4500 iron atoms in its core. The incorporation of iron is catalyzed by the ferroxidase
activity of FTH1, which oxidizes the reactive ferrous iron to the inert and nucleated ferric form,
preventing the formation of free radicals [18-21]. Additionally, the absence of FTH1 from the
FT nanocage is lethal during mice embryonic development. Thus, suggesting not only that
Fthl gene is essential, probably due to the cytotoxicity of non-stored iron, as these mice lack
the ferroxidase activity conferred by FTH1, but also that FTH1 and FTL subunits do not have
a functional redundancy between them [22].

The FTL subunit, in contrast, does not have ferroxidase activity, however, it also plays
a role in promoting iron nucleation in the apoferritin shell [17, 23], through the transfer of elec-
trons across the protein shell, leading to the formation of inorganic ferrihydrite aggregates [19].
Moreover, the presence of FTL subunits in the multimeric complex improves its stability since

it protects the FT nanocage against high temperatures and denaturants [23-25].

The FT polypeptide is present in every cell type, however, and as mentioned before,
the ratio between FTH1 and FTL subunits is tissue-dependent, which may be due to the dif-
ferent regulation of their expression both at the transcriptional and translational levels [19]. FT
nanocages with a higher content in FTH1 are found in the heart and the brain, owing to these
tissues elevated ferroxidase activity needs, and the ones with a predominant FTL content are
found in the spleen and liver [18, 26]. Furthermore, FT can also be found in the serum, mito-
chondria, and nucleus, where it has other roles, besides the safe storage of iron, such as

immune regulation [25, 27].

The role of serum FT, its subunits ratio, iron content and pathways of cellular export
are not fully understood. Some studies claim that serum FT is formed mainly of FTL subunits
with a few FTH1 subunits and, thus, contain a small amount of iron due to the poor ferroxidase
activity. In contrast, other studies argued that serum FT presents a significant iron content [28].
Moreover, regarding pathways of cellular export, there are two main views: some authors be-
lieve that intracellular FT is passively released by damaged cells death [29] and others defend
that it is actively released by some cells, such as macrophages, through non-classical secre-
tory autophagy and multivesicular body-exosome pathways. Of note, it has been proposed that
human serum FT has mannose- or glucose-like molecules on the protein surface, that may be

a marker for endoplasmic reticulum-Golgi processing [28, 30].

Serum FT is frequently used as an indicator of tissue iron levels. Low levels of serum

FT are associated with iron deficiency and high levels may indicate iron overload [28, 31].



[BAPORTO [WPORTO

FACULDADE DE CIENCIAS S TITUTO 08 CHNCAS
R DRimasisssn, ¢ ) 1caas mumasa, _FCUP|icBAS| 7
BIOMEDICAL SCIENCES New roles for serum iron proteins during infection

Nevertheless, in inflammatory conditions, serum FT values usually are elevated, which confers

a limitation to the diagnosis [32].

Regarding FT cellular uptake, in mice, the scavenger receptor class A member 5
(Scarab) binds to FTL [10] and FTH1 interacts with the receptor T cell immunoglobulin and
mucin domain-containing 2 (TIM-2) [16]. However, in human cells, the receptor for FTH1 may

be the TFR1, giving the lack of the TIM2 gene in the human genome [33].

1.1.3. Iron metabolic utilization, storage, or export

In terms of the iron uptake through the products of intravascular hemolysis, free heme
and HB form complexes in the plasma with hemopexin (HPX) and haptoglobin (HP), respec-
tively. The resulting complexes are scavenged from the circulation by the cluster of differenti-
ation 91 (CD91) and cluster of differentiation 163 (CD163) receptors, respectively [1].

In the cytosol, heme oxygenase-1 (HO-1, also known as HMOX1) cleaves heme to
form biliverdin, releasing iron and carbon monoxide [34]. The ferrous iron obtained through
absorption and uptake processes constitute the labile iron pool (LIP) and can be metabolic
used by several ferrous iron-dependent proteins, stored within FT, or exported from the cell to
the circulation via the basolateral membrane protein ferroportin 1 (FPN1, also known as
SLC40A1) [1].

Regarding metabolic utilization, the principal destination for the cytosolic LIP is the mi-
tochondria. In developing erythroblasts, the inner mitochondrial membrane protein responsible
for the iron influx is mitoferrin 1 (MFRN1, also known as SLC25A37) [35]. Upon import into the
mitochondrial matrix, ferrous iron is used in the biosynthesis of essential prosthetic groups. On
the one hand, ferrous iron is incorporated within the protoporphyrin IX by the ferrochelatase
(FECH), forming heme, which effluxes to the cytosol by the feline leukemia virus subgroup
receptor 1 (FLVCR1, also known as Mfsd7b). Once in the cytosol, heme can be inserted into
hemoproteins, especially HB. On the other hand, ferrous iron takes part in the production of
iron-sulfur (Fe-S) clusters, that depends on frataxin (FXN) and glutaredoxin-related protein 5
(GLRX5). To be inserted in Fe-S proteins, these clusters are exported to the cytosol via the
ATP-binding cassette subfamily B member 7 (ABCB?7) [1]. In non-erythroid cells, the mitochon-
drial iron uptake is ensured by the MFRN1 paralogue mitoferrin 2 (MFRN2, also known as
SLC25A28) [35].
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In terms of export, cytosolic ferrous iron is transferred into the extracellular space, as
mentioned above, via the FPN1 and then, oxidized to ferric iron by either the HEPH or the

ceruloplasmin (CP) ferroxidases [1, 27].

1.1.4. Iron recycling

In the bone, the main function of the acquired iron is the synthesis of HB, in the process
of erythropoiesis, but it can also be stored in the liver, spleen or other cells, incorporated within
FT. In these three tissues, specialized macrophages phagocyte complexes with iron, such as
heme-hemopexin and hemoglobin-haptoglobin, or aged or damaged erythrocytes from the cir-
culation. In the erythrophagolysosomes, which results from the fusion with lysosomal vesicles,
the degradation leads to the release of heme, followed by its export into the cytosol via the
only heme iron transporter that is recognized, the heme-responsive gene 1 (HRG1, also known
as SLC48A1) [1, 36]. In the cytosol, heme is cleaved, and the resulting ferrous iron can be
either stored within the FT or exported by FPNL1 into the bloodstream, where it is oxidized to

ferric iron by the CP ferroxidase, culminating in the iron recycling (Figure 2) [12].

1.2. Regulation of iron homeostasis

Regarding the cellular level, iron homeostasis is assured by the iron regulatory proteins
(IRP)-iron-responsive elements (IRE) system, the ferritinophagy and the cargo molecule nu-
clear receptor coactivator 4 (NCOA4)'s capacity of iron sensing. The former is a post-transcrip-
tional control system for iron metabolism genes where two orthologous RNA-binding proteins
IRP1 (also known as ACO1) and IRP2 (also known as IREB2) bind to the IRE of mRNA un-
translated regions of these genes. In iron deficiency, this IRP-IRE binding inhibits the transla-
tion of MRNASs that encode proteins evolved in iron storage, such as FTH1 and FTL, or export,
like FPNL1, stabilizes the TFR1 mRNA, thus preventing its degradation, and seems to promote
the expression of the DMT1 mRNA, furthermore, stimulating iron uptake [1, 17]. In an iron
overload condition, the IRP bind to iron and lose affinity for the IRE, suppressing the IRP-IRE
interaction, and culminates in the conversion of IRP1 into cytosolic aconitase by Fe-S clusters
and in the iron-dependent proteasomal degradation of IRP2 [5]. Additionally, ferritinophagy is
the degradation process of FT in iron-deficient cells. The NCOA4 binds to FT and carries it into

autolysosomes for lysosomal degradation. The resulting decrease in iron storage within FT
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allows the cells to recover the needed iron [25, 32]. Whereas, in iron-replete cells, the NCOA4
binds to iron and is recognized by the HECT (homologous to E6-associated protein carboxyl
terminus) and RCC1 (regulator of chromosome condensation 1)-like domain-containing E3
ubiquitin protein ligase 2 (HERC?2). This causes NCOA4 polyubiquitination and, consequently,

its degradation in the proteasome [5, 17].
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Figure 2. Systemic and cellular iron homeostasis.

(A) 1) In enterocytes, dietary non-heme iron is acquired from the intestinal lumen via DMT1, after reduction by the ferrireductase
duodenal cytochrome B (Dcytb), and dietary heme iron is acquired via an unknown transport system and, once inside the cell,
undergoes degradation by HO-1. 2) The cytosolic ferrous iron obtained constitutes the LIP and from there ferrous iron can be
stored within FT or exported into the bloodstream via FPN1. 3) In the circulation, ferrous iron is oxidized by HEPH into ferric iron,
which binds to TF and is transported to the tissues. 4) Iron absorption across the enterocyte is transcriptionally promoted by the
hypoxia-inducible factor 2a (HIF2) and suppressed by iron storage in FT; (B) 5) In macrophages, after endocytosis and degrada-
tion of senescent erythrocytes, heme is released into the phagosome and then, exported into the cytosol by HRG1, where under-
goes degradation by HO-1. 2) The cytosolic ferrous iron obtained constitutes the LIP and from there ferrous iron can be stored
within FT or exported into the bloodstream via FNP1. 6) In the circulation, ferrous iron is oxidized by CP into ferric iron, which
binds to TF and is transported to the tissues. 7) Heme-HPX and HB-HP complexes are present in the bloodstream and are
scavenged via CD91 and CD163 receptors, respectively; (C) 8) In hepatocytes, TF-Fe, iron is acquired via TFR1, and non-TF-
bound iron (NTBI) is acquired via the metal cation symporter ZIP14 (ZRT/IRT-like protein 14). 2) The cytosolic ferrous iron obtained
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constitutes the LIP and from there it can be stored within FT or exported into the bloodstream via FNP1. 6) In the circulation,
ferrous iron is oxidized by CP into ferric iron, which binds to TF and is transported to the tissues. 9) The small hepcidin antimicrobial

peptide (HAMP) is mostly produced by the liver in response to a variety of stimuli (adapted from [1]).

At a systemic level, the maintenance of iron balance is achieved through the hepcidin-
ferroportin axis. The small hepcidin antimicrobial peptide is mostly produced and secreted by
the liver where it responds to a variety of stimuli, such as iron levels, erythropoiesis, and in-
flammation. Hepcidin interacts with an extracellular loop of the iron exporter FPN1, inducing
its endocytosis, which involves ubiquitination in a cytosolic loop of FPN, and its proteasomal
degradation [4, 5]. This way, the duodenal enterocytes, iron-recycling macrophages, and peri-
portal hepatocytes can manage the iron efflux into the bloodstream [1]. Furthermore, this reg-
ulation process is illustrated by the increased dietary iron absorption and macrophage iron
export observed in hepcidin knockout mice [37], and by the reduction of serum iron
(hypoferremia), resulting from hepcidin overexpression as demonstrated in wild type (WT)
mice [38].

1.3. The role of iron during infection

In the context of infection, the importance of iron, as well as the need to avoid its cyto-
toxicity, remains the same for both host and pathogen, leading to a struggle between them for

this micronutrient [27].

In response to a microbe, the reduction of the host’s iron availability, through withhold-
ing mechanisms, constitutes an effective example of nutritional immunity [39]. The type of

pathogen and the form of infection may interfere with these control processes.

Both in vitro (human) and in vivo (mice) studies revealed that the activation of toll-like
receptors (TLR) by the binding of specific pathogen-associated molecular patterns (PAMPS),
during intracellular infection in macrophages, leads to increased intracellular iron levels and
decreased extracellular iron availability, via two independents, but redundant, pathways [40].
Hypoferremia is induced by the hepcidin-dependent degradation of FPN1, as an example, via
the TLR4 signaling, where the expression of hepcidin increases, as observed in a model of
acute infection with Salmonella serovar Typhimurium (an intracellular Gram-negative bacteria)
[41]. Additionally, the reduction of the host’s iron may be caused by the hepcidin-independent

transcriptional downregulation of FPN1, for instance, via the TLR2 signaling [39, 40], as shown
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in a model of acute infection with Listeria monocytogenes (an intracellular Gram-positive bac-
teria). Of note, this reduction of FPN1 in macrophages that recycle iron from erythrocytes is
sufficient to rapidly cause hypoferremia in mice [39]. Furthermore, Mycobacterium avium (a
facultative intracellular bacteria), model of chronic infection, seems to cause moderate anemia
via a hepcidin-independent mechanism [41, 42]. These findings challenge the prevailing role
of hepcidin in the restriction of the host’s iron, suggesting that an hepcidin-independent path-

way(s) may act as a first-line response to fight numerous infections.

It has also been observed that the inflammatory mediator C-C motif chemokine ligand
2 (CCL2, also known as monocyte chemoattractant protein-1 [MCP-1]) causes alterations in

the host’s iron metabolism with the infection’s stimuli [43, 44].

Macrophage’s expression of the TRF1, which mediates iron delivery to endosomes, is
suppressed by both CCL2 and interferon-gamma (IFN-gamma) during intracellular infections
[43]. Furthermore, CCL2-deficient mice revealed a profound impact on systemic iron homeo-
stasis, such as decreased serum iron levels (hypoferremia) and iron accumulation in tissues
[45]. Another study shows that, in mice, increased expression of CCL2 by iron overload con-
ditions triggers an inflammatory response. However, the underlying mechanisms need to be
further clarified. [46]

IFN-gamma is the major macrophage activating cytokine. This activation promotes
mechanisms against the pathogen, resulting, for instance, in the inhibition of erythroblasts pro-
liferation [47, 48]. Moreover, the elevated activation by inflammatory cytokines, such as inter-
leukin(IL)-6, leads to significant levels of hepcidin, consequently, causes iron holding in mac-
rophages, high serum FT levels, and iron-limited erythropoiesis [5]. Nevertheless, these de-
fense processes are coupled with undesirable side effects for the host, due to the resulting
iron imbalance in specific tissues. One of these effects is the anemia of inflammation, which
results from the stimulation of erythrophagocytosis and impair erythropoiesis either by acute,
for instance, in S. Typhimurium or L. monocytogenes [5, 41], or chronic, as an example, in
Mycobacterium [49, 50], infections [4]. Of note, the recognition of M. avium by the TLR2 of
mouse primary macrophages induces FTH1 expression, leading to iron sequestration, but the

underlying mechanisms are not fully understood [42].

Similar to these bacterial infections, it is known that some viruses depend on iron to
efficiently replicate within living host cells. Some studies indicate the negative effects of iron

overload in the progress of viral infections. Viruses, such as the hepatitis B virus (HBV), the
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hepatitis C virus (HCV), the human cytomegalovirus (HCMV), and the human immunodefi-
ciency virus (HIV) are hypothesized to have the ability to modify iron homeostasis, for instance,
through hepcidin, in infected individuals, and, therefore, prosper. Nevertheless, more studies
are needed to explore the precise interactions between iron homeostasis and viral infections
[51]. More recently, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in-
fection, that causes the coronavirus disease 2019 (COVID-19), has accumulated studies re-
garding the impact of this infection in the host. Some authors observed that COVID-19 patients
exhibit hypoferremia [52, 53].

Despite this finding, opposing results were reported regarding a correlation between
iron or hepcidin levels and disease severity [54, 55]. Additionally, elevated serum FT levels
(hyperferritinemia) had been detected in COVID-19 patients, but a correlation between this

iron-related alteration and the severity of SARS-CoV-2 infection is not clear yet [54, 56, 57].

Although the increased knowledge about the role of iron in host-pathogen interactions,
particular details of its distribution and transport warrant further investigation. Here, we intend

to detail the role of iron-related proteins in the course of infection.

2. Objectives

The main goal of this work was to evaluate the role of infection in serum iron proteins
and the alterations on host iron homeostasis. To achieve that we performed an observational
study in the context of the current COVID-19 pandemic. Furthermore, several experimental

animal models were used. Thus, we tried to answer:
1) Which serum iron parameters are altered in COVID-19.
2) If during infection, serum iron binds to other proteins besides transferrin.

3) Clarify the role and the release of ferritin in acute and chronic infections.
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3. Materials and methods
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3.1. Materials

All chemicals used in this work were obtained from Sigma-Aldrich (USA) unless speci-

fied otherwise.

3.2. Observational study design of patients with suggestive COVID-
19’s symptoms

We analyzed data from 127 patients diagnosed with COVID-19 at Centro Hospitalar
Universitario de Sao Jodo (CHUSJ), Porto, Portugal, between September 2, and November
17, 2020. COVID-19 diagnosis was based on SARS-CoV-2 RNA detection by reverse-tran-
scription real-time PCR in a nasopharyngeal swab sample. Blood samples collected in the
context of clinical evaluation were used to obtain routine analytical data and to make additional
determinations relevant to this study, as explained below. The interval between the SARS-
CoV-2 PCR test and the first blood collection was less than 6 days for all patients except for 4
positive patients. These came to the hospital several days after a diagnosis was made else-
where, making the interval between diagnosis and the first sample increase to 8, 10, 11 and

21 days, respectively.

For comparison, samples from 176 patients admitted to the hospital in the same period,
with a clinical picture (fever, dyspnea, fatigue, and cardiovascular dysfunction) strongly sug-
gestive of COVID-19, but with a negative test for SARS-CoV-2 RNA, were also investigated.
All patients 18 years old or more were considered eligible, except those with active or recent
oncological disease, pregnancy, or hematological disease. Additionally, 35 serum samples
were obtained from blood donors at the Clinic Hematology Service of Centro Hospitalar Uni-
versitario do Porto (CHUP) in the same metropolitan area as CHUSJ. Blood donors were not
tested for SARS-CoV-2, but they had no symptoms of disease and filled the criteria for blood

donation, thus were used as healthy controls.

The study was approved by the local ethics committee of CHUSJ and performed in the
respect of the Helsinki declaration. Routine clinical data were collected in an anonymized for-
mat and no additional procedures or sample collections were performed for this study. As such,
the study was considered by the ethical committee as exempt from the need to take specific

written informed consent from the patients enrolled.



[MPORTO [WPORTO
FCUP | ICBAS F FACULDADE DE CIENCIAS ICBAS i :‘...‘ql..ly\lx'

UNIVERSIDADE DO PORTO L ALAzAR
New roles for serum iron proteins during infection BIOMEDICAL SIENCES

16

3.3. Quantifications in human samples

The quantification of both iron and FT levels in the serum or heparin-plasma samples
was done at CHUSJ.

3.3.1. Hepcidin

The human serum or heparin-plasma samples were used to measure hepcidin levels
using the Hepcidin 25 (bioactive) HS ELISA Kit (catalog no. EIA-5782; DRG Instruments
GmbH, Germany) according to the manufacturer’s instructions and the absorbance was read
at 450 nm on a yQuant™ Microplate Spectrophotometer (BioTek Instruments, USA) using the

software Genb.

3.3.2. Heme

Total heme was quantified in the human serum or heparin-plasma samples, using the
QuantiChrom™ Heme Assay Kit (catalog no. DIHM-250; BioAssay Systems, USA) according
to the manufacturer’s instructions and the absorbance was read at 400 nm on a yQuant™

Microplate Spectrophotometer (BioTek Instruments, USA) using the software Genb.

3.3.3. Haptoglobin

HP was quantified in the human serum or heparin-plasma samples, using the Human
Haptoglobin ELISA Kit (catalog no. ab108856; Abcam, UK) according to the manufacturer’'s
instructions and the absorbance was read at 450 nm on a yQuant™ Microplate Spectropho-

tometer (BioTek Instruments, USA) using the software Genb5.

3.4. Animal experimental procedures

3.4.1. Animals

C57BL/6 (WT), C57BL/6.CCL2 knockout (Ccl27"), IFN-gamma knockout (Ifng™),
C57BL/6.TLR2 knockout (TIr277), TLR4 knockout (TIr4™7") (B6.B10ScN-TIr4"sl/jthJ), and
conditional FTH1 deficient (Fth1”") mice and mice with macrophages insensitive to IFN-

gamma (MIIG) were bred and housed at the i3S’s animal facility.
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The animals were kept inside individually ventilated cages bearing high-efficiency par-
ticulate air (HEPA) filters and were fed with sterilized food and water ad libitum [41]. For all the

experiments, adult males were used.

All experimental animal procedures described in this work were carried out in compli-
ance with the animal ethics guidelines of the institute and national and European regulations
for the care and handling of laboratory animals. Ana Carolina Moreira and Tania Silva are
accredited by the Federation of European Laboratory Animal Science Associations (FELASA)

for animal experimentation at category C.

3.4.2. Bacteria

Mycobacterium avium 25291 smooth-transparent variant (SmT) (acquired from the
American Type Culture Collection [ATCC]; USA) was grown and stored as described previ-
ously [50, 58].

Listeria monocytogenes strain EGDe (generously provided by Didier Cabanes [Molec-
ular Microbiology group at i3S]) and Salmonella enterica serovar Typhimurium strain ATCC
14028 (kindly provided by Luisa Peixe [Faculdade de Farmacia da Universidade do Porto

(FFUP)]) were grown and stored as described previously [41].

3.4.3. In vivo infection

Mice were intravenously infected in the lateral tail vein with 1 x 108 colony forming units
(CFU) of M. avium 25291 SmT or 1 x 10* CFU of L. monocytogenes or S. Typhimurium. Con-

trol animals were injected with the same volume of saline solution by the same route.

At different time points post-infection, animals were anesthetized with isoflurane (B.
Braun Medical, Portugal) and sacrificed by cervical dislocation. Blood was collected, and liver
and spleen samples were harvested aseptically, weighted, quickly frozen in liquid nitrogen,
and stored at -80°C until use. Serum was obtained by high-speed centrifugation of the col-
lected blood. For this thesis purpose, only the in vivo experiment to obtain the serum, liver,
and spleen samples from Ccl2™'~ mice was carried out de novo. All the additional serum sam-

ples used were previously obtained in other in vivo experiments conducted in our group.

3.4.4. Glycosylation analysis

To evaluate glycosylation in serum ferritin, we used serum samples from iron over-

aloaded animals (10 mg/animal), 10 days previous mycobacterial infection. The samples were



[MPORTO [WPORTO

18 | Fcup |icBAS , , e Donmossecancas, £ ) ICBAS mznsst,
New roles for serum iron proteins during infection BIOMEDICAL SCIENCES

deglycosylated using N-glycosidase F (catalog no. 11365169001; Roche, Switzerland) accord-
ing to the manufacturer’s instructions. Briefly, the serum samples were diluted in a denaturing
buffer (0,5% of sodium dodecyl sulfate [SDS] and 1% of B-mercaptoethanol) and denatured
for 10 minutes at 100°C. Then, each sample was divided into two aliquots. One aliquot was
left untreated and the other was treated with N-glycosidase F with 1% of Nonidet P40 and
incubated for 2 hours at 37°C. This digestion was followed by the separation of all samples on
SDS- polyacrylamide gel electrophoresis (PAGE) and Western blot. For the latter the primary
antibody used was a rabbit anti-mouse FTL antibody (1:1000) (catalog no. ab69090; Abcam,
UK) and the second antibody used was horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG antibody (1:5000) (catalog no. 111-035-144; Jackson ImmunoResearch, UK). The
blot imaging was acquired with the ChemiDoc™ XRS+ System with Image Lab™ Software
(catalog no. 1708265; Bio-Rad, USA), using the Immobilon Crescendo Western HRP substrate
(catalog no. WBLURO0100; Merck, Germany). The images obtained were and analyzed with
the Image Lab™ Software (catalog no. 1709690; Bio-Rad, USA).

3.5. Quantification of bacterial loads

Bacterial burden in the liver and/or the spleen was determined by CFU assay.

For M. avium 25291 SmT, a portion of the organs was homogenized in water containing
0.05% of Tween 80. The tissue homogenates were serially diluted (1:10) in water containing
0.05% of Tween 80 and plated in Middlebrook 7H10 agar (BD Difco, USA) supplemented with
10% of oleic acid-albumin-dextrose-catalase (OADC). The colonies were counted after 10
days at 37°C.

The number of CFU per organ was calculated, taking into consideration the dilution at
which colonies were counted, the total organ weight, and the volume of the organ homogenate

used for plating.

3.6. Size exclusion chromatography

Proteins in the mice serum samples were size fractionated by size exclusion chroma-
tography (SEC). The samples were centrifuged at 15871 x g for 15 minutes to remove cell

debris and were loaded into the Superose 12 10/300 GL (General Electric, USA) column, pre-
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equilibrated with PBS with potassium chloride (PBS-KCI). The volumetric flow rate was 0.5
ml/min, at room temperature (RT) and 500 pl eluted fractions were collected. Absorbance was
registered at 280 nm for protein detection and 420 nm for the FT—iron core was used for elution

monitoring [28].

3.7. Quantifications in mice samples

3.7.1. Iron

Total iron was quantified in the mice serum samples, using the Iron Assay Kit (catalog
no. ab83366; Abcam, UK) according to the manufacturer’s instructions and the absorbance
was read at 593 nm on a pQuant™ Microplate Spectrophotometer (BioTek Instruments, USA)

using the software Genbs.

3.7.2. H-ferritin and L-ferritin

FTH1 and FTL were quantified by a sandwich enzyme-linked immunosorbent assay
(ELISA) in the mice serum samples and the SEC fractions. Briefly, a 96-well plate was coated
with rabbit anti-mouse FTH1 (12 pg/ml) or FTL (10 pg/ml) (a kind gift from Prof. Paolo San-
tambrogio, DIBIT-IRCCS San Raffaele Scientific Institute, Italy) and incubated overnight at
4°C. Then, the plate was washed with PBS containing 0.05% of Tween 20 and blocked with
2% of bovine serum albumin (BSA) (Fisher Scientific, UK) in PBS, for 1 h at RT. Afterwards,
the mice serum samples were incubated for 2 h at RT, washed and followed by the biotinylated
rabbit anti-mouse FTH1 or FTL (4 pug/ml) (a kind gift from Prof. Paolo Santambrogio, DIBIT-
IRCCS San Raffaele Scientific Institute, Italy) for 1 h at RT. ExtrAvidin-Peroxidase solution (a
biotin-binding protein conjugated with peroxidase) was added to the plate for 1 h at RT and
washed. Next, the 1-Step Turbo TMB (3,3',5,5'-tetramethylbenzidine)-ELISA Substrate Solu-
tion (Fisher Scientific, UK) was added, and the plate was incubated for approximately 15
minutes until a chromogenic signal was developed. Then, a sulfuric acid stop solution (H>SO4
2N) was added to the plate and the absorbance was read at 450 nm and 570 nm (for back-
ground correction) on a pQuant™ Microplate Spectrophotometer (BioTek Instruments, USA)

using the software Genbs.
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3.7.3. Heme

Total heme was quantified in the mice serum or plasma samples, using the Quan-
tiChrom™ Heme Assay Kit (catalog no. DIHM-250; BioAssay Systems, USA) according to the
manufacturer’s instructions and the absorbance was read at 400 nm on a yQuant™ Microplate
Spectrophotometer (BioTek Instruments, USA) using the software Genb5.

3.7.4. Haptoglobin

HP was gquantified in the mice serum samples, using the Mouse Haptoglobin ELISA
(catalog no. ab157714; Abcam, UK) according to the manufacturer’s instructions and the ab-
sorbance was read at 450 nm on a pQuant™ Microplate Spectrophotometer (BioTek Instru-
ments, USA) using the software Genb.

3.8. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0 program (GraphPad Soft-
ware, Inc., USA). Data are presented as mean % standard deviation. When comparing two
groups, an unpaired t-test was performed. For comparisons between three or more groups
with one independent variable, one-way ANOVA was performed after confirming the normality
and homogeneity of variances and the Kruskal Wallis test was used, when these assumptions
were not met. For comparisons between groups with two independent variables, two-way
ANOVA was performed. Post hoc analysis was performed by Tukey HSD test. Statistical sig-
nificance was reached when the p value was lower than 0.05 (*p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, ns - not significant).
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4. Results
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4.1. The impact of a viral infection on blood iron parameters in hu-
mans

The importance of host iron metabolism in the outcome of several infections has been
described [2, 4, 27]. COVID-19 has been posing several medical, economic, social, and sci-
entific challenges. Thus, to study and eventually find host iron-related biomarkers in COVID-
19, we performed an observational study of patients with symptoms suggestive of COVID-19,
admitted to CHUSJ. Depending on the result of the PCR test for SARS-CoV-2, each patient
was assigned to the non-infected or infected with SARS-CoV-2 group. Blood from these pa-
tients was usually collected within the first 48 hours after admission. The total number of
comorbidities was similar between non-infected and infected patients. Sera from blood donors

were used as healthy controls.

To understand the impact of the SARS-CoV-2 infection on iron-related parameters, we

performed determinations in the samples of serum or plasma obtained.

Regarding serum iron levels, both groups of patients had lower serum iron than healthy
blood donors. Furthermore, patients infected with SARS-CoV-2 had significantly lower serum

iron levels than non-infected patients (Figure 3A).

In order to clarify if the considerable hypoferremia observed in COVID-19 patients was
induced by the hepcidin-dependent degradation of FPN1, we quantified the levels of hepcidin.
Notably, even though hepcidin levels were higher in both groups of patients compared to blood
donors, there was not a significant difference of hepcidin between infected with SARS-CoV-2
and non-infected patients (Figure 3B). Therefore, hepcidin does not seem to have a central

role in the noteworthy reduction of circulating iron during the SARS-CoV-2 infection.

The opposite happened with the levels of circulating FT, which were higher in both
groups of patients than in blood donors. Moreover, patients infected with SARS-CoV-2 had
significantly higher serum FT compared to non-infected patients (Figure 3C). Thus, this ob-
served hyperferritinemia constitutes another relevant alteration in the iron metabolism during
the infection with SARS-CoV-2.

Additionally, to verify if the process of hemolysis occurs in COVID-19, we quantified the
levels of two hemolytic markers, circulating heme and HP. However, the levels of heme and
HP were not significantly different between blood donors, non-infected and infected with
SARS-CoV-2 patients (Figure 3, D and E).
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Figure 3. The impact of a viral infection on blood iron parameters in humans.

Blood samples were collected from infected with SARS-CoV-2 (n = 127) and non-infected (n = 176) patients at their admission to
CHUSJ. The serum or plasma obtained was used to measure the levels of iron (A), hepcidin (B), ferritin (C), heme (D) and
haptoglobin (E). Samples obtained from healthy blood donors (n = 35) were used for comparison. Statistical analysis was per-
formed with one-way-ANOVA and Kruskal Wallis test, following multiple comparisons with Sidak and Dunn’s test, respectively. *p
< 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001, ns — not significant.
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In summary, the major alterations observed in iron metabolism that seem to have a
central role in the SARS-CoV-2 infection in humans were the hypoferremia and hyperfer-
ritinemia. Both are in accordance with previous results obtained by our group and others during

chronic and acute bacterial infections in mice [38-41, 45].

4.2. Previous results on iron metabolism in mice

As before mentioned [56, 59], the higher levels of serum FT found during this viral
infection in humans are in line with earlier observations made by our group and others in mice
[60, 61]. In these previous and preliminary results, we found that both FTH and FTL are in-
creased in serum during a bacterial infection. Moreover, the analyses by SEC of sera from
non-infected and infected with M. avium 25291 SmT mice revealed a similar protein profile in
both cases, but a different iron profile between the non-infected and infected mice (Figure 4.1,
A and B). Apparently, during infection, the serum iron is bonded to or within other protein(s),
which we called “iron-shift”. Of note, according to the moment of elution, this other protein(s)
is larger than the one binding iron in the absence of infection (transferrin). Interestingly, the
guantification of FTH1 and FTL by ELISA in the SEC fractions collected showed higher levels
of FTH1 in the serum of infected mice (Figure 4.2, A and B).

Although the dogma established among the iron biology’s scientific community, in
which the circulating iron is bound to the iron transport protein, TF, these previous results from
our group lead us towards another hypothesis. Considering that FT (~450 kDa) is a larger
protein than TF (~80 kDa) and that a recombinant FT sample shows a peak in the same zone
of the chromatogram to which the iron peak shifts during infection, we proposed that the circu-

lating iron was shifted to FT during infection.

To clarify this hypothesis and taking into account the changes on blood iron-related
parameters observed in humans, we decide to further explore the alterations in iron homeo-
stasis during infection, with a particular interest in ferritin, from a host-iron interaction’s per-

spective, using animal models.
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Figure 4.1. Previous results: the serum iron binding profile is different during an infection.

Analysis by SEC of serum from C57BL/6 WT mice non-infected, used as control (A), and from C57BL/6 WT mice infected with M.
avium 25291 SmT (60 days post-infection) (B). SEC was carried out on a Superose 12 10/300 GL (General Electric, USA) column.
The profiles of protein (blue line), detected at 280 nm, and iron (red line), detected at 420 nm, are exhibited. Data from one

representative experiment of three independent experiments are showed.



[BAPORTO [WPORTO

F Ficuioaot oe inains ICBAS | BEESEEEE FCuP |IcBAS | 27
C BIOMEDICAL SCIENCES New roles for serum iron proteins during infection
A
90— - 1.0
— -~ FTH1
£ 75+ -
-E’ FTL 0.8 _
= 60+ - |ron s
E- ~- 0.6 .%
45+ —_
E -0.4 3
- 30+ =
I:I_: = 0.2
I 15+
~- 0.0
0= I T T T 1 [ 1 T i T —r—1
A7 A8 A9 A10 A11 A12 A13 A14 A15 B15 B14 B13 B12 B11
B
7000 —-1.0
~ 6000
£ 5000 N
5 4000 0.8
£ 3000+ =
— 2000 = -0.6 ©
= 1000 + =
T 5007 04 3
5 8
T 250 ‘\/ 02 =
E L
0 0.0

T T T T T T T T T T 1 1 1
A7 A8 A9 A10 A11 A12 A13 A14 A15 B15 B14 B13 B12 B11

Figure 4.2. Previous results: the levels of serum FTH1 are higher during an infection.

Quantification by ELISA of FTH1 (square), FTL (triangle) and iron (rhombus) in SEC fractions corresponding to iron peaks from
C57BL/6 WT mice non-infected (n = 1 animal) (A) and C57BL/6 WT mice (n = 1 animal) infected with M. avium 25291 SmT (60
days post-infection) (B).

4.2.1. Glycosylation assays

As it has been suggested that serum FT is the product of a cytosolic leak from damaged
cells, but, also, that FT may be secreted by cells, since it is glycosylated in several conditions
[28], we investigated if during mycobacterial infection that occurs or not. Given the previous

results and in order to characterize how FT is released into the serum during infection, we
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analysed the glycosylation pattern of FT in serum from mice infected with M. avium 25291

SmT in iron overload conditions.

The preliminary results obtained from these analyses showed that the detection of FTL
is higher during infection in iron overload conditions (Figure 5). Nevertheless, after treatment,
which consisted of N-deglycosylation with N-glycosidase F, there is no difference in the mo-
lecular weight of FTL compared with the non-treated serum sample, indicating that, during
infection with or without the stimulus of iron overload, there is no secretion of glycosylated FTL
into the serum.

WT WT+10
M 1 2 1 2
25kDa —
20kDa —| - - «aFTL

Figure 5. Serum FTL is not glycosylated in mice during a chronic infection.

Glycosylation analysis of the FTL present in serum samples from C57BL/6 WT mice infected with M. avium 25291 SmT (60 days
post-infection) with (n = 1 animal) or without (n = 1 animal) iron overload (10) conditions (10 mg/animal, 10 days previous to
infection). Samples were deglycosylated with N-glycosidase F followed by separation on SDS-PAGE and Western blot with an
anti-mouse FTL antibody. Lanes 1 and 2 correspond to samples before and after deglycosylation, respectively. No change in
molecular weight was detected in FTL after N-glycosidase F digestion.

4.2.2. Protein fractionation and ferritin quantification

Although the hypothesis supported by the previous results from our group, in which the
iron was shifted to FT during infection, was still open, in parallel, we continued to explore if

upstream components implicated in the iron metabolism are regulating this iron-shift [43].

For this, we used different groups of mice with different genotypes, in which some of
the components involved in immunoregulatory and inflammatory processes, such as the path-
ogen recognition receptors that induce inflammatory responses, TLR2 and TLR4, and the pro-

inflammatory cytokines, CCL2 and IFN-gamma, were decreased or absent. In addition, we
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studied the stimuli of distinct types of bacterial infections in the host’s iron homeostasis. Each

infection was confirmed by the determination of the bacterial load (Figure 6).

>
m

12+

-y
N
(]

}
}

Sdee 10+ .&. .-é’.. [ 122

-]
1

CFU/Liver
log 10
(=]

[
CFU/Spleen
log 10
[=2]

1

0 T T — T o T T —
WT Fth1' Ccel2™ ifng" WT Fth" Celz"”

Figure 6. Bacterial load quantification.
Bacterial load in the liver (n = 5 to 8 animals) (A) and spleen (n = 6 to 8 animals) (B) of C57BL/6 WT, Fth1”, Ccl2*:and Ifgn’ mice
infected with M. avium 25291 SmT (60 days post-infection). The graphs represent mean + SD log 10 CFU per organ.

The analyses by SEC of sera from non-infected and infected mice showed that the iron-
shift happened during an acute infection with S. Typhimurium (Figure 7.1), and with L. mono-
cytogenes in the absence of TRL2 or TLR4 (Figure 7.2). Similarly, the results from these anal-
yses revealed that the iron-shift occurred in the absence of CCL2 (Figure 7.3, A and B) or
IFN-gamma (Figure 7.5, A and B), and also when the macrophages were insensitive to IFN-
gamma (Figure 7.7, A and B), during a chronic M. avium 25291 SmT infection.

Moreover, to investigate the downstream alterations in iron metabolism during infection
we focused on FT. For this, we quantified FTH1 and FTL levels by ELISA in the SEC fractions
collected. Contrary to our group’s preliminary results, the data obtained showed low levels of
both FT subunits in the serum of infected mice (Figure 7.4, A and B, 7.6, A and B, 7.8, A and

B), questioning the possible relationship between the iron-shift and FT.
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Figure 7.1. The iron-shift occurs during an acute infection.
Analysis by SEC of serum from C57BL/6 WT mice non-infected (A), C57BL/6 WT mice infected with S. Typhimurium for 2 hours

(B), 24 h (C), and 48 h (D). SEC was carried out on a Superose 12 10/300 GL (General Electric, USA) column. The profiles of

protein (blue line), detected at 280 nm, and iron (red line), detected at 420 nm, are exhibited.
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Figure 7.2. The iron-shift occurs in the absence of TRL2 and TLR4 during an acute infection.
Analysis by SEC of serum from C57BL/6 WT (A), TIr2" (B), and TIr4" (C) mice infected with L. monocytogenes (24 hours post-
infection). SEC was carried out on a Superose 12 10/300 GL (General Electric, USA) column. The profiles of protein (blue line),

detected at 280 nm, and iron (red line), detected at 420 nm, are exhibited.



[APORTO [MPORTO
FCUP | ICBAS F PAcuomtoratNGs L\ BAS s,
New roles for serum iron proteins during infection C s eerene BIOMEDICAL SCIENCES

32

A

mAU mAU
H + 3
2500 == Protein content
== |ron content
£250
2000
£ (@]
< O
§ 1200 s
a s
1500 =
(o) 3
S0
1000
00
500
50
Yl s Y 4 |
o A1 RTAT Ad A1) AI3 A15 B2 Bd 5 : e - Lo
0.0 5.0 10.0 15.0 20.0 25.0 ml
Volume (ml)
mAU mAL
2500 300
250
2000
£ (@]
< O
8 200 F
o~ N
1500 [=]
(=) s
(o) 3

150

1000

100

500
50

\/

+ ./} “‘. ]
Earrd i N
AL A3 AS AT A AJ AI3AISBY BY B BS BIOBIZBI3 €L (3 €3 £ ¢9 Waste o
0.0 5.0 100 150 200 25.0 ml

Volume (ml)

Figure 7.3. The iron-shift occurs in the absence of CCL2 during a chronic infection.

Analysis by SEC of serum from Ccl2 mice non-infected (A), and Ccl2” mice infected with M. avium 25291 SmT (60 days post-
infection) (B). SEC was carried out on a Superose 12 10/300 GL (General Electric, USA) column. The profiles of protein (blue
line), detected at 280 nm, and iron (red line), detected at 420 nm, are exhibited. Data from one representative experiment of three

independent experiments are showed.
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Figure 7.4. The levels of serum FTH1 are higher in the absence of CCL2 during a chronic infection.

Quantification by ELISA of FTH1 (black circle) and FTL (grey square) in SEC fractions corresponding to iron peaks from Ccl2”
mice non-infected (A), and the equivalent SEC fractions from Ccl2” mice infected with M. avium 25291 SmT (60 days post-
infection) (B).



[APORTO [MPORTO
FCUP | ICBAS F PAcuomtoratNGs L\ BAS s,
New roles for serum iron proteins during infection C s eerene BIOMEDICAL SCIENCES

34

A mAU ] mAU

- 300
2500 == Protein content
== |ron content
250
2000
E ]
£ o
200
2 ~
~ N
1500 =)
(=] ’ S
o 3
150
1000
100
500
50
{ |
0 - T L T F T T T T T 0
AL A3 AS A7 Ad Alb A1B Ats B2 B4 B4 BS Bl B12 BId C1 3 £s 01 ¢ Waste
0.0 50 10.0 15.0 200 25.0 mi
Volume (ml)
B mAU mAU
300
2500
250
2000
E @)
c w O
o
@ =
o W%
1500 =)
(a] S
(o] 150 3
1000
100
500
50
0 i | { i | 11 T TT1 Hl T T 1] o
AL A1 Ad AT A9 AILAIBAIS BI B4 Ba BS BIOBIZBIS CL £3 £5 €71 €9 Waste
0.0 5.0 10.0 150 200 250 ml

Volume (ml)

Figure 7.5. The iron-shift occurs in the absence of IFN-gamma during a chronic infection.

Analysis by SEC of serum from Ifng 7~ mice non-infected (A), and Ifng * mice infected with M. avium 25291 SmT (60 days post-
infection) (B). SEC was carried out on a Superose 12 10/300 GL (General Electric, USA) column. The profiles of protein (blue
line), detected at 280 nm, and iron (red line), detected at 420 nm, are exhibited. Data from one representative experiment of three

independent experiments are showed.
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Figure 7.6. Identical levels of serum FT subunits in the absence of IFN-gamma during a chronic infection.

Quantification by ELISA of FTH1 (black circle) and FTL (grey square) in SEC fractions corresponding to iron peaks from Ifng”
mice non-infected (A), and the equivalent SEC fractions from Ifng” mice infected with M. avium 25291 SmT (60 days post-infec-
tion) (B).
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Figure 7.7. The iron-shift occurs in MIIG mice during a chronic infection.

Analysis by SEC of serum from MIIG mice non-infected (A), and MIIG mice infected with M. avium 25291 SmT (30 days post-
infection) (B). SEC was carried out on a Superose 12 10/300 GL (General Electric, USA) column. The profiles of protein (blue
line), detected at 280 nm, and iron (red line), detected at 420 nm, are exhibited. Data from one representative experiment of three

independent experiments are showed.
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Figure 7.8. Identical levels of serum FT subunits without the activation of macrophages by IFN-gamma during a chronic
infection.

Quantification by ELISA of FTH1 (black circle) and FTL (grey square) in SEC fractions corresponding to iron peaks from MIIG
mice non-infected (A), and the equivalent SEC fractions from MIIG mice infected with M. avium 25291 SmT (30 days post-infec-
tion) (B).

4.3. The impact of a bacterial infection on other iron-related parame-
ters

To further understand the impact of the M. avium 25291 SmT infection in iron-related
parameters, we performed additional determinations in the serum samples obtained from mice.
For this, we used sera from the mice with different genotypes mentioned above, and also mice
with a conditional deletion of FTH1 on the myeloid lineage. Sera from C57BL/6 WT mice were

used as controls.
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Since the levels of circulating iron decrease during mycobacterial infection and it does
not involve the induction of hepcidin [50, 62], we investigated if the established hypoferremia
condition is a consequence of the pro-inflammatory cytokine CCL2’s expression. The quantifi-
cation of circulating iron revealed that, in the absence of CCL2, the infected mice had signifi-
cantly lower serum iron levels than the non-infected, suggesting that the restriction of the host’s

iron observed during M. avium 25291 SmT infection is not regulated by CCL2.

As previously mentioned [32, 61, 62], another alteration of the host’s iron metabolism
in inflammatory conditions is the increase of circulating FT, thus, we tried to understand if the
hyperferritinemia is (in)directly regulated by some pro-inflammatory cytokines. Regarding the
levels of FTH1, in the absence of CCL2, they increased significantly with infection. On the
contrary, no significant difference was detected for the levels of FTL, in the absence of CCL2,
nor for the levels of both FT subunits, in the absence of IFN-gamma, between infected and
non-infected mice. Unexpectedly, the infection had not the same impact on the levels of both
FT subunits in MIIG mice. Although FTH1 was not significantly different between infected and
non-infected animals, the FTL levels were significantly higher in non-infected MIIG mice com-

pared to the infected group (Figure 8, A and B).

Taken together, these results suggest that the hyperferritinemia observed during M.
avium infection is not regulated by CCL2 expression. However, IFN-gamma seems to have a
part in the control of both FTH1 and FTL release into the circulation and, in addition, IFN-
gamma'’s role in the activation of macrophages appears to be essential for the elevated FTH1

levels during infection.

Additionally, the process of hemolysis is recognized in a variety of infections [63, 64].
Therefore, to know if hemolysis occurs during the M. avium 25291 SmT infection, first, we
guantified the levels of the hemolytic marker, as mentioned above, circulating heme. The levels
of heme were not significantly different between non-infected and infected mice, even in the
conditional deletion of FTH1 or absence of CCL2 (Figure 8C). Then, we also evaluated the
levels of another marker of hemolysis, HP in the serum. With infection, the HP was significantly
higher compared to non-infected C57BL/6 WT mice, and also in the conditional deletion of
FTH1, absence of CCL2, or MIIG mice. However, no significant difference in the HP levels was

observed between infected and non-infected animals in the absence of IFN-gamma. Moreover,
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Figure 8. The impact of a bacterial infection on blood iron parameters in mice.

C57BL/6 WT, Fth1™, Ccl2” and Ifng” mice were infected with M. avium 25291 SmT for 60 days and MIIG mice were infected with
M. avium 25291 SmT for 30 days (n = 1 to 3 animals). At the end of each time-point, serum was collected and the following
parameters were quantified: iron (A), FTH1 and FTL (B), heme (C), and haptoglobin (D). Statistical analysis was performed with
an unpaired t-test, two-way-ANOVA and Kruskal Wallis test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns — not significant,

# - statistical analysis between C57BL/6 WT mice and mice with other genotypes.
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during infection, the levels of HP were significantly lower in the absence of IFN-gamma than

in the C57BL/6 WT mice (Figure 8D).

Although an increase of both circulating heme and HP is expected in the hemolysis
process, the high levels of serum HP seem to indicate that hemolysis occurs during the M.
avium 25291 SmT infection. Furthermore, IFN-gamma appears to play a role in this mecha-
nism, and the obtained results also suggest that it is not dependent on the macrophages acti-

vation by IFN-gamma.
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5. Discussion
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The influence of the host iron availability on the severity of the infection has been highly
explored [4, 49]. Nonetheless, this thesis focused on clarifying another perspective: the impact

of infection on the host iron homeostasis.

First, through an observational study, we evaluated iron-related parameters in patients
infected with SARS-CoV-2 and in hon-infected patients, both with similar prevalence of comor-

bidities, and healthy blood donors.

The data obtained show a clear decrease in circulating iron during infection with SARS-
CoV-2, which is in agreement with previous other works [52, 65]. Importantly, this reduction is
deeper when compared with patients admitted to the hospital but with a negative PCR test for
SARS-CoV-2 (Figure 3A).

In our study, the hypoferremia that we observed in COVID-19 patients is not completely
explained by an increase in the circulating hepcidin (Figure 3B). The understanding of hep-
cidin’s role during COVID-19 in other studies is still controversial [52, 55, 66]. Given that the
mechanisms that may modulate this trait of host iron homeostasis are not clear yet, it is im-

portant to continue studying it in more detail in future works.

It has been described that an increase in the process of hemolysis contributes for sev-
eral pathologies and occurs in murine models of infection [50, 67]. Moreover, if the destruction
rate of erythrocytes is high enough to cause a decrease in hemoglobin values below the normal
range, hemolytic anemia occurs [63, 64]. In this cohort, we did not find alterations in the levels
of the two hemolytic markers studied, heme and HP, suggesting that hemolysis is not occurring
in the SARS-CoV-2 infection (Figure 3, D and E).

Another major alteration that we observed on the host iron metabolism during the
SARS-CoV-2 infection was an increase of the serum FT levels. Of note, this increase is higher
than the one detected in hospital patients with a negative PCR test for the virus (Figure 3C).
Accordingly, this hyperferritinemia condition in COVID-19 patients was also observed by other
studies [56, 59].

The increase in circulating FT during infection or inflammation is well-known in the iron
biology field. However, neither the origin nor the effects of serum FT are completely known
[28]. The hyperferritinemia that occurs with the SARS-CoV-2 infection is in agreement with
earlier findings made by our group in mouse models of infection. Our group has found that

mice with chronic bacterial infection had increased serum FT, containing a high proportion of
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FTH1 (Figure 4.2), and serum iron is bound to proteins other than TF, possibly including FT
(Figure 4.1). The latter evidence was obtained by taking sera from infected mice and fraction-
ated their proteins by SEC. Using absorbance at 420 nm to detect iron, we found that, contrary
to what was observed in non-infected animals, in sera from infected mice iron was present in

large size, TF-free protein fractions, compatible with FT.

Of note, these findings challenge the established dogmas in the iron biology field. On
the one hand, the circulating FT is believed to be mainly composed of FTL subunits, lacking
the ferroxidase activity of FTH1, and, therefore, the incorporation of iron into the FT core. Thus,

the iron-binding protein in serum cannot be FT and is assumed to be TF [28, 60, 68].

The association between the results obtained from both hosts, human and mouse, in
response to distinct infections led us to further explore the influence of infection on host iron

metabolism in an animal model.

As mentioned above, serum FT is thought to have low iron content, but we asked
whether, in certain circumstances of host’s response to infection, an FTH-rich serum FT could
carry iron, supporting the hypothesis, that the iron-binding protein could be serum FT (although
we do not exclude, that it could be other protein or protein complex). Like so, we aimed to

clarify the role, composition in terms of H and L-subunits, and release of ferritin during infection.

In humans, itis believed that serum FT is glycosylated. However, both mice’s FTH and
FTL does not have a classical signal sequence for ER targeting [28] , making it unclear by
which route the increased circulating FT is secreted. To further understand the intracellular
pathway of FT secretion, we analyzed the glycosylation pattern of mouse serum FTL. The N-
glycosylation is a marker for ER-Golgi processing. The lack of glycosylation that we observed
indicate that serum FTL does not seem to be secreted by a classical ER-Golgi route. Interest-
ingly, these preliminary results are not in line with what has been reported about humans’
serum FT, which seems to have mannose- or glucose-like molecules on the protein surface,

suggesting a classical secretion pathway [28] .

It is important to note that our glycosylation analysis is a preliminary result. More ex-

periments should be done to clarify how serum FT is secreted into the bloodstream.

Next in this work, we used distinct mice models of chronic (M. avium) or acute (L. mon-
ocytogenes and S. Typhimurium) bacterial infections. We used mice genetically deficient in

some inflammatory mediators involved in the host response to infection, such as TLRs (TLR2
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and TLR4) and cytokines (CCL2 and IFN-gamma), to investigate the signaling pathways nec-

essary for the iron-shift.

Interestingly, the fractionation of sera from mice infected with Listeria or Salmonella
revealed the same serum iron-shift as the sera from mice chronically infection, suggesting that
this alteration in the iron-binding profile does not depend on the type of infection (Figure 7.1
and 7.2).

Furthermore, and taken together, the occurrence of the iron-shift in the genetically mod-
ified mice suggest that pathways mediated by TLR2, TLR4, CCL2, IFN-gamma or macrophage

activation by IFN-gamma are not regulating this iron-shift.

The quantification of FTH and FTL in the serum fractions obtained from SEC revealed
low levels of these subunits with or without infection. These findings are not in agreement with
our group preliminary results, questioning our hypothesized relation between the iron-shift and
FT. Of note, fractioning the serum samples results in diluted fractions, which must be taken
into consideration since it may compromise the quantification of these proteins. Moreover, ad-
ditional experiments should be performed to clarify the nature of this entity in the serum during
the infection stimuli. That may include purifying this iron-binding protein(s) through an iron iso-

lation method.

In parallel with the identification, and similar to the evaluations made in the human re-
sponse to a viral infection, we further assessed the impact of a bacterial infection, namely M.

avium, on iron-related parameters. The only variable was the genotype of the mouse models.

Other works addressed that the decrease in iron during this infection is through a hep-
cidin-independent mechanism [39-42]. In our results, the hypoferremia observed during the
mycobacterial infection in mice reveals that the pro-inflammatory cytokine CCL2 is not involved
in this mechanism (Figure 8A). More studies must be conducted in order to clarify the host

upstream regulators of this hypoferremia during this mycobacterial infection.

In addition, we observed an increase in FTH1, in the absence of CCL2, upon the M.
avium 25291 SmT infection, which agrees with our group previous results. Thus, this hyper-
ferritinemia does not seem to depend on CCL2 to occur. However, since no increase was
found in the absence of INF-gamma or its activation of macrophages, this cytokine can play a
role in the release of ferritin into serum (Figure 8B). An unexpected observation was made in

the determination of FTL levels in the serum of non-infected MIIG mice, in which the value was
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clearly higher than the rest. This may simply be due to a practical error, accentuated by the
fact that for this condition only one sample was used (n=1). To confirm the nature of this value

and solidify the results, in the future, we should repeat these quantifications.

Finally, we found that the hemolytic marker, heme, is not released during M. avium
infection, which goes against the recognition of the hemolysis’ process in several infections
[63, 64]. Furthermore, mice lacking FTH in the myeloid lineage or knock-out for CCL2 do not
have an impact on the observed lack of heme release upon this infection (Figure 8C). On the
other hand, the determination of the hemolysis’ marker, haptoglobin, revealed a clear increase
in its levels upon mycobacterial infection, which is in line with the studies mentioned above
regarding the occurrence of hemolysis [50, 67]. Moreover, in this work this increase also occurs
in mice lacking FTH from myeloid cells, CCL2, or the macrophages activation by IFN-gamma.
Thus, our results suggest that the increase of this hemolytic marker is not upstream regulated
by these immune response mediators. However, no difference on the levels of haptoglobin
was found in mice lacking IFN-gamma (Figure 8D). This suggests that IFN-gamma may have
another role in the mechanism that leads to the increase in HP, besides in the activation of
macrophages to engulf erythrocytes and in the consequent hemolysis. Of note, a recent study
proposes that the pro-inflammatory cytokine tumor necrosis factor alpha (TNF-alpha) may
compensate immunity to M. avium in the absence of macrophages activation by IFN-gamma
[47]. This finding seems to be in line with by our work, because the activation of macrophages
did not depend on IFN-gamma. Taken together, this work indicates that, although there is not
a difference in heme, the HP levels increase, suggesting that hemolysis occurs in the host

response to mycobacterial infection.

This thesis shows, both in human studies and experimental animal models, the impact
of infection on the host iron homeostasis, in particular, on serum iron proteins. On the one
hand, in the observational study with COVID-19 patients, the decrease of serum iron and in-
crease levels of ferritin are important markers of the disease, with deeper alterations when
compared with other patients admitted to the hospital negative for SARS-CoV-2 infection. On
the other hand, in experimental animal models of infection, the iron-shift constitutes a novel
observation with a high potential to change the current view of serum iron transport and ques-
tion the potential role of FT in this process. Additionally, the IFN-gamma is the most promising
upstream mediator, among the ones studied. It leads to the infection-triggered increase of se-
rum FT and HP, and consequently, hemolysis. Understanding each of his topics might be per-
tinent not only for viral but also for bacterial infections, and other types of inflammatory pro-

cesses.
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