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CHAPTER 1
Introduction

1.1 Pathogenic factors in malaria

Malaria is a global health problem and caused 219 million of new cases in 2017 and nearly 450000
deaths. The ten most burdened African countries saw an estimated 3.5 million more cases than in
2016 (WHO, 2018).

Malaria is a parasitic infection caused by Plasmodium (P.) species and transmitted by the
Anopheles mosquito that leads to acute potentially life-threatening disease and poses a significant
global health threat (Buck and Finnigan, 2019).

There are five Plasmodium species that can infect humans: P. falciparum, P. vivax, P. malariae, P.
ovale curtisii and P. ovale wallikeri, and P. knowlesi.

The global burden of human malaria is caused almost exclusively by two species of the parasite,
P. falciparum and P. vivax. For long, research efforts have largely been focused on P. falciparum
malaria because of its higher mortality rates, especially in Africa. The high mortality, is mainly
caused by the severe forms of malaria, malaria anemia and cerebral malaria (Hay et al., 2005).
Recently, vivax malaria has re-emerged in regions formerly considered malaria free (Severini et al.,
2004) (Kim et al., 2009) (Bitoh et al., 2011).

Worldwide, about 2.85 billion people have been estimated to be at risk of infection by P. vivax
(Price et al., 2007) (Guerra et al., 2010) (Battle et al., 2012) (Gething et al., 2012), is more spread
than P. falciparum and represents a major public health threat affecting populous regions in Asia,
the horn of Africa, and Central and South America (Gething et al., 2012).

It can cause a wide spectrum of clinical manifestation, ranging from benign to severe and even
fatal anemia, mainly in children (Genton et al., 2008) (Tjitra et al., 2008) and pregnant women.
(Rodriguez-Morales et al., 2006).

Malaria due to P. ovale curtisii, P. ovale wallikeri, and P. malariae are much less common while P.
knowlesi has become an important cause of malaria in Southeast Asia. P. knowlesi is
predominantly a zoonotic parasite of South-east Asian macaques, with yet no definitive evidence
for primary human-to-human transmission (Ahmed and Cox-Singh, 2015) (Leclerc et al., 2004).
Nevertheless, Plasmodium falciparum is responsible for 99.7% of all malaria cases in the World
Health Organization (WHO)(WHO, 2017) African region, and accounted for 93% of all malarial
deaths in 2017. The occurrence of falciparum resistance against the common antimalarial drugs
and the vector resistance against insecticides motivate further studies of the pathomechanisms
behind severe malaria, such as malaria anemia caused by falciparum.
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One of the greatest obstacles in the control of malaria has been the spread of drug resistance
almost worldwide. Currently, the typical treatment of uncomplicated malaria in regions where
malaria infection remains widespread, consists of artemisinin-based combination therapies (ACTSs),
while chloroquine combined with primaquine is the treatment of choice for chloroquine-sensitive
infections. For the treatment of severe malaria there are two classes of drugs available: the
cinchona alkaloids (quinine and quinidine) and artemisinin derivatives (artesunate and artemether)
(Organization, 2015) The incredible dissemination in the world of Plasmodium falciparum is also
due to its resistance to this principle pharmacological approach.

Thus, considering the high incidence and mortality of P. falciparum malaria and the difficulty to
treat severe falciparum malaria with specific drugs, | decided to focus on this particular

plasmodium species.

1.1.1 The malaria parasite P. falciparum

For human malaria, pathogenesis is very complex and it involves many players, settings, and
potential outcomes.

The Plasmodium life cycle takes place in two different hosts: the definitive host or vector, which is
the mosquito of the genus Anopheles, and a vertebrate intermediate host, such as the human
(Cowman et al., 2017).

The real success of the malaria parasite is its transition without interruption from mosquito to
human to mosquito, not causing particular damage to either the carrier or the guest.

After infection of a host, the parasite undergoes a period of replication in the liver. Here,
sporozoites inoculated by mosquitos invade hepatocytes, and become liver merozoites. Liver
merozoites are released into the bloodstream where they invade RBC. They develop through ring,
trophozoite, and schizont stages replicating to produce 16—-32 merozoites that are released from
the host RBC after schizogony. The free merozoites invade new erythrocytes to continue the
asexual blood-stage life cycle. Some intraerythrocytic parasites develop into sexual forms, the
male microgametocyte and the female macrogametocytes. These are taken up by the mosquito
during feeding and develop into gametes in the insect gut and fuse to form zygotes. The zygote
develops to an invasive ookinete, which traverses the midgut and transforms into an oocyst, from
which sporozoites are released that migrate to the salivary glands for injection into a new human
host during the next blood meal.

Merozoites in the human host have a single purpose: to invade erythrocytes. This is also evident
from their morphology: they are polarized cells that in the apical part contain particular structures
some of which are responsible for binding to the membrane of the erythrocyte, others instead to
form the parasitophorous vacuole, the membrane-surrounded compartment within the host cell
cytosol wherein merozoites develop to mature parasite stages that divide to have new daughter
cells.

In the parasitophorous vacuole, proteolytic processes take place to facilitate merozoite egress.
9



Despite differences in host cell preference, length of the intraerythrocytic lifecycle and the number
of progeny produced, the basics of the intraerythrocytic lifecycle of the species are very similar:
after binding to an erythrocyte, the parasite invades the host cell by pushing itself into the host cell,
causing an indentation in the membrane of the host (Sherling and van Ooij, 2016).

To survive, the malaria parasite has to induce fundamental changes inside the host cell. The
principle of these changes is the formation of membranous compartments (exomembrane system).
Once the parasite enters the erythrocyte, it hooks onto its membrane and does not disengage until
it has formed a system of membranes around itself. Only when the parasite is enveloped by the
membrane which is called parasitophorous vacuole membrane, it detaches from the RBC
membrane and can move into the erythrocyte cytosol.

Phenotype changes of the parasitized RBC take place as parasite proteins are transported into the
host cell, reshaping it according the parasite’s needs (Miller, 1969). For example, the increased
adherence of infected RBC to the endothelium, which removes mature parasites from the
bloodstream, is due to the P. falciparum erythrocyte membrane protein 1 (PfEMP1) (Leech et al.,
1984) (Baruch et al., 1995) (Smith et al., 1995) (Su et al., 1995). This is a parasite protein that
migrates to erythrocyte surface and is part of the knob system.

PfEMP1 are variant surface antigens which owing to their hypervariability, enable the parasite to
evade host immune system. PfEMP1 also bind to various host-receptors such as CD36, ICAM,
thrombospondin, chondroitin sulphate A, endothelial protein C receptor, complement receptor CR1,
etc. thereby causing infected RBC to cytoadhere. Cytoadhesion to endothelial cells enables
infected RBC to get sequestered in deep microvasculature, thereby, avoiding splenic clearance.;
Cytoadhesion to not parasitized RBC (npRBC), also called rosetting, makes it easy for merozoites
to quickly invade new host cells. Therefore, knobs are central to the virulence of P. falciparum and

may contribute to increased phagocytosis of npRBC and anemia.
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Figure 1. Life cycle of P. falciparum in the human host and mosquito vector. Asexual replication takes place in RBC of
the human host while sexual replication occurs in the mosquito vector (Cowman et al., 2017).

The main clinical symptoms of malaria are caused by the 48h lasting intra-erythrocytic asexual
development of the parasite, during which one merozoite-stage parasite gives rise to a progeny of
about 16—32 merozoites. Most of that time is spent at the trophozoite stage, during which the
parasite will grow to fill up to 50% of the volume of RBC, digesting the host cell cytoplasm (Krugliak
et al.,, 2002). In the last 12-15 h parasite proceeds to multinucleated schizont stage and
differentiation and release of new merozoites.

The success of the parasite infection is due to its ability to remodel its host erythrocyte (RBC) by
exporting PfEMP1 to the RBC surface. PIEMP1 is an adhesin that mediates the adhesion of
infected RBC to host cells by interacting with a variety of host cell surface receptors, and is
anchored at the RBC surface in parasite-induced protuberances called knobs. However, export of
parasite proteins to the host RBC is not restricted to the knob components. Indeed, an increasing
number of exported parasite proteins, as well as parasite-hijacked host cell proteins, have been

identified that might be essential for the parasite growth, survival and dissemination.
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1.1.2 Malaria pigment hemozoin

Beside exporting own proteins into the host cell and its membrane, the parasite engulfs and
digests the major part of host RBC hemoglobin (Hb) and polymerizes Hb-heme to hemozoin (HZ),
the malaria pigment. Hb is composed of a protein portion (globin chains) and the heme group (a
complex porphyrin ring with a central iron atom which binds oxygen and serves for gas exchange
during breathing. Malaria parasites take up Hb from RBC by the cytostome and transport Hb-
containing vesicles across their cytosol into a specialized membrane surrounded acidic organelle,
the digestive or food vacuole. The pH of the vacuole is maintained between 5.0 - 5.4 by an ATPase
pump that creates a proton gradient. In the acidic pH of the digestive vacuole, specific proteases
(plasmepsins | and Il and falcipain) degrade the globin chains to peptides and amino acids that are
used by the parasite for protein synthesis, while the released heme remains indigestible. The latter
is toxic to the parasite and for this reason the detoxification of heme is crucial for the survival of
the parasite (Meshnick, 2002). The presence of iron (llI) within heme and the acidic environment in
the parasitic vacuole, allows the formation of reactive oxygen species (ROS) thanks to the Fenton
reaction, especially hydroxyl radicals that could lead to membrane lipid peroxidation (Kirschner-
Zilber et al., 1982) (Vincent, 1989). In absence of heme-oxygenase activity in plasmodium heme is
detoxified by hemozoin formation in the food vacuole of developing intra-erythrocytic parasites.
Heme released during digestion of Hb-globin forms dimers, the basic unit for beta-hematin
formation. Heme molecules are linked into dimers through reciprocal iron—carboxylate bonds to
one of the propionic side chains of each porphyrin, and the dimers form chains linked by hydrogen
bonds in the crystalline beta-hematin. The growth of the beta-hematin crystal is most likely aided
by lipids. Thus, beta-hematin is the core of hemozoin and is complexed with lipids and proteins
(Pagola et al., 2000). (Pisciotta et al., 2007). The detoxification of heme starts with the self-
oxidation of Fe (Il) in the heme group into Fe (lll) to form potentially toxic hydroxy
ferriprotoporphyrin 1X (alpha-hematin, HO-Fe (lll) PPIX) and continues with the formation of highly
insoluble brown crystals, the beta-hematin, which is the core compound in malaria pigment or
hemozoin (Figure 2).

These three terms, beta-hematin, malaria pigment and hemozoin are often used as synonyms in
the older but also recent scientific literature despite the presence of organic compounds such as
lipids and proteins additionally to beta-hematin in naturally occurring hemozoin (nHZ). A laxity in
usage of these terms often causes confusion and misinterpretations of experimental results

obtained with HZ of different composition.
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Figure 2. Chemical structure of heme, hematin and beta-hematin.

The exact mechanism underlying the formation of hemozoin are still unclear both in vitro and in
vivo despite the numerous studies that led to various assumptions on its formation: spontaneous,
auto-catalyzed, enzyme-catalyzed or lipid-catalyzed (Vanderesse et al., 2016).

The hypothesis of spontaneous formation derives from in vitro studies conducted in acetate
solution, which shows that B-hematin can be formed at a moderate low pH comparable to the
acidic digestive food vacuole (Orjih et al., 2012).

The most recent and widely accepted view on the synthesis of beta-hematin is the
biocrystallization of heme to beta-hematin in presence of lipids as promotor of the process in the
food vacuole (Ambele and Egan, 2012), which supports also the observed peroxidation processes
during this process (Tilley et al., 2010).

Though beneficial as heme depot for the parasite, hemozoin and its constituents are not at all inert
but biologically rather active in the host. HZ affects the function of host cells, especially immune

cells. Schwarzer, Arese and colleagues could show a the profound modulation of immune cell
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function by HZ resulting in anti-inflammatory immune impairing as well as proinflammatory

responses of monocyte-derived phagocytes (Schwarzer et al., 1992a).

Ani-inflammatory effect

When a monocyte recognizes and avidly phagocytoses a mature infected RBC or nHZ, that is
released during schizogony, HZ persists in the monocyte lysosome, provoking cellular dysfunction.
The HZ-laden monocytes and monocyte-derived macrophages are unable to digest HZ or to repeat
phagocytosis (Schwarzer et al.,, 1992a), to generate the oxidative burst upon appropriate
stimulation (Schwarzer and Arese, 1996) and to kill ingested bacteria, fungi, or tumor cells (Fiori et
al., 1993).

Additionally to NADPH-oxidase malfunction another crucial player in immune cell regulation is
impaired: the membrane translocation and activity of protein kinase C (PKC) were precociously
and severely impaired (Schwarzer et al., 1993).

The compromised PKC activity may also contribute to inhibited phagocyte movement (directed and
undirected migration) and phagocytosis, though HZ-elicited lipoperoxidation modifies the crucial
plyer of cell maotility actin by conjugation with 4-hydroxynonenal (4-HNE) (Skorokhod et al., 2014).
Similarly, HZ- dependent lipoperoxidation impairs the differentiation to macrophages and DCs,
and maturation to immune competent DC (Skorokhod et al., 2004) and antigen presentation
(Scorza et al., 1999).

Pro-inflammatory effects

The initial event after contact of nHZ to the phagocyte is a strong and long-lasting oxidative burst
accompanied by an increase of MCP-1 and TNF alpha (Barrera et al., 2011), that further stimulates
neighbor cells to move and to become activated. The overwhelming ROS burst is considered
crucial for peroxidations and subsequent functional impairments driven by lipoperoxidation
breakdown products, such as 4-HNE (as detailed in paragraph 1.2.1).

Moreover, some  experiments demonstrate that HZ-fed human and murine
monocytes/macrophages were found to release large amounts of 4-HNE, nitric oxide, considered
as a protection for malaria because it causes parasite death and inhibits endothelial adhesion by
parasites.

But in 2007, Skorokhod et al. suggested to be careful with this generalized affirmation as he
demonstrated that phagocytosis of HZ or synthetic HZ (sHZ) by monocytes obtained from non-
immune Caucasian donors did not increase NO-production, iNOS protein and mRNA expression
either after stimulation by IFN-gamma or other strong proinflammatory cytokines and stimulus like
LPS. By contrast, in HZ/sHZ-laden murine macrophages, identical treatment with IFN-gamma and
the cytokine-LPS mix, elicited significant increases in protein and mRNA expression of iINOS and
NOS metabolites production, in agreement with literature data (Malarial pigment haemozoin, IFN-

gamma, TNF-alpha, IL-lbeta and LPS do not stimulate expression of inducible nitric oxide
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synthase and production of nitric oxide in immuno-purified human monocytes (Skorokhod et al.,
2007b).

These data do not support the hypothesis that monocytes are mediators of anti-parasitic defense in
clinical malaria via activation of INOS and production of NO, and suggest caution in extrapolating
data obtained with murine or hybrid systems to human malaria and | will not focus on NO-
dependent processes in my own studies.

Further anti-malarial, long-term proinflammatory responses of monocyte-derived phagocytes to
HZ- phagocytosis include a long-lasting TNF-alpha, IL-1-beta, and metalloprotease production and
secretion (Prato et al., 2005).

In animal mouse models HZ elicited proinflammatory responses in tissue macrophages of lung
and liver (Scaccabarozzi et al., 2018), while strong proofs for immune-suppressive responses to
HZ are coming from co-infection studies and exposure of animals to HZ with subsequent bacteria
challenge (Harding et al., 2020).

Therefore, the malarial pigment HZ, represents an ’intelligent tool' of the parasite to tune the
immune response of the host not only to survive the immediate cellular immune attacks, but also to

avoid excessive immune responses that could kill the host.

Inhibition of erythropoiesis

Beside of the immune-modulatory effects HZ is hypothesized to have a role in malaria anemia that
is due to abnormalities of erythroid cell differentiation and proliferation.

In vitro and ex vivo data have supposed HZ to play role in inhibition of erythropoiesis, either directly
or indirectly via interaction with phagocytes.

Studying abnormal erythropoiesis during malarial anemia, Giribaldi et al. (Giribaldi et al., 2004)
show that HZ impairs the ex vivo growth of erythroid colonies in semisolid culture medium. They
hypothesize the contribution of HZ in malaria anemia and dyserytrhopoiesis, demonstrating an
inhibition of erythroid-progenitor growth by supernatants of HZ and HZ-fed monocytes.
Researchers propose that this mechanism could be the principal way to impair erythropoiesis in
malaria. In fact they suggest that lipid peroxidation could play a very important role through shed
molecules that mediate the inhibition of erythroid cells (Giribaldi et al., 2004).

Based on this important finding, many researchers have investigated this potential role of HZ.
Casals et al. demonstrated that there is a suppression of erythropoiesis in malarial anemia
associated with HZ in vitro and confirmed the data in vivo. They added HZ (derived from
trophozoite-lysate) to erythroid cells (CD34+) on different days, noticing that there is a significant
inhibition of cells expansion. HZ was associated with decreased reticulocyte count in patients.
Furthermore, they compare the role of TNF-a and HZ during malaria abnormal erythropoiesis: in
vitro absence of TNF does not prevent HZ from interfering with erythroid cell development (Casals-
Pascual et al., 2006).
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Lamikanra et al. (Lamikanra et al., 2009) demonstrated that regardless the immune response to
HZ, HZ still has an inhibitory effect on erythropoiesis by its own.

They noticed that co-cultured macrophages protect erythroid cells from HZ and that reduced
erythroid expansion was accompanied by increased apoptosis in a liquid culture system (Fibach et
al., 1989). The absence of inflammation mediators and macrophages allows to suggest that
accumulation of HZ in the bone marrow could contribute to the severity of anemia in children with

chronic malarial infection. (Lamikanra et al., 2009).
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Figure 3. Two histograms to indicate cell growth in the case of HZ-fed monocytes (A) and in case of HZ/HNE from the
study of Skorokhod (Skorokhod et al., 2007b).

Skorokhod et al. published important results on the mechanism of HZ to inhibit erythropoiesis and
the HZ-fed monocytes effect on erythropoiesis. For the first time, the whole process of CD34+ cell
differentiation and maturation to erythroid progenitors and precursors and finally mature
erythrocytes was followed in presence of exogenously added nHZ in liquid culture ex vivo, making
use of the Giarratana protocol (Giarratana et al., 2005). HZ was shown to slow the erythroid cell
cycle by the rise of 2 critical proteins in cell-cycle regulation, p53 and p21, and the retinoblastoma
protein, central regulator of G;-to-S-phase transition, was consequently hypophosphorylated. By
contrast, GATA-1, the most important transcription factor in erythropoiesis, was reduced. Cyclin A
and D2 decreased, retarding cell-cycle progression in erythroid cells.

Additionally, he studied the effect of HZ that was taken up by monocytes and co-cultured with
erythroid cells as a model of the erythroid island, in which central bone marrow macrophages are
surrounded by erythroid cells, functioning as wet nurses for the latter.

For this he has shown the inhibitory role of HZ, identify HNE as one HZ-generated inhibitory
molecule during erythroid progenitors growth possibly involved in erythropoiesis inhibition in

malaria anemia.
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Ruth Aguilar finally, could confirm the presence of HZ in bone marrow macrophages of children
with malaria anemia, a fact that underlines the pathomechanistic importance of the findings from

the Oxford and Torino laboratories referred above.
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1.2 Parasite elicited oxidative stress and lipoperoxidation in the host

The relationship between the redox status of malarial parasites and that of their host is complex
and the mechanistic role of oxidative stress during malaria infection needs further, and mainly in
Vvivo investigations.

The malaria parasite generates large quantities of reactive oxygen species firstly, in its own
metabolism and secondly by interaction with phagocytes.

The breakdown of hemoglobin by the parasite in the acidic food vacuole results in formation of
toxic free heme and generates large amounts of reactive oxygen species (ROS), causing an
imbalance between the activity of antioxidants and formation of oxidizing species. (Becker et al.,
2004).

The biochemical mechanism of oxidative stress in malaria-infected cells has not been explained
yet but it has been suggested that it could involve Hb, iron or the electron transport of the parasite
mitochondrion (Atamna and Ginsburg, 1993). To mimic the environment of the parasite food
vacuole, authors adjusted the pH of RBC lysate to acidic values. They observed that:
oxyhemoglobin, but not deoxyhemoglobin, is quickly converted to methemoglobin. The conversion
rate is further increased in the presence of the catalase inhibitor 3-amino-1,2,4-triazole (3-AT) and
catalase inhibition increased with acidification, suggesting that H.O, is thus produced by
spontaneous dismutation of superoxide radicals generated during the formation of methemoglobin.
Human red blood cells (RBC) parasitized with P. falciparum trophozoites (TpRBC) have been
shown to produce about twice as much H20 and ‘OH radicals as normal RBC, as demonstrated by
inhibition of endogenous catalase activity and degradation of deoxyribose, respectively. Increased
H20: levels and catalase activity were found in both host cell and parasite compartments. No
increase in H>O, production compared to that observed in uninfected RBC could be detected in the
annular phase when digestion of host Hb is absent (Atamna and Ginsburg, 1993).

In response to malaria parasite infection, natural defense mechanisms are activated by
macrophages and neutrophils and oxidative burst produces superoxide radicals that are
subsequently converted into other ROS forms (Malaguarnera and Musumeci, 2002).

The increase of ROS is not restricted to the parasite and its host cell but leads to the development
of systemic complications caused by malaria. Oxidative stress resulting from increased production
of free radicals, causes a lipid peroxidation and consequently formation of reactive aldehydes,

important lipid peroxidation markers.
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1.2.1 Lipoperoxidation product 4-hydroxynonenal: A powerful reactive aldehyde
Among a series of aldehydic products derived from lipid peroxidation, hydroxy aldehydes, like 4-
HNE, are of particular interest in biological systems because they reach relatively high local
concentrations, are more stable as radicals and able to diffuse inside or even outside the cell to
reach distant target molecules that they attack to form covalent conjugates. Target molecules are
proteins, DNA, and phospholipids (Schwarzer et al., 2014).

4-HNE was discovered for the first time in 1964 by Schauenstein (Schauenstein et al., 1964). In
1980 Esterbauer and colleagues correctly characterized it (Benedetti et al., 1980).

When discovered, it was regarded as a mere by-product of autoxidation of unsaturated fatty acids,
when triglycerides become rancid. Things changed when it turned out that 4-HNE is a normal
constituent of mammalian tissue membranes (Comporti, 1998) and recent interest is not only
based on the fact that 4-HNE is a specific marker of oxidative stress, but on its likely role as

modulator of cellular processes.

Generation of 4-HNE

The generation of 4-HNE starts when omega-6-polyunsaturated fatty acids (PUFAS), such as the
essential fatty acids linoleic and arachidonic acids “offers” their first conjugated double bound to a
free radical specie, e.g., OH. After the abstraction of a hydrogen, PUFA will transform in PUFA
radical that, binding molecular oxygen, becomes a reactive peroxide (Figure 4, Figure 5). This
peroxide continues with the abstraction of another H of a new PUFA. This generates two
molecules, firstly a new PUFA radical that continues the chain reaction and secondly, a PUFA
hydroperoxide, not stable yet. In fact, thanks to Hock cleavage, the bond between carbons 9 and
10 of the fatty acid chain of the hydroperoxyl fatty acid is destabilized and breaks. The product of
this cleavage is an aldehyde that contains the last nine carbons of the omega-6 fatty acid, a
nonenal. By rearrangement of the double bound, the binding of oxygen takes place at the fourth
position and generates 4-hydroperoxynonenal which is reduced to final product, 4-HNE. These

reactions can occur without the intervention of any enzyme (Schwarzer et al., 2014).
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Figure 4. First stages of peroxidation of PUFAs: hydrogen abstraction, shift of double bond, binding of oxygen.
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Figure 5. The formation of 4-HNE from linoleic acid by lipid peroxidation chain break and hydroxylation (Schwarzer et al.,
2014).

In malaria, iron and HZ is supposed to catalyze the PUFA peroxidation. This leads to the formation
of a chemically unstable hydroperoxide of PUFA, which breaks into 9-oxo-nonanic acid and
nonenal in case of linoleic acid as substrate of peroxidation. Nonenal is further transformed in 4-

hydroperoxynonenal (HPNE) and finally reduced to 4-HNE.

Generation of 4-HNE in vivo

Biological membranes and lipoproteins are rich in PUFASs, esterified in phospholipids. Membrane
phospholipids represent excellent targets for lipoperoxidation and become sources for 4-HNE.

The normal human serum concentration of HNE does not exceed 0.05-0.15 umole per liter (Parola
et al., 1999) and is controlled by degrading metabolic pathways.

Obviously, the accumulation of this biologically active compound, has to be controlled, even under
high oxidative stress conditions.

Main 4-HNE-metabolizing enzymes are: i) the alcohol dehydrogenases (NADH-dependent
reduction of the carbonyl group), ii) the aldehyde dehydrogenases (NADP-dependent oxidation of
the carbonyl group), and iii) the glutathione S-transferases (Michael addition of thiols). Glutathione
S-transferases (Berhane et al.,, 1994) (Singhal et al., 1994) and aldehyde dehydrogenases are
house-keeping enzymes of all mammalian including human cells. Moreover, other enzymes or

non-enzymatic reactions should be taken into account for 4-HNE metabolism, such as the super
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family of aldo-keto reductases (AKR) with an isoform considered very important for the
detoxification of lipid peroxidation products, the AKR1B (Srivastava et al., 1984) (Spycher et al.,
1997).

The glutathione S-transferase catalyzed reaction is more than 600 times faster in comparison with
the non-enzymatic Michael addition. Under pathological conditions, when the formation of 4-HNE is
accelerated, or when 4-HNE is added to cells, a fast decrease of intracellular GSH concentration is
observed (Figure 6) and the important protective molecule against membrane oxidations may
become limiting. For this reason, for 4-HNE it's easier to accumulate, it can proceed undisturbed
and result dangerous for cells.
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Figure 6. GSH decrease after the formation or addition of 4-HNE. The change of GSH was monitored in rat hepatocytes
without (square) or with addition of 100 uM HNE (circle) at time O (Siems et al., 1997).

Despite the rapid 4-HNE catabolism, the 4-HNE level can increase and protein modification by 4-
HNE does occur.

Under pathological conditions 4-HNE levels can exceed 100 pmole per liter in blood. Thus, high
levels of 4-HNE have been detected in several diseases accompanied by oxidative stress. The
values vary between 1 and 100 umole per liter according to the cell type in kidney tubular cells,
hepatocytes and monocytes. A concentration of 100 umole per liter of 4-HNE in the whole organ
may seem almost impossible but it is more plausible that the concentration of 4-HNE increases
locally, e.g., near peroxidized membranes.

During the immediate immune response oxidative burst reaction produces oxygen radicals directed
against non-self-targets. Thus, monocytes produce high concentrations of 4-HNE, in case of HZ -
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phagocytosis approximated 40 pmoles per liter or higher (Schwarzer et al., 2014) (Schwarzer et
al., 1996).

Reactions of 4-HNE with proteins and its regulatory role in health and disease

The binding behavior of 4-HNE to exposed sites in macromolecules in and outside the cell can
affect and modulate cell functions at very low concentrations without being toxic to cells. Both facts
have opened the door for studying the role of the molecule in diseases accompanied by oxidative
stress focusing on the involvement of 4-HNE in inflammation-related events, in cell signaling and in
gene expression. The growing knowledge of 4-HNE reactivity, metabolism, signaling and
modulatory effect in the various human organs should provide a solid background for investigating
the aldehyde's contribution to the pathogenesis of human major chronic diseases and would likely
promote advanced and oriented applications not only in diagnosis and prevention but also in
molecular treatment of human diseases. The implication of increasing levels of 4-HNE has been
found in 39 different human diseases: either the affected organ or generalized in the blood plasma
or both (Figure 7). This lead to consider the reactive aldehyde directly involved in the disease

pattern and progression.

Acute myocardial infarction Dilated cardiomyopathy

Adult respiratory distress syndrome Deep venous thrombosis

AIDS Genetic hemochromatosis
Alzheimer's disease Global cerebral ischemia
Amyotrophic lateral sclerosis Huntington’s disease
Atherosclerosis Lupus erythematosus

Brain ischemia/reperfusion injury Macular degeneration of the retina
Chronic alcoholic disease Multiple sclerosis

Chronic hepatitis B and C Non-alcoholic fatty liver disease
Chronic exposure to ozone Non-alcoholic steatohepatitis
Chronic iron overload Parkinson’s disease

Chronic kidney failure Perinatal asphyxia

Chronic obstructive pulmonary disease Post-surgery lymphedema
Congenital nephrotic syndrome Primary biliary cirrhosis

Crohn’s disease Rheumatoid arthritis

Circulatory shock Spinal cord traumatic injury
Cirrhosis Stroke

Cognitive impairment Systemic inflammatory response syndrome
Creutzfeldt—Jakob disease Wilson’s disease

Diabetes mellitus

Figure 7. Example of human disease associated with 4-HNE.
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Molecular modifications by 4-HNE

4-HNE is a stable lipoperoxidation product but biologically rather reactive. What gives it reactive
are the following chemical properties: a double bond between C2 and C3 conjugated with an
aldehyde group and the OH group at C4.

4-HNE is divided in two portions: the first part with aldehyde and hydroxyl groups is hydrophilic
while the second part from C5 to C9 forms a hydrophobic tail. The amphiphilic properties allow 4-
HNE to leave the cell of origin, crossing the membrane and to interfere with cell membrane
structures of other cells.

The position C3 is an excellent target for nucleophilic molecules and makes 4-HNE specifically
reactive to form Michael adducts, and the aldehyde group of 4-HNE react with molecules
containing amino groups to form Schiff bases (Figure 8).
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Michael adducts
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Figure 8. Binding of 4-HNE to proteins by adduction (a) or Schiff base formation with the amino acids cysteine, histidine,

B
N
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and lysine (c) (Schwarzer et al., 2014).

It appears clear that 4-HNE will tend to conjugate using proteins, peptides, nucleotides, and
phospholipids.

Most covalent binding occurs with specific amino acid residues cysteine, histidine, lysine and
sometimes arginine. Once the modification has taken place, the properties of the proteins affected
will no longer be the original ones and functions are likely modified.

Protein modification represents the best known mechanism by which 4-HNE can influence cellular

processes.
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The capability of 4-HNE to leave the cell of origin, crossing the membrane and to reach other cells
provokes the covalent posttranslational modification of proteins also distant from the site of origin
of 4-HNE and to interfere with changes of their function.

Because of cumulative effect in the membrane, 4-HNE can attack crucial target proteins in or near
the lipid bilayer. A high and increasing humber of 4-HNE target proteins have been identified. The
binding sites of 4-HNE to the protein chain were determined by mass spectrometry for several
proteins, e.g. actin binding sites for 4-HNE were identified and supposed to have consequences for
cell motility (Schwarzer et al., 2014).

The study of Poli et al. on modified proteins by 4-HNE reveals a wide spectrum of functional
proteins which includes enzymes in energy metabolism, protein kinases and phospholipases
involved in cellular signaling, enzymes involved in intracellular proteolysis by the proteasome,
extracellular matrix metalloproteinases, membrane receptors for neurotransmitter and growth
factors, membrane ion transporter and carriers in the plasma membrane, some plasma proteins,

cytoskeletal proteins, heat-shock proteins, and proteins involved in translation (Poli et al., 2008).
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1.2.2 Malaria and 4-hydroxynonenal

In 1988, Buffinton et al. (Buffinton et al., 1988) described unconjugated 4-HNE in RBC of P.
vinckei-infected mice, the first malaria-related report. In the early 90™ high levels of HNE were
found in phagocytes that had ingested malarial pigment HZ (Schwarzer et al., 1996). Later, P.
falciparum -pRBC and free HZ were shown to carry substantial amounts of 4-HNE (Skorokhod et
al., 2007a).

During malaria infection, there are several sources for 4-HNE as summarized in Figure 9. These
are: i) the mature intraerythrocytic stages of plasmodium , the late trophozoite and schizont stage
(upper left panel), ii) HZ that is released in the blood plasma as residual body during the rupture of
schizonts and merozoite egress, iii) monocyte derived phagocytes when they get in contact with
pRBC or residual bodies and respond with an extraordinary strong and long lasting oxidative burst
elicited by Toll-like receptor 4 (TLR4) signaling and iv) the HZ-laden phagocyte after ingestion of
HZ or HZ containing parasites. HZ persists in the vital but functionally impaired monocytes.

HZ is able to catalyze in ex vivo cultured primary cells PUFA peroxidation with formation of 4-HNE
and hydroxy-fatty acids such as hydroxylated arachidonic acid (hydroxy eicosatetraenoic acid,
HETE) or hydroxylated linoleic acid (hydroxy octadecadienoic acid, HODE).Parasite growth is
accompanied by rising levels of HZ, matching with increasing 4-HNE levels in that in mature
intraerythrocytic parasite stages, late trophozoites and schizonts exceed the physiological
stationary level of 4-HNE. Thus 15-fold higher values were observed in hemozoin-rich schizonts
compared to young hemozoin-poor ring forms (Skorokhod et al., 2007a). As experimentally shown,
HZ-containing parasite release 4-HNE which reaches neighbor cells and modifies them (Uyoga et
al., 2012). At the end of the 48-h parasite growth cycle in the RBC, the daughter parasites leave
the RBC to infect new RBCs (schizogony). In parallel the residual body (RB) or nHZ, that is the
membrane-enveloped, HZ-containing digestive vacuole, is expelled into the bloodstream. RBs in
the supernatant of P. falciparum cultures contained 50 micromoles per liter 4-HNE (Skorokhod et
al., 2005).

RBs released into plasma bind preferentially host fibrinogen. Barrera and colleagues found 10—
100,000 fibrinogen molecules per residual body, stably bound to nHZ collected from plasma-
cultured parasites. Bound fibrinogen is recognized by TLR4 on monocytes, thus RBs become
excellent ligands for TLR4 and elicit an immediate, extensive and long-lasting oxidative burst in
human monocytes. ROS production by RBs exceeds that by opsonized RBCs 100-fold (Barrera et
al., 2011). As consequence of the violent oxidative burst, HZ phagocytosis provoked significantly
higher levels of lipid peroxides in monocytes as compared to RBC phagocytosis, (Schwarzer et
al.,, 1992a). Close contact of HZ with the cell membrane, together with extensive oxidative burst
during HZ phagocytosis, resulted in fast and persistent 6-fold increase of lipid peroxides in RB-fed
monocytes compared to the transient 2-fold increase after RBC phagocytosis (Schwarzer et al.,
1992a).
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Importantly, the increase of free 4-HNE can already be seen after 2 hours of feeding monocytes
with HZ.

Schwarzer et al. demonstrated that primary human monocytes which were fed in vitro with HZ
show a 50-fold higher 4-HNE level compared to unfed controls at 5 h after phagocytosis and still

15-fold higher levels after 12 hours.

4-HNE release from trophozoites and schizonts Oxidative burst of monocytes as trigger for
peroxidation by contact with hemozoin
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Figure 9. 4-HNE sources related to malaria modified from (Schwarzer et al., 2015).

Structural and functional modifications in host cells by 4-HNE

4-HNE is a reactive molecule and as outlined in detail above paragraph “Generation of 4-HNE in
malaria elevated levels of 4-HNE occur. 4-HNE conjugates with proteins were present in
falciparum- parasitized RBC, HZ-laden monocytes, macrophages, dendritic cells and erythroid
cells most likely as consequence of HZ generation, contact or presence (Schwarzer et al., 2015).
Skorokhod et al. (Skorokhod et al., 2010) focuses on the fact that 4-HNE is the product of HZ or
monocytes that have phagocytosed HZ, and could alterate the correct functioning of
erythropoiesis and supposes this lipoperoxidation end product as mechanistic link between HZ and
functional impairments and modulations. Cocultivation of erythroid cells with HZ, 4-HNE and HZ-
fed monocytes, cause a significative inhibition of erythroid cellular growth. In brief, the indigestible
heme portion of Hb is organized by the parasite to form HZ in close contact to the membrane of
the digestive vacuole (Kapishnikov et al., 2012). In vitro, just like free heme, HZ also causes lipid
peroxidation of PUFAs and, consequently, degradation to 4-HNE and other products (Miller, 2005).
Skorokhod et al. demonstrated in P. falciparum cultures that 4-HNE and its membrane protein

conjugates increase significantly in pRBC compared to control npRBC. 4-HNE protein conjugates
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increase up to 15-fold higher levels in HZ-rich schizonts compared to young HZ-free parasite forms
(Skorokhod et al., 2007a).

The work of Uyoga et al. (Uyoga et al.,, 2012) on severe anemia, adds to the HZ-elicited lipid
peroxidation product 4-HNE, as it can be transferred in vitro from pRBC to non-parasite RBC. They
noticed also that treating normal RBC with plausible concentration of 4-HNE results in increased
phagocytosis. From the results obtained by Uyoga’s study, the formation of rosettes is proposed as
mechanism for destruction of the large numbers of npRBC as observed in vivo (Uyoga et al.,
2012).

In patients with malaria, 4-HNE-protein conjugates were significantly increased as compared to
age -matched non-malaria control children and were visible on pRBC and npRBC (Aguilar et al.,
2014).
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1.2.3 Hemoglobin oxidation and formation of hemichromes in the host cells

As outlined in previous chapters the damage caused by oxidative stress is based on many
changes that can modify the cell and intervene in many diseases. Sometimes, however, the
oxidative changes can act as a signal.

In RBC, Hb is continuously exposed to redox reactions. Redox reactions occur mainly due to the
presence of oxygen that produce superoxide and hydrogen peroxide. In turn hydrogen peroxide
can react with Hb producing ferryl Hb and eventually degrading heme (Rifkind et al., 2003). An
additional source of oxidative stress are nitrite-derived reactive species that are generated after
contact with Hb. The erythrocytic cycle in malaria begins when a single merozoite invades a host
RBC. This results in most of the red cell cytoplasm, including its hemoglobin, being consumed
providing the parasite a source for amino acids and generating toxic reactive oxygen species and
free heme.

The binding of Hb to the RBC cell membrane is a hallmark of cell senescence and targeting of
RBC for recognition and removal from circulation by macrophages via phagocytosis (Kay, 1975)
(Kannan et al., 1988) (Low, 1986).

Physiologically Hb is regularly oxidized to methemoglobin and about 1% of Hb being in this form at
any time (Welbourn et al., 2017).

Hb, which is damaged by severe oxidative stress with heme groups being in a redox- and oxygen-
binding inactive hemichrome form, has been implicated as the membrane binding species.

When the level of Hb oxidation increases (as for example when RBC become senescent or in the
case of a pathological condition), more Hb molecules are membrane bound and increase lipid
peroxidation processes at the membrane which may explain the cell damage caused by Hb.

In vivo oxidative stress studies with oxidants that go beyond the level of cell tolerability, showed an
increase in hemoglobin membrane binding, especially in older cells with lower levels of antioxidant
enzymes. These are then targeted for destruction.

During malaria infection, parasitized-RBC are gradually transformed in non-self-cells to be
recognize by human monocytes. The accumulation of erythrocyte profound changes is due to the
presence of parasite neo-antigens on the host cell surface and host cell protein modifications as
consequence of high levels of oxidation elicited by the growing parasite.

This leads to an increasing number of autologous IgG (Facer, 1980) (Mendis et al., 1983) and
complement binding (Stanley et al., 1984, Turrini et al., 1992) with a consequent rise of
phagocytosis levels (Celada et al., 1982) (Turrini et al., 1992).

The actual molecular model for parasite elicited phagocytosis is described by the following
sequence of events: 1) hemoglobin oxidation to hemichromes by the parasite, 2) hemichrome
binding to and oxidation of the cytoplasmic domain of membrane protein band 3, 3) which allows

SYK to bind and be activated, 4) with subsequent phosphorylation of band 3, 5) leading to
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detachment of the bilayer from the cytoskeleton and 6) subsequent clustering of band 3. Band 3
cluster are recognized by auto-anti-band 3 antibodies.

Note, that the term “hemichrome” in the scientific literature has been attributed to any unreactive
low spin form of ferric (met) Hb. Generally, this is due to ligation of the distal histidine residue in the
heme pocket, creating a bis-His iron complex, unable to react with external ligands. However,

hemichrome formation can be irreversible or reversible.
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Band 3 protein aggregation and Tyr phosphorylation by oxidative stress
in thalassemic, sickle cell and G6PDH deficient patients

Figure 10. lllustration of a RBC from thalassemic, with sickle cells or GBPDH deficient patients in which is explained the
sequence of events after hemoglobin oxidation that leads to clustering of phospho-band 3 and hemicromes (Pantaleo et
al., 2008).

SYK activation and band 3 clustering in the RBC membrane may have two consequences , the
phagocytic removal of the flagged cell or the expulsion of destabilized membrane microparticles
that contain clustered proteins avoiding whole cell eradication.
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Figure 11. Possible outcomes of protein band 3 clustering in RBC due to oxidative stress: Microparticle shedding and

phagocytosis.

30



1.3 Anemia in malaria-endemic regions and malaria anemia

The WHO has defined anemia as a “condition in which the number of RBC or the Hb concentration
within them is lower than normal”. Hemoglobin is needed to carry oxygen and too few or abnormal
RBC, or not enough Hb result in a decreased capacity of the blood to carry oxygen to the body’s
tissues. This results in symptoms such as fatigue, weakness, dizziness, and shortness of breath,
among others. The optimal Hb concentration to meet physiologic needs varies by age, sex,
geographic altitude of residence, smoking habits, and pregnancy status. The most common causes
of anemia include nutritional deficiencies, particularly iron deficiency and, though deficiencies in
folate, vitamins B12 and A are also important causes; haemoglobinopathies; and infectious
diseases, such as malaria, tuberculosis, HIV and parasitic infections and neoplastic diseases. The
WHO evaluates that 42% of children less than 5 years of age and 40% of pregnhant women
worldwide are anemic according anemia criteria shown in Table 1 (https://www.who.int/health-
topics/anaemiatftab=tab_1).

According to the “Global Burden of Disease Study”, 2.36 billion individuals were affected by
anemia worldwide in 2015 (Collaborators, 2015).

Anemia continues to burden large segments of the global population. An earlier study published
similar numbers with an estimated 29% of non-pregnant women and 43% of preschool-age
children worldwide being anemic (Stevens et al., 2013), and iron-deficiency anemia is the single
prominent cause of years lived with disability in children and adolescents worldwide.

In developing countries including Africa, anemia represents an important cause of morbidity and
mortality. Long-term anemia is thought to delay a child's development and make children more
likely to get infections. The real problem is that the data reflect the situation in hospitalized children,
only. Unfortunately, the large share of children who have anemia, do not go to the hospital and do
not receive any professional diagnosis or in any case interviews that are not entirely reliable.
(Brabin et al., 2001). For this reason, reliable numbers on anemia are unknown.

It appears evident that the pathogenesis of anemia is not easy to understand because of the
innumerable factors that can cause anemia. This complicates anemia studies, especially in areas
with a high burden of infectious diseases.

Nutritional deficiencies, acute and chronic inflammation, parasitic infections, and inherited or
acquired disorders that affect Hb synthesis, compromised erythropoiesis or decreased RBC
survival, are possible causes of anemia.

Nowadays anemia remains a major cause of global morbidity and mortality, particularly among
children. The successful treatment of anemia depends on causes and severity of anemia. Anemia
of any etiology increases the risk of child mortality and morbidity, and specifically iron deficiency
(ID) anemia has been associated with harmful effects on cognitive and physical development and
on immune function of children (WHO, 2008. Worldwide Prevalence of Anemia 1993-2005: WHO
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Global Database on Anaemia. Geneva, Switzerland: World Health Organization). Treatment of 1D

in childhood is based on the administration of iron supplements and/or food fortification.

Table 1. WHO cut-offs for anemia. Hb (g/L) concentrations to diagnose anemia at sea level (Chaparro and Suchdev,

2019).
Anemia
Population Nonanemic Mild Moderate Severe
Children 6—59 months of age >110 100-109  70-99 <70
Children 5—11 years of age =115 110-114 80-109 <80
Children 12—14 years of age >120 110-119  80-109 <80

Nonpregnant women (15 years of age and above) >120 110-119  80-109 <80
Pregnant women >110 100-109  70-99 <70

Men (15 years of age and above) >130 110-129  80-109 <80

1.3.1 Pathomechanism of malaria anemia

One of the most important complication of malaria is anemia. Severe malaria anemia can be life-
threatening mainly for children and pregnant women living in malaria-endemic regions of Africa.
Moraleda et al. of 2017 searching for etiological aspects of anemia in hospitalized preschool
children from a rural area in Mozambique, defined severe anemia by Hb <5 g/dl and moderate
anemia by Hb =5 g/dl to <11 g/dl (Moraleda et al., 2017).

It should not be a surprise that anemia is one of the most common disorders associated with
malaria, because Plasmodium parasites undergo an intraerythrocytic schizogony process
culminating in lysis of host RBCs, not only circulating RBCs but also those sequestered in deep
vasculature and spleen.

In fact, during acute falciparum malaria, when schizonts rupture, anemia develops 48 h after the
onset of fever. There is an initial decline of hematocrit (Hct) following treatment owing to
rehydration. This is followed by a further fall over the next 4-5 days as long as the parasitemia
declines; then the hematocrit continues to fall, often up to two weeks after clearing parasitemia.

In non-immune children and adults infected with P. falciparum, the degree of anemia may correlate
with parasitemia (Phillips and Pasvol, 1992, Biemba et al., 2000) (Menendez et al., 2000b) and in
most experimental rodent malaria models, acute anemia is a consequence of rupture of pRBCs at

high parasitemias that reach 50% and more in the animals (Lamikanra et al., 2007). In humans,
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malaria anemia occurs usually at parasitemia values below 2% and the destruction of pRBCs
alone cannot account for anemia severity in malaria patients.

The frequency of malaria-related anemia and death was inversely correlated to age in a study in
Mozambiquan children. The age group most affected was 0 to 1 year old compared to older
children as shown in Figure 12. Thus, babies (1-2 years of age) and newborns with malaria
infection develop in 10-20% of cases severe anemia with hematocrit values below 15% and need

transfusion.
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Figure 12. Histogram indicated number of cases of malaria by age from (Menendez et al., 2000b).

Searching for malaria anemia-provoking mechanisms other than schizont rupture, the loss of non-
parasitized RBC (npRBC) was described. The implication of npBC can explain the lack of
correlation between parasitemia and the severity of anemia seen in many studies (Phillips and
Pasvol, 1992, Slutsker et al., 1994) (Dondorp et al., 1999).

Host defense mechanisms to infection may contribute to RBC loss. The immune system responds
promptly to parasites, initially by phagocytosis and oxidative burst as first-line defense mechanisms
mediated by spleen and blood phagocytes and later by humoral and cellular specific responses to
avoid the increase in parasitemia and consequently an excessive loss of RBCs. Obviously, this is
sometimes not sufficient to prevent the onset of anemia.

The pathogenesis of malarial anemia remains not completely understood yet but several studies
have revealed anomalies that could contribute to or aggravate the anemia.

Following, possible mechanisms described in literature to be involved in the onset of malarial

anemia are summarized.

Rupture of pRBC
The lysis of pRBCs represents reduces drastically the number of circulating RBC. On completion of
the parasite growth and proliferation inside the RBC daughter merozoites egress from the host cell,

that lyses, and invade new RBC, restarting the cycle.
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This repetitive rupture of pPRBC each 48 h contributes to a first phase of anemic situation.

The lysis of the host cell is ‘carefully prepared’ by the growing parasite that exerts oxidative stress
to its host RBC. During its growth, the parasite elicits the oxidation of band 3, the accumulation of
oxidized hemoglobin and subsequently the phosphorylation of Syk and Lynn (Src-like nonreceptor
tyrosine kinases) in the inner side of the RBC membrane and detachment of the cytoskeleton from
the membrane. The consequent microparticle shedding eliminates modified membrane
components like band 3 visible to immune cells. The shedding of microparticles weakens the
membrane stability which facilitates the merozoite egress after schizogony. As explained later it
helps also to bypass a premature phagocytosis of the pRBC as ‘eat me’ tags (CD47) can be shed

with the microparticles.

Phagocytosis of pRBC and npRBC

After avid phagocytosis of mature parasites and expelled RB which is accompanied by a violent
oxidative burst in primary human phagocytes cultured in vitro, both phagocytosis and burst are
switched off irreversibly after approximately 2 hours in the otherwise vital cells. (Schwarzer et al.,
1992b). Up to ten pRBC or residual bodies (the latter in terms of heme content) were
phagocytosed by plated human monocytes after a phagocytosis time of 2-3 hours. In case of ex
vivo differentiated monocyte-derived macrophage this value even increased to 25 pRBC. Thus,
phagocytes are potent first line defense cells and their functional impairment after the first
phagocytic meal may be partly overcome by the release of new phagocytes from the bone marrow
after chemokine release. Indeed, in vivo circulating HZ-containing monocytes are considered as
proof for an acute or former malaria episode. The accumulation of HZ in the spleen of individuals
living in a malaria -endemic region indicate the massive phagocytic activity of spleen
macrophages.

As described above, parasites export antigens in the membrane of host RBCs. The exposed
parasite antigens bind IgG of immune sera and parasitized cells are opsonized by IgG and
complement factor 3 (C3). The resulting phagocytosis is mediated by Fc-receptors and CR1 of
phagocytes contributing to anemia.

Several groups have reported the finding of IgG and complement-coated RBCs in patients with
severe malarial anemia (Abdalla, 1988) (Facer et al., 1979), suggesting a role for complement-
mediated damage of RBC.

However, the phagocytosis of pRBC opsonized with non-immune serum by human primary
monocytes, suggests immune-serum independent mechanisms for pRBC recognition by
phagocytes. The presence of both circulating and resident macrophages laden with HZ in non-
immune P. falciparum malaria patients or in vitro malarial models (pRBC are phagocytosed by
cultured macrophages) support the idea that pRBC can be removed in the absence of specific

immunity of the host.
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Giribaldi et al. (Giribaldi et al., 2001) demonstrated in vitro that increasing amounts of aggregated
band 3 were associated with deposition of complement fragment C3c and autologous IgG, specific
for aggregated band 3.

The involvement of oxidative events in the formation of the antigenic membrane aggregates of
band 3 was supposed as the formation of aggregates could be prevented by reductants and
oxidant scavengers. A causal role of hemichromes in provoking aggregation of and co-localization
with band 3 has been shown in senescent and oxidatively damaged RBCs by several authors (Low
et al., 1985) (Waugh and Low, 1985) (Schliter and Drenckhahn, 1986) (Waugh et al., 1986), and
suggested by direct and indirect evidence in malaria-parasitized RBCs (Tilley et al., 1990).

In a phagocytosis study with non-immune serum for opsonization, Turrini et al. (Turrini et al.,
1992), demonstrated that ring-parasitized RBC (RpRBC) are phagocytosed similarly to senescent
or oxidatively damaged RBC, where deposition of immunoglobulin G (IgG) and complement
produce recognition signals for phagocytosis. For pRBC infected with mature forms of parasite
(trophozoites or schizonts), phagocytosis is more intense followed by the phosphatidylserine PS
exposition that increases recognition (Turrini et al., 1992).

In contrast to detailed studies on the phagocytosis of pRBC, far less mechanistic studies were
performed for phagocytosis of npRBC and it is not trivial to explain why these RBC are recognized
by phagocytes, particularly in non-immune malaria patients, likely the majority of malaria anemia
patients.

The invasion of parasite in RBC is complex, and may be completed in only a small fraction of
erythrocytes targeted for infection. Parasite antigens are shed during entry, and many of these
parasite-encoded erythrocyte-adhesive proteins are present at high levels near to npRBC.
Probably they adhere to uninfected erythrocytes and this would result in membrane modification to
erythrocytes, leading to their clearance from circulation (Haldar and Mohandas, 2009).

Moreover, the role of lipoperoxidation in the poorly elucidated process of npRBC loss has been
studied by Uyoga S. et al. in 2012. The main message from this innovative in vitro study was that
rosettes, which are specific cellular structures formed by few npRBC that adhere to a HzZ-
containing pRBC at trophozoite stage allow the transfer of 4-HNE from pRBC to npRBC. HNE-was
shown by fluorescence microscopy in the nuclei-containing trophozoite and importantly, in the
adherent npRBC (Uyoga et al., 2012).

The transfer of 4-HNE may have a crucial role in the phagocytic removal of large numbers of
npRBCs, the hallmark of severe malaria anemia as in vitro performed erythrophagocytosis
increased proportionally with increasing 4-HNE-binding to npRBC and significantly higher levels of
4-HNE were observed in children with severe malaria anemia vs. non anemic malaria patients in a
pilot study with low case numbers (Uyoga et al., 2012).

Based on these findings | asked the question whether 4-HNE-labeling of npRBC may be a

hallmark in anemia and possibly a missing functional link for increased phagocytosis.
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The role of the spleen, that eliminates altered RBC, is important for clinical manifestations of
malaria, especially for anemia (Buffet et al., 2009). About each 100-200 minutes, quality control of
all circulating RBCs occurs regarding deformability or immune signals for retention of RBC in the
slow circulation of the spleen such as clustered band 3 with bound autoantibodies or flipped PS in
the external leaflet of the membrane (Turrini et al., 1992, Lutz, 2004) (Rey et al., 2014). Decreased
RBC deformability was found in malaria (Cooke et al., 2004). Deformability loss correlated well with
the degree of anemia. (Dondorp et al., 1999).

Basing on this fact, Skorokhod et al. (2007), demonstrated in vitro that the presence of 4-HNE-
protein adducts in RBC membranes causes a decreased in RBC deformability likely due to
modifications in RBC cytoskeleton and membrane proteins as they are found in pRBC and co-
cultured npRBC (Skorokhod et al., 2007a).

In vivo, the HZ-containing trophozoite as well as isolated HZ are phagocytic targets for
monocytes/macrophages. The reduced deformability of circulating erythrocytes carrying 4-HNE
adducts should increase their phagocytic elimination in spleen, liver and bone marrow. Increased
4-HNE production by pRBC may additionally modify non-parasitized erythrocytes, induce their
phagocytosis, and contribute to malarial anemia.

Dyserythropoiesis

Erythropoiesis is a process in the bone marrow, by which erythroid progenitors proliferate and
differentiate into non-nucleated reticulocytes which leave the marrow and enter the blood where
they mature to erythrocytes for two days.

It is important to note that erythropoiesis occurs in specialized niches in the marrow termed
“erythroblastic islands”, composed of erythroblasts surrounding a central macrophage and in which
cells proliferate, differentiate and enucleate.

During malaria infection, an ineffective erythropoiesis exacerbates anemia. A lower and
inadequate release of erythrocytes from the bone marrow despite the increased production in
response to hemolysis, and a premature death of erythroid precursors before their entrance in
circulation were observed in vivo (Casals-Pascual and Roberts, 2006) (Newton et al., 1997).
Dyserythropoiesis was described in malaria anemia, i.e. a defective development of erythrocytes
and the occurrence of erythroid precursor cells with abnormal shape and size (Dérmer et al.,
1983).

Malaria anemia is characterized by low reticulocyte response (Chang et al., 2004), normal or
increased production of erythropoietin (EPO), (Burgmann et al., 1996) and altered morphology of
erythroid precursors (Dormer et al., 1983, Casals-Pascual et al., 2006). Several evidences, both in
animals and humans, indicate that during malaria anemia, bone marrow shows an inability to
replenish erythrocytes lost by hemolysis through inadequate erythroid response. In this process
the reduction of erythropoietin is not the unique cause and an alternative mechanisms was

introduced by Giribaldi et al. (Giribaldi et al., 2004) and Skorokhod et al. (Skorokhod et al., 2010)
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demonstrating the effect of HZ and its lipoperoxidation product 4-HNE on erythroid cells grown ex
Vivo.

More than 70 years ago, reticulocytopenia was described in P. vivax and P. falciparum malaria
infection followed by reticulocytosis after parasite clearance (Vryonis, 1939) and was later causally
suppressed erythropoiesis (Casals-Pascual and Roberts, 2006). Nonetheless the molecular

mechanisms behind dyserythropoiesis in malaria are not entirely known.
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Figure 13. Direct and indirect effects of parasite on the development of malarial anemia (Lamikanra et al., 2007).

Only in 2010, it was shown that 4-HNE inhibits the erythroid cell proliferation during the whole
period of erythropoiesis, involving the molecular regulators of the cell cycle, a series of controlled
events that take place in cells leading to its division and differentiation (Skorokhod et al., 2010).
Authors showed that both natural HZ and 4-HNE treatment of erythroid cells results in: (i)increased
regulatory proteins, p53 (tumor suppressor protein 53) and p21 (cyclin-dependent kinase inhibitor
1); (ijunbalanced phosphorylation of the retinoblastoma protein Rb and (iii)decreased levels of
cyclins A and D. Importantly, neither HZ nor 4-HNE added at reasonable concentrations induced
programmed cell death (apoptosis). Further, low micromolar 4-HNE delays the expression profile
of differentiation markers: the functionally important membrane receptors for transferrin (TfR1,
CD71), stem cell factor c-kit (CD117), interleukin-3 (CD123), and erythropoietin (Epo) as well as
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the stem cell marker CD34, and the RBC markers glycophorin A and hemoglobin. GATA-1, the
master transcription factor that controls the differentiation processes in erythropoiesis, was less
expressed in HZ- and 4-HNE-treated cells. The strong conjugation of 4-HNE to the cells and the
functional structural changes induced by 4-HNE lead to the description of molecular targets of 4-
HNE in erythroid progenitors possibly involved in the inhibition of erythropoiesis in malaria anemia.
In patients with malaria, high concentrations of TNF-a have been associated with severe disease
and TNF-a, has been thought to be the major cause of bone marrow dysfunction (Clark and
Chaudhri, 1988). While severe disease in children is associated with elevated levels of
proinflammatory and anti-inflammatory cytokines, the severity of anemia seems to be dependent
on levels of TNF-a relative to the potent anti-inflammatory cytokine IL-10. Several clinical studies
have demonstrated that a low ratio of plasma IL-10/TNF-a is associated with SMA in young
children. Casals Pascal et al. demonstrated in vitro that TNF- a has a reversible effect on erythroid
growth and development because its effect can be inhibited by using anti-TNF- a antibodies. The
anti-TNF-alpha titer rises in malaria which makes the contribution of TNF to anemia questionable
(Clark et al., 1989).

With regard to erythroid cell apoptosis controverse results were reported in different erythropoiesis
models which does not allow yet to judge on a role of apoptosis in vivo. Lamikanra et al.
demonstrated that HZ isolated from pRBC from in vitro cultures inhibited erythroid development
independently of inflammatory mediators by inducing apoptotic pathways that involved the
activation of caspase 8 and cleavage of caspase 3 and also the loss of mitochondrial potential
(Lamikanra et al., 2009).

At the contrary, Skorokhod et al. could not confirm elevated apoptosis levels of erythroid
progenitors and precursors in presence of DNA-free HZ-containing residual bodies which were
naturally expelled from pRBC. Both laboratories concurred in the direct inhibition of erythropoiesis
by HZ.

The lipoperoxidation mediated by HZ with consequent formation of 4-HNE in malarial anemia has a
determinant role in diserythropoiesis as shown in vitro (Skorokhod et al., 2010). Cocultivation with
HZ or treatment with low micromolar 4-HNE inhibited the erythroid cells growth, interfering with cell
cycle without provoking apoptosis. P53 and p2l1 (2 crucial proteins in cell-cycle regulation),
increased by HZ/HNE treatment and the retinoblastoma protein, central regulator of G1-to-S-phase
transition, was consequently hypo phosphorylated, while expression of GATA-1, master
transcription factor in erythropoiesis decreased. All These changes resulted in decreased
expressions of cyclin A and D2 that retarded cell-cycle progression in ex-vivo differentiated
erythroid cells and the K562 cell line. Additionally, an inhibition of critical receptors (R):
transferrinR1, stem cell factor R, interleukin-3R, and erythropoietin R was observed in line with a
delayed differentiation. The decreased receptor expression and the impaired cell-cycle activity

decreased the expressing of glycophorin-A and hemoglobin in erythroid cells underlining the
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inhibitory role of HZ and 4-HNE in erythropoiesis and probably malaria anemia (Skorokhod et al.,
2010).

39



1.3.2 Non-malarial anemia forms in malaria regions

Despite evidence for a determinant role of malaria in anemia incidence, malaria is no longer
considered the only reason for anemia (Moraleda et al., 2017) in malaria endemic regions, but may
surely impact on anemia severity. Severe anemia is seen only in a small proportion of malaria
cases and its pathogenesis is not clearly understood, but such factors as malnutrition, iron
deficiency, bone marrow dysfunction, and the level of parasitemia are surely thought to contribute
to its manifestation.

Sub-Saharan Africa and other African areas are poor areas where other infections than malaria,
both bacterial and viral ones, are frequent and do aggravate the situation to develop anemia.
Furthermore, micronutrient malnutrition is usually highly prevalent in malaria endemic areas and
the various vitamin deficiencies and therefore malnutrition in general contributes to anemia.

A good nutritional status is closely related to the development of an adequate immune response to
infection, being on the one hand, an important determinant of the risk and prognosis of infectious
diseases, and on the other hand, being directly influenced by infection.

When there is a synergic lack of specific nutrients, anemia development will become a significant
burden (Chaparro and Suchdev, 2019).

Despite the seriousness of the consequences that anemia can cause, public health attention
remains very limited. This is probably due to treating anemia as a by-product of processes of other
diseases.

From a recent national survey conducted in Ghana on micronutrient deficiencies, malaria,
hemoglobinopathies and malnutrition in young children and non-pregnant women (Wegmiuiller et
al., 2020) concluded that in some areas of Ghana two deficiencies, namely, iron and vitamin A
deficiency overlap to cause anemia. Anemia and several micronutrient deficiencies are highly
present in Ghana, especially in the Northern Belt and in poor households (Wegmidiller et al., 2020).
The scenario described for Ghana is common in almost all African countries, where poverty
prevents very young children from having regular access to complete nutrition and the right supply
of nutrients for an adequate development, is not guaranteed.

The most important micronutrient deficiency associated with anemia in malaria region regards iron.
Iron is an important mineral needed to produce hemoglobin. It is involved in cell development and
cell growth of the brain, muscle, and the immune system (Beard, 2001) and is a component of
many enzymes. A relatively large amount of iron is required to produce RBCs (erythropoiesis) in
the first few months after birth.

In healthy adults the daily nutritional need of iron is 10mg, of which approximately 1mg is
absorbed. In new-born and growing children, the daily need per kg is much higher.

Ferritin and transferrin are the two proteins crucially important for storage and transport of iron in
the human body. The iron status is commonly monitored by serum ferritin (Mei et al., 2005).

Ferritin, in fact is the major iron store of mammals and is found in all tissues, but in particularly high
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concentrations in the liver, spleen and bone marrow. It is present in most tissues as a cytosolic
protein and its function is to store iron in a soluble form from which it can be readily mobilized.
Hepatocytes, macrophages and Kupffer cells have been shown to secrete ferritin (Wesselius et al.,
1994). The increase of serum ferritin is proportional to the baseline ferritin levels and available iron
stores.

Transferrin is a glycoprotein produced in the liver, that circulates at high concentration in the blood
where it is mainly responsible for the iron transport. Transferrin is a “shuttle protein” (Huebers et
al., 1983). It has two iron binding sites, binds free iron in the serum and transports it to Tf-receptor
(TfR) exposing cells. Once bound to the receptor the TfR-Tf-iron complex is endocytosed and free
iron delivered to the cell, e.g., the bone marrow erythroid stem cells for erythropoiesis.

In general, infection and inflammation increase ferritin, which is an acute phase reactant. It
decreases only slowly after the resolution of infection and remains elevated in the convalescent
phases of infection. Thus, malaria-endemic countries it is difficult to interpret ferritin levels and their
use as a biomarker of iron deficiency may underestimate the true prevalence of iron deficiency
(Nyakeriga et al., 2004) (Zimmermann et al., 2005). Other biomarkers or combinations of
biomarkers have been suggested for the assessment of iron deficiency in locations with a high
prevalence of infection (Neuberger et al., 2016) such as the serum transferrin receptor, zinc
protoporphyrin, transferrin saturation, and the ratio of serum transferrin receptor to serum ferritin
(Lynch, 2011), as well as the adjustment of ferritin to C-reactive protein or alphal-acid glycoprotein
levels, or both (Mburu et al., 2008).

The debate whether iron supplementation during malaria infection could represent a beneficial
treatment remains open since iron deficiency may be protective against malaria infection. In fact
iron is widely used by pathogens for their own metabolism and killing ability (Beard, 2001) so iron
deficiency might be a measure of the host to protect himself .

Many studies on the relationship between iron status and malaria lead to a fundamental
hypothesis: poor iron and/or the sequestration of iron because of the physiologic actions of
hepcidin in response to inflammation may protect against malaria and its associated morbidities by

restricting the availability of iron to the parasite (Spottiswoode et al., 2014).

Glucose-6-Phosphate-Dehydrogenase (G6PD) deficiency

Glucose-6-phosphate dehydrogenase (G6PD) is the enzyme that maintains redox equilibrium in
cells by catalyzing the first reaction in the pentose phosphate pathway. This pathway is essential to
ensure the useful level of reduced nicotinamide adenine dinucleotide phosphate (NADPH) which
confers primary oxidative defense in RBC (Lee et al., 2018).

G6PD deficiency is an X-linked enzyme disorder that leads to increased susceptibility to oxidative
stress damage which is induced by food and drugs and causes hemolytic anemia. Inability to
maintain normal redox status in G6PD deficient RBC results in oxidative stress that may be

unfavorable to malaria parasites. This supports the protection hypothesis (Tishkoff et al., 2001) and
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is likely based on preferential phagocytosis of early ring-stage pRBC, which does not compromise
the host defense. This deficiency is globally distributed but presents a geographically prevalence
with the historical distribution of malaria (Allison, 1963) (Howes et al., 2012).

a-Thalassemia

Among the genetic mutations that are accompanied by a survival advantage for malaria, is a-
thalassemia. It represents a haemoglobinopathy associated with protection against malaria.

It is probably the most common monogenic gene disorder in the world and is especially frequent in
Mediterranean countries, South-East Asia, Africa, the Middle East and in the Indian subcontinent.
Many studies carried out in areas where malaria is endemic, confirm that a-thalassemia is common
and clearly associated with P. falciparum transmission intensity. Even if hemoglobinopathies are
generally found in populations living or derived from malaria endemic areas, it is not clear why
some polymorphisms are prevalent in some malaria endemic areas and absent in others. This is
probably because of population migration or by introduction or a disturbing of an existing
equilibrium (Enevold et al., 2007).

Alpha-thalassemia is characterized by abnormal or absent manufacturing of alpha-globin chains.
This can lead to more than 15 different genetic mutations, each of which causes a dysfunction of
the Hb. In sub-Saharan Africa, a*-thalassemia affects up to 50% of the population, but protection
against uncomplicated or severe malaria could not be demonstrated yet (Lell et al., 1999)
(Mockenhaupt et al., 1999) (Allen et al., 1993).

Vitamin B12 deficiency
Together with vitamins A, B2, B6, and folic acid, vitamin B12 is implicated in the normal production

of RBC. (Fishman et al., 2000). Vitamin B12 deficiency provokes pernicious anemia.
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1.3.3 Oxidative modifications in RBC membranes from anemic patients. State of the
art

This paragraph reviews the literature on oxidative-stress-elicited molecular modifications in the
membrane of RBCs from patients with several anemia forms, focusing on modifications with a
supposed pathomechanistic role in anemia. | refer to the lipoperoxidation—dependent conjugation
of membrane proteins with 4-HNE and hemoglobin—oxidation-dependent phosphorylation of band
3.

Oxidative stress is considered to be a determinant of disease severity during Plasmodium
falciparum malaria infection (Becker et al., 2004), (Atamna and Ginsburg, 1993). The large body of
data from in vitro experimental human malaria models provides insights in possible pathways to
pathological changes observed in patients and reveals plausible mechanistic roles of oxidative
stress (Atamna and Ginsburg, 1993) (Giribaldi et al., 2001) (Schwarzer et al., 2008, Skorokhod et
al., 2010) (Uyoga et al., 2012). By contrast, in vivo data on the pathogenic roles of oxidative stress
are limited, though reports relate oxidative stress with modifications in RBC and plasma in clinical
malaria (Das and Nanda, 1999) (Nanda and Das, 2000) (Kulkarni et al., 2003). Moreover, only a
few studies have analyzed the role of oxidative stress in infant malaria (Griffiths et al., 2001)
(Narsaria et al., 2012), and its impact on the development of malaria anemia (Uyoga et al., 2012).
Some authors suggest oxidative modifications and lipoperoxidation, usually measured as TBARS,
just as symptomatic side effects of the immune response of the host to malaria infection and-at
most- as marker for disease (Sohail et al., 2007) while others claim a relation to the
physiopathology of the disease (Aguilar et al., 2014, Uyoga et al., 2012) suggesting the generation
of ROS to be causally involved in the development of systemic complications of malaria.

Thus, Uyoga found a highly significant increase of 4-HNE-conjugates in npRBC of malaria patients
from Kenia with severe anemia (hemoglobin <5g/dl) compared to patients with mild or no anemia
(hemoglobin >5g/dl). She suggested that tagging RBC with 4-HNE might be a recognition signal for
RBC removal in the spleen. Unfortunately, the study cohort was too small to draw definitive
conclusions.

The second indication for a mechanistic role of the lipoperoxidation product 4-HNE in malaria
anemia comes from a follow-up study with non-immune children in Mozambique (Aguilar et al.,
2014). Children presenting with Hb <10 g/dl at their first acute malaria episode were grouped
according to their capacity to recover from anemia by increasing Hb levels during convalescence,
or to aggravate their condition by decreasing or sustained low Hb levels during convalescence
(one month after acute malaria episode). 4-HNE-binding to the RBCs of children was determined
at acute and convalescence states and compared between groups. Children with persisting
anemia accumulated additionally 4-HNE-conjugates in their RBC membrane during the monthly
convalescence period, while children that cleared their anemic state during convalescence lost 4-

HNE-conjugates compared to the acute malaria state, respectively. Also, the group that did not
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recover from anemia had significantly higher 4-HNE-conjugate levels on RBCs during
convalescence compared to the recovery group.

There are indications that RBC in several anemia forms different from malaria infection show
oxidative modifications and carry elevated levels of 4-HNE-conjugates.

4-HNE levels have been shown to correlate with the severity of anemia in chronic renal diseases
(Siems et al., 2003) and increased not further specified carbonylation levels were also observed in
patients with iron deficiency and beta thalassemia compared to hon-anemic controls (Trombetta et
al., 2006).

Further and larger studies are needed to establish the existence of a causal link between elevated
levels of 4-HNE in the RBC membrane and anemia.

Modifications of RBC membrane protein band 3 protein are central in generation of removal signals
in naturally senescent RBC for phagocytic recognition (Kay, 1984). Mannu et al. (1995) found that
hemichrome binding to band 3 and hemichrome-mediated oxidation of band-3 cytoplasmic
domains, generate high molecular weight band-3 aggregates and enhance opsonization by anti-
band-3 antibodies. This sequence of events is supposed to be responsible for phagocytic removal
of erythrocytes in thalassemia (Mannu et al., 1995).

Phosphorylation of band 3 due to hemichrome formation was found in RBCs obtained from
patients with thalassemia, sickle cell disease, G6PD-deficiency and in falciparum pRBC, from in
vitro cultures. In fact, in 2009, Pantaleo, Ferru, Turrini et al., founded that selective tyrosine
phosphorylation of oxidized band 3 by Syk, may play a role in the recruitment of oxidized band 3 in
large membrane aggregates that show a high affinity to natural Abs, leading to RBC removal from
the circulation in both normal and G6PD-deficient red blood cells (Pantaleo et al., 2009).

In malaria patients increased anti-band 3 and anti-spectrin antibodies in Plasmodium vivax
infection were associated with anemia (Mourdo et al., 2018) which indicates that the above
described model for a band 3 oxidation dependent aggregation of the protein with subsequent
binding of auto-antibodies and complement factor 3 (CR3) might have a role in vivo.

Both modifications, 4-HNE-conjugation or hemichrome-elicited anti-band 3 binding may determine
the life span of a RBC in blood circulation and increased levels may correlate with the incidence of

anemia.
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1.4 Objectives

The pathophysiology of malarial anemia is complex and multifactorial (Phillips and Pasvol, 1992).
Oxidative stress elicited by the malaria parasite and its product HZ and by the host immune
response to malaria infection is a hallmark of disease. Consequently, levels of bioactive
lipoperoxidation product 4-HNE and hemoglobin oxidation product hemichrome increase in RBC
membranes. Both parameters are promising pathomechanistic factors in anemia genesis.

The main question that | would like to answer is whether oxidative stress has a functional role in
the onset of malaria anemia and in anemia of different etiologies. To reach the goal, functionally
relevant oxidative stress parameters will be identified and evaluated on RBC membranes of 264
children regarding their possible association with the incidence of malaria anemia. Secondly, the
parameters were proven for their relevance for non-malarial anemia forms. Thirdly, molecular
mechanisms will be investigated by which oxidative modifications provoke anemia.

A combined ex vivo and in vitro approach was applied, assessing firstly, two promising oxidative
RBC membrane-bound parameters (4-HNE membrane proteins conjugates and membrane-bound
Hb and heme species) in blood samples from Mozambican children living in South-East African
malaria endemic area and testing them for correlation with classical blood parameters of anemia
and secondly, perform ex vivo studies on cell models to explore the molecular mechanism in the
pathogenesis of anemia. As functionally relevant oxidative parameters | will focus: i) on the
lipoperoxidation product 4-HNE, which forms covalent conjugates with RBC-membrane proteins
and ii) on membrane-bound-Hb which binds to membrane protein band 3 due to oxidative
challenge and membrane-bound heme species.

The approach included the exact quantification of 4-HNE-protein conjugates per RBC for all study
participants by immunochemical techniques after protein extraction from isolated RBC membranes
and their correlation with blood Hb. Similarly, membrane-bound heme species, mainly
hemichromes, were detected by a luminescence method. The regression analysis between blood
Hb and the above mentioned parameters, respectively, selected 4-HNE-conjugates as a promising
modification as to the highly significant inverse correlation. To better investigate the involvement of
lipoperoxidation in development of malaria anemia by the significant increases of 4-HNE-
conjugation levels, RBC membrane proteins in moderate and severe anemic malaria patients were
compared to non-anemic children. The degree of anemia moderate vs. severe is correlated with
the degree of 4-HNE-conjugation. A similar increase of 4-HNE-conjugates is detectable in anemia
patients of different etiologies.

Additionally, with the intent of investigating the impact of 4-HNE not only on malaria anemia but
also on anemia of various etiologies, anemic children were divided in three groups based on the
likely leading cause for anemia, namely, malaria, inflammation and others and their mean 4-HNE
values compared to the values found in the respective non-anemic children group. As to the

generalized impact of 4-HNE in anemia the search for 4-HNE sources during anemia genesis
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became interesting. A series of regression curves were used to investigate correlation between 4-
HNE conjugates in RBC membrane and different clinical parameters such as parasite count,
inflammatory parameter CRP, nutritional deficiencies aimed to determine origin/causal effects of
HNE to different pathophysiologic conditions. Children's cohort is very precious because they come
from malaria-endemic areas and they are extremely susceptible to severe complications following
malaria onset, due to concomitant infections and malnutrition/inflammatory state.

For the in vitro approach, both parameters, 4-HNE-protein conjugates and hemichromes, were
formerly proven in in vitro cellular test systems to be functionally relevant for increased
phagocytosis rates and/or inhibited erythropoiesis. So, in order to intensify the research on the
possible causal effects of 4-HNE on anemia, labelling of 4-HNE protein conjugates has been
assumed to increase by age of RBC leading to elimination of senescent ones in the spleen. For
this, blood of healthy donors was used to analyze 4-HNE protein conjugates in RBC membranes of
sub-cohorts of differently senescent RBC by flow cytometry, taking advantage of senescence-
dependent differences of the physical parameters of cells, i.e., cell size and granularity. Then, a
blood separation according to density was made with the idea that an increase in 4-HNE
conjugates in the young RBC fraction mirrors stress erythropoiesis processes in the marrow and,
elevated conjugation of senescent fractions indicates that 4-HNE may flag RBC for their
phagocytosis. FACS and WB analysis were useful for the study of modifications in both the whole
RBC and its membrane respectively. Specifically, 4-HNE-conjugation could become a hallmark of
senescent cells with decreased anti-oxidative capacity and increased phagocytosis rates. To find
out which RBC membrane proteins might be most implicated in modifications by 4-HNE, further
comparison of WB results obtained with study cohort children and with subfractions of RBC from
healthy blood donors, have been conducted. and the spectrin as functionally relevant and well
characterized cytoskeletal protein was studied for potential changes in labeling with 4-HNE. A
spectrin-4-HNE-dependent rigidification of RBC could explain an increase of phagocytosis and
finally anemia, which remains to be shown subsequently.

Preliminary data from our laboratory suggest cell age-dependent differences in RBC phagocytosis.
Feeding primary human monocytes with RBC fractions of different 4-HNE-load revealed most
avidly phagocytosis for highly 4-HNE conjugated RBC.

Phagocytosis assays with young RBC supplemented with exogenous 4-HNE as model for
lipoperoxidation-dependent modifications in absence of alternative changes by oxidative challenge
and RBC from anemia patients need further to confirm the hypothesis of 4-HNE-driven
pathogenesis of anemia.

It remains to be studied whether the use of 4-HNE scavengers may be a useful tool for anemia

therapy in future.
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CHAPTER 2

Materials and methods

2.1 Analysis of RBC membrane modifications of anemic children

Anemic children were analyzed for membrane modifications in peripheral RBC with emphasis on

lipoperoxidation processes such as protein conjugations with lipoperoxidation product 4-HNE.

2.1.1 Patients

4-HNE- conjugates in RBC membranes were quantified from 264 donors. Samples used in the
present study were collected during a double-blind randomized placebo-controlled trial conducted
on non-immune 349 children from 2-5 to 24 months of age in Centro de Investigacdo em Saude de
Manhica (CISM), located in Manhica, Maputo Province, southern Mozambique to study the rate of
acquisition of naturally acquired immunity against malaria in different period of infancy (Guinovart
et al.,, 2012). Aguilar et al. assessed oxidative markers including 4-HNE-conjugates and
membrane-bound hemoglobin, in 349 non-immune Mozambican newborns (which from now will be
called cohort 1) at first acute malaria episode and in convalescence. recruited from the previous
double-blind placebo-controlled chemoprophylaxis trial. 4-HNE conjugates were here assessed on
RBC surface by flow cytometric analysis while membrane-bound Hb and hemicromes were studied
in isolated RBC membranes by the hem-dependent luminol-enhanced luminescence method
(Aguilar et al., 2014).

In my studies, blood samples from 264 Mozambican children (cohort 2) living in the Manhica
District Maputo Province, a South-Est African malaria—endemic area, were selected and analyzed.
Children included were from 1 to 68 months of age and each of them was specifically described by
the following parameters age, gender, hematological indices (peripheral blood cell count, mean cell
Hb, blood Hb, white blood cells), nutritional facts (iron deficiency, malnutrition and levels of vitamin
A, vitamin B12), infectious and inflammatory parameters (bacterial and viral infection, CRP, fever,
presence of P. falciparum infection (parasitemia by PCR). Patients samples which were positively
tested for HIV were excluded from analysis. Clinical and paraclinical information was accessible in
a data base received from the Menendez group (Barcelona) together with samples. RBC were
collected and preserved in glycerolyte cryo-preservation solution in 1.5 ml cryo-vials immediately
after blood sampling in EDTA-containing vials, buffy-coat removal and washing. They were stored
in a biological bank of Barcelona in liquid nitrogen until shipment in dry ice. RBC samples were

stored until processing under nitrogen at -80°C for 0-10 months.
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2.1.2 Membrane protein analysis of RBC

During malaria anemia, RBC undergo numerous structural changes. Many of these changes take
place at the membrane and they could represent important pathomechanistic factors, relevant for
the onset of anemia. Protein modifications by oxidation and products of lipoperoxidation, were

analyzed in both isolated RBC membranes and intact RBC.

2.1.2.1 Preparation of membranes from fresh and frozen RBC

To extract RBC membranes, a hypotonic ice-cold buffered solution was used. Any centrifugation
step was performed at 4°C. RBC suspension was thawed under non-reducing conditions by adding
hypotonic lysis buffer (10 mM KH,PO,, pH 8 supplemented with 1mM EDTA and Complete®
protease inhibitor cocktail at standard concentration as indicated by manufacturer). The first step
was RBC lysis by adding lysis buffer at ten-fold volume excess to the still frozen RBC-suspension
and keeping it on ice for 5 min shaking several times. The lysate was distributed in 4 microtubes of
1.5 ml (to facilitate membranes extraction), centrifugated for 3 minutes at 25100 g, and supernatant
was discarded. The membrane-containing pellet was washed at least 5 times and centrifuged at
25100 g for 1 minute at 4°C. When the supernatant appeared colorless (free of hemoglobin), the
sedimented membrane pellets of the same sample were unified and resuspended. Three aliquots
(two ul each) were taken for protein quantification and for membrane bound heme quantification,
respectively. The remaining ghost pellet was solubilized with 5 times concentrated Laemmli sample
buffer (Laemmli, 1973) for quantitative protein extraction and stored at -20°C. To test the suitability
of the frozen blood samples for analysis of oxidative parameters, membrane-bound heme and Hb
and 4-HNE-membrane protein conjugates were compared between ghosts prepared from washed
RBC immediately after blood sampling and those prepared from stored (in RBC of the same blood
sample. Freezing and storage was performed in glycerolyte at -80°C. RBC membranes were
extracted by hypotonic lysis. After electrophoretic protein separation and Western blot by immune-
chemistry (as detailed below), the differences between both were insignificant with regard to 4-
HNE-membrane protein conjugates. Thus, the frozen blood from the Biobank can be considered
representative for the blood at withdrawal.

Regarding membrane- bound heme (as detailed below), the total-ghost HEME of freshly analyzed
RBC was higher than those from frozen RBC thus the obtained results might be biased by the

freezing/thawing cycle with glycerolyte.

2.1.2.2 Protein quantification

RBC ghost proteins were quantified using the Bradford assay. BioRad Dye Reagent Concentrate

(BioRad, Heidemannstrabe Minchen, Germany) was added to the diluted aliquots of ghosts,

vortexed and placed in the cuvette for the measurement of absorbance in a spectrophotometer at

595 nm, as indicated by the manufacturer. The standard curve with bovine serum albumin (BSA,

BioRad 2mg/ml) was obtained by measuring solutions of 0.5, 1.0, 2.0 mg/ml in triplicate. The
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protein concentration of samples was calculated based on the standard curve. Results were

expressed in pg/ul and insert in the database.

2.1.2.3 SDS-PAGE

Twenty pg of solubilized ghost proteins were separated in a 8% polyacrylamide gel
electrophoresis, containing 0.5% (w/v, final concentration) sodium dodecyl sulfate (8% SDS-
PAGE) and transferred to nitrocellulose membranes. Prior loading samples on the top of the slab
gels beta-mercapto-ethanol was added at 5% (v/v) final concentration to the solubilized protein
samples to reduce sulfhydryl groups of cysteine residues, breaking down sulfur bridges and 0.01%
bromophenol blue (to monitor the progress of electrophoretic separation). In parallel to ghost
protein samples, molecular weights markers (Amersham Full-Range Rainbow 12-225 kDa), bovine
serum albumin (BSA) as 4-HNE-negative control and 4-HNE-conjugated BSA as HNE-positive
control were loaded.

Running gels were prepared at 8% of acrylamide by mixing H.O, acrylamide/N’, N’-methylene-bis-
acrylamide (30%), 1.5 M Tris (pH 8.8), 10% sodium dodecyl sulfate (SDS), 10% ammonium
persulfate (APS) (SIGMA,Japan), Tetramethyl ethylene-diamine (TEMED). After solidification of
gels, stacking gel was prepared by mixing H2O, acrylamide/ N’, N’-methylene-bis-acrylamide mix
(30%), 1.5 M Tris (pH 6.8), SDS, APS, TEMED, and layered on top of the running gel and a 10-
well comb inserted before solidification. Electrophoretic run was performed in a Trizma base/
glycine buffer, containing 0.1% SDS. The electrophoretic separation was started at 50 V to align
proteins and continued at 150V for separation, at room temperature (RT) until the end of the

electrophoretic run.

2.1.2.4 4-hydroxynonenal conjugated protein analysis by western blot

After completed protein separation, the proteins were transferred from the gel to nitrocellulose
membranes (previously activated in transfer Buffer (containing Trizma base, glycine, SDS and
methanol 15% (v/v). Transfer conditions were 70V for at least 3 hours at 4°C. To visualize protein
bands on the transfer membrane, | used Ponceau Red (trichloroacetic acid 6%, Ponceau Red
0.2%, H20) that binds the amino groups of lysine and arginine while protein staining in the gel was
performed with Coomassie Blue (Coomassie Blue R 0.2%, methanol 50% acetic acid 7%, H20) to
check transfer efficiency.

After Ponceau Red staining, membranes were washed with milli-Q water and blocked with bovine
serum albumin (BSA 5% (w/v) in phosphate buffered saline (PBS), containing 0.1% (v/v) Tween
(PBS-T) for 60 min to prevent non-specific antibody binding. Blot membranes were incubated with
mouse monoclonal primary antibody anti-4-HNE conjugates HNEJ-2 (AbCam) at a final dilution of
1:2000 in PBS-T, supplemented with 1% BSA (w/v), at 4°C overnight. Thereafter, membranes
were washed 3 times for 15 minutes with PBS-T and incubated for 1 hour at room temperature with
a secondary goat anti-mouse horse radish peroxidase (HRP)-conjugated antibody, diluted 1:20000
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(Santa Cruz Biotechnology) in PBS-T, supplemented with 1% (w/v) BSA. To detect bands, | used
Enhanced Chemiluminescence (ECL) based on electron transfer from hydrogen peroxide to
luminol catalyzed by HRP, which is conjugated to the secondary antibody. Reduced luminol is
luminescent and visualizes in my case 4-HNE-protein conjugates. To collect and elaborate
guantitative data of protein conjugates the luminescence intensity was transformed in optical
density (OD) by the acquisition in a Chemidoc-touch apparatus (ChemiDoc™ Touch Gel Imaging
System 1708370), and densitometry analysis was performed by Image Lab. The OD of any protein
band was referred to the OD of the positive control band to obtain normalized values (expressed in
Relative Optical Density) which allows the comparison between samples. Normalized OD values
are referred to as relative 4-HNE-protein conjugates.

Positive control was obtained by modifying BSA with 4-HNE (adapted from Crabb, 2002). Briefly,
250 pL BSA dissolved in 100 mM sodium acetate at pH 4.5 were added to 25 pL of 10 ymole HNE)
dissolved in ethanol and incubated for 15-min at 37°C, then frozen (Crabb et al., 2002).

When necessary, the membranes have been stripped with a stripping buffer (0.2 M glycine, 1%
Tween, 0.1% SDS, pH 2.2). Anti-beta Actin antibody (ab8227) was used as control at a dilution of
1:2000 in PBS-Tween.

2.1.3 Measurement of hemoglobin (Hb) and heme bound to RBC membranes

Heme-dependent luminol-enhanced luminescence was utilized to quantify Hb or heme bound to
the cytoplasmic surface of RBCs. Luminescence was measured exploiting the hem-associated
peroxidase activity which catalyzes the electron transfer from t-butyl-hydroperoxide (Sigma
Chemical Co.) to Iluminol (5-amino-2.3-dihydro-l,4-phthalazinedione, Sigma Chemical Co.)
(Demehin et al., 2002). RBCs suspensions of known cell number served as heme standard, which

allows the normalization of samples.

2.1.3.1 Solubilization of ghosts

Aliquots of 10 ul of ghosts were solubilized for at least 3 hours at 4°C in 0,5 ml of 0.1 N NaOH,
containing 3 mM EDTA, 0.05% Triton X100 to quantify the total heme content. The total heme
content of ghosts includes adherent hemoglobin and hemoglobin oxidation products,
hemichromes. The latter are insoluble at physiologic pH. For this, other aliquots of 10 ul of ghosts
were incubated for 45 minutes at RT in 1 ml of PBS containing 3 mM EDTA, 0.05% Triton X100 to
guantify hemoglobin. Aliquots of 1 ul of standard were incubated with 1 and 0.5 ml of NaOH-EDTA-
Triton and PBS-EDTA-Triton, respectively. Two replicates were solubilized and two aliquots of

either used for luminescence measurement.

2.1.3.2 Luminescence assay
As to the velocity of the luminescence reaction, the used luminometer (Sirius, Berthold

Technologies GmbH & Co.KG, Bad Wildbad, Germany) needs two pumps that inject specific
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solutions in a luminometer tube wherein the sample was manually pipetted. The solution for the
injector 1 contained 100 ml of 0,1 N of NaOH, EDTA 3 mM, 28 ul of luminol 3,5 mg/ml DMSO while
the solution for the injector 2 contained 100 ml of 0,1 N of NaOH, EDTA 3 mM, 100 pl t-butyl-
hydroperoxide. Samples solubilized at neutral pH in PBS, were centrifuged at 13000 rpm (21500 g)
for 1 minute to pellet particles and aliquots of sample and standard supernatants were measured in
the luminometer against blank (PBS, containing EDTA and triton X100). Similarly, samples
solubilized in NaOH/ EDTA/ triton X100 were measured in the luminometer against blank (only
NaOH, containing EDTA and triton X100). The instrument releases data of luminescence in a time
interval in relative luminescence Units per second (RLU/s) which is proportional to the amount of
heme in the measured sample. Assuming one RBC contains 2 fmole of heme, total heme
concentration and RLU/fmole heme were calculated for standard cell-suspension to compare it to
sample heme concentration.

Hemichrome amount in samples was expressed in pmole/mg (normalized with protein
concentration mg/ml) and were obtained by subtracting the results of the first reading (PBS) from
the second reading (NaOH). In this way, hemichrome values were obtained for 113 of 173 children
cohort. The total ghost-HEME means all types of heme species, especially denatured and oxidized
Hb and expressed as total ghost-HEME.

2.1.4 Statistical methods

To set several data of children, all 264 samples were divided in two main groups based on Hb
levels (g/dl). Children having Hb values less than 11 g/dl (1.4 to 10.9 g/dl) were considered anemic
(N=180) while children with Hb levels greater or equal to 11 (11 to 15.3 g/dl) were considered non-
anemic (N= 84). The anemic group was further subdivided in severe anemic group (N=27; Hb <5
g/dl) and not severe anemic group (n= 153; 5 g/dl < Hb levels < 11 g/dl).

Another classification of the whole cohort concerned the presence/absence of malaria parasite
(proven by gqPCR). In this way the anemia group was further divided in a malaria (N= 72) and a no
malaria group (N= 108) and also the non-anemic group in a malaria (N= 7) and no malaria group
(N=77).

Additionally, the two main groups were divided also for the presence of inflammation according to
CRP values above 1.0 mg/dL. In the anemia group 66 children had inflammation while in the non-
anemia group 13. Measured parameter values were tested for significant differences between
groups by t-Student test.

To determine the correlation of 4-HNE-conjugates with the level of blood Hb, the Spearman rank
correlation test was applied, where R is the Spearman's correlation coefficient (values of -1 and +1
are maximum correlations). To evaluate the statistical significance of correlation, | used STATA

Data Analysis and Statistical Software.
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2.2 Lipoperoxidation as function of RBC senescence

To check whether lipoperoxidation and subsequent 4-HNE production is detectable in senescent
RBC, RBCs were separated according to cell age and analyzed for 4-HNE-protein- conjugates.

2.2.1 Density separation of human RBC

Human blood from healthy donors (volunteers from Sant’Anna AVIS hospital) was collected in 6 ml
heparin-coated vacutainer tubes and processed within 1 hour after collection to separate RBC
according their densities after careful removal of leukocytes and platelets.

2.2.1.1 White blood cells and thrombocytes deprivation from whole blood by cellulose

To remove leukocytes and platelets from peripheral RBC, heparinized blood was passed through a
cellulose column at room temperature (RT) (Venkatesan et al., 2012). WBC interact with cellulose
and remain in the solid phase while RBC quickly move with the mobile phase to leave the column.
A 20 ml syringe cylinder was used as column and a small tap instead of the needle has been
mounted on the outlet conus to allow the control of flow-through and elution. The filling slurry for
1ml of whole blood to be separated, was prepared from 1 g of alpha cellulose (Sigma Aldrich C-
8002 9004-34-6) which was resuspended in 10 ml of phosphate buffered saline supplemented with
10 mM glucose (PBS-G).

Before filling the column, a circle-shaped Whatman paper was placed at the bottom of the syringe
to cover the outlet. Subsequently the cellulose slurry was filled in and cellulose allowed to
sediment. Another piece of paper was placed on top of the cellulose and the column was
equilibrated with PBS-G. The column was first hydrated with about 10 ml PBS-G, then loaded with
3 ml of the diluted blood (for each ml of whole blood, 0.5 ml of PBS-G was added). During the
passage of blood through the column, PBS-G was added on the top to prevent the column from
running dry. PBS-G was added to wash the column and eluate was collected until the whole
column became nearly white. The filtrated leukocyte- and thrombocyte-depleted blood was
collected in a 50 ml tube, washed with PBS-G and centrifuged for 5 minutes at 2500 rpm in a
Heraeus centrifuge at 15 °C.

2.2.1.2 Determination of hematocrit

Washed RBC suspension was used to measure the hematocrit in a microcapillary by
centrifugation. The ratio between solid particle and whole sample volume is calculated and

expressed as percentage. The hematocrit has been adjusted to 30% with PBS-G.

2.2.1.3 Senescence- dependent fractionation of RBC on percoll gradient

RBC suspensions at 30% hematocrit was gently overlaid on a continuous density gradient
previously pre-formed from 7.5 ml of 75% Percoll colloidal suspension in 14X95 mm Beckman

tubes by centrifugation at 15600 rpm and 10° C for 20 min. Percoll (GE Healthcare, Uppsala,
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Sweden), 228 mM NacCl (Sigma Aldrich); 5 mM glucose (Sigma Aldrich); 90 mM Na:HPO, (Sigma
Aldrich); H20.

RBC were separated in a Beckman SW40 rotor, run at 15600 rpm for 20 minutes at 4°C. The
collection of the observed different fractions was performed manually with pipettes from top to
bottom.

RBC of each fraction (0.1-0.4ml) were washed twice with PBS-G in 15 ml tubes and sedimented at
2500 rpm for 5 minutes with brake. The passage on hyperosmotic Percoll temporarily modifies
erythrocytes and for this reason the addition of PBS-G for washing occurs slowly (drop by drop to
avoid any cellular swellings).

Before starting decoration with antibodies for FACS acquisition or membrane preparation (ghosts),
samples in PBS-G were transferred into 1.5 ml micro tubes and kept in cell incubator at 37°C, in a
5% CO./95% air (v/v) atmosphere for 1 hour recovery.

2.2.2 Physical parameters of RBC fractions assessed by FACS

For each test sample a micro tube was prepared with 80 ul of PBS, supplemented with 5mM
glucose (PBS-G5) and 2% (v/v) fetal calf serum (FCS) (PBS-G5-FCS 2%) in which 2 ul of packed
RBC were resuspended. RBC suspension was incubated with the primary antibody directed
against 4-HNE-protein conjugates (HNE11-S Alpha Diagnostics, San Antonio, Texas, USA) at a
final dilution of 1:50 for 30 minutes at RT. Then, RBCs were washed 2 times with PBS-G5-FCS 2%
and sedimented at 21500 g for 1 minute, resuspended in 50 ul of PBS-G-FCS 2% and incubated
with anti-rabbit IgG whole molecule conjugated with fluorescein isothiocyanate (FITC) from Sigma
at final dilution of 1:400 for 30 minutes in the dark. In parallel another tube with 2 ul of the same
blood sample was similarly treated with only secondary antibody in absence of the primary
antibody as negative control. Cells were washed to remove excess antibodies and resuspended in
PBS-G-FCS 2% for flow cytometry analysis in a Millipore easy Cyte Guava cytofluorimeter. Green
fluorescence of FITC was recorded in the green channel and data analyzed using Guava Software
3.1.1.

2.2.3 Senescence parameters of RBC fractions assessed by FACS

Antigens were assessed on the surface of RBC from each fraction.

Antibodies used were: anti transferrin receptor (CD71)-FITC Abcam (Ab 239251); anti Glycophorin
A (CD235A) Abcam (Ab 233580) and anti-integrin associated protein (CD47; Biolegend, San
Diego, California) with its own isotype Mouse IgG1, k (Biolegend).

After half an hour of incubation in the dark and at room temperature (except for CD47 antibody
whose incubation conditions were 15-20 minutes in the dark and on ice) samples were washed
twice with PBS-G5-FCS 2%. Reading at FACS was performed in 400 ul of suspension green

channel. For analysis of samples, Guava Software 3.1.1 was used.
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2.2.4 Reticulocyte count in RBC fractions by Brilliant Cresyl Blue staining

Aqueous Brilliant Cresyl blue (Sigma) solution was prepared at 1% (w/v) supplemented with 3.8 %
sodium citrate (w/v) and filtered before use. Whole blood and brilliant cresyl blue solution were
mixed at 1:1 ratio in a 1.5 ml microtube, mixed thoroughly and kept at dark and RT for 30 minutes.
Then a thin smear was prepared from a drop of blood which was swiped on a microscope slide
(MARIENFELD 1000004) with the edge of another slide. Once dried, the slide was observed with
an oil immersion objective of 100-fold magnification (Zeiss Primo Star). Brilliant Cresyl Blue stains
nucleic acids which are present in reticulocytes but not in mature RBC allowing differential counting
of the dark-blue spotted reticulocytes and the bright RBCs under the microscope.

This protocol was applied for the three RBC fractions obtained from a density gradient after
ultracentrifugation of whole blood to compare the quantity of reticulocytes and to see differences
especially between the old (1F) and the young (3F) cell fraction.

Slides prepared in this way were analyzed immediately.

2.2.5 4-hydroxynonenal conjugates in intact RBC of different senescence stages by
FACS analysis

Previous studies demonstrated that RBC become smaller with increasing cell age. Exploiting this
age-dependent feature, | analyzed RBC from 14 healthy donors for 2 physical parameters, cell size
and cell granularity, which are usually assessed in FACS analysis.

Unwashed fresh blood of 14 healthy donors was used to assess 4-HNE protein conjugates on RBC
surface by FACS analysis.

| subdivided the entire cohort of RBC which are distributed along the x- and y-axis according to cell
size and granularity, respectively in several sub-cohorts in order to analyze 4-HNE-protein
conjugates on RBC of a defined narrow range of size. with aim to determine 4-HNE-conjugates of
RBCs of different size and to conclude on the dependency on cell age.

Analyzing the physical parameters, | realized that the incubation with the antibodies slightly altered
cell granularity and size. For this reason, | decided to abandon this method and separate blood
according to RBC density on Percoll. After separation of RBC, | obtained 3 different fractions, each
one was characterized first for physical parameters, cell-age dependent surface antigens and

finally for 4-HNE-protein conjugates.

2.2.6 4-hydroxynonenal conjugates in isolated RBC membranes assessed by
immunochemistry

To extract RBC membranes from each fraction, an ice-cold hypo-osmolar lysis buffer (10 mM
KH,PO,, pH 8 supplemented with 1mM EDTA and Complete® protease inhibitor cocktail at
standard concentration as indicated by manufacturer) was used. Any centrifugation step was
performed at 4°C. The first step was RBC lysis by adding lysis buffer at ten-fold volume excess to

the ice-cold RBC-suspension and keeping it on ice for 5 min shaking several times. The lysate was
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distributed in microtubes of 1.5 ml and centrifugated for 3 minutes at 25100 g. The supernatant
was discarded and the membrane-containing pellet was washed at least 5 times with lysis buffer
and centrifuged at 25100 g for 1 minute at 4°C at a time. When the supernatant appeared colorless
(free of hemoglobin), the sedimented membrane pellet was resuspended. Three aliquots were
taken for protein quantification. The remaining ghost pellet was solubilized with 5 times
concentrated Laemmli sample buffer (Laemmli, 1973) for quantitative protein extraction and stored
at -20°C.

2.2.6.1 Electrophoretic separation of ghost proteins

Twenty pg of solubilized ghost proteins were separated in a 8% polyacrylamide gel
electrophoresis, containing sodium dodecyl sulfate (8% SDS-PAGE) under reducing conditions
applying the same protocol as described in 2.1.2.3.

The transfer of separated proteins to nitrocellulose, immune-detection of 4-HNE-conjugated protein
bands with a specific anti-4-HNE-conjugate antibody and HRP-conjugated secondary antibody and

visualization by ECL were performed as outlined in 2.1.2.4.

2.2.6.2 Analysis of 4-HNE- conjugated membrane proteins by western blot

To obtain quantitative data for protein conjugates the luminescence intensity of protein bands was
acquired and transformed in optical density (OD) by a ChemiDoc-touch apparatus (ChemiDoc™
Touch Gel Imaging System 1708370), and densitometry analysis was performed by Image Lab.
The OD of any protein band was referred to the OD of the positive control band on the same blot
membrane to obtain normalized values (expressed in Relative Optical Density) which allows the
comparison between samples. Normalized OD values are referred to as relative 4-HNE-protein
conjugates. The analysis of 4-HNE-membrane protein conjugates in RBC fractions quantified i) the
total content of 4-HNE conjugates in the membrane protein fraction by summarizing the ODs of all
labelled protein bands in a sample lane and ii) 4-HNE conjugates with specific proteins by
assessing the OD of single protein bands, e.g., alpha- and beta-spectrins.

2.2.7 Statistical methods

To compare values obtained from different fractions, | used Test-T. To evaluate the statistical

significance of correlation, | used STATA Data Analysis and Statistical Software.
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CHAPTER 3

Results

3.1 Correlation of blood hemoglobin with membrane-bound heme and 4-
hydroxynonenal-protein conjugates in RBC of infants
Few previous studies describe membrane-bound hemoglobin levels in RBC of several anemia

forms and data on 4-HNE-conjugates in anemia are scarce.

3.1.1 Impact of RBC storage on membrane-bound heme and 4-hydroxynonenal-
protein conjugates in RBC

The present study investigates membrane-bound Hb and 4-HNE-protein conjugates in RBC which
were stored in glycerolyte in liquid nitrogen in a Bio-bank after sampling as explicitly described in
the methods paragraph. Storage may rise doubts on cell integrity and potential storage artifacts.
For this the validity of measured date had to be proven for both parameters, by comparing frozen
samples with fresh ones from the same blood donation. | prepared membrane from RBCs
immediately after blood sampling and after freezing and storage in glycerolyte at -80°C.
Membrane- bound heme and 4-HNE-membrane protein conjugates were compared between both
membrane preparations.

As Figure 14 shows, the pattern of 4-HNE-membrane protein conjugate bands is very similar
between freshly analyzed and stored RBC (lane 1 and 3, respectively). No additional conjugates
appear and the intensities of the single 4-HNE-protein conjugate bands are quite similar between
freshly drawn and stored RBC, indicating that the 4-HNE-conjugation of membrane proteins does
not increase for storage. Also, no loss of membrane conjugates by freezing RBC in glycerolyte is
detectable. The supplementation of exogenous HNE to freshly drawn RBC results in a very similar
increase of detectable conjugates in both freshly analyzed as well as glycerolyte -stored RBC.
(Figure 14, lane 2 vs. lane 1). Thus, the assessment of 4-HNE-conjugates in bio-banked RBC
samples will yield useful data on lipoperoxidation-dependent protein modifications in study

participants.
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Figure 14. 4-HNE-membrane protein conjugate pattern in freshly drawn RBC and RBC after glycerolyte storage. The left
two lanes (1 and 2) show conjugates of RBC membranes from freshly drawn blood, the middle lanes (3 and 4) from
frozen, in glycerolyte stored RBC. Lanes 1 and 3 are not treated RBC, lanes 2 and 4 RBC incubated with 4-HNE. The
positive control of lane 5 is BSA conjugated with 4-HNE (as detailed in methods).

The quantity of sample proteins transferred to the blotting membrane was checked by visualization of actin with anti-actin

antibodies (bottom panel). Amersham Full Range molecular weight standards were mounted.
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In contrast to membrane 4-HNE conjugates, membrane-bound heme levels detected by an heme-
dependent luminol enhanced luminescence assay (luminometer Sirius, Berthold Technologies
GmbH & Co.KG, Bad Wildbad, Germany), differed substantially between frozen-stored and freshly
used RBC. Surprisingly, freshly analyzed RBC, had 2-3 times higher values of membrane bound
heme than RBC which were frozen in glycerolyte before membrane preparation, the opposite | had
expected in case of a storage-dependent oxidation (Figure 15) and | can rule out false high values
due to storage. A lower intracellular hemoglobin concentration in frozen RBC is a less plausible
reason for low Hb-membrane binding because the freezing solution glycerolyte protects RBCs
against leakiness and no substantial Hb leakage occurs. A more plausible explanation for low Hb-
membrane binding in frozen RBC is that the high glycerol concentration impedes binding of Hb to
the inner membrane side at low ionic strength during cell lysis by the hypo-osmotic lysis buffer.
Membrane-bound Hb measured in frozen-stored RBC might not mirror in vivo conditions.
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Figure 15. Membrane-bound heme in membranes of freshly drawn RBC and RBC after glycerolyte storage. Mean of
membrane-bound-Heme (nmole/mg) levels +/- SE of fresh RBC and glycerolite- frozen ones from 4 different donors

Comparison is significative. Test T calculated a p value <0.001.

Heme was quantified in membranes prepared from RBCs either immediately after blood draw
(FRESH) or after storage of an aliquot of the same RBC sample in glycerolyte at -80 C
(GLYCEROLYTE) by heme-dependent luminol-enhanced luminescence. RBC membrane aliquots
of known protein content were solubilized in Triton X100/ 0.1N NaOH (see methods for details) and
assessed for heme-dependent luminescence. Luminescence was transformed in heme content by
using a heme standard. The heme content is referred to protein content of membrane sample

(nmoles/mg).
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3.1.2 Correlation between RBC membrane protein-bound 4-hydroxynonenal and
blood hemoglobin in study participants

In contrast to membrane bound-Heme, 4-HNE-conjugates were preserved and did not change
under the applied storage and thawing conditions.

This allowed to collect 4-HNE data which are representative for the level of lipoperoxidation in
freshly drawn RBC. 4-HNE-conjugates in RBC membranes were quantified from 264 donors and
referred to a conjugate standard to eliminate errors by sensitivity variations of the antibody-based
assay over a period of time (e.g., by antibody affinity changes, ECL-luminescence output
differences). The obtained normalized values for 4-HNE-conjugates varied between donors from
0.1 to 2.5, which is due to the inter-individual variation of lipoperoxidation and the resulting 4-HNE
level in RBC. Plotting the 4-HNE conjugate value paired with the individual blood Hb at the moment
of bleed for all participating donors (N=264), the regression analysis allows the conclusion that
blood Hb is inversely correlated with the level of 4-HNE-conjugates in RBC membranes (Figure 16;
Spearman's rho was -0,483, with 262 degrees of freedom and p=7,2 x10?).
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Hemoglobin (g/dl); Sysmex

0.00 0.50 1.00 1.50 2.00 2.50 3.00
4-HNE membrane protein conjugates (RAU)

R=0.4569; p<0.001; N=264
Figure 16. Correlation between 4-HNE membrane protein conjugates and blood Hb in study cohort (N = 264). Extracted
RBC membrane proteins were used to perform SDS-PAGE and Western Blotting analysis with specific anti-HNE-
conjugate antibodies. Each point in the diagram represents the individual data pair of the blood-Hb and the amount of 4-
HNE conjugated to the RBC-membrane of each single child determined in the same blood sample. The Hb values of the
y-axis were measured by semiautomatic cell counter (Sysmex F800 microcell counter, TOA Medical Electronics, Kobe,
Japan). On the x-axis the level of 4-HNE-protein conjugates in the RBC membrane are plotted as Relative Arbitrary Units
(RAU; see methods for details). The correlation of 4-HNE-protein conjugates with Hb was assessed using Spearman
Rank correlation test, where R is Spearman’s correlation coefficient. The correlation is significant at p-value equal to 7.2
X 1077,
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Having obtained this result, means an inverse correlation between levels of blood Hb and 4-HNE
membrane protein conjugates, | wanted to understand if this correlation was maintained in
subgroups of anemia. For this reason, | divided the anemic group (N= 180) in 2 subgroups: the
severe anemia group with children with blood Hb <5 g/dL (N= 27) and the not severe anemia group
with children with blood Hb between 5 and 10.9 g/dL (N=153). The remaining children with blood
Hb =11 g/dL formed the non-anemic group. Spearman’s test was used to evaluate the significance
of correlation. Only in case of the not severe anemia group | found a statistically significant inverse
correlation between blood Hb and 4-HNE-conjugation in RBC with a p-value <0.05 (Spearman’s
rho was -0.19042 with 151 degree of freedom and p= 0.018388) (Figure 18), while values showed
a weak negative linear relationship in the severe anemia group with p=0.069 (N=27) (Figure 17)

and no correlation in the non anemic control group (p=0.16, N=68) (Figure 19).
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Figure 17. Correlation between 4-HNE membrane protein conjugates and blood in severe anemic subgroup. Regression
curve between levels of blood Hb (g/dL and plotted on y axis) and levels of membrane 4-HNE protein conjugates (RAU
and plotted on x axis). Each circle represents one child belonging to severe anemia group (Hb < 5 g/dL; N= 27). Using

Spearman’s test, no significative correlation was found (p-value: 0.4641).
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Figure 18. Correlation between 4-HNE membrane protein conjugates and blood in not severe anemic subgroup.
Regression between levels of blood Hb (g/dL and plotted on y axis) and levels of membrane 4-HNE protein conjugates
(OD and plotted on x axis). Each circle represents one child belonging to not severe anemia group (5 <Hb< 10.9 g/dL;

N=153). Using Spearman’s test, significative correlation was found (p-value: 0.0183).
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Figure 19. Correlation between 4-HNE membrane protein conjugates compared and blood Hb in non-anemic subgroup.
Regression between levels of blood Hb (g/dL and plotted on y axis) and levels of membrane 4-HNE protein conjugates
(OD and plotted on x axis). Each circle represents one child belonging to no anemia group (Hb = 17 g/dL; N= 153).
Using Spearman’s test, no significative correlation was found (p-value: 0.1659).
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3.1.3 Membrane-bound Hb and hemichromes in analyzed RBC from study
participants

The oxidative parameter, membrane-bound heme in RBC, which includes any membrane standing
heme-containing molecule, i.e. hemoglobin and hemichromes, significantly correlates with blood
Hb of study participants (p=0.000248). The regression curve shows positive significantly between
membrane-bound heme on blood Hb (Figure 20) in contrast to what | had expected (i.e. an inverse
correlation between heme species and Hb levels). Consequently, significantly lower levels of
membrane-bound heme were measured in the anemic as compared to the non-anemic cohort
(Figure 21) and anemia patients show a significantly (p=0.016698) positive correlation of the
parameter with blood Hb, too (Figure 22). Here, membrane-bound Hb, not showing a negative
correlation with levels of blood Hb, but positively associated with it, appear to be unpromising in
their contribution to anemia. Taking in mind the strong modification of this parameter by the
freezing/thawing procedure of RBC, | could suppose that the obtained data may not mainly mirror
changes due to the redox state in the study participants at the time of blood draw but depend on
the Hb concentration in the lysate.
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R=0.2024; p<0,01; N=172

Figure 20. Correlation between membrane-bound HEME (pmole/mg) and levels of blood Hb (g/dL) in study cohort (N =
172). Correlation found was linear: low levels of membrane bound-HEME correspond to low levels of blood Hb and

viceversa. P-value calculated by Spearman’s test was equal to 0.000248.

63



1600 A D <0.05

1400 -
1200 -
1000 +

800 A :I:

600 A

Membrane-bound-HEME
(pmole/mg)

400 A

200 A

ANEMIA CONTROL
Figure 21. Comparison of levels of membrane-bound-HEME (pmole/mg) between anemic and control children group.

Mean of membrane-bound-HEME (pmole/mg) levels +/- SE of anemic children (N= 122; Hb < 11 g/dl) and control (N=
51; Hb > 11 g/dl) was plotted. Comparison is significative (p value: 0.0180).
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Figure 22. Correlation between levels of blood Hb and membrane-bound heme in anemic subgroup (N = 111).
Membrane bound-HEME were matched with blood Hb levels. Correlation found was positive and linear (R= 0.1545):
highest membrane bound-HEME values correspond to high Hb values. Spearman’s test reveals a significant correlation

with a p-value equal to 0.0166.
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The lack of correspondence between measured membrane bound heme and oxidative stress is
sustained by the inverse correlation between membrane-Heme and the oxidative stress marker 4-
HNE membrane protein conjugates (Figure 23), that is the second marked used in the present

study.
Spearman test found a significant reciprocal correlation between these two oxidative parameters

(p-value: 0.000335).
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Figure 23. Correlation between membrane-Heme and 4-HNE membrane protein conjugates in study cohort (N = 172).
Membrane bound-Heme were matched with 4-HNE membrane protein conjugates levels. Correlation found was inverse
(R=0.2161): lowest membrane bound-Heme values correspond to high 4-HNE membrane protein conjugates.

Spearman’s test reveals a significant correlation with a p-value equal to 0.000335.
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3.2 Increased 4-hydroxynonenal-conjugate levels in moderate and severe
anemia

In light of the regression curves plotted above, | compared the average values of 4-HNE
membrane protein conjugates (found in all 264 RBC membranes of children) firstly, between the
group of anemia patients and the control group and secondly, between anemia subgroups and the
control group (Figure 24). As expected, RBC from anemic children carried nearly the double of 4-
HNE conjugates compared to the non-anemic controls. RBC from children with severe, but also
mild anemia had significantly higher 4-HNE-protein conjugate levels than cells from non-anemic
study participants. Interestingly, the 4-HNE load of RBC seems to determine also anemia severity.
Thus, cells from severe anemic children had significantly higher 4-HNE loads (approximately
+25%) than mild anemia RBC.
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Figure 24. (A). Comparison of levels of membrane HNE-protein conjugates (RAU) between anemic and control children
group. (N= 180; Hb < 11 g/dl) and control (N= 84; Hb > 11 g/dl). Mean HNE-conjugate levels +/- SE of anemic children
(Hb < 11 g/dl; N= 180) and non-anemic children (Hb >/=11 g/dl; N= 84;) was plotted. Comparison is significative (p value
<0.001).

(B). Membrane HNE-protein conjugates (RAU) in dependency on severity of anemia.

The comparison of membrane HNE-protein conjugates (RAU) was performed between total anemic children (N=180; Hb
< 11 g/dl), severe anemic children (N= 27; Hb < 5 g/dl), not severe anemic children (N= 153; Hb >5 g/dI) and control
children group (N= 68; Hb > 11 g/dl). Mean HNE-conjugate levels +/- SE of anemic children (Hb < 11 g/dl; N= 180);

severe anemic children (N= 27); not severe anemic children (N= 153) and control (N= 68).

66



3.3 Increased 4-hydroxynonenal-conjugates in malaria anemia and non-
malaria anemia

Looking for the origin of the increased 4-HNE conjugation in anemic children the etiology of anemia
and the likely trigger for lipoperoxidation became important. First, | analyzed the contribution of

malaria infection for anemia.

Table 2. Percentage and number of anemic children (N=180) and non-anemic one (N= 84) and malaria incidence.

ANEMIA N = 180 NON ANEMIA N = 84
MALARIA NON MALARIA MALARIA NON MALARIA
72 (40%) 108 (60%) 7 (8.3%) 77 (91.6%)

Nearly all malaria patients were anemic (approximatively 90%) as shown in Table 2, but malaria
surprisingly turned out to be the cause for 40% of all anemia cases, only, and 60% of anemic
children had etiologies different from malaria infection (Table 2). Hence, the significantly higher 4-
HNE-conjugates in the whole cohort of anemic children in comparison with non-anemic ones
(Figure 24A) cannot be explained by the occurrence of an acute malaria infection, alone. Thus, |
analyzed the 4-HNE-conjugation in anemic vs. non-anemic children in sub cohorts formed
according to anemia etiology. Dividing the children in 3 sub-groups: children with malaria, non-
malaria inflammation, and other etiologies (mainly iron deficiency and malnutrition that means
children presenting a number of nutritional deficiencies) a significant increase in 4-HNE
conjugation accompanied anemia in any etiologic group. The mean of 4-HNE conjugates increased
by 35-45% in anemia as compared to non-anemic controls in the malaria as well as the non-
malaria inflammation sub-cohort, in the residual etiologies sub-cohort the increase was more
modest with approximately 15%, though significant. The increase in malaria was highest if malaria
was accompanied by inflammation, as usually the case in malaria. The increase of 4-HNE-
conjugates in RBC membranes which was found in any anemia form regardless of malaria
infection or increased inflammatory processes is a quite exciting result regarding a potential role of

4-HNE in anemia pathogenesis.
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Figure 25. Levels of 4-HNE membrane-protein conjugates in sub-groups of anemic children. Comparison of mean values
of 4-HNE membrane-protein conjugates (RAU) in anemic and parasite positive children with inflammation (N= 72) and
without inflammation (N= 6) with the non-anemic children group (N= 7). The same comparison was done for anemic
children with only inflammation (N= 66) and the non-anemic children group (N= 13) The last pair of columns shows the
comparison between anemic children with etiologies different from malaria and inflammation (N= 42) and the respective

non anemic children group (N= 64).
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3.4 Correlation between 4-hydroxynonenal conjugation levels in RBC and
blood parameters

In search for the cause of elevated 4-HNE production and conjugation | performed a series of
correlation tests between 4-HNE-protein conjugates in RBC membranes and paraclinical
parameters.

69



3.4.1 Correlation of 4-hydroxynonenal-protein conjugates with parasite count

| performed regression analysis between 4-HNE-conjugates and parasite count/pl as indicator of
malaria infection to conclude on the direct effect of parasites on the 4-HNE load. In the database
the entire cohort of malaria-positive tested children consists of gPCR-positive and/or
microscopically positive individuals. Only gPCR assays offer reliable quantitative parasite counts/ul
at low parasite load thus, not all 79 malaria positive children could be included in the regression

analysis but only children with a positive gPCR (N=38), both, anemic and non-anemic.
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Figure 26. Correlation between levels of blood Hb and parasite count/pl. Regression was analyzed between values of
blood Hb (g/dL) and parasites count (parasite/pl; measured with gPCR) in 38 children with or without anemia (specifically
N= 33 anemic children and N = 5 non anemic children). A non-significant linear relationship was found (p-value =
0.9812).
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Figure 27. Correlation between 4-HNE membrane protein conjugates and parasite count /ul. Each circle represents the
values for the parasite count (parasite/pl; measured with qPCR) and 4-HNE conjugates of a single study participant. The
correlation between levels of 4-HNE membrane protein conjugates and parasites count was calculated for N = 38
children and is shown as linear regression curve. Correlation is weakly positive: In about half of the cases, high values of
parasites/ul correspond to high values of 4-HNE membrane protein conjugates levels but there is also a small part where
low levels of parasites/pl correspond to high values of 4-HNE membrane protein conjugates. Correlation wasn’t

significant (p-value = 0.7432).

By analyzing the relationship of both blood hemoglobin and levels of 4-HNE membrane protein
conjugates with parasites/ul by regression analysis, | obtained a weak and insignificant positive
relationship in both cases. High levels of hemoglobin corresponded to high levels of parasites/ul
(R=0.047; p-value = 0.9812). The lacking negative correlation between parasite counts and blood-
Hb (R=0.047, p= 0.9812, N=38) does not support the idea of a direct effect of parasites on anemia
development at very low and low parasite count (ranging from 0.12-13596 parasites/pl blood which
corresponds to a parasitemia of roughly 0.000011- 0.2%) in the small study cohort. Also, among
non-anemic children with malaria, only 40% had very low parasites/pl, i.e. parasitemia (QPCR) of
1.25 t01.6 parasites/pl.

At such low parasitemia, the parasite itself does obviously not cause profound lipoperoxidations in
the whole RBC cohort, as concluded from a very weak (R=0.1918; p-value =0.7432) positive
correlation between 4-HNE-conjugation and parasitemia. Specifically, children (58%) with very low
levels of parasites/pl had very variable levels of 4-HNE membrane protein conjugates ranging from
0.5 to 2.4 RAU. The relative high percentage of children with very low parasite counts that show a
high level of 4-HNE conjugates make it more likely that additional factors induced by the parasite,
but not dependent on parasite count determine the lipoperoxidation. These factors may depend on
individual host responses to infection, e.g., immune reactions, and be not determined by parasite

count at low parasitemia.
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3.4.2 Correlation of 4-hydroxynonenal-protein conjugates with C-reactive protein

Inflammation was accompanied by increased 4-HNE conjugation in children infected or not with
malaria (shown in Figure 25). For this reason, | checked the correlation between levels of 4-HNE
membrane protein conjugates and the decisive indicator of inflammation, the C-reactive protein
(CRP).

As Figure 28 shows, data reveal a positive linear correlation (R=0.3254): increasing levels of 4-
HNE-membrane protein conjugates were significantly associated with increasing levels of CRP (p-
value: 6.9x 10%).

Interestingly, confining the regression analysis of 4-HNE membrane protein conjugates to low CRP
(<1 mg/dL) cases which represent non-inflammatory states, a significant correlation with CRP
between 0 to 1 mg/dL was seen, too (Figure 29). Note, that 4-HNE-values rarely rose above 0.8
RLU in children with such low CRP values in contrast to children with CRP above 1mg/dlI.
Correlations of 4-HNE conjugates with CRP were seen in anemic as well as hon-anemic children
supporting the hypothesis of inflammation as the direct source of 4-HNE regardless of anemia and
the accompanying hypoxic state (Figure 30).

Analyzing the anemic cohort (Hb values ranging from 1.4 to 10.9 g/dL) for correlation between 4-
HNE membrane conjugates values and CRP levels the dependency found was positive as in the
entire cohort and significant with a p-value of 5.3x 10!, With regard to non-anemic children, both
parameters were positively associated and 4-HNE membrane protein conjugates were significantly
correlated with CRP levels in the non-anemic sub-group, too (R=0.4553; p-value=0.014).
Inflammation frequently causes iron deficiency and | verified whether the strong positive correlation
between 4-HNE and CRP was maintained regardless of iron deficiency. Eighty children of the 264
had no detectable iron deficiency. As shown in Figure 29, 4-HNE membrane protein conjugates
increase when CRP values increase in this sub-cohort of children without iron deficiency, too. |
found a linear positive correlation (R=0.5926) that Spearman’s test verified as significant, in fact p-
value was <0.01. The correlation between 4-HNE conjugation and CRP in the anemic sub-cohort
of children without iron deficiency (N=49) was similarly significant as in the entire cohort of not iron
deficient children supporting the primary role of inflammation for lipoperoxidation and minimize the

importance of iron deficiency for oxidative lipid modifications and 4-HNE production.
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Figure 28. Correlation between 4-HNE-membrane protein conjugates and CRP levels. 4-HNE membrane protein
conjugate values of 261 children were paired with the respective levels of CRP from 0.01 to 29.71 mg/dL. Correlation

found (R: 0.3254) was significant. P-value by Spearman'’s test was equal to 6.92x 102,
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Figure 29. Correlation between 4-HNE membrane protein conjugates and selected (N=115) levels of CRP (< 1 mg/dL).
From this comparison high values of 4-HNE membrane protein conjugates overlap with CRP levels very close to 1. This

linear positive correlation (R: 0.2019) is significative for Spearman’s test (p-value: 0.0160).
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Figure 30. Correlation between 4-HNE membrane protein conjugates and levels of CRP in anemic children (A) and non-
anemic controls (B). (A) By pairing values of 4-HNE membrane protein conjugates (RAU) measured on RBC membranes
of 194 anemic children with levels of CRP (mg/dL) turns out a linear positive correlation (R: 0.2231; p-value: 5.3x 101%).
(B) By pairing values of 4-HNE membrane protein conjugates (RAU) of 67 children without anemia with levels of CRP
(mg/dL) a linear positive correlation (R: 0.4553; p-value: 3.57x 10%9) is observed.
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Figure 31. Correlation between 4-HNE-membrane protein conjugates and CRP levels in children without iron deficiency.
4-HNE membrane protein conjugate values of 88 children without iron deficiency were paired with the respective levels
of CRP.
From this combination, increasing values of 4-HNE membrane protein conjugates (RAU) were accompanied by

increasing levels of CRP (mg/dL). The significance of this linear positive correlation (R: 0.5926) was verified by

Spearman’s test that reveals a value equal to 8.77216x 1019,
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Figure 32. Correlation between 4-HNE-membrane protein conjugates and CRP levels in children with or without anemia.
From this combination, high values of 4-HNE membrane protein conjugates (RAU) were accompanied by high levels of
CRP (mg/dL). To distinguish anemic children from control, the first ones have been indicated with a red circle and the

second with black circle like previous regressions.
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3.4.3 Correlation of 4-hydroxynonenal-protein conjugates with plasmairon and
soluble transferrin receptor

A widespread problem in sub-Saharan Africa and an important cause of anemia among children is
iron deficiency. | used levels of plasma iron and of soluble transferrin receptor (sTfR) as well-
established markers for iron deficiency anemia, and verified their correlation with 4-HNE-protein
conjugates in RBC. Low levels of iron are accompanied by high levels of sTfR. | found that low
levels of plasma iron, mirroring an anemic status, are accompanied by high levels of 4-HNE
membrane protein conjugates. The inverse correlation (R=0.1676) was significant with p equal to
9.92E-07 according to Spearman’s test (Figure 33). With regard to sTfR, | found that high levels of
4-HNE membrane protein conjugates coincide with high levels of sTfR (R=0.2315). The linear
positive correlation was significant p= 0.003078) (Figure 34). Trying to relate iron to CRP levels, an
inverse correlation has emerged (R: 0.2049; Figure 35). Spearman’s test gives a significant result.
P-value was equal to 9.01x 10-21 Based on the linear relationships between iron and 4-HNE
conjugates and iron and CRP | hypothesize that inflammation that provokes 4-HNE increase is
also responsible for the observed iron deficiency. Thus, the correlation between 4-HNE and iron
might be or not causal. | checked whether the correlation between 4-HNE and iron was detectable
in children without inflammation and found that this is not the case with p=0.9622 (Figure 36) and
conclude that the iron deficiency alone does not determine the high 4-HNE-load. | cannot exclude
however, that 4-HNE is a possible molecular mediator of inflammation-elicited iron deficiency, e.g.,

modifying transferrin or its receptor which was not investigated in this study.
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Figure 33. Correlation between 4-HNE membrane protein conjugates (OD) and levels of plasma iron (pg/dL) in the whole
cohort of children (N = 262).
4-HNE membrane protein conjugates of 262 children (plotted on y axis) were coupled with levels of plasma iron (plotted
on x axis). Correlation found was inverse (R = 0.1676): high levels of 4-HNE membrane protein conjugates coincide with

low levels of plasma iron. This correlation was significant (p-value = 9.92x 107).

4-HNE membrane protein conjugates
(D)
=
(9]

1
0,5
0
0 1 2 3 - 5 6 7 8
sTfR (mg/L)

R=0,2315; P<0,01; N = 250

Figure 34. Correlation between 4-HNE membrane protein conjugates (RAU) and levels of sTfR (mg/L). RBC membranes
of 250 children were paired with levels of sTfR (mg/L). Correlation found was positive: high levels of sTfR coincide with
high levels of 4-HNE membrane protein conjugates (R = 0.2315). Correlation was significative with a p-value equal to

0.003078.
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Figure 35. Correlation between levels of plasma iron (ug/dL) and CRP levels (mg/dL) in study cohort. 261 children were
analyzed for both parameters of plasma iron and CRP levels. Correspondence found was inverse and p-value

significative in fact Spearman’s test calculated a value equal to 9.01 X 1021,
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Figure 36. Correlation of 4-HNE membrane protein conjugates and plasma iron levels in children without inflammation
(CRP < 1 mg/dL). 155 children without inflammation were tested for both 4-HNE membrane protein conjugates and
plasma iron levels. From this pairing, correlation was inverse: high levels of 4-HNE membrane protein conjugates

coincide with low levels of plasma iron even if p-value wasn't significative (0.9622).
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3.4.4 Correlation of 4-hydroxynonenal-protein conjugates with Vitamin A

Levels of 4-HNE membrane protein conjugates were also analyzed for their possible relationship
with levels of vitamin A that | have considered as an indicator of malnutrition. From this
comparison, | found that high levels of 4-HNE membrane protein conjugates were associated with
low levels of Vitamin A (Figure 37). The weak linear inverse correlation (R: 0.1232) was significant

(Spearman’s test p-value= 0.0511).
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Figure 37. Correlation between 4-HNE membrane protein conjugates (OD) and levels of Vit A (ug/dL) in the whole cohort
of children (N = 263)

Correlation found was inverse and Spearman’s test reveals a significative p-value, equal to 0.0511.
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Figure 38. Correlation between levels of Vitamin A and levels of CRP in study cohort (N = 261).
Comparison reveals an inverse and significant correlation in fact p-value obtained through Spearman’s test was equal to
1.73x 10%, corresponding to p-value = 1.72X 10,

One reason for Vitamin A deficiency is an inflammatory state and a significant linear inverse
correlation between Vitamin A and CRP confirms the relationship of both parameters in the study
group (Figure 38). To test whether vitamin A as regulator of hematopoiesis (RA/RAR cascade)
may independently from inflammation contribute to an increase of 4-HNE conjugates, | excluded
from the entire study group children with inflammation and performed regression analysis in the
restricted cohort in absence of inflammation. Levels of 4-HNE membrane protein conjugates did no
longer correlate with Vitamin A levels and Spearman’s test calculated a p-value equal to 0.2

(Figure 39). This likely excludes Vitamin A as independent determinant for 4-HNE-conjugation.
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Figure 39. Correlation between 4-HNE membrane protein conjugates and levels of Vitamin A in children without
inflammation.
4-HNE membrane protein conjugates (RAU, on y axis) were paired with levels of Vitamin A (pg/dL, on x axis) in 115
children selected for the absence of inflammation (CRP values ranging from 0 to 1 mg/dL). Spearman’s test reveals a

non-significative correlation with a p-value equal to 0.2.
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3.4.5 Correlation of 4-hydroxynonenal-protein conjugates with erythropoietin

As expected, the erythropoietin level was inversely related to blood hemoglobin (Figure 42). For
this it is not surprising that 4-HNE was significantly correlated with erythropoietin (Figure 40), a
correlation which went lost in the inflammation free-cohort under study (Figure 41). The level of
Epo is strongly related to the inflammatory state as concluded from the relationship of Epo with

CRP (Figure 43).

4-HNE membrane protein conjugates

0 1000 2000 3000 4000 5000 6000 7000 8000
Erythropoietin (U/L)
R=0.2184; p<0.01; N =262
Figure 40. Correlation between 4-HNE membrane protein conjugates and levels of erythropoietin in study cohort (N =
262). Values of 4-HNE membrane protein conjugates (RAU on y axis) are significative correlated (R: 0-2184) with levels

of erythropoietin (U/L on x axis). P-value calculated by Spearman’s test was equal to 5.12x 10©.
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Figure 41. Correlation between 4-HNE membrane protein conjugates and levels of erythropoietin in 115 children without
inflammation. 4-HNE membrane protein conjugates of only children without inflammation were correlated with levels of
erythropoietin. Correlation was inverse (R: 0.0529) since low levels of erythropoietin are coincident with high 4-HNE

membrane protein values. There is no significance as Spearman’s test reveals a value equal to 0.788.
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Figure 42. Correlation between hemoglobin values and levels of erythropoietin in study cohort (N = 261).
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Figure 43. Correlation between CRP and erythropoietin in study cohort (N = 261).
Levels of CRP on y axis matched with levels of erythropoietin on x axis. Correlation found was inverse (R: 0.3241) and
significant (Spearman’s test found a p-value equal to 6.68 x 10-34).
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3.4.6 Correlation of 4-hydroxynonenal-protein conjugates with lactate
dehydrogenase activity

To complete the relationship between anemic parameters and 4-HNE, latter was also paired with
LDH, classical parameter of cellular damage, in our study of RBC damage. LDH is present in all
tissues and cells, including RBC. In the case of anemia, the rise of LDH can be seen as an
increment of hemolysis.

4-HNE membrane protein conjugates values show a linear correlation i.e., that high levels of LDH
are accompanied by increasing levels of 4-HNE membrane protein conjugates (Figure 44). This
correlation persists and is even stronger in the group of anemic children (Figure 45) and weak but
still significant in the control group albeit (Figure 46). Haptoglobin and LDH are inversely corelated
with each other as shown in Figure 47, which identifies hemolysis as cause of elevated serum LDH
activity.

Finally, one can conclude that inflammation is a plausible source for 4-HNE by eliciting
lipoperoxidation in the studied children. 4-HNE conjugates with RBC proteins. Exceeding the
critical level of conjugates, RBC are recognized by phagocytes. Phagocytosis goes ahead with the
release of a portion of cytosol of the target cell which we see as increase of LDH, but also

decrease of haptoglobin due to released Hb.
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Figure 44. Correlation between 4-HNE membrane protein conjugates and levels of LDH (U/L) in study cohort (N = 246).
4-HNE membrane protein conjugates were compared with levels of LDH to verify a possible correlation. From this
matching a linear positive correlation was found, in particular high levels of LDH correspond to high 4-HNE membrane

protein conjugates values. Spearman’s test calculated the significance of this correlation, corresponding to 5.12 x 106,
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Figure 45. Correlation between 4-HNE membrane protein conjugates and LDH levels in anemic sub-cohort (Hb levels
until 10.9 g/dL). Correlation between 4-HNE membrane protein conjugates (RAU) and LDH levels (U/L) was also
checked in the anemic children group (N= 179). Result of matching was a linear positive correlation (R: 0.2709) and

significative (p-value: 0.000188).

Control
wv
% 1.4
%o o]
= 12 o
S 00
c 1.0 o o
[ o
Sk © o) o
g%—06 ,_(E'é@—oeeoro//lo
= .
£ oo%gp@md&m o
E 0.4 000
g o o8&
o 02 oo ©
=
I
- 0.0
0 500 1000 1500 2000 2500
LDH (U/L)

R=0.0489; N=65

Figure 46. Correlation between 4-HNE membrane protein conjugates (RAU) and LDH levels (U/L) was also checked in
the control children group (N= 65) (Hb levels from 11 g/dL). Result of matching was a mild linear positive correlation (R:

0.0489) and non-significative (p-value: 0.98996).
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Figure 47. Correlation between levels of haptoglobin and LDH (on x axis) in 226 children. Levels of haptoglobin (g/L)
compared with levels of LDH (U/L). Correlation found was inverse (R: 0.1676) and significative (p-value: 0.000999).
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3.5 Mechanistic role of 4-hydroxynonenal-conjugation in anemia

The main result that emerges from the comparison between anemia of any genesis and age-
matched non-anemic controls and the regression analysis of 4-HNE-conjugates with several blood
parameters, is that 4-HNE conjugates accompany any anemic state and should be rather cause for
than consequence of anemia. My intention was to cover the gap concerning the mechanism by
which accumulation of 4-HNE causes anemia.

3.5.1 4-hydroxynonenal-membrane protein conjugates in RBC of different cell age
analyzed by FACS without prior cell separation

In the effort to find the role that the lipoperoxidation product 4-HNE might have in the pathogenesis
of anemia, | have supposed that 4-HNE could be mechanistically linked to impaired erythropoiesis
or enhanced erythro-phagocytosis, both leading to anemia. | have analyzed 4-HNE protein
conjugates in RBC membranes of sub-cohorts of differently senescent RBCs by flow cytometry,
taking advantage of senescence-dependent differences of the physical parameters of cells, i.e.,
cell size and granularity. The idea is, that an increase in 4-HNE conjugates in the young RBC
fraction mirrors stress erythropoiesis processes in the marrow and, elevated conjugation of
senescent fractions indicates that 4-HNE may flag RBC for phagocytosis.

| have illustrated the approach of flow cytometric analysis of RBCs by the results obtained from
one donor, representative for independent experiments with 5 different blood donors. The x-axis
shows Forward Scatter (FSC-H) which indicates the size of cells. The flow cytometric dot plot area
was vertically divided along the x-axis into 10 sections, R1-R10. Each section includes a distinct
RBC subpopulation characterized by a narrow cell size range, which increases from R1 to R10
(Figure 48A).

This subdivision allows to analyze RBC sub-cohorts according to cell size and to compare their 4-
HNE-load.

From these preliminary experiments, | found that cells in the last regions, i.e., the larger RBC, had
higher 4-HNE values on the surface than the smaller and therefore older RBC in the initial regions
(Figure 48B). Results were confirmed by T-Test analysis where the comparison between R1 from
R3 up to R9, gives significant differences (p<0.05), respectively.
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Figure 48. (A) 4-HNE protein conjugates on RBCs of different cell size by flow cytometry. The left plot represents
physical parameters of RBCs population: On the x axis the forward scatter is indicated in linear mode (Lin) and
represents the size of cells while on the y axis the Side Scatter Log indicates the granularity of cells in logarithmic mode.
Each pixel plotted defines one cell regarding size and granularity. The other 2 plots show the distribution of cells
regarding their green fluorescent intensity due to unspecific binding of FITC-labelled secondary antibody (middle panel)
and the binding of the specific anti-4-HNE conjugate antibody visualized by the FITC-conjugated secondary antibody
(right panel) against increasing cell size. One representative donor out of five.

(B) Comparison of mean fluorescence Intensity values (MFI) between ten sections (R1-R10) of RBC. Mean values of

MFI + SE of five distinct donors are plotted.

Carefully analyzing the physical parameters of cells, | suspected that antibody treatment affects the

cell distribution and | decided to separate cells according to their density.

89



3.5.2 4-hydroxynonenal-membrane protein conjugates in RBC subpopulations of
different cell age

To bypass modifications of cell-size distribution by antibodies used for conjugate analysis, the
subdivision into sub-gates has been replaced by a more specific technique: the separation of RBC

according to their density.

3.5.2.1 Physical parameters, reticulocyte count and surface antigen expression characterize
cell age of density fractionated RBC

Physical cell parameters

After separation, RBC fractions were firstly analyzed for senescence-dependent differences of the
physical parameters of cells, i.e. cell size and granularity.

The separation was performed on Percoll (see Methods for details), using Beckman
ultracentrifuge. | obtained 3 different fractions (F1, F2, F3, from bottom to top, Figure 49A), each of
them was analyzed for physical parameters and for levels of 4-HNE protein conjugates (as
described in paragraph 3.5.2.2).

To quantify cells with different physical parameters in the three fractions, | divided the dot plot area
with the whole RBC population in 4 quadrants, corresponding to different cell size and granularity
ranges (Figure 49B). In the lower right quadrant (large cell volume and low granularity
corresponding to young cells) percentages of cells and means of cell volume increase from fraction
1 (F1) to fraction 3 (F3) with 67.08 +/-13% (67.08+/- 2.46); 72.96 +/-3.5% (72.96 +/- 0.73) and
76.64+/-4.44% (76.64 +/- 0.98) of RBC in F1, F2 and F3, respectively, confirming that cells of the
third fraction are bigger, have lower granularity (see lower position of cell cloud in F3) compared to
cells of second and especially the first fraction. Senescence of RBC was considered to increase
from F3 to F1.
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Figure 49. (A) Human blood after separation in a self-forming Percoll gradient. Three cell fractions (F1, F2, F3) were
obtained after centrifugation of 2 ml blood at hematocrit of 30% stratified on a pre-formed Percoll gradient.
(B) Analysis of qualitative difference between fractions by flow cytometry. Three dot plots to indicate qualitative
differences among fraction 1 (F1), fraction 2 (F2) and fraction 3 (F3). On the x axis Forward Scatter indicates cell size in

linear mode while cell granularity is represented by y axis as side scatter in linear mode.

Reticulocyte count
The presence of reticulocytes in 3 different fractions assessed by optical microscopy was used as
criterion to judge the maturity of fractions. | report here an example of one of healthy donors. As

expected, | observed a descending number of reticulocytes from the third fraction (F3) to the first
one (F1).

F3 F2 F1

Figure 50. Reticulocytes presence in RBC fractions F1, F2, F3 separated by density. Three representative images of
discrete density fractions after separation on Percoll and stained with Cresyl Blue (see Methods for details). Images

taken with a Zeiss Microscope equipped with 100-fold magnification emersion oil objective.
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Surface antigen expression

In addition to reticulocyte content and separation according to cell density, the three obtained
fractions were characterized by RBC-specific surface antigens expression. | focused on 3 specific
clusters of differentiation (CDs): CD71 (transferrin receptor), CD235a (glycophorin A) and CD47
(integrin associated protein acting as a don't eat me signal to macrophages of the immune
system). All three surface antigens decrease in mature RBC. Using FACS analysis, | monitored
their presence on density fractionated RBC by anti CD71 FITC antibody, anti CD235a PE antibody
and anti CD47 PE antibody.

For CD71, the differences between the three fractions were minimal, although in some
experiments CD71 was higher in the third RBC fraction, the youngest one, compared to the
relatively older first and second fractions (data not shown).

Also, in the case of CD235a, | haven’t found differences among three fractions, while CD47 was
clearly higher on the surface of younger RBC, as exemplified in Figure 51, MFI obtained from the
use of anti CD47 antibody.

In general, is not easy to find typical age-specific markers for blood RBC. The antigens | have
chosen, especially CD71 and CD235a, are mainly present in premature erythrocytic cells and early
shed and invariant in circulating RBC. The quantity of these cells in blood is so low that | cannot
detect them in my fractions.

CD47 however is continuously shed from peripheral RBC and reflects nicely the progress of
senescence from F3 to F1, with the main loss between F3 and F2, characterizing F3 as young
RBC population in comparison to F2 and F1. The difference of about 5% between F2 and F1 was
less pronounced but still detectable.
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Figure 51. Mean values of MFI + SE obtained using anti CD47 antibody in three distinct RBC fractions of three different
donors. The figure shows an increase in mean value affecting the youngest F3 fraction.
In terms of percentage CD47 mean value of F3 is higher of 11% and 13% compared to F2 and F1 respectively.
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3.5.2.2 Impact of cell age on 4-hydroxynonenal-binding to intact RBC surface proteins

After separation, RBC fractions were analyzed for 4-HNE membrane protein conjugates with a
conjugate-specific antibody.

Contrary to what was obtained with FACS analysis of non-separated RBC (paragraph 3.5.1), RBC
separated by centrifugation on a density gradient and analyzed by flow cytometry, show an age-
dependent increase of HNE-conjugation, which supports the initial hypothesis that protein
modifications with HNE of RBC increase by cell age, causing finally recognition by phagocytes and
their removal. As shown in Figure 53 the both dense fractions F1 and F2 have a higher, though not
significantly higher overall MFI value compared to F3.

I noticed that two differently 4-HNE positive subpopulations were formed as shown in Figure 53,
panel B. These two subpopulations are referred to as the R2 and R3 region and were analyzed
separately while the R1 region covers the entire cellular distribution (Figure 53, panel B).

In the R2 gate we see the signal of cells incubated with secondary antibody only but also a portion
of RBC incubated with both anti 4-HNE-conjugate and secondary antibodies forms herein the first
and less bright peak. Simultaneously in R3 a second fluorescence peak is formed by RBC treated
with both anti 4-HNE-conjugates and secondary antibodies. These bright subpopulation of RBC
carries more 4-HNE-conjugates. A short tail of RBC treated with only secondary antibody (negative
control) was also detectable in R3. This overlapping could affect MFI result. In fact, there is a small
percentage of negative control cells that give a signal in the R3 region.

Nonetheless, the mean MFI of RBC in R3 was 46.72, 89.32, 95.04 for fraction F3, F2, F1, i.e., the
4-HNE-conjugate load on the cell membrane increases by ell age. Similarly, the old fraction 1 had
the highest share of 4-HNE-conjugate high positive cells with 50.69%, while F2 and F3 had
33.70% and 40.33 %. An example for the cellular distribution in the 3 fraction is given in Figure 54.

10 4

Mean Fluorescent Intensity (MFI)
4-HNE protein conjugates

F3 F2 F1

Figure 52. 4-HNE-conjugates of outer surface proteins of RBC density fractions. Comparison of mean values of 4-HNE
surface protein conjugates (MFI) of three density fractions (F3, F2, F1) of cells from twelve different donors by FACS

analysis. The observed differences were not significant p> 0.05.
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Figure 53. (A). Analysis of 4-HNE protein conjugates in intact RBCs of different cell age by flow cytometry. One
representative flow cytometric dot plot of the first RBC fraction (F1) of a healthy donor after labelling with anti 4-HNE
protein conjugates antibody. The first dot plot from the left shows the cell distribution in terms of cell size and granularity
along the x-axis and y-axis, respectively. The other two dot plots represent cells after treatment with antibodies:
Fluorescent dye FITC-conjugated secondary anti-rabbit antibody alone (central plot) and with the primary rabbit anti-4-
HNE-conjugate antibody and subsequently with secondary anti-rabbit antibody to assess protein conjugation with 4-HNE.
Forward Scatter on the x-axis in linear mode indicates cell size while the fluorescence on y-axis (Green-B Log) in
logarithmic mode indicates 4-HNE-protein conjugates.

(B). Flow cytometric histograms of RBC fractions.

The two curves represent signals obtained with only secondary anti-lgG antibody (green line, empty histogram) and anti-
4-HNE-conjugate antibody plus anti-IgG (green filled histogram). From left to right, the youngest RBC fraction F3, the
older fraction F2 and the oldest one, F1 of the same donor shown in panel A, are plotted. On x- axis green fluorescence
represents the HNE-carriage expressed in logarithmic mode while on y- axis the cell counts for distinct fluorescences are
plotted.
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Figure 54. Percentage of 4-HNE-conjugate positive cells in the R3 gate region of the fractions F3, F2 and F1. of the
donor analyzed in Figure 53. On the x axis Forward Scatter indicates cell size in linear mode while the fluorescence is
indicated on y axis as Green-B Log in logarithmic mode. In this case Green-B Log is referred only to fluorescent signal
obtained from the use of a couple of antibodies: the primary rabbit anti-4-HNE-conjugate antibody and fluorescent dye

FITC-conjugated secondary anti-rabbit antibody.
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3.5.2.3 Impact of cell age on 4-hydroxynonenal-membrane protein conjugates of RBC
membrane extracts

In order to evaluate the course of protein modifications by 4-HNE, the values obtained from the
three density fractions of RBC were compared. Modifications by 4-HNE on RBC membrane protein
were analyzed in extracted RBC membrane proteins with a monoclonal mouse anti 4-HNE-protein
conjugate antibody after electrophoretic separation and Western blotting with the aim to get
information on the conjugation level of protein domains and such membrane proteins which are not
accessible by antibody-labeling of intact cells as applied in the former described FACS analysis.
Figure 55 shows the typical pattern of 4-HNE-conjugated proteins from three fractions F1-3 of RBC
separated by density exemplary from donors A, B and C. Prominent labeling was observed in the
height of spectrin, band 4.1, 4.2, below 4.2 and actin.
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Figure 55. RBC membrane proteins obtained from different RBC fractions.
Two representative Western blot nitrocellulose membranes show electrophoretically separated RBC membrane proteins
of three density fractions (F1, F2, F3) of cells from three different donors (A, B, C) after Ponceau Red staining (first and
third panel from left) and after labelling of the same membrane with anti 4-HNE- antibodies (second and fourth panel; for

details see chapter 2 Materials and Methods).

The mean values obtained for the three fractions of the 14 healthy donors were compared as seen
in the histogram in Figure 56.

The sum of luminescence originating from 4-HNE-conjugated separated membrane proteins (as
shown in Figure 55) was assessed for comparison between fractions. The mean 4-HNE-membrane
protein conjugation levels for each of fractions F1-F3 were calculated from 14 donors and are
shown in Figure 56. It was approximately 30% higher in the oldest fraction F1 as compared to F3
and F2 indicating a clear increase of 4-HNE-conjugation of membrane proteins during RBC
senescence.

96



[%,]
B —pwalue <0035
5A 3.5 4
=
c R _
8 . = =
== 2.5 4
g3
583 27
[
= i
E E 1.5
EE 1-
]
E 0.5 A
z
T 0
< F3 F2 F1
RBC fractions

Figure 56. 4-HNE-conjugates of membrane proteins of RBC density fractions. Comparison of mean values of 4-HNE
membrane protein conjugates (normalized OD) of 3 density fractions (F1, F2, F3) of cells from 14 different donors by
Western Blot analysis. Normalized OD corresponds to luminescent signal obtained from anti 4-HNE protein conjugates
antibody referred to both positive control (BSA+4-HNE) and Ponceau Red. The t-test reveals significative p-values equal
to 0.05 and < of 0.05, respectively comparing F3 with F2 and F1 fractions. Only the t test between F2 and F1 fraction

doesn’t calculate a significative p-value (=0.49).
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3.5.3 4-hydroxynonenal- conjugation of membrane skeleton protein spectrin
increases in senescent RBC

Analyzing the pattern of 4-HNE-modified membrane proteins, it appears that differences between
fractions mainly concern cytoskeleton proteins, especially on spectrin bands level.

Differences of 4-HNE modifications on skeletal components between the three fractions were
verified with anti 4-HNE conjugate antibody.

The oldest fraction (F1) shows significantly more spectrin modifications by 4-HNE compared to
RBC of both, intermediate and young age fractions, F2 and F3 (Figure 57).

In order to evaluate the contribution of spectrin modifications to the overall load of proteins with 4-
HNE in the RBC membrane in the various fractions, the total protein load was determined and
HNE-conjugated spectrin value was referred to it. Results show that total protein changes mainly
affect the fraction F1 with the oldest RBC in contrast to spectrin-conjugation where RBC of
intermediate fraction F2 demonstrated already elevated modifications vs. the young cells of F3
(Figure 58).

The ratio between spectrin and total protein conjugation identified RBC of intermediate age (F2) as
cells in which conjugated spectrin has the highest share of approximately 30% in total protein
conjugation as compared to both other fractions. Despite the absolute highest modification rate in
spectrin in the oldest cells, additional protein modification with 4-HNE occurs and explains the

lower ratio.
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Figure 57. Membrane spectrin-conjugation with 4-HNE in RBC density fractions.

Mean values of membrane spectrin-HNE conjugates (mean OD spectrin) of 3 density fractions (F3, F2, F1) of RBC from
14 different donors were obtained by measuring specific anti-4-HNE-conjugate antibody binding to the electrophoretically
separated and blotted spectrin bands. The t-test reveals significative p-values < of 0.01 and < of 0.001, respectively
comparing F3 with F2 and F1 fractions. Only the t test between F2 and F1 fraction doesn’t calculate a significative p-
value (=0.17).
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Figure 58. 4-HNE conjugation of spectrin and total membrane protein in three RBC density fractions. 4-HNE-spectrin
conjugates and 4-HNE-membrane total protein conjugates were detected by specific 4-HNE-conjugate antibodies in the
respective protein bands of electrophoretically separated membrane proteins from RBC fractions F1(green column), F2

(red column) and F3 (blue column). Columns are means of N=14 blood donors.
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3.5.4 4-hydroxynonenal-conjugation of membrane skeleton protein spectrin in RBC
of anemic children

Analysis of spectrin modifications by 4-HNE was conducted in RBC from 42 anemic children and
on 21 non-anemic children. Differences between anemic children and age-matched non-anemic
controls in their 4-HNE modifications on skeletal components were verified by anti 4-HNE
conjugate antibodies.

As shown in the Figure 59, 4-HNE-spectrin and 4-HNE-total membrane protein-conjugates
increased by 37% and 32%, in comparison to control.

Also the ratio between levels of 4-HNE spectrin modification and total protein modification reveals
an increase in the group of anemic children, more than 33% of HNE-modifications of the RBC

membrane is localized in spectrin, while in controls the share is 15% lower.
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Figure 59. 4-HNE conjugates of spectrin and total membrane proteins in anemic and control children. 4-HNE-spectrin
conjugates, 4-HNE-membrane total protein conjugates were quantified after electrophoretic separation of proteins and
western blotting using specific anti-4-HNE-conjugate antibodies and ECL-based visualization. The luminescence
intensities of the spectrin bands and of all protein bands were quantified and referred to the positive conjugate control run
in parallel in any electrophoresis gel. The ratio between spectrin-conjugates and the sum of all protein conjugates in the
membrane was calculated. Blue columns represent anemic children (N=42), orange columns control children (N=21).
Percentages above the blue columns indicate the increase of the respective parameter in RBC of anemic children in

comparison with non-anemic controls.
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CHAPTER 4

Discussion

The purpose of my PhD thesis is to better understand the role of lipoperoxidation in the genesis of
malaria anemia through the major end-product of n-6 PUFAs oxidation, 4-HNE. This nine-carbon
atom long aldehyde has been largely studied in vitro because of its involvement in numerous
pathologies as metabolic diseases, neurodegenerative diseases and cancers. This is due to its
potent feature as modulator of numerous cell processes such as oxidative stress signaling, cell
proliferation, transformation, cell death and cellular immune responses (Schwarzer et al., 2015).

In the case of malarial anemia, oxidative stress appears to be one of the cofactors that are
associated with the onset of anemia (Percario et al., 2012). Although RBCs are able to counteract
oxidative challenges with antioxidant mechanisms, high levels of oxidative processes may
overwhelm the protection pathways and result in oxidative stress and cell damage. The
peroxidation of membrane of polyunsaturated fatty acids is one of the consequences caused by
excessive levels of oxidative stress in RBCs. The knowledge on the pathomechanistic role of
lipoperoxidation and its products is limited and regards malondialdehyde-driven rather unspecific
protein crosslinks (Narsaria et al., 2012) and phosphatidylserine redistribution between inner and
outer leaflet of membrane in oxidatively stressed RBC (Freikman et al., 2008). Those studies use
in vitro anemia models or are mainly performed in hereditary anemia forms. Data from studies in
humans on the potential role of 4-HNE modifications are missing, despite their role in destabilizing
normal RBC functioning, harming lipids, proteins and DNA.

In case of an elevated 4-HNE-level in RBC membranes this might be of particular
pathomechanistic relevance for anemia and not to be just a marker molecule for an overwhelming
pro-oxidant state. Under pathological conditions, the tissue and plasma membrane concentration
of 4-HNE increases significantly and can reach concentrations much higher than physiological
ones in lipid-rich cell structures the lipid peroxidation sites (Grune et al., 1997). One of my central
results was the strong inverse correlation between levels of blood Hb (thus indicative of an
anaemic state) and 4-HNE protein conjugates loaded on RBC membranes in children. This result,
is the first one which demonstrated the dependency of blood Hb on 4-HNE-membrane protein
conjugates of RBC and which was based on a sufficiently high number of study participants.
Frozen blood from 264 African children that lived in Maniga, a region of Mozambique in which
malaria results endemic was used for the study. The study included children between 1 and 68
months of age with blood Hb values between 1.4 and 15.3 g/dL. The children were enrolled in an

anemia trial and the cohort can be considered representative for the local population of respective
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age. Independently of the anemic or not anemic state, whose cutoff was set at 11g/dl according
WHO guidelines, | observed a linear decrease of blood Hb with increasing 4-HNE conjugation.
Though, the significance of correlation went lost in the control group when non-anemic children
were analyzed separately, in contrast to the significant correlation in mild and severe anemia
groups. This made me curious to understand the role 4-HNE could play in areas where malaria
anemia is widespread and contributes substantially to mortality among children up to 5 years of
age (DeMaeyer and Adiels-Tegman, 1985). The significance of the strong correlation was
statistically confirmed by a p-value below 0.001.

| suppose that obtained values for 4-HNE-conjugates mirror the in vivo situation of the study
participants at the moment of blood delivery as preliminary experiments validated the techniques
and storage conditions applied to the samples after blood drawing. An artificial change of
conjugate load could be excluded as demonstrated in Figure 14. | decided to isolate membranes
from RBC and consequently extract proteins to study 4-HNE modifications of membrane proteins
by specific antibodies using the Western blot technique as this approach allows to judge on the
whole spectrum of membrane proteins and their modification by 4-HNE. Flow cytometry technique
instead would certainly have allowed me to study changes at the surface of intact RBC, avoiding
cell lysis and the risk to create artifacts, but on intact cells | had no access to modifications of
proteins and protein domains placed at the cytosolic side of the membrane and inside the bilayer.
To avoid artefacts, membrane preparation was strictly performed under protease inhibitor control,
on ice and each step was timely standardized. Thanks to these measures, replicates of membrane
preparations had nearly identical 4-HNE-load and protein-4-HNE pattern (not shown) which
underpins the reliability of results from study participants.

As expected from the regression study, explained above, anemic children had a significantly higher
load of 4-HNE conjugates as compared to non-anemic controls. In fact, | found a difference in the
mean value for 4-HNE-protein conjugates between anemic and non-anemic control children of
almost 40%. (as shown in Figure 24A). Significantly higher mean HNE-load was also detectable
comparing severe anemia children to non-severe anemic children which might support the idea of
a mechanistic role of 4-HNE in anemia pathogenesis.

The advantage of my research also lies in the fact that | have been able to delve into the etiologies
of anemia, constructing three different large groups of anemic children with malaria, anemic
children with inflammation and anemic children who did not fit into the two previous groups and
who | therefore referred to as "other etiologies". For each of these three groups there was its
corresponding group of non-anemic children. Importantly, 4-HNE-conjugation of RBC membrane
proteins was increased in all three anemia groups compared with the respective non-anemia
group. The fact that significantly higher values of 4-HNE modifications were detected in subjects
with anemia of different etiologies makes this molecule even more promising to play a role in

anemia genesis independently of its etiology.
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One of the closest studies to the one | conducted was done in 2012 by Uyoga et al. (Uyoga et al.,
2012) where a significant difference was found between severe malaria anemia (Hb < 5 g/dL; N=5)
and non- anemic children (N=33) in 4-HNE conjugation of RBC surface proteins measured by
FACS in a small pilot study. Compared to this work the herein shown data are more conclusive as
the number of anemic children tested for 4-HNE protein modifications was N=180 compared to
only 5 children analyzed by Uyoga, also the higher number of non-anemic controls N=84 adds to
more meaningful data. The main critical point in the Uyoga approach was, that the results
represent ex-vivo data, in so far as 4-HNE analysis was performed after maturation of parasites ex
vivo to trophozoite stage in washed RBC from the drawn blood, which introduces additional
variables and data needed to be proven in vivo. Finally, my data confirm definitively the hypothesis
that malaria anemia is accompanied by an increased 4-HNE conjugate level on RBC and extend
the validity to any kind of anemia.

A second publication by Aguilar et al. (Aguilar et al., 2014) describes a concomitant moderate
anaemia in those non-immune children recovering from an acute malaria attack with high (N=8) or
increasing levels (N=4) of 4-HNE-RBC-surface conjugates. Embedded in a follow-up study, the
number of anemia cases was too small to allow definitive conclusions on the impact of 4-HNE
despite of statistical significance, but is now confirmed by my findings.

During malaria infection, phagocytosis represents one of the first defense mechanism against
blood-stage malaria parasite (Schwarzer et al., 2015) and HZ is ingested in vivo by a large number
of monocytes and spleen macrophages (Urban et al., 2005) with the aim to eliminate HZ-
containing parasitized RBC and residual bodies from blood. It has been noted that HZ-load
phagocytes are sources of huge quantities of 4-HNE (Schwarzer et al., 1996), resulting in
membrane protein-4-HNE conjugates not only in the monocyte itself, but also in adjacent cells, e.g.
shown in erythroid precursor cells in the erythropoietic iceland in vitro (Skorokhod et al., 2010).The
same phenomenon of 4-HNE diffusion to neighbor cells was demonstrated (Uyoga et al., 2012)
between trophozoites as source of 4-HNE and non-parasitized RBC.

Based on these former findings, my hypothesis was that 4-HNE could contribute, thanks to its
chemical structure, to the elimination of RBC, especially non-parasitized ones.

In particular, | suppose 4-HNE to act as a kind of cellular aging mediator by tagging cell membrane
proteins for cellular removal. | have revised previous publications regarding the importance of
membrane modifications for RBC elimination from blood. Some alternative studies to the widely
accepted model for the recognition of senescent or otherwise oxidatively stressed RBC by auto-
antibody and complement binding to oxidation-elicited clusters of band 3 (Kay et al., 1994) focused
on IgG-independent changes in either or both the carbohydrate or peptide moieties of
glycoproteins, exposure of phosphatidylserine residues, or alterations in spectrin (Bratosin et al.,
1998).
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To understand how 4-HNE may elicit the removal of RBC from blood by phagocytes what is likely
in vivo to occur, | studied the molecular role of 4-HNE-conjugates in senescent RBC as model cell
for a physiologic phagocytosis target.

According to former publications (Piomelli and Seaman, 1993), density separation is one of the
most useful techniques to study RBC aging. Thus, | separated RBC according to their density from
blood of 12 healthy donors. The analyzed fractions were characterized in terms of cell age by
density, cellular granularity, reticulocyte content and age-specific surface antigen expression of
CD47, a don’t eat me signal for young RBC.

The flow cytometric analysis of discrete density fractions of RBC from healthy donors, showed a
cell age dependent accumulation of 4-HNE-protein conjugates on the cell surface. conjugates. As
shown in Figure 52, both old cell fractions F1 and F2 have a higher, though not significantly higher
overall MFI value for 4-HNE conjugates on the cell surface compared to F3 and a higher
percentage of older cells is 4-HNE-conjugate-positive as compared to younger fractions 4-HNE-
modified surface proteins are potentially recognized as non-self-structures and Damage-
Associated Molecular Patterns (DAMP) by Toll-like receptors or humoral factors which results in an
increased phagocytosis of the target cell.

In parallel to the 4-HNE conjugation with cell surface proteins, the total array of membrane proteins
was analyzed to see modifications by 4-HNE in the integral and cytosolic portion of membrane
proteins. For this, | probed membrane proteins with a monoclonal mouse anti 4-HNE-protein
conjugate antibody after electrophoretic separation and Western blotting with the aim to get
information on the conjugation level of protein domains and such membrane proteins which are not
accessible by antibody-labeling of intact cells as applied in the former described FACS analysis.
Consistent with 4-HNE binding to surface proteins, conjugation of membrane proteins with 4-HNE
was approximately 30% higher in the oldest fraction F1 as compared to F3 and F2 (Figure 56)
indicating a clear increase of 4-HNE-conjugation of membrane proteins during RBC senescence. |
noticed that the major conjugation was visible in spectrins in fact, making a detailed analysis for
cytoskeleton proteins, | found that the most senescent RBC have significantly more spectrin
modifications by 4-HNE compared to RBC of less senescent or young RBC as shown in Figure 57.
So, | deduced that 4-HNE gets access and interacts with cytoskeleton proteins in senescent RBC.
This modification of spectrin may result in modifications of physical properties of the cell and lead
to improved recognition and engulfment by phagocytes.

Aldehyde-mediated cross-linking of various RBC membrane proteins certainly stiffens cells (Jain et
al., 1983). A stiffer RBC is certainly an easier prey for monocytes, because myosin-Il dimers
assemble and contract actin filament at the phagocytic synapse in response to rigidity of human
RBCs (https://dx.doi.org/10.1182%2Fblood-2014-06-585299). Thus, 4-HNE might contribute to

stiffness in senescence of RBC.
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In the presented study, RBC obtained from anemic patients interestingly, showed also an
increased spectrin conjugation by 4-HNE as compared to cells from non-anemic.

It has been demonstrated in a silico model that 4-HNE modified residues of the ZU5-ANK ankyrin
domain which subsequently forms complexes with [-spectrin. This results in local protein
conformational changes, increased mobility in the modification sites, and localized structural
changes between the positively charged patch of the ZU5-ANK domain. Carbonylation with 4-HNE
on lysine residues decreased the affinity between ZU5-ANK and the 14-B-spectrin repeat by
reducing electrostatic and van der Waals interactions. Proteins involved in the modification appear
to have an increase in hydrophobicity, due to unfolding, with a consequent increase in aggregation
(Mgller et al., 2011) (Nystrom, 2005) (H6hn et al., 2014).

The presented work provides further insight into understanding the loss of human erythrocyte
deformation capacity under conditions of oxidative stress in different diseases (Alviz-Amador et al.,
2019).
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Figure 60. Functional role of 4-HNE in the membrane skeleton of RBC- an in-silico model.

Reproduced from (Alviz-Amador et al., 2019).

Among the various functions performed by the complex network of cytoskeleton proteins there is
also that of activating phagocytosis.

Within the complex system of membrane skeleton in which cytoskeleton and the plasma
membrane are extremely and closely connected to each other, phosphatidylserine is an amino-
phospholipid that is known to play a crucial role in mediating the recognition of senescent RBC,
serving as an eat-me signal (Pretini et al., 2019).

The modification of spectrin by 4-HNE might easily add to an enhanced flip flop rate of PS and
contribute to an enhanced recognition of RBC modified by the lipoperoxidation product., e.g. in

anemia.
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In an in vivo experiment, an increase in PS exposure is seen with RBC age, correlated to the RBC
clearance from the circulation (Boas et al., 1998). For a long time it has been proposed that
apoptotic cells that express PS can be cleared from circulation via macrophages by recognizing
them through specific PS-receptors (Li et al., 2003). Yet recently, various receptors have been
identified that can mediate binding and phagocytosis of apoptotic cells by the recognition of PS on
these cells such as Timl, Tim4 and Stabilin-2 (Kobayashi et al., 2007, Park et al., 2008). In
addition, there are several bridging molecules such as the plasma proteins: lactadherin, Gas-6 and
protein S, that have been described to bind to PS and direct PS to receptors on phagocytes, o.Bas
integrins and receptors of the TAM receptor family and mediate clearance of PS-positive cells
(Raymond et al., 2009). Of these receptors, at least Axl, Tim4 and Stabilin-2 are expressed in red
pulp macrophages. Thus, this opens the possibility that PS-exposing RBC are cleared in the
spleen by phagocytosis by one or more of these PS or PS/ligand receptor pairs. As was already
mentioned above, the loss of phospholipid asymmetry and the subsequent exposure of PS on the
RBC surface may be a general trigger for RBC removal. It also seems that upon RBC storage the
susceptibility to stress-induced PS exposure increases, thereby causing a considerable fraction of
the RBC to be susceptible to removal after transfusion (Bosman et al., 2011).

Of interest, N-Acetyl-L-Cysteine (NAC) extents the half-life of circulating mouse erythrocytes in vivo
RBC drawn from mice that were subsequently treated with NAC exhibited a significantly higher
survival rate after the intravenous injection into the sibling mice than those RBC without an NAC
treatment (Ghashghaeinia et al., 2012). NAC is an excellent 4-HNE scavenger and was shown to
inhibit in vitro phagocytosis of RBC treated with 4-HNE by THP-1 phagocytes (Uyoga et al., 2012).
These findings are encouraging to target the lipoperoxidation product 4-HNE in the therapy of
anemia.

Recently, our research group set up an in vitro phagocytosis model and RBC of different cell age
were fed to human primary monocyte. A significantly higher phagocytosis rate was observed when
RBC that had a higher 4-HNE load were fed. This data are in line with the observation of
Skorokhod of an increased stiffness and phagocytosis by immortalized monocytes of RBC which
were treated with exogenous 4-HNE (Uyoga et al., 2012).

Future experiments with the addition of exogenous 4-HNE to RBC are necessary to further validate
a mechanistic role to this aldehyde in the phagocytosis process.

Taking in mind that anemic children had 37% more 4-HNE-spectrin conjugates than the age-
matched non-anemic and a 30-40% higher load of spectrin with 4-HNE which may result in an
increased phagocytosis rate, 4-HNE can be said to be a very promising molecule in anemia
genesis because it could play a role not only in RBCs recognition through modifications of surface
proteins but could make them rigid thanks to the specific interactions it has with cytoskeleton

proteins such as spectrin.
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In addition to 4-HNE, membrane-bound-Heme species were assessed as second parameter that
might increase due to an oxidative challenge. Heme species bound to the membrane include
beside traces of free heme, hemichromes and mainly Hb. An increase of membrane hemichromes
was described to occur during malaria infection of RBC in in vitro malaria models (Arese et al.,
2005).

High levels of oxidative stress have a major impact on the main protein in the RBC, causing the
oxidation of Hb. Oxidation causes Hb to have greater affinity for RBC membranes, causing the
establishment of hemoglobin-membrane interactions and finally the generation of hemichromes.
Hemichromes are well described structures in several anemia forms, like G6PD deficiency, but
were also supposed to contribute to malaria anemia (Aguilar et al., 2014).

The results obtained for this oxidative parameter were different from those for 4-HNE protein
conjugates. Paring blood Hb values of 173 children with their individual membrane-bound-Heme, |
found a positive linear correlation which is not what | expected. The result does not mirror my initial
hypothesis according to which membrane-bound-Heme could contribute to elevated elimination of
RBC and decreasing blood Hb values. Instead, increasing blood Hb was accompanied by
increasing Hb-binding to the isolated RBC membrane. The pathophysiological relevance of this
correlation however is dubious as freezing of RBC in glycerolyte resulted in the loss of membrane
bound Hb. Because membrane-bound Heme values might be biased by storage a future study with
membranes from freshly drawn RBC must clarify whether membrane -bound Hb has a role in
anemia genesis.

The very interesting result is certainly the significant association between high levels of 4-HNE and
anemia.

Anemia is most prevalent in the regions where malaria is endemic: in Africa, between 31% and
90% of children suffer from anemia in malaria-endemic regions (Menendez et al., 2000a). The
greatest mortality is associated with cerebral malaria and severe anemia, mostly in children less
than five years of age, in malaria holoendemic areas (Guerra et al., 2008).

But in areas where malaria is still endemic and the cause of anemia is not restricted to this
infection but multifactorial, finding parameters which contribute to the increase of the common link
in anemia, such as 4-HNE-conjugates may have practical bearing for the treatment of anemia.

So, one of my purposes was to find associations between 4-HNE modifications in RBC
membranes from 264 study participants and some causative factor inducing malaria anemia.

Many previous studies have underlined that the contribution of P. falciparum to the development of
anemia is difficult to determine in malaria endemic area since a large proportion of children (often
the majority) are parasitemic at any time and other causes of anemia, particularly iron deficiency
and hemoglobinopathies, but also intestinal infections often coexist (Crawley, 2004). The parasite
load in these children are low and additional individual factors obviously determine whether anemia

occurs or not. From the 180 study participants that were anemic 40% had malaria (of which just
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over 3% have malaria without inflammation), 37% only inflammation, 37% both. Just over 23% of
the anemic group are children without either malaria or inflammation. Of these, the 50% is iron
deficiency, 7% has nutritional deficiency and 12% not clearly defined factors. 12, 55 and 29% of
anemic children had no one, one and more than one etiologic factor, respectively, that coincided.
Similar results were obtained in a larger study (Moraleda et al., 2017). Importantly, blood Hb loss
coincided with an increase of 4-HNE-conjugates independent of etiology. A very recent study
(Nsiah et al., 2019), based on measurement of levels of oxidative stress through MDA, affirms that
in children with complicated malaria, levels of MDA are significantly higher compared to control.

| expected that there was a correlation between the increase in 4-HNE and these factors.

Thus, at first, | checked if the presence of the malarial parasite correlated with low levels of Hb. In
the non-immune children for which reliable parasite counts were available the expected negative
correlation was not detectable (Figure 26). Children had mainly very low parasitemias (ranging
from 0.12-13596 parasites/pl) and low blood Hb observed in some children did certainly depend on
additional factors, provoked by the parasite, but not in a parasite count dependent fashion. Main
candidate for such additional factor is the individual host immune response which varies
substantially in its strength between individuals.

At such low parasitemia, the parasite itself does obviously not cause profound lipoperoxidations in
the whole RBC cohort, as concluded from a very weak (R= 0.1918; p-value= 0.7432) positive
correlation between 4-HNE-conjugation and parasitemia. Specifically, children (58%) with very low
levels of parasites/ul had very variable levels of 4-HNE membrane protein conjugates ranging from
0.5 to 2.4 RAU. The relative high percentage of children with very low parasite counts that show a
high level of 4-HNE conjugates make it more likely that additional factors induced by the parasite,
but again not dependent on the parasite count determine the lipoperoxidation. These factors may
most likely depend on individual host responses to infection, e.g. immune reactions, and be not
determined by parasite count at low parasitemia. The importance of immune processes is
underlined by the higher HNE-protein load in children whose malaria infection was accompanied
by elevated inflammation parameters compared to malaria patients without inflammation as shown
in Figure 25. Generally during an infection, and in malaria, too, a nhumber of pro-inflammatory
cytokines such as TNF, IL-1B3, IL-8, IL-12, and IL-18 are secreted and stimulate cells of the
immune system to produce ROS, that become an important source of 4-HNE. Specific for malaria
are the HZ-laden PBMC. Strong experimental proofs exist, that HZ persists in mononuclear
phagocytes, that are unable to digest the heme-rich crystals (Schwarzer et al., 2001). HZ-load
does not induce apoptosis, but impairs many immune functions of the monocyte and is the source
of substantial amounts of 4-HNE (Schwarzer et al., 1992b) (Skorokhod et al., 2004). The nine
carbon atoms long aldehyde is not restricted to the phagocyte but able to cross the membrane and

the immunologically silenced phagocytes function as shuttle and direct source of the bioactive
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molecule which | able to modify membranes of other cells, e.g. RBC, when cells converge or
interact.

Thus, the extent of the 4-HNE production and protein conjugation in malaria depends on the
individual reactivity of the immune system rather than on the absolute parasite load.

After verifying that 4-HNE levels increased in anemia patients regardless of the presence of
malaria (Figure 25), | decided to study first the contribution of inflammation to 4-HNE membrane
protein conjugates. The regression curve between 4-HNE conjugates and CRP as representative
markers for lipoperoxidation and inflammation, respectively, reveals that high levels of 4-HNE
conjugates were significantly associated with high levels of CRP as shown in Figure 28-30. It is
surprising and also exciting that the significant correlation persisted in the non-inflammatory state
with CRP values below 1 mg/dL, when the majority of RBC samples had low 4-HNE-conjugate
levels (below 0.7 RAU). There is no doubt to the fact that host’s immune responses are an
important source of lipid lipoperoxidation. This leads to an increasing accumulation of 4-HNE that
is not “disposed of” by the potent anti-oxidative systems such as GSH that isn’t able to implement
an appropriate response or is unable to reach the site of conjugation, e.g. extracellular and
intramembranous domains of membrane proteins or sites close to the bilayer. The significant
correlations between CRP and 4-HNE protein conjugates in both anemic and non-anemic children,
support the hypothesis of inflammation as the direct source of 4-HNE regardless of anemia and the
accompanying hypoxic state.

Iron deficiency represents a common consequence of inflammation and could result in 4-HNE
conjugation e.g. by hypoxia. To exclude iron deficiency as real cause of 4-HNE increase instead of
inflammation, regression analysis was performed between levels of 4-HNE membrane protein
conjugates and CRP levels in 88 children without iron deficiency. Results obtained for this group
are in line with those of the previous correlation in the whole cohort. So, regardless of the iron
deficiency, inflammation is strongly and significantly corelated with 4-HNE conjugation.

Focusing on the topic of iron deficiency, being a widespread problem in sub-Saharan Africa and an
important cause of anemia among children, | choose levels of plasma iron and of sTfR as well-
established markers for iron deficiency anemia, to verify their correlation with 4HNE-protein
conjugates in RBC.

| first verified that low levels of iron were accompanied by high levels of sTfR, indicating an anemic
state and was wondering whether iron deficiency may cause lipoperoxidation and 4-HNE
conjugation in RBC. | Levels of plasma iron and 4-HNE membrane protein conjugates were
significantly inversely correlated. Also, sTfR showed a significant correlation with 4-HNE, and
increasing levels of sTfR were associated with increasing levels of 4-HNE. Further, | was
wondering whether, the correlation between 4-HNE and plasma iron was causal or not. Thus, since
iron deficiency is frequently accompanied by inflammation the real reason for a correlation with 4-

HNE conjugates may not be iron by its own, but the inflammatory state in these patients. Indeed,
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there was no correlation between the lipoperoxidation marker and plasma iron in those iron-
deficient, children who had no signs of inflammation as measured by CRP below 1mg/dl. The
absence of significance of this result led me to conclude that iron deficiency alone does not cause
an increase in 4-HNE. The other way around, 4-HNE may modify proteins involved in iron
homeostasis, such as transferrin or its receptor, playing an influential role in iron deficiency linked
to inflammation.

Another aspect that | wanted to check for correlation with 4-HNE as it is usually highly prevalent in
malaria endemic areas, is malnutrition.

Micronutrients are also involved in the pathogenesis of anemia and likely play a role in malarial
anemia, but further work is needed to assess the contribution of micronutrient deficiencies to
malarial anemia that is often underestimated (Nussenblatt and Semba, 2002).

I choose levels of vitamin A as deficiency is frequent in the area and vitamin A is involved in
erythropoiesis by RA/RAR cascade and a significantly inverse correlation was seen between
vitamin A and 4-HNE. The association between both parameters was not independent but strictly
dependent on inflammation.

Due to its described role in proliferation and differentiation of erythroid cells (Skorokhod et al.,
2010), | could not fail to correlate 4-HNE levels with erythropoietin levels in blood (EPO), also to
get mechanistic information on the supposed role of 4-HNE in dyserythropoiesis.

In the work of Diez-Padrisa (Diez-Padrisa et al., 2011), authors find Hb to determine EPO
expression in malaria just what | saw in the whole cohort | was investigating. In fact (Diez-Padrisa
et al., 2011), | found an inverse correlation between levels of EPO and blood Hb along the whole
range of blood Hb. My aim, however, was to prove the relationship between EPO and 4-HNE
membrane protein conjugates. 4-HNE was significantly correlated with erythropoietin (Figure 40), a
correlation which went lost in the inflammation-free sub-cohort under study (Figure 41). The level
of EPO is strongly dependent on the inflammatory state as concluded from the relationship of EPO
with CRP in my study (Figure 42). Recently, it has been published that in parallel to the classical
regulation of EPO expression by hypoxia, infections also elicit an EPO increase, likely via pro-
inflammatory cytokines and their signaling cascades. The increase of EPO in inflammatory context
has been discussed as a cyto-protective mechanism in response to a pro-inflammatory cytokine
storm (Jonker et al., 2013).

Cytoprotection by EPO should not play a role in mature RBC due to the lack of necessary signaling
pathways but may be functional during erythropoiesis. Based on my data on mature RBC we may
exclude EPO as a determinant parameter for 4-HNE generation as the observed correlation
depends on the inflammatory state that frequently accompanied increased EPO levels.

The last parameter for which | verified a positive correlation with 4-HNE-conjugates is a typical
indicator of cellular damage, serum lactate dehydrogenase (sLDH). sLDH increase is a hallmark of

hemolytic anemia. sLDH is released from RBC during intravasal hemolysis and phagocytosis in the
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spleen together with RBC cytosol. The most sensitive marker for hemolysis is the acute phase
protein haptoglobin, which binds the released hemoglobin and consequently decreases during a
hemolytic process. Haptoglobin and sLDH, inversely corelated with each other as shown in Figure
45, which identifies hemolysis as cause of elevated serum LDH activity in the study cohort. The
positive correlation between 4-HNE conjugates and sLDH may mirror the elevated phagocytosis in
vivo in donors with high 4-HNE load and we should bear in mind, that free Hb in blood plasma may
contribute to lipoperoxidation as long it is not bound to haptoglobin.

In summary, | was able to identify inflammation as main source for 4-HNE-conjugates in RBC,
which is quite plausible as activated immune cells fire ROS during their attack at any adjacent cell
and lipoproteins. The consequence is the lipoperoxidation of membrane and lipoprotein lipids and
resulting instable hydroperoxides of fatty acids spontaneously cleave 4-HNE. The bioreactive
molecule moves well in the lipid layer due to its amphipathic character and reaches specific binding
sites in proteins to form conjugates which were determined here. These covalent modifications
change the protein properties and may result in functional loss not unlikely to hemolysis, changed
surface antigen conformation and cell rigidity. All these changes favor the phagocytic removal,
which may add another pro-oxidant factor plasma Hb. Plasma Hb as heme-carrying protein may
add to above described lipoperoxidations by heme interaction with lipids in presence of oxygen,
especially in states when haptoglobin is low and will not completely protect the cells from an
oxidative insult by extracellular Hb.

Starting from the assumption that increased oxidative damage is one of the causes of enhanced
removal of non-infected cell in malaria anemia (Greve et al.,, 1999), the results on 4-HNE
modifications on RBC membranes explain the potential role of this compound in the
pathomechanism of anemia of any etiology.

Changes in 4-HNE-conjugation were mainly observed in the two spectrins, with no particular
differences between alpha and beta. Spectrin represents the principal membrane skeleton protein
in RBC which, interacting with actin and the lipid bilayer, is crucial for RBC membrane stability
(Manno et al., 2002). Thanks to its ability to bind to the bilayer, it regulates also RBC shape and
surface characteristics (Snyder et al., 1985).

Arashiki et al. (2009) showed that spectrins are the primary targets of 4-HNE, and that 4-HNE-
modified spectrins generate irreversibly cross-linked aggregates in human RBC under specific
conditions (Arashiki et al., 2010).

Spectrin modifications at positions that are responsible for anchorage of the cytoskeleton to the
lipid bilayer, via band 3-ankyrin and GPC-protein 4.1 may create stiffening and loss of resistance to
stresses to which the RBC is normally subjected. This results in increased phagocytosis.

The main source of 4-HNE was shown here to be inflammation, hence an extracellular source for
RBC in the blood. Also if in case of malaria, 4-HNE diffuses out from pRBC to modify npRBC and

modifications will additionally occur during spleen passage, the initial site of interaction with the
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target cell inevitably remains the outer surface before 4-HNE passes across the membrane to label
spectrin and other membrane proteins.

For phagocytosis, RBC is transformed to be recognized by expert phagocytes, undergoing
changes, at the surface level and at the structural level to become rigid.

To my knowledge this is the first large study available for 4-HNE-conjugate accumulation in
peripheral RBC in anemia and blood hemoglobin had been correlated to serum levels of free 4HNE
only in patients with renal anemia (Wiswedel et al., 2008).

Target proteins for 4-HNE were not identified yet in RBC of anemic patients and the herein found
high load of spectrin with 4-HNE fits well with the above proposed molecular mechanism for
rigidification of RBC and phagocytosis, but | found also increasing 4-HNE conjugation on the
surface of the older RBC fractions from healthy blood donors. The modifications on surface
proteins change the antigenic characteristics of the cell and may be recognized by phagocytes.
Indeed, RBC with heavily modified surfaces were phagocytosed more avidly in most recently
performed in vitro phagocytosis experiment (not shown). Without targeted modifications (Fang et
al., 2013) in cell models for phagocytosis it is hard to decide whether a single process is limiting for
phagocytosis, the rigidification or the antigen recognition by phagocytes or, more plausibly, both
contribute. The available blood from patients did not allow to collect experimental data on cell
surface modifications by 4-HNE, but | cannot exclude that, just as | found significantly greater
changes in spectrins in anemia patients s than in controls, modifications are also increased on the
cell surface and contribute to propagation of phagocytosis in anemics.

More elucidation is needed on the molecular target proteins but also on the specific amino acid
residues involved in the covalent bond to deduce functional impairments.

Subsequent studies which include surface changes in RBC mediated by 4-HNE, are crucial to
understand their impact on the development of any type of anemia that remains a major killer of
young children in developing countries.

The profound modification by 4-HNE and its impact in anemic children suggests the idea of
therapeutic use of drugs or plant extracts to combat the deleterious accumulation of 4-HNE in the
RBC membrane. In adipose patients a successful reduction of RBC membrane modifications has
been described (Wang et al, 2020). In addition, it has been demonstrated that in
hypertriglyceridemic patients, after in vitro 4-hydroxytyrosol treatment, RBC membranes were
protected from oxidative damage (Gallo et al., 2017).

No data are available yet for an application in anemia.

So, similarly to other diseases, the therapeutic administration of antioxidants or 4-HNE
'scavengers' might be useful to reduce the load with 4-HNE-protein conjugates with the aim to
improve the anemic symptoms at least partially. For this reason, my results should be considered

as an important basis for further studies.
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