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ABSTRACT

B-Thalassemia is one of the most prevalent forms of congenital blood disorders, characterised by a
reduced or absent ability to produce haemoglobin. The mainstay of treatment consists of blood
transfusion to maintain the patient’s haemoglobin above 9-10 g/dL. Repeated transfusions result in
an excessive accumulation of iron in the body, removal of which is achieved through iron chelating
agents. Deferiprone is the first orally bioavailable iron chelator, approved for clinical use in 1997.
Considering its potential toxicity, the use of Deferiprone is allowed in Europe only for the treatment
of thalassemia major, when Deferoxamine therapy is contraindicated or unappropriated. The main
Deferiprone adverse effect is the development of agranulocytosis (in 1-2% of patients). The
mechanisms behind this negative effect remain largely unresolved. Currently, only a few
metabolomics studies have been performed on neutrophils. Neutrophils are the immune cells
forming the major arm of innate immunity. Due to their physiological characteristic, the study of
these cells in vitro presents several difficulties meaning that standard protocols for most assays must
be optimised. This thesis aimed to establish protocols for the study of the metabolomic profile of
human neutrophils in healthy and pathological conditions. In particular, this study aimed to
investigate the PMNs (polymorphonuclear leukocytes) metabolic profile of beta thalassemic
patients treated with iron chelator Deferiprone, to explore its potential relationship with the onset of
agranulocytosis, using a metabolomics approach. Our data demonstrated that analysis of the
metabolomic profiles in PMNs with GC-MS, allowed us to identify different metabolites including
organic acids, amino acids, fatty acids, and sugars. The results showed a different metabolomic
profile between PMNs obtained from patients with Deferiprone-induced agranulocytosis and PMNs
of patients without Deferiprone-induced agranulocytosis. Multivariate statistical analysis of GC-
MS data revealed that the PMNs of patients with Deferiprone-induced agranulocytosis have a
metabolic profile characterized by an increase of metabolites directly involved in the metabolic

pathways of glutathione synthesis and by a decrease of arachidonic acid stearic acid and inosine.



Considering the important physiological roles of these metabolites, our results could shed light on
the physiopathological mechanisms of this harmful side effect of DFP treatment. This work is a
pilot study that has been only validated in a small independent cohort and, therefore, further

confirmation in larger studies is required.
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I. INTRODUCTION

Human polymorphonuclear neutrophils are the most abundant nucleated cell in circulating blood (2
to 8 x10¢ for ml). Neutrophils are the immune cells forming the major arm of innate immunity.
They are produced in the bone marrow from hematopoietic stem cells, through a tightly regulated
process of granulopoiesis. In healthy individuals, neutrophil patrols the peripheral blood and
mucous membranes in an inactive or “resting state”, but upon infectious challenges can be rapidly
recruited to sites of infection to engulf and kill pathogens and further direct the adaptive immune
response. On the other hand, aberrant neutrophil responses lead to tissue damage and are associated
with pathological conditions like sepsis, asthma, ischemia-reperfusion injury, and rheumatoid
arthritis (1,2). Neutrophils are generated in the bone marrow at a rate of 10! cells/day but during
stress conditions, their maturation time in the bone marrow may be shortened and their production
increased to 10'2 cells per day (3). Neutrophils can adhere to the endothelium of blood vessels by
adhesion receptor-ligand interactions. These cells form the marginated pool which constitutes about
half of total blood neutrophils. When activated, neutrophils can undergo selectin-dependent capture
and roll along the vascular endothelium, followed by integrin-dependent adhesion and migration
into tissues where they can survive for 1-2 days. Here neutrophils are capable of ingesting
microorganisms or particles by phagocytosis. Upon phagocytosis of foreign material, neutrophils
undergo an oxidative (respiratory) burst. In this process, reactive oxygen species are quickly
released to facilitate bacteria-killing (1,4,5). Neutrophil disorders can result from a reduced number
of cells or defective cell function. When the neutrophil count drops to 0.5 x10° cells/L or lower, it is
termed agranulocytosis. Low neutrophil counts can be the result of congenital disorders such as
severe congenital neutropenia, cyclic neutropenia, myelokathexis, and the Shwachman-Diamond
syndrome. In these cases, neutrophil progenitor cells fail to complete the process of proliferation,
differentiation, and maturation in the bone marrow and fail to enter the circulation. Some of these

disorders may be associated with accelerated apoptotic cell death of the myeloid precursors.
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Alternatively, low neutrophil counts can also be induced by drugs. Drug-induced hematological
disorders constitute up to 30% of all blood dyscrasias seen in the clinic and predicting them is often
difficult, and this makes clinical decision-making challenging (6). Neutropenic patients exhibit a
higher susceptibility to recurrent infections, while agranulocytosis is a potentially life-threatening
condition. A recent resurgence in the interest of the cellular metabolism in the context of immunity
and inflammation (immunometabolism) has led to an increased understanding of the complex
changes in metabolic regulation that take place in cells of the immune system during activation in
different pathologies (7). Currently, only a few metabolomics studies have been performed on these
immune cells. The metabolome, defined as the total repertoire of small molecules characterizing a
biological system (8), is the downstream result of genomic and proteomic activity and therefore
provides important insight into multiple levels of physiological regulation (9). Therefore,
metabolomics is a promising tool for identifying biomarkers and elucidating mechanisms in diverse
physiological and pathophysiological states by allowing the exploration and integration of multiple
pathways and networks (9). Neutrophils are the most abundant of all white blood cells and are the
first responder in case of infections and inflammation. As such, they are highly sensitive to external
cues and are easily activated. Besides, neutrophils have a very short half-life and a rapid turnover.
All together these characteristics raise issues. Making the study of human neutrophils in vitro
technically challenging without the development of specific optimized protocols The first step to
study PMNss in vitro is to isolate them from peripheral venous blood. There are several neutrophil
purification strategies, each with its pros and cons. Isolation requires an efficient, aseptic, and
reproducible method to obtain pure and viable cells, and ex vivo handling should not influence
neutrophil behaviour. The neutrophils are considerably more sensitive to manipulation than other
cell types. A critical step in working with neutrophils is their purification from whole blood:
excessive centrifugation, agitation, or rough handling can lead to unwanted activation. Preparation
protocols must take into account final cell purity, which should be free of contaminating peripheral

blood mononuclear cells (PBMC) (10,11). Neutrophils are terminally differentiated cells and as
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such are short-lived particularly in cultures with a lifespan shorter than 8 hours in vitro (12). For
these reasons, neutrophils must be isolated from whole blood within one hour of venepuncture to
preserve the functional integrity of the cells and prevent cell death. Therefore experimental time
points are an important consideration when planning metabolomics experiments to detect
neutrophils’ function. Also, optimisation of neutrophils cells number is necessary, as the total
numbers of neutrophils routinely obtained from the blood of patients and healthy donors can be low,
particularly from paediatric patients. The total number of neutrophils obtained from a single blood
sample may be as low as 2x10° cells. Furthermore, the level of metabolic activity in neutrophils
compared to other primary human cells is unknown, but presumed lower, particularly in healthy,
non-activated neutrophils. Therefore, it was critical to determine the minimum volume of peripheral
blood to obtain the optimal number of neutrophils required to detect the highest number of
metabolites with the two major platforms for metabolomics analysis: Nuclear Magnetic Resonance
(NMR) spectroscopy and Mass Spectrometry (MS) and to generate optimal signal-to-noise ratio. In
particular, this study aimed to investigate metabolic profiles able to predict the onset of
agranulocytosis in beta thalassemic patients treated with the iron chelator Deferiprone (DFP) with a
metabolomic approach. To do this it was necessary to establish protocols to optimise sample
preparation, metabolite extraction, and analysis that minimised the chemical and physical
degradation of metabolites in PMNs (polymorphonuclear) leukocytes of the patients enrolled in the
study: patients with Deferiprone-induced agranulocytosis vs patients without Deferiprone-induced
agranulocytosis. Agranulocytosis, (defined as a confirmed absolute neutrophil count less than
0.5x10°L), is the most serious side effect associated with the use of DFP, occurring in about 1% of
the patients (13). The study was designed in consideration of the high number of beta-thalassemic
patients in Sardinia requiring deferiprone treatment. At the Microcitemico Hospital in Cagliari,
where the study was conducted, approximately 500 beta thalassemic patients undergo transfusions
every 2-3 weeks. Among them, there is a small but significant cohort of beta thalassemic patients

who developed agranulocytosis during iron chelation therapy with the drug DFP. In thalassemia
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major (TM) patients, iron accumulation occurs rapidly as a result of repeated transfusion from an
early age. If inadequately chelated, these patients will develop endocrinopathies and cardiac failure
from iron deposition in these organs. With the early introduction of chelation therapy, these
consequences are now less commonly seen in TM than previously, although patients may still suffer
serious complications from iron overload such as endocrinopathies and cardiac decompensation if
inadequately treated (14). Before addressing the specific aims of this thesis, a brief description of

the methodologic approach, thalassemia syndrome, and iron chelation therapy is needed.

METABOLOMICS

Metabolome is defined as the complete set of metabolites of a given cell, tissue, organ, or organism
and comprises a large number of small molecular weight compounds (generally with a molecular
mass <1500 Da), such as lipids, amino acids, nucleotides, organic acids, etc. Metabolome
components span a diverse range of compounds with different properties. For example, within
lipids alone, there are high abundance compounds, such as fatty acids, triglycerides, or
phospholipids, but other compounds with lower abundance, such as eicosanoid derived from
arachidonic acid, also have significant regulatory effects (15,16). Considering that metabolites are
the final product of the gene expression and the protein activity, among the other “omics”
technologies, metabolomics is the research platform most closely related to the phenotype (17). In
particular, metabolomics allows to study of the metabolic fingerprint and provides an integrated
view of metabolic networks at all levels of biological complexity: organism, tissues, cells, or cell
compartments (18, 19). The metabolic profile is deeply influenced by genetic and environmental
factors (diet, lifestyle, gut microbiota activity) or exogenous compounds (drugs) under
physiological or pathological conditions (20). The identification of these metabolic signatures in

different conditions can provide useful information for the diagnosis, prognosis, and for predicting
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pharmacological response to therapy (21). In this context, metabolomics can represent a powerful
tool in “Precision Medicine” to identify disease prevention strategies and clinical care protocols
tailored for each patient (22). Furthermore, the emerging “Pharmacometabolomics” approach aims
to identify individual metabolomic characteristics able to predict drug effectiveness and/or toxicity

and to provide new insights into drug mechanism of action (23).

After the design of the study, each metabolomics study requires an evaluation of the sample
preparation, the extraction procedure, and a combination of different analytical techniques to
achieve as much information as possible. The metabolomics analytical workflow can be divided

into different crucial steps, from the sample collection to the metabolomics profile and data analysis

(Fig. 1).
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Figure 1. A typical workflow of metabolomic studies.

Sample collection is the first step, which may determine the success of the metabolomics
experiment. There is a wide variety of biological samples that can be used for metabolomics

studies, and the sample characteristics (in terms of different biospecimens, collection techniques, or
16



genetic and environmental condition such as gender, age, or diet) may affect the analysis,
introducing potential sources of variability or bias into the experiment. Furthermore, the sample
preparation steps before metabolite detection are one of the major causes of analytical errors and
include quenching methods to stop any metabolic process and metabolite extraction protocols to
increase the abundance of molecular compounds and to remove potential interferents. The
development of the appropriate sample preparation protocol can increase the specificity and
sensitivity of the method (24). In general, the metabolomic experiments can be designed with either
a targeted or untargeted approach. Untargeted metabolomics, or global metabolome analysis, is a
powerful approach that aims to discover and identify a wide range of both unknown and known
metabolites in a biological sample. This approach is ideal for biomarkers discovery and hypothesis-
generating studies (25). On the contrary, the targeted approach aims to identify and quantify a
specific set of metabolites of interest or a defined chemical class of small molecules, maximizing
the sensitivity. Targeted metabolomics are very useful for hypothesis-driven studies and molecular
pathways validation (26). Considering this, there is no single analytical method for the analysis of
the metabolome, and the choice depends both on the type of the sample and on the type of required
information (27). The two main analytical platforms in metabolomic studies are Nuclear Magnetic
Resonance Spectroscopy (NMR) and Mass Spectrometry (MS), which usually is coupled with
different separation technologies, such as gas-chromatography (GC-MS), liquid chromatography
(LC-MS), and capillary electrophoresis (CE-MS) (28). NMR has an important role in metabolomics
owing to its easy and rapid sample preparation, non-destructive analysis, no need for
chromatographic separation, and a high degree of reproducibility. However, it has lower sensitivity
and resolution compared to MS-based techniques (29). Mass spectrometry employs a range of
different mass analyser depending on the type of experiments, such as single quadrupole, triple
quadrupole, time-of-flight mass spectrometry, and ion traps. Among all the separation techniques,
GC-MS and LC-MS are the most widely used in metabolomics approach, while recently CE-MS 1is

getting more attention in this field (30, 31). LC-MS has several advantages over GC-MS, requiring
17



minimal sample preparation, no need for sample derivatization, and capabilities for analysing more
polar and higher molecular weight compounds. One of the disadvantages of LC-MS is the ion
suppression, as the ionization processes may depend on the presence of matrix compounds, and this
effect is closely dependent on the type of ionization (Electrospray lonisation or Atmospheric
Pressure Chemical Ionization). On other hand, GC-MS presents several advantages, such as high
separation efficiency and highly reproducible performance. Electron impact ionization (EI) is the
method of choice for GC-MS experiments; this hard ionization method induces significant
metabolite fragmentation and leads to complex and specific fragmentation patterns (32). One of the
disadvantages is that metabolites, after the required derivatization, are not very stable and they can
be degraded during injection and separation (33, 34). In terms of mass analysers, a single
quadrupole or a time-of-flight (TOF) are the most used in GC-MS analysis. Metabolite detection
employs several options including single (MS) or tandem (MS/MS) mass analysers, which show
different sensitivity and resolution performances. The MS/MS mode, which is characterized by an
additional MS/MS fragmentation, provides important information about the identification and the

structure of the metabolites and is employed in targeted metabolomic approaches (31).

BETA-THALASSEMIA

Beta-thalassemia is one of the most common autosomal recessive disorders worldwide
characterized by anomalies in the synthesis of the haemoglobin subunit beta resulting in variable
phenotypes ranging from severe anaemia to clinically asymptomatic individuals. The annual
incidence of symptomatic people is estimated at 1/100.000 worldwide and 1/10.000 in the UE.
Approximately 68.000 children are born with various thalassemia syndromes each year (35). -
thalassemia is a highly prevalent disease, with 80 to 90 million people reported to be carriers (1,5%
of the global population). Three main forms have been described p-thalassemia major, also referred

to as Mediterranean anaemia or Cooley's anaemia, -thalassemia intermedia and thalassemia minor,
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also called B-thalassemia trait, PB-thalassemia carrier or heterozygous p-thalassemia. Beta-
thalassemia is prevalent in Mediterranean countries, Central Asia, India, Southern China the Middle
East, and the Far East, Africa, and South America. The highest carrier frequency is reported in
Southeast Asia, Cyprus (14%), Sardinia (10,3%). The reason for the highest carrier frequency of
Beta-thalassemia in these regions is most likely related to the selective pressure from Plasmodium
falciparum malaria (36). Intermarriage between different ethnic groups and population migration

has introduced thalassemia in almost every country of the world.

PATHOPHYSIOLOGY

Human hemoglobin is a heterotetramer protein, compose of two alpha and two beta subunits as
shown in Figure 2. Each subunit contains a heme group, an iron-containing compound that binds to
oxygen. The synthesis of hemoglobin is controlled by two developmentally regulated multigene
clusters: the alpha-like globin cluster on chromosome 16 and the beta-like globin cluster on
chromosome 11. In a healthy person, the synthesis of alpha and beta-globin chains is finely
balanced during terminal erythroid differentiation. Beta-thalassemia is caused by a reduced (beta®)
or absence (beta®) synthesis of B globin chains. The altered production of B chains is due to the
presence of point mutations or small deletions at the level of the globin B cluster (37, 38).
Genotypically the B-thalassemia are very heterogeneous; to date, over 200 beta-globin gene
mutations are known to cause a partial or total deficit of chain synthesis globin beta. Most of these
mutations regard single nucleotide variations or small deletions or insertions of nucleotides leading
to frameshift alterations that determine defective gene transcription or mRNA maturation and
translation defects. Beta globin gene deletion defects are rare and limited to sporadic families.
These mutations result in excess production of unbound alpha globin chains, which cannot form
tetramers and therefore precipitate erythroid precursors in the bone marrow, forming large

intracellular inclusion bodies (39). These excess chains are very unstable and become associated
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with the red cell membrane and ultimately destroy the developing erythroid precursors with
different mechanisms including oxidative damage to cell membranes and interference with cell
division. The degree of globin chain reduction is determined by the nature of the mutation in the
beta-globin gene. This premature death of erythroid precursors results in the development of
anaemia due to ineffective erythropoiesis. The red cells that mature and enter the circulation are
prematurely destroyed in the splenic microcirculation due to the presence of inclusion bodies.
Therefore, the anaemia in thalassemia syndromes is caused by ineffective erythropoiesis and a

shortened red cell survival.

HiC CH.CH,CO0H
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CH,
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Copyright @ 2001 Benjamin Cummings, an imprint of Addison Weslay Longman, Inc.

Figure 2. Hemoglobin structure.
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B-THALASSEMIA MAJOR

In the B-thalassemia major patients genotype is characterized by low presence (B°/B*) or total
absence (B°/B°) of beta-globin chains. Clinical presentation of thalassemia major occurs between
the ages of 6 and 24 months. Affected infants fail to thrive and become progressively pale. Feeding
problems, irritability, diarrhea, recurrent bouts of fever, and progressive enlargement of the
abdomen caused by spleen and liver enlargement may occur. Nowadays treatment with a regular
transfusion program that maintains a minimum Hb concentration of 9.5 to 10.5 g/dL allows for
normal growth and development and may improve the overall prognosis (40). Repeated transfusion
represents the major cause of iron overload in thalassemia major. If this excess iron is not removed,
it can cause damage to important organs such as the liver and heart. Complications of iron overload
in children include growth retardation and failure or delay of sexual maturation. In adults, overload-
related complications include involvement of the heart, liver, and endocrine glands (41). Iron
overload is an unavoidable consequence of regular transfusions because the human body lacks a
mechanism to excrete excess iron. In regularly transfused patients, iron overload is due mostly to
red cell breakdown. When the iron-binding capacity of transferrin is saturated, iron can appear in
the serum as non-transferrin-bound iron, which is a powerful catalyst for the formation of free
radicals capable of causing oxidative stress and damage to mitochondria, lipid membranes,
lysosome, protein, and DNA. The cell death that occurs will result in fibrosis and loss of organ
function and favours the development of iron overload complications (42,43). Oxidative damage is
thought to be the key reason leading to organ impairment typical of thalassemia. However, the most
common complications related to transfusion hemosiderosis can be prevented by adequate iron

chelation.
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CHELATION THERAPY

Iron overload is an unavoidable consequence of regular transfusion because the human body lacks a
mechanism to excrete excess iron. However, the most common complications related to
transfusional hemosiderosis, such as heart failure, cirrhosis, growth retardation, and multiple
endocrine abnormalities, can be prevented, and to some extent, reverted by adequate iron chelation.
Prevention of iron toxicity is the main objective of iron chelation therapy in transfusion dependent-
patients. An iron chelator aims to minimize the risk of iron-induced toxicity. This is accomplished
by the combined mechanism of inactivating current iron deposits and removing excess iron from the
body through the urine and/or faeces thereby reducing tissue iron stores to levels that can be
tolerated by the organs. Three iron chelation are currently available: Deferoxamine (DFO),
Deferiprone (DFP), and Deferasirox (DFX) (44). Deferoxamine (DFO) is the first chelator
introduced in clinical practice for the treatment of iron overload and unequivocally demonstrated
the value of iron chelation therapy for removing excess iron from the body. DFO is an exadentate
iron chelator that is not orally absorbed and thus needs to be administered five to seven days a week
by 8-12-hour continuous subcutaneous infusion via a portable pump. In high-risk cases, continuous
administration of DFO via an implanted delivery system or subcutaneously were the only options to
intensify the chelation therapy before the advent of the combined treatment with DFO and DFP
(45). The most frequent adverse effects of DFO are local reactions at the site of infusion. Other
complications include ocular and auditory toxicity, growth restriction, and, rarely renal impairment
and interstitial pneumonitis. DFO administration also increases infections by Yersinia
Enterocolitica and other pathogens (Klebsiella Pneumonia). The use of DFO prevents the secondary
effects of iron overload and decreases morbidity and mortality among those patients who can
comply with regular prolonged infusions (46). The major problem of DFO chelation therapy is low
compliance resulting from complications of administration. In fact, despite the very clear benefits of

chelation therapy, it is a difficult treatment to use and adherence to therapy has been a major issue
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for both clinicians and patients. These limitations lead to the search and development of oral
chelator that is at least as effective as deferoxamine and has a reasonable tolerability profile. The
first oral chelator to be licensed (47) was Deferiprone (DFP) (3-hydroxy-1,2-dimethylpyridin-4one)
a synthetic analogue of mimosine, isolated from the legume Mimosa peduca. DFP has strong iron-
binding properties with a high degree of relative specificity for the trivalent form of iron, binding it
in a 3:1 complex (48). As a water-soluble compound with a molecular weight of only 139 Da, it
would be expected to move freely through cell membranes throughout the body. DFP is rapidly and
completely absorbed after oral administration, with peak plasma levels typically occurring about 1
hour after administration. The drug is rapidly eliminated from the body with a half-life of about 2
hours due to hepatic biotransformation, with glucuronidation accounting for almost all the
metabolism. About 90% of the drug is excreted in the urine as glucuronide (49). Deferiprone has
been approved for thalassemia-major patients for whom deferoxamine therapy is contraindicated or
inadequate. The most serious side effect associated with the use of DFP is agranulocytosis, defined
as a confirmed absolute neutrophil count less than 0.5%10°L, and occurring in about 1% of the
patients (13, 50). More common but less severe side effects are arthropathy, gastrointestinal
symptoms, arthralgia, fluctuating liver enzymes, and zinc deficiency. The effect of DFP on liver
iron concentration may vary among the individuals treated. Independent studies have shown that
DFP therapy is associated with reduced cardiac morbidity and mortality (51-53). Deferiprone is
more cardioprotective than deferoxamine, studies have shown that individuals being treated with
deferiprone have better myocardial MRI patterns and less probability of developing (or worsening
pre-existing) cardiac disease (54, 55). In an individual with severe iron overload, DFO and DFP can
be used in combination to reach levels of iron excretion that cannot be achieved by either drug
alone without increasing toxicity (56, 57), Deferasirox (DFX) was developed as a once-daily oral
monotherapy for the treatment of transfusional iron overload. A large program of clinical trials has
shown to be effective in adults and children and has a defined safety profile that is clinically

manageable with appropriate monitoring (58, 59). Adverse events occurring more frequently are
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gastrointestinal disorders, skin rash, and a mild, non-progressive increase in serum creatinine
concentration (59). Cases of renal failure, hepatic failure, cytopenias, and gastrointestinal
hemorrhage have been reported in the post-marketing phase. If provided adequate doses are
administered, there is a good response to DFX of baseline liver iron concentration values (60). The
efficacy of DFX in improving myocardial functionality and maintain a normal left ventricle ejection
fraction has been demonstrated in prospective studies (61). However, DFX has not been evaluated
in formal trials for affected individuals with symptomatic heart failure or low left-ventricle ejection
fraction. Strategies of chelation using a combination of deferoxamine and deferiprone have been
effective in individuals with severe iron overload. Combined chelation offers several potential
advantages. Drugs with distinct physicochemical properties have different iron-carrying capacities
and may access different iron pools. It has been suggested that deferiprone, with low molecular
weight, acts as an intracellular chelating shuttle and the large and hydrophilic molecule of DFO
serves as an extracellular iron sink (62). In individuals with severe iron overload retrospective,
prospective, and randomized clinical studies have shown that combined iron chelation with
deferiprone and deferoxamine rapidly reduces myocardial siderosis, improves endocrine and
cardiac function, reduces liver iron and serum ferritin concentrations, reduces cardiac mortality, and
improves survival (63,64). Strategies of chelation using a combination of DFO and DFP could have
an increased chelation efficacy and sometimes allow drug doses and toxicity to be reduced and the

number of days of DFO infusion to be decreased, improving compliance and quality of life.
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DEFERIPRONE-INDUCED AGRANULOCYTOSIS

To minimize the risk of developing agranulocytosis and its potential complications, all patients
taking deferiprone are expected to have their blood absolute neutrophil count (ANC) monitored
weekly to discontinue therapy at the first sign of infection or of neutropenia (ANC < 1.5 x10°/L)
and to avoid rechallenge (65, 66). However, the rationale for imposing weekly testing on both
patients and health resources has been questioned (67). Thalassemia patients frequently experience
transient episodes of mild or moderate neutropenia, independent of deferiprone (68, 69), and
neutropenia during deferiprone therapy often does not progress to agranulocytosis, even with
continued treatment (70-73). Indiscriminately stopping or interrupting deferiprone at the onset of
neutropenia may appear to be a prudent safety measure, but may fail to balance benefits and risk for
individuals. There is a need to identify risk factors for agranulocytosis during deferiprone therapy,
the effectiveness of weekly ANC monitoring in avoiding its consequence, and the rate of its
recurrence upon rechallenge. This goal requires large patient cohorts, but deferiprone is approved as
an orphan drug, and the low incidence of agranulocytosis in the relatively small cohort of patients
treated with this drug limits the potential database. Drug-induced idiosyncratic agranulocytosis is a
serious and sometimes fatal complication, and a wide spectrum of drugs can cause agranulocytosis.
Hence, attempts to identify factors that might reduce the incidence of this event and minimize its
complications are warranted. Drug-induced agranulocytosis is characterized by a neutrophil count
of fewer than 0.5 x 10°L (500 cells/mm?®) with no relevant decrease in haemoglobin and platelet
counts in the peripheral blood. In Europe, the incidence rate is reported to range from 1.6 to 9.2
cases per million population. In the United States, reported rates are slightly higher, ranging from
2.4 to 15.4 cases per million population (74, 75). Geographic variability in incidence is related to
both differences in reporting and medication usage but could also suggest a difference in
susceptibility. Older patients are thought to be at greater risk for drug-induced agranulocytosis,

probably because of increased medication use (75).
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The pathogenesis of drug-induced agranulocytosis is not completely understood, especially those
which are idiosyncratic. Two mechanisms, direct toxicity, and immune-mediated toxicity have been
proposed. Direct toxicity to myeloid cells, particularly neutrophils, has been shown with
medications such as chlorpromazine, procainamide, clozapine, dapsone, sulphonamides,
carbamazepine, phenytoin, indomethacin, and diclofenac. The toxicity may be due to either the
parent drug or a toxic metabolite or a byproduct. The severity of neutropenia associated with these
drugs is often dose-dependent, but the occurrence of reactions is still idiosyncratic (76). In some
cases, there is a rapid onset of the reaction upon rechallenge which is suggestive of the involvement
of an adaptive immune mechanism. Drug-specific antibodies were also found to be involved in the
mechanism of certain drugs associated with agranulocytosis. These include aminopyrine,
amodiaquine, penicillin, propylthiouracil, sulfamethoxazole, sulfasalazine, and trimethoprim. Over
the last decade, the same new concepts have emerged concerning a new understanding of the
regulation of myelopoiesis and neutrophil maturation that might be a starting point for discussions
of non-immune and cell-mediated immune. Among the former is the role of reactive oxygen species
(ROS) that transform a drug to a compound that might serve as an antigen, a hapten, or modifier of
metabolic reactions that are vital for the survival of the neutrophil. The characteristic of
deferiprone-induced agranulocytosis is typical of idiosyncratic drug reactions (77-80) in that: it is
an unpredictable and rare event; onset is delayed (occurrence peaks after 1-3 month and time of the
first onset extends beyond one year); incidence is not dose-related within the therapeutic range. This
is consistent with the lack of dependence of clozapine-associated agranulocytosis and neutropenia
on dose (81) but in contrast with the dose-dependency of beta-lactam antibiotic-mediated
agranulocytosis (82). Idiosyncratic drug reactions are generally inconsistent with direct cytotoxicity,
and there is growing evidence that most are mediated by the adaptive immune system. The
manifestations of an “allergic” reaction, such as rash, that occur in some cases have not been
recorded in deferiprone-induced agranulocytosis (83). The primary treatment of drug-induced

agranulocytosis is the removal of the offending drug. After discontinuation of the drug, most cases
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of neutropenia resolve over time, and only symptomatic treatment (antimicrobial for infection
treatment and prophylaxis) and appropriate vigilant hygiene practices are necessary. Sargramostin
(granulocyte-macrophage colony-stimulating factor [GM-CSF] and filgrastim (granulocyte colony-
stimulating factor [G-CSF] have been shown to shorten the duration of neutropenia, length of

antibiotic therapy, and the length of hospital stay (84)
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II. AIM OF THE STUDY

The study of human neutrophils in vitro presents several technical challenges meaning that standard
protocols for most assays must be optimised. Previous reports have claimed that the neutrophil
isolation procedure can affect neutrophil viability, contamination, and activation state. However,
these few studies have not characterised the reported variability yet. Furthermore, currently, only
few metabolomics studies have been performed on these immune cells. Therefore, the overall aim
of this study was to optimise protocols to study neutrophil metabolomics profiles in healthy and
pathological conditions. Metabolomics has the potential to provide novel insight into disease
heterogeneity and could provide new information on the molecular effect of drug therapies on
neutrophil function in vivo. The second purpose of this project was to identify a metabolomic
profile of neutrophils in two groups of beta-thalassaemic patients (with or without deferiprone-
induced agranulocytosis). Furthermore, this study could shed some light on the physiopathological
mechanisms of this deferiprone-induced side effect. Deferiprone is an effective oral iron chelator
able to reduce iron overload and to maintain a safe body iron level, alone or in combination with
DFO. The main DFP adverse effect is the development of agranulocytosis (in 1-2% of patients).
Considering its potential toxicity, the use of Deferiprone is allowed in Europe only for the treatment
of thalassemia major, when Deferoxamine therapy is contraindicated or unappropriated. The
mechanisms behind this negative effect remain largely unresolved. It is known that oxidative stress,
which plays a crucial role in the pathophysiology of B-thalassemia, leads to excessive production of
ROS that by binding to cellular components such as DNA, proteins, and membrane lipids can
induce cytotoxicity suggesting a possible role of it also in the side effects in the presence of

Deferiprone. Moreover, possible changes in cellular metabolism may be present.

Based on these pieces of evidence, the aim of this project involves:
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e To optimise GC-MS metabolomic protocol to study changes in neutrophil metabolic
profiles. In particular, establish protocols to optimise sample preparation, metabolite
extraction that minimise the degradation of neutrophil metabolites and avoid the

introduction of interfering compounds commonly used in isolation procedures.

e The analysis and comparison of the metabolomic profiles in PMNs (polymorphonuclear)
leukocytes, from the patients, enrolled in the study (Patients with Deferiprone-induced

agranulocytosis vs patients without Deferiprone-induced agranulocytosis);

e To study the PMNs cell cultures exposed to Deferiprone.

e To integrate the data obtained from the metabolomic profiles in PMNs (polymorphonuclear)
leukocytes from the patients enrolled in the study (Patients with Deferiprone-induced
agranulocytosis vs patients without Deferiprone-induced agranulocytosis) with the plasma

metabolomics profile on the same cohort.

Altogether, this might help to have a better view of the pathophysiological mechanisms behind

this serious and still unpredictable collateral side-effect of the Deferiprone treatment.
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III. METHODS

STUDY DESIGN

The study was conducted in different phases. First, the study was designed according to the
standard of Good Clinical Practise and it was approved by the Hospital Ethics committee on 31%
Jannuary 2019 Prot. PG/2019/1555. Next, adequate protocols for metabolomics analysis and
oxidative status analysis of PMNs were developed. Finally, the samples were collected and
analysed. Due to the total number of neutrophils that can be obtained from the blood of healthy
donors and particularly from beta-thalassemic patients where it can be quite low, it was necessary to
ask two or three blood samples to be collected from the subjects enrolled in the study. Between
February 2019 and November 2019, a volume of 20 ml of peripheral blood specimen was collected
from study participants (first blood sample). Between September 2020 and November 2020, a
volume of 6 ml of the peripheral blood sample was collected from study participants (second blood

sample) (Fig. 3).

SPECIMEN COLLECTION

To define the best method of 1) isolation, 2) metabolite extraction and 3) the number of cells
necessary for metabolomics analysis on polymorphonuclear cells, preliminary experiments were
necessary. Five ml of peripheral blood was collected from healthy donors enrolled in the study to
perform pilot investigations. Once the protocols and number of cells needed were defined,
approximately 20 ml of peripheral blood specimen was collected from study participants for the
metabolomics CG-MS method. Next, 6 ml of the peripheral blood sample was collected from study
participants to determine the oxidative status in the cells after treatment with different

concentrations of deferiprone. Before isolating the neutrophils for the oxidative status
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determination, 1ml of whole blood was taken, the plasma was separated and stored at -80°C until
"H-NMR/GC-MS analysis. A blood specimen was collected via the standard venipuncture method
in a sodium-heparin vacutainer. The use of EDTA as an anticoagulant was avoided because extra
resonance signals are observed in the NMR spectrum via the formation of complexes between
EDTA and Ca2+ and Mg2+ present in plasma. The peripheral blood specimen from pB-Thalassemic
study participants was collected before blood transfusion. Neutrophils were isolated within 1 hour
of blood collection. Granulocyte isolation, count, and test of cell viability were performed in the
Department of Medical Science and Public Health, Clinical and Molecular Medicine Unit,
University of Cagliari ¢c/o Regional Hospital for Microcythemias laboratory. FACS analysis was
conducted at Hematology and Bone Marrow Transplant Center (A. Businco Hospital, Cagliari)
laboratory. Metabolite extraction and all other experiments were performed in the Clinical

Metabolomics Unit, Department of Biomedical Sciences (University of Cagliari).
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Figure 3. Flow chart on sample collection and analysis.
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PATIENTS

The patients and healthy subjects involved in this study were enrolled at the Microcitemico Hospital
of Cagliari. Informed consent was obtained from all study participants. Twenty-three patients were
enrolled in the study, eleven B-Thalassemic Patients with Deferiprone-induced agranulocytosis (A),
twelve B-Thalassemic patients without Deferiprone-induced-agranulocytosis (NA). All f-
Thalassemic Patients were homozygotes for B—thalassemia and receiving regular packed red cell
transfusions every 2 to 3 weeks. The mean age was 42+10 and 39 + 5 for B-Thalassemic Patients
with Deferiprone-induced agranulocytosis and [B-Thalassemic patients without Deferiprone-
induced-agranulocytosis respectively. Two [-thalassemia patients with deferiprone-induced
agranulocytosis were below the average age of the patients studied (18 and 21 years old
respectively). Twelve patients were positive for hepatitis C virus (HCV). The control group (C)
consisted of thirteen healthy volunteers that were matched for age and sex. The clinical data of the
study population are reported in Table 1. The inclusion criteria for patients groups were: patients
with Beta-thalassemia major characterized by a II degree hemochromatosis undergoing iron
chelation therapy; patients with deferiprone-induced agranulocytosis (granulocyte values <500 /
mm?3); patients on deferiprone therapy for at least 1 year. The inclusion criteria for healthy controls:
subjects without B-thalassemia aged between 32 and 46 years. The exclusion criteria: neutropenic
patients with granulocyte values between 500-1500 / mm3; patients with the reduction of other cell
lines; patients treated with other drugs potentially responsible for agranulocytosis (clozapine,
chloramphenicol, noramidopyrine); non beta-thalassemic subjects affected by pathologies requiring
pharmacological therapies. In beta-thalassemic patients with deferiprone-induced agranulocytosis,
the drug was discontinued. These patients at the time of sample collection were subjected to

different chelation therapy. The clinical data of the study population are reported in Table 1.
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Groups Healthy Agranulocytosis No- agranulocytosis
Age 38+12* 42+10%* 39+5%*
Sex ( Male) 7 5 7
(Female) 6 6 5
- 8 -
Onset of agranulocytosis <1 anno
- 3 -
>] anno
- 8 11
S genotype: 39/39
- 1 -
39/76
- - 1
39/6
- 1 -
39/1VS-110
- 1 -
(-C) cd16/(-C) cd16
- 7 9
o genotype aa/aa
- 3 2
-a/aa
- - 1
-a/-a
- 1 -
-a/aNcola
- 2 8
Therapy*: monotherapy DFP
- 9 4
combined therapy DFO+DFP
Therapy at sample collections time®:
monoterapy DFX - 3 -
monoterapy DFO B 3 B
combined therapy DFO+DFX B 3 B
HCV+ B 4 8
HCV- - 7 4

Table 1. Summary of clinical and pathological data of patients and control subjects. * Mean and standard
deviation; @ Iron chelation therapy in beta-thalassemia patients at the onset of agranulocytosis. ® Current Iron chelation
therapy after DFP discontinuation in patients with deferiprone-induced agranulocytosis
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COMPARISON OF TWO COMMONLY USED ISOLATION PROTOCOLS FOR PURITY
OF ENRICHED GRANULOCYTES

There are currently several materials that can be employed to produce density gradients to isolate
and purify neutrophils from whole blood. The density gradient material aims to provide an
appropriate separation range to isolate neutrophils at high purity from other blood cells. To establish
the best protocol to isolate neutrophils for metabolite extraction, two methods were used in parallel;

Lympholyte-H density gradient centrifugation and Polymorphprep density gradient centrifugation.

LYMPHOLYTE-H DENSITY GRADIENT FOR ISOLATION OF PMNs PROCEDURE

The blood was diluted with an equal volume of physiological solution. 5 ml of Lympholite-H
(Cederlane, Hornby, Ontario, Canada ) were dispensed to a 15 ml centrifuge tube and 10 ml of
diluted blood were carefully layered over. This was centrifuged for 40” at 200 g with the brake off.
After centrifugation, mononuclear cells, remaining plasma, and Lympholyte-H were aspirated off
and discarded, leaving the PMN and erythrocyte-rich pellet. The pellet was washed with 5ml of
physiological solution. The tube was centrifuged for 10° to 500 g. The supernatant was again
aspirated off and the cells re-suspend in 2ml of lysis buffer [ammonium chloride solution: NH,CI
(155mM), KHCO3; (10Mm), EDTA (0,ImM)], for the erythrocyte lysis, and incubate for 10’ at
room temperature. Next, the tube was centrifuged for 10’ to 500 g to pellet the neutrophils. The
supernatant was aspirated off, the pellet was resuspended again in 2ml of lysis buffer, to reduce
residual erythrocytes, and incubate for 5°, before centrifugation for 10° at 500 g. The supernatant
was again aspirated off and the neutrophil pellet washed in 2ml of physiological solution, followed
by re-centrifugation. The supernatant was discarded and the cells re-suspend in 2ml of physiological
solution and counted with a Burker chamber. Once establishing the number of cells needed, aliquots

were used for the cytocentrifuge and the FACS analysis and metabolites extraction and analysis.
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LYMPHOLYTE-POLY DENSITY GRADIENT FOR ISOLATION OF PMNs PROCEDURE

Five ml of peripheral blood, anticoagulated with heparin, were obtained from patients enrolled in
the study. The blood was diluted with an equal volume of physiological solution. Five ml of
Lympholyte-poly (Cedarlane, Hornby, Ontario, Canada) were dispensed to a 15 ml centrifuge tube
and 10 ml of diluted blood were carefully layered over. This was centrifuged for 40’ at 200 g with
brake off. After centrifugation, two leukocyte bands were visible. The top band at the
sample/medium interface consisted of mononuclear cells and the lower band of PMNs; the
erythrocytes were pelleted in the bottom of the tube. The PMNs layer was removed with a Pasteur
pipette and transferred into a clean centrifuge tube and washed in 2 ml of physiological solution.
Next, the tube was centrifuged for 10 to 500 g. The supernatant was discarded and the cells were
resuspended in 2 ml of lysis buffer, for the residual erythrocyte lysis, and incubate for 5°, before
centrifugation for 10’ at 500 g. The cells were washed with 2 ml of physiological solution, re-
centrifuged, and resuspend in 2 ml of physiological solution. After establishing the number, the
cells were used for the cytocentrifuge and the FACS analysis and metabolites extraction and

analysis.

ANALYSIS OF PURITY AND VIABILITY

MORPHOLOGICAL EVALUATION OF THE CELLS

The cell suspension was diluted between 5-10x10%/ml in HBSS(-) and 100ul were loaded in a
cytocentrifuge funnel and centrifugated using a cytospin 2 Shandon centrifuge for ten minutes at
200 g to deposit a uniform layer of cells on the microscope slide. Cytocentrifuge preparations were
air-dried for two hours, stained by May-Griinwald-Giemsa (five minutes with May-Griinwald,
Merck No 1.01424; 20 minutes with Giemsa, Merck No 9204, diluted 1:10 with phosphate buffer,

pH 7.2) and observed by using a microscope.
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FACS ANALYSIS

To assess the purity, isolated PMNs were stained and analysed by flow cytometry. Before the
analysis, the cell pellet was diluted to have 1.10° cells for ml. Then 100 ul of Fc receptor (FcR)
blocking reagent from Miltenyi Biotech (Amsterdam, the Netherlands) was added to 100 pul diluted
sample followed by incubation on ice for 15°. After this time the cells were labeled with CD 14
FITC and CD 15 APC antibodies for 30’ at 4°C in the dark. The cells were centrifuged for 10 at
600 g and washed twice in PBS-0,1% bovine serum albumin (BSA) before FACS analysis. At least
10.000 stained cells were acquired using a three-laser, 8-color, BD FACSCANTO II Becton
Dickinson flow cytometer (BD Biosciences, San José, CA, USA) and analysed using BD
FACSDiva software. Neutrophils, monocytes, and lymphocytes were identified on forward/side
scatter dot plot profile and gated. The intensity of expression was measured as mean fluorescence

intensity and the positive cells were expressed as a percentage.

TRYPAN BLUE EXCLUSION TEST OF CELL VIABILITY

An aliquot of cell suspension was centrifuged at 500 g for 10°, the supernatant was discarded and
the cells were resuspended in a 1 ml serum-free complete medium. One aliquot of cell suspension
was mixed with a part of Trypan Blue 0,4% (Gibco) and was incubated for 2°-5° at room
temperature. A drop of Trypan Blue/cell mixture was applied to the Burker chamber and the cells
were counted with a binocular microscope. The unstained (viable) and stained (nonviable) cells
were counted. To obtain the total number of viable cells for ml of aliquot, the total number of viable
cells was multiplied by 2. To obtain the total number of cells for ml of aliquot the total number of
viable and nonviable cells were added and multiplied by 2. The percentage of viable cells was

calculated as follows: viable cells % = (total number of viable cells/total number cells) x 100.
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SAMPLE PREPARATION FOR INTRACELLULAR METABOLITE EXTRACTION

The protocol for metabolite neutrophils extraction was determined after a series of pilot studies. To
perform metabolomics analysis, the cell sample, obtained with Lympholyte-H density gradient
procedure, was centrifuged for 10 minutes at 3000 g, the supernatant was discarded and the cells
were resuspended with a mixture of 1.2 mL of methanol/chloroform (methanol/chloroform 2:1,
methanol/chloroform 1:2, methanol/chloroform 1:1) or 1.0 mL of methanol/water (80:20). To
ensure the complete lysis of the cells, the extraction was combined with 20 minutes of ultrasonic
treatment at a controlled temperature (4°C). After 20 minutes of sonication, samples were kept at -
20°C for 20 minutes and then centrifuged at 3000 g for 30minutes at 4°C. For GC-MS analysis,
400ul of supernatant were aliquoted and dried with a vacuum concentrator overnight (Eppendorf
concentrator plus, Eppendorf AG, Hamburg, Germany). For 'H-NMR analysis, 700uL of
supernatant were aliquoted and dried with a vacuum concentrator overnight (Eppendorf

concentrator plus, Eppendorf AG, Hamburg, Germany).

CELL NUMBER OPTIMIZATION

To define what was the minimum volume of blood necessary to obtain an optimal number of
neutrophils for the acquisition of "TH-NMR and GC-MS spectra with a good signal-to-noise ratio,
three different concentrations of total neutrophils were analysed (1.4x10°2.6x10°,6.9x10°).
Samples were acquired in replicate to test the reproducibility of the experiments (Table 2).
Unfortunately for the NMR analyzes none of the concentrations studied satisfied the sensitivity

characteristics of the instrument.
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GC-MS 'H-NMR
good signal-to-noise ratio good signal-to-noise ratio

Blood sample Volume = 3 ml

Cells n°® =1.4x10%+0.7x10°%* no no

Blood sample Volume = 6 ml

Cells n° =2.6x10°+£0.4x10°* no no

Blood sample Volume = 15 ml

Cells n° = 6.9x10°+£2.6x10°* yes no

Table 2. Optimisation of blood sample volume and neutrophil number required for the acquisition of 'H-

NMR and GC-MS spectra with a good signal-to-noise ratio. * Mean and standard deviation;

PMNs SAMPLE PREPARATION FOR METABOLOMICS ANALYSIS

For GC-MS analysis the dried pellets were derivatised with 50 pl of methoxyamine dissolved in
pyridine (10mg/ml) and incubate 1h a 70°C. After that time, 50 pl of N-Methyl-N(trimethylsilyl)-
trifluoroacetamide (MSTFA, Sigma-Aldrich, St. Louis, MO, USA) were added and left at room
temperature for 1 hour. Successively, 50ul of hexane (Sigma-Aldrich, St. Louis, MO, USA ) were
added and the sample was transferred in a vial for the GC-MS analysis. A pool of all the samples
was created and used for quality control (QC). For 'H-NMR analysis cells were redissolved in
690uL of potassium phosphate buffer in DO (100mM, pH 7.4) and 10uL of TSP (sodium 3-
trimethylsilylpropionate-2,2,3,3,-d4) as chemical shift reference (6 0.0) (98 atom % D, Sigma-

Aldrich, Milan). An aliquot of 650uL was analysed by 'H-NMR (85).
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GAS CHROMATOGRAPHY-MASS SPECTROMETRY ANALYSIS

One pl of the derivatized sample was injected splitless into a 7890A gas chromatograph coupled
with a 5975C Network mass spectrometer (Agilent Technologie, Santa Clara, CA, USA) equipped
with a 30 m % 0.25 mm internal diameter ID fused silica capillary column with a 0.25 uM TG-5MS
stationary phase (Thermo Fisher ScientificWaltham, MA, USA). The injector and transfer line
temperatures were at 250°C and 280°C, respectively. The flow rate of the gas helium (He) through
the column was 1ml/min. The column’s initial temperature was kept at 60°C for 3 min increased to
140°C at 7°C/min, held at 140°C for 4 min, increased to 300°C at 5°C/min, and kept for 1 min. The
identification of metabolites was performed using the standard NIST 08 and Golm Metabolome
Database (GMD) mass spectra libraries, as well as by comparison with an authentic standard, when
available. The R library XCMS (86, 87) was used for peak detection and retention time correction.
Parameters utilized for peak deconvolution of GC-MS matrices were optimized. The resulting
matrices were processed using an in-house Python script to eliminate signals present in the blanks,
keeping only the most abundant feature per molecule and modifying all zeros present in the matrix
by inserting half of the minimum value found for a feature. After manual correction of the filtered
matrix to eliminate the internal standard and any possible remaining noise signal, median fold
change normalization was performed using an in-house Python script to compensate for sample

dilution biases (88).

'H-NMR MEASUREMENTS

'H-NMR measurements of samples were carried out using a Varian UNITY INOVA 500
spectrometer operating at 499.839 MHz for proton and equipped with a 5 mm double resonance
probe (Agilent Technologies, CA, USA). IH-NMR spectra were acquired at 300 K with a spectral
width of 6000 Hz, a 90° pulse. The acquisition time was 1.5s, the relaxation delay was 2s and for

each sample, 512 FID were collected into 64K data points. The residual water signal was
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suppressed by applying a presaturation technique with low-power radiofrequency irradiation for 2s.
After Fourier transformation with 0.3 Hz line broadening and a zero-filling to 64 K, 1H-NMR
spectra were manually phased and baseline corrected using ACD Lab Processor Academic Edition
(Advanced Chemistry Development, 12.01, 2010). Spectral chemical shift referencing on the TSP
CH3 at 0.00 ppm was performed on all spectra. The ACD Labs intelligent bucketing method was
used for spectral integration between 0.80-8.50 ppm (89). A 0.04 ppm bucket width was defined
with an allowed 50% looseness, resulting in buckets that ranged between 0.02 and 0.06 ppm in
width. The degree of looseness allows the bucket width to vary over a particular value from the set
bucket value. The intelligent bucket method contains an algorithm, which identifies local minima in
the spectra and sets the buckets accordingly. In this manner, a peak is integrated in one bucket,
although it may be differently shifted in the spectra because of pH effect, for instance. The spectral
region between 4.70 and 5.20 ppm was excluded from the analysis to remove the effect of
variations in the presaturation of the residual water resonance. Metabolites were identified and
quantify of each NMR spectra using the Chenomx NMR Suite 7.1 (Chenomx Inc., Edmonton,
Alberta, Canada). Chenomx NMR Suite is an integrated set of tools for identifying and quantifying
metabolites in NMR spectra. It is equipped with reference libraries that contain numerous pH-
sensitive compound models that are identical to the spectra of pure compounds obtained under
similar experimental conditions (five seconds of recycle delay). Essentially, a Lorentzian peak
shape model of each reference compound is generated from the database information and
superimposed upon the actual spectrum. The linear combination of all modeled metabolites gives

rise to the total spectral fit, which can be evaluated with a summation line.
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PLASMA SAMPLES PREPARATION FOR GC-MS and 'H-NMR ANALYSIS

The whole blood samples were collected in tubes with Na-heparin and subsequently centrifuged at
2300 g for 15 minutes. The plasma was recovered and stored at -80°C. Plasma samples were
centrifuged at 3000 g for 10 minutes at 4°C and 400uL of supernatant were extracted with a
modified Folch method (90). Briefly, 600uL of methanol, 600uL of chloroform and 175 pL of
Milli-Q water were added to 400uL of each plasma sample. After centrifugation at 3000 g for 30
minutes at 4°C, 1 ml of hydrophilic phase, containing the low-molecular-weight water-soluble
components, was separated from the lipophilic phase. For "TH-NMR analysis, 700 pl hydrophilic
phases were aliquoted and dried using a speed vacuum concentrator (Eppendorf concentrator plus,
Eppendorf AG, Hamburg, Germany). Dried hydrophilic plasma extract was redissolved in 630 ul of
potassium phosphate buffer in D,O (0.1 M, pH 7) and has been added 70 pul of sodium 3-
methylsilylpropionate 2,2,3,3-d4 (TSP) as internal standard (98 atom % D, Sigma-Aldrich, Milan).
Aliquots of 650 pl of plasma extract were transferred to Smm NMR glass tubes. For GC-MS
analysis, 150 uL of hydrophilic phase was dried in an Eppendorf Concentrator Plus overnight. For
analysis, the samples were derivatised with 50 pL of a solution of methoxamine in pyridine (10
mg/mL) (Sigma-Aldrich, 37 St. Louis, MO, USA). After 1h at 70°C, 50uL of MSTFA (Sigma-
Aldrich, St. Louis, MO, USA) were added and left at room temperature for one hour. Successively,
150uL of hexane were added and samples were transferred in a vial for the GC-MS analysis. A pool

of all samples was created and used as QC.
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CELLULAR ROS DETECTION

The intracellular reactive oxygen species (ROS) levels in non-treated and treated deferiprone
neutrophils from patients enrolled in the study were evaluated by using the cells permeant reagent
2’7" dichlorofluorescein diacetate (DCFH-DA, Sigma, St. Louis, MO, USA ), a fluorescein dye
that measures hydroxyl, peroxyl and other ROS activity within the cell. After diffusion into the cell,
DCFH-DA is deacetylated by cellular esterases to a non-fluorescent compound, which is later
oxidized by ROS into 2’,7’—dichlorofluorescin (DCFH) probe. Before starting this experiment, a
series of preliminary studies were conducted. It was important to check the natural fluorescence of
deferiprone and the concentration of DCFH-DA required to detect ROS. Indeed, the concentration
of the DCFH-DA required to detect ROS can change depending on the cell type and their activation
status. Also, the ideal number of cells per well was established in the preliminary experiments.
After establishing the right conditions, 6ml of peripheral blood specimen was collected from study
participants. The cells isolated, as previously described, were suspended in Iml RPMI-1640
(GIBCO Laboratories, Grand Island, NY, USA) medium supplemented with 10% of fetal bovine
serum. A small aliquot was taken to count the cells and confirm cell viability with trypan blue
exclusion in a 1: 1 dilution. The rest of the cells were seeded in a 25 cm flask with 2ml RPMI-1640
medium supplemented with 10% of fetal bovine serum and exposed to 20 uM, 50 uM, 100 uM
DFP for 2,5 hour. The control cells without DFP were processed in parallel. The cells were
incubated at 37°C in a humidified atmosphere of 5% CO,. Afterward, a small aliquot was taken to
count the cells and confirm cell viability with trypan blue exclusion in a 1: 1 dilution, the rest of the
cells were harvested in 15 ml tube and centrifuged for 10’ at 500 g. The supernatant was discarded
and the pellet was re-suspended in 1 ml of 20uM DCFH-DA solution. The controls cells (no DFP
exposed ) were divided in two 15 ml tube, after centrifugation one part were resuspended in 1ml
PBS without DCFH-DA and one part in 20uM DCFH-DA solution. The cells were incubated in

dark conditions at 37°C in a humidified atmosphere of 5% CO2 for 30’ so that the DCFH-DA could
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penetrate the cells. Then the 15 ml tube was centrifuged for 10’ at 500 g. The supernatant was
discarded and the cells re-suspend with Iml of PBS and seeded in 96-well plate (2x10° cells for
well). The samples were measured in triplicate. Control cells incubated with PBS were used for
basal fluorescence determination. An aliquot of control cells DCFH-DA treated was resuspended
with a 5SnM TBH (ter-butyl hydroperoxide) solution to induced ROS produced. The fluorescence of
the cells was determined using an Infinite F200 (Tecan Salzburg, Austria) auto microplate reader at

485 and 528 nm excitation and emission wavelengths, respectively.

DETERMINATION OF REDUCED (GSH) AND OXIDIZED (GSSG) GLUTATHIONE

When the recovery of the cells was sufficient, they were used for ROS measurement by high-
performance liquid chromatography linked with an electrochemical detector (HPLC— ECD). The
method described by Khan et al for the determination of reduced [GSH] and oxidized glutathione
[GSSG]) was used (91). An aliquot of cells (1 x 10° cells/sample) cultured in RPMI-1640 medium
supplemented with 10% of fetal bovine serum and exposed to 20uM, 50uM, 100 uM DFP for 2,5
hour were centrifuged at 500 g for 10 minutes and the supernatant was discarded. Cells seemed in
RPMI-1640 medium alone DFO were used as controls. The cell pellet was suspended with 1 ml of
MPA ( metaphosphoric acid ) 10% plus 1 ml of 0,05% TCA (trichloroacetic acid) solution (Sigma-
Aldrich, Milan, Italy). After centrifugation, the clear supernatant was injected into the HPLC
system. GSH/GSSG levels were determined by electrochemical detection, using an HPLC (Agilent
1260 infinity, Agilent Technologies, Palo Alto, USA) equipped with an electrochemical detector
(DECADE 11 Antec, Leyden, The Netherlands) and an Agilent interface 35900E. A C-18
Phenomenex Luna column, 5 um particle size, 150 x 4.5 mm, was used with a mobile phase of 99%
water with 0.05% TFA (v/v) and 1% MeOH at a flow rate of 1 ml/min. The electrochemical

detector was set at an oxidizing potential of 0.74 V. A calibration curve was created using standards
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of GSH, GSSG (Sigma-Aldrich, Milan, Italy) injected at different concentrations. The sample

(20ul) was injected into HPLC system by autosampler.

STATISTICAL ANALYSIS

MULTIVARIATE STATISTICAL ANALYSIS

Multivariate statistical data analysis was performed using SIMCA-P software (version 15.0,
Umetrics, Sweden) (92). Raw data from both 'TH-NMR and GC-MS analysis were processed and
organized in a matrix for the multivariate statistical analysis. Before multivariate statistical analysis,
the data sets were normalized to the total area or cell number for plasma and PMN analysis
respectively to minimize dilution factors. All imported data were scaled for the multivariate
statistical analysis, using Pareto scaling for "TH-NMR data and UV-scaling for GC-MS data. Pareto
scaling was preferred for NMR data because it gives greater weight to the variables of the NMR
data with less intensity. The initial data analyses were conducted using the Principal Component
Analysis (PCA), The PCA allows the exploration of sample distributions without classification. To
identify potential outliers, DmodX and Hotelling’s T2 tests were applied. Partial least squares
discriminant analysis (PLS-DA) and orthogonal partial least squares discriminant analyses (OPLS-
DA) were subsequently applied. PLS-DA and OPLS-DA maximize the discrimination between
samples assigned to different classes. A PLS-DA was performed to investigate the metabolomics
differences between the three classes: A and NA patients and healthy subjects. OPLS-DA was used
to reduce model complexity and to better highlight sample discrimination, when the metabolomics
profile of samples was compared in pairs. OPLS-DA a supervised classification technique and
maximizes the covariance between the measured data of the X-variable (peak intensities) and the
response of the Y-variable (class assignment) within the groups. The estimated predictive power of
the models was expressed by R2Y and Q2Y, which represent the fraction of the variation of Y-

variable and the predicted fraction of the variation of Y-variable, respectively. A good prediction
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model is achieved when Q2 > 0.5. (93). The quality of OPLS-DA models was evaluated on the
corresponding PLS-DA models using a 7-fold cross-validation and permutation test (n = 400). The
permutation test was calculated by randomizing the Y-matrix (class assignment or continuous
variables) while the X-matrix (peak intensity) was kept constant. The permutation plot then displays
the correlation coefficient between the original y-variable and the permuted y-variable on the x-axis
versus the cumulative R2 and Q2 on the y-axis and draws the regression line. The intercept is a
measure of the overfit, Q2Y intercept value less than 0.05 is indicative of a valid model. To identify

the metabolites playing a role in class separation, the S-plot was considered.

UNIVARIATE STATISTICAL ANALYSIS

GraphPad Prism software (version 7.01, GraphPad Software, Inc., San Diego, CA, USA) was used
to perform the univariate statistical analysis of the data resulting from the multivariate analysis. The
metabolite concentrations identified with NMR analysis were determined by using Chenomx NMR
suite 7.1. Chenomx NMR Suite is an integrated set of tools for identifying and quantifying
metabolites in NMR spectra. It is equipped with reference libraries that contain numerous pH-
sensitive compound models that are identical to the spectra of pure compounds obtained under
similar experimental conditions. Essentially, a Lorentzian peak shape model of each reference
compound is generated from the database information and superimposed upon the actual spectrum.
The linear combination of all modeled metabolites gives rise to the total spectral fit, which can be
evaluated with a summation line. The statistical significance of the differences in metabolite
concentrations for both analytical techniques (NMR and GC-MS), was calculated by using the
Mann-Whitney U test and a p-value < 0.05 was considered statistically significant. The Benjamini-
Hochberg adjustment was subsequently applied to the obtained p-values to acquire the level of

significance for multiple testing.

46



IV. RESULTS

OPTIMISING PROTOCOLS FOR GC-MS and 'H-NMR METABOLOMICS ANALYSES
OF HUMAN NEUTROPHILS

One aim of this project was to optimise the protocol for GC-MS and H-NMR metabolomics
analysis to study changes in neutrophils' metabolomics profiles. Working with human neutrophils in
vitro generates some technical challenges meaning that the standard protocols for most assays must
be optimized. In particular, it was necessary to establish protocols to optimise sample preparation,
metabolite extraction, and analysis to reduce chemical and physical degradation of neutrophils’

metabolites and the introduction of interfering compounds commonly used in isolation procedures.

COMPARISON OF TWO COMMERCIAL USED ISOLATION PROTOCOLS FOR
PURITY OF ENRICHED GRANULOCYTES

PMNs were isolated from healthy volunteers’ blood using in parallel two of the most common
commercial method: Lympholyte-H and Lympholyte-poly. Analysis of the purities of granulocytes
by FACS was performed using CD-14 FITC and CD-15 APC antibodies. CD14 is expressed at high
levels on monocytes and macrophages, and lower levels on granulocytes, while CD15 is expressed
on granulocytes and monocytes. The purity of isolated cells analysed by flow cytometry amounted
to 92.6% (£2 %) and 98.9% (£1%) for Lympholyte-poly and Lympholyte-H methods, respectively
(Fig. 4, Tab. 1). Moreover, with lympholyte-H isolation method the higher recovery rates of PMNs
after the isolation procedure were obtained (Tab. 1) Furthermore, May-Griinwald-Giemsa staining
and light microscopy were used to ensure that a pure population of PMNs (>90 % purity) with
typical morphology had been isolated. PMNs are among the shortest-lived cells in the body and due
to this physiological characteristic, they are extremely fragile cells and are prone to apoptosis upon
withdrawal from the blood. For this purpose, the cells were stained using the Trypan Blue dye

exclusion method. Numbers of live and dead leukocytes for sample were assessed using a Burker
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chamber. The viability was >95 % in all experiments. With a purity of 99% and the highest overall
yield granulocyte enrichment, Lympholite-H seems to be the optimal method when a high number
of cells are required and, for this reason, Lympholyte-H method isolation protocol was used in all

subsequent experiment.

PMN-CAMPIONE 1 LINFO H PMN-CAMPIONE 2 LINFO-POLI

POLIMORFOMNUCLEATI 95 9%

CD14 FITC-4

-10%0 102 197 e
s/ Bisapca

22 a 10 10°
Eaat 170 w Bisapca

Lynmpholyte-H= PMNs purity 99% Lynmpholyte-poly= PMNs purity 93%

Figure 4. Purities of enriched granulocyte. Representative flow cytometry dot plots show the purity of the enriched
granulocyte isolates obtained by either i) Lympholyte-H (left) and ii) lympholyte-poly (right) density centrifugation
methods.

Method Yeld @ Purity ? Procedure Time (h)
Lympholyte-H 15%x10%+5.3x105 98.9% 2% 2
Lympholyte-poly 13.8x10%+3.3x105° 92.6% 2% 2

Table 3. Comparison of yields and purities of granulocytes, time consumption, of the two different isolation
procedures evaluated in the study: (i) Lympholyte-H (ii) lympholyte-poly.
Means of 4 independent experiments. The purity is expressed as percentage of total nucleated cells.
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METABOLITE EXTRACTION

The successful extraction of metabolites is a critical step in the metabolomic analysis. In order to
optimize metabolite isolation, four different extraction mixtures were used: methanol/chloroform
2:1; methanol/chloroform 1:2; methanol/chloroform 1:1; cold methanol/water (80:20 V/V). The
effect of these different extraction mixtures can be observed from their total ion chromatogram
(TIC) obtained after GC-MS analysis of 5x10° cells (Fig. 5). After data analysis, 30 metabolites
were detected and there were no significant differences in the number of metabolites found in the
different extraction mixture. When the metabolites were extracted with methanol/chloroform 1:2,
the intensity of the GS-MS signal seemed greater than the other extraction mixtures. However, the
chromatogram also showed an increase in background noise (Fig.5b). In our preliminary
experiment, cold methanol/water (80:20) extraction proved to be the best (Fig.5d). Also,
optimisation for cells number was necessary. For the clinical sample (3-5ml) the total number of
neutrophils that can be routinely obtained from the blood of patients and healthy donors was 2x10¢
cells. Therefore, it was critical to determine the minimum volume of peripheral blood to obtain a
number of enough neutrophils required to acquire both GC-MS chromatograms and '"H-NMR
spectra with the optimal signal-to-noise ratio. For this purpose, three different total cell numbers of
neutrophils (1.4x10°,2.6x10°,6.9x10°), were analysed. A good data analysis was possible with at
least 5x10° cells for the GC-MS method. At the same time, with the same number of cells, it was
not possible to obtain appreciable spectra with H-NMR analysis. B-thalassemic patients have high
variability in neutrophil counts, so about 20ml of blood sample was required to obtain a minimum
number of 5 million cells per experiment. Due to its higher sensitivity, for the study of metabolites

in granulocytes neutrophils of B-thalassemic patients GC-MS approach was chosen.
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Figure 5. Comparison of different metabolite extraction mixtures. Representative TIC (total ion current) of four
different mixtures of methanol/chloroform and methanol/water used for metabolite extraction. The figure shows the

TIC representative by > 5x10° cells analysed.
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PMNs METABOLOMICS ANALYSIS

PMNs from peripheral blood of twenty-three B-Thalassemic patients (11 A and 12 NA) and 13
healthy subjects (C) were analysed with GC-MS. Peaks were identified and attributed endogenous
metabolites including organic acids, amino acids, short fatty acids, and sugars. Multivariate
statistical analysis (MVA) is crucial in metabolomics studies because all metabolites are considered
at the same time, allowing trends to be detected between both samples and metabolites. First, a PCA
model was applied to the entire dataset (Fig 6). Fig. 6 shows the projection of the samples on the
plane formed by the first two PCs explaining 50.0% of the total variance. PCA scores plot showed
no outliers, and the whole dataset was subjected to supervised analysis. So, a supervised analysis
(PLS-DA) was applied to remove information unrelated to the disease of interest. The PLS-DA
model (Fig. 7) was built by comparing the GC-MS metabolomics profile of the three different
classes (control subjects, A and NA patients). Figure 7 showed good separation between A and NA
subjects and controls indicating differences in the metabolomics profile between the three groups.
The validity of the PLS-DA model was evaluated through a permutation test using 400 times. The
test results are reported in Table 3 and indicate the statistical validity of the PLS-DA model.
Moreover, one of the agranulocytosis (A) samples was distributed in an anomalous way so it was
excluded from further statistical analysis. Interestingly, this patient showed a longer time to onset of

the side effect compared to other members of the same group.
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agranulocytosis, (NA) B-thalassemic patients without agranulocytosis, (C) healthy controls. Plots were obtained with

GC-MS
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Three separate OPLS-DA models were built using the same 3 groups of samples: agranulocytosis

(A) vs controls (C), non-agranulocytosis (NA) vs controls (C) and agranulocytosis (A) vs non-

agranulocytosis (NA) samples. The results of these pairwise comparisons enabled improved

assessment and identification of the metabolites that were responsible for the separation between

the distinct groups. A first OPLS-DA analysis (Fig.8a) was performed by comparing

agranulocytosis (A) versus the healthy subjects (C). The OPLS-DA model was established with one

predictive and one orthogonal component, and showed good values of R2 X, R2 Y and Q2 (Table

3). Samples showed a good separation into two distinct groups, indicating a different metabolomics

profile between the two groups. The metabolites responsible for the separation between PMN cells

from A patients and controls were identified in the corresponding S-plot (Fig. 8b).
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Figure 8. OPLS-DA analysis of PMN samples A vs C. (a) OPLS-DA scores plot of PMNs samples A (-thalassemic
patients with agranulocytosis) vs C (healthy controls). (b) S-Plot corresponding to the OPLS-DA model used to
characterize the most significant variables associated with group A and C subjects. Arbitraty cut-off values for the
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Plots were obtained with GC-MS
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The validity of the OPLS-DA model was evaluated through a permutation test using 400 times
(Fig.8c). The test results are reported in Table 3 and indicate the statistical validity of the OPLS-DA
model. A second OPLS-DA analysis was conducted comparing the metabolomics profile of the no-
agranulocytosis (NA) vs controls (C) subjects. The OPLS-DA scores plot showed (Fig.9a ) a clear separation
between groups, indicating a significant difference in the metabolic profile. The OPLS-DA model was
established with one predictive and one orthogonal component and showed good values of R2 X,
R2 Y and Q2 (Table 3). The metabolites responsible for the separation between PMN cells from
NA patients and controls were identified in the corresponding S-plot (Fig. 9b). The validity of the
OPLS-DA model was evaluated through a permutation test using 400 times (Fig. 9¢). The test

results are reported in Table 3 and indicate the statistical validity of the OPLS-DA model.
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Fig. 9. OPLS-DA analysis of PMN samples NA vs C. (a) OPLS-DA scores plot of PMNs samples NA ([3-thalassemic
patients without agranulocytosis) vs C (healthy controls). (b) S-Plot corresponding to the OPLS-DA model used to
characterize the most significant variables associated with group NA and C subjects. Arbitraty cut-off values for the
covariance of |p| > 0.1 and for the correlation |p (corr)| > 0.1 were used. (c) The permutation test of OPLS-DA model.

Plots were obtained with GC-MS
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Finally, the OPLS-DA analysis was conducted by comparing Agranulocytosis (A) versus No-
agranulocytosis (NA) subjects. The OPLS-DA scores plot (Fig. 10a) showed good separation of the
subjects into two distinct groups, indicating a difference in the metabolomics profile between the
NA and A subjects. The OPLS-DA model was established with one predictive and one orthogonal
component and showed good values of R2 X, R2 Y and Q2 (Table 3). Metabolites responsible for
the separation between PMN cells from NA patients and controls were identified in the
corresponding S-plot (Fig. 10b). The validity of the OPLS-DA model was evaluated through a
permutation test using 400 times (Fig. 10c). The test results are reported in Table 3 and indicate the

statistical validity of the OPLS-DA model.
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Figure 10. OPLS-DA analysis of PMN samples NA vs A. (a) OPLS-DA scores plot of PMNs samples NA (B-

thalassemic patients without agranulocytosis) vs A (B-thalassemic patients with agranulocytosis). (b)

S-Plot

corresponding to the OPLS-DA model used to characterize the most significant variables associated with group NA and
A subjects. Arbitrary cut-off values for the covariance of [p| > 0.1 and for the correlation |p (corr)| > 0.1 were used. (c)
The permutation test of OPLS-DA model. Plots were obtained with GC-MS
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PLS-DA and OPLS-DA models Permutation®

GC-MS
Groups Componenets * R:Xcum®” R;Ycum ¢ Qzcum ¢ R:intercept Q:intercept
C, A,NA 2 0.248 0.562 0.149 0.224 -0.171
Controls vs A 1P+10 0.381 0.871 0.598 0.478 -0.431
Controls vs NA 1P+10 0.206 0.771 0.500 0.468 -0.447
A vs NA 1P+10 0.415 0.850 0.573 0.513 -0.455

Table 4. PMNs samples MVA parameters. The number of Predictive and Orthogonal components used to create the
statistical models. * R,X and R,Y indicated the cumulative explained fraction of the variation of the X block and Y
block for the extracted components. Q2cum values indicated cumulative predicted fraction of the variation of the Y
block for the extracted components. * Rz and Q: intercept values are indicative of a valid model.

The most important metabolites were evaluated through analysis of the S-plot for all three
comparisons. The metabolites were subjected to Mann-Whitney U test to identify significant
variations of their concentration. Significantly, discriminant metabolites were characterized by VIP
> 1 and p < 0.05. The results of the univariate statistical analysis showed that only eighteen
metabolites were responsible for the separation between A patients and the healthy control (Fig.
11). Of these, five were significantly increased in A patients, glutamic acid, inositol, phenylalanine,

taurine, and threonine, while the inosine significantly decreased in A patients (Table 4).
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Figure. 11: Discriminant metabolites in A patients versus healthy subjects (C) obtained with the MV A are shown
and expressed in the graphs y axis as ranks (data transformation in which numerical or ordinal values are replaced by
their rank when the data are sorted). Discriminant metabolites obtained with the MV A, underwent a Mann-Whitney test
to determine which metabolites were statistically significantly variated. * and *** indicates levels of significance with p
< 0.05 and <0.001 respectively.
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MEANS (SD) OF GROUP

METABOLITES A C p VALUE
ADENOSINE 7.417+7.16 10.34+7.197 0.3758
ASCORBIC ACID 0.183+0.213 0.073+£0.054 0.208
ASPARTIC ACID 0.315+0.209 0.548+0.546 0.3758
CHOLESTEROL 46.19+14.16 46.45+8.098 0.8315
GLUCOSE 0.567+0.539 0.325+0.298 0.3434
GLUTAMIC ACID 0.693£1.089 0.054+0.052 0.0002
HEPTULOSE 0.662+0.667 0.383+0.335 0.6049
INOSINE 0.175+0.129 1.337+1.641 0.0303
INOSITOL 0.403+0.305 0.088+0.093 0.0003
MANNOSE 1.92+2.018 1.195+1.049 0.6926
OLEIC ACID 1.152+0.419 1.346+0.311 0.3758
PHENILALANINE 0.174+0.116 0.047+0.034 0.0001
PROLINE 2.682+1.363 2.944+1.239 0.8793
SERINE 0.298+0.433 0.092+0.040 0.3128
SUCROSE 0.707+0.917 0.455+0.393 0.7381
TAURINE 0.550+1.23 0.046+0.040 0.0214
THREONINE 0.800+1.01 0.135+0.089 0.0358
VALINE 0.089+0.056 0.159+0.088 0.0769

Table 5. Statistical differences of metabolites characterized by Variable Importance for the Projection (VIP) > 1.
Metabolites were selected on VIP > 1 based on Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA). a
Relative concentrations were calculated by normalization of the molar concentration of each metabolite to the total
molar concentration of all 18 metabolites for each sample. b A Mann—Whitney U test was performed and the p-value
reported. The Holm-Bonferroni adjustment was applied.
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Regarding the comparison between NA patients and healthy subjects (C) fourteen metabolites were
able to discriminate significantly NA patients vs. healthy subjects (Fig. 12). In detail, arachidonic
acid, sucrose, and taurine were significantly increased in NA patients, while the proline was

significantly decreased in NA patients (Table 5).
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Figure 12. Discriminant metabolites in NA patients vs healthy subjects (C) obtained with the MVA are shown and
expressed in the graphs y axis as ranks (data transformation in which numerical or ordinal values are replaced by their
rank when the data are sorted). Discriminant metabolites obtained with the MV A, underwent a Mann-Whitney test to
determine which metabolites were statistically significantly variated * and ** indicates levels of significance with p <
0.05 and <0.01 respectively.
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MEANS (SD) OF GROUP

METABOLITES C NA p VALUE
ALANINA 0.136+0.089 0.154+0.155 0.8938
ARACHIDONIC ACID 0.517+0.155 3.375+2.544 0.008
ASCORBIC ACID 0.073+£0.054 0.355+0.332 0.0678
ASPARTIC ACID 0.548+0.546 0.354+0.224 0.4371
CHOLESTEROL 46.45+9.089 39.02+15.06 0.2471
GLUTAMIC ACID 0.054+0.052 0.168+0.319 0.2471
GLYCINE 0.159+0.131 0.099+0.075 0.0523
INOSITOL 0.088+0.093 0.289+0.414 0.0868
LATTIC ACID 13.75+5.214 17.92+7.196 0.1683
PROLINE 2.944+1.239 1.761+0.656 0.0066
STEARIC ACID 0.951£0.707 1.433+0.716 0.1095
SUCROSE 0.455+0.393 3.201+£6.46 0.0289
TAURINE 0.046+0.040 0.217+0.258 0.0096
THREONINE 0.135+0.089 0.154+0.155 0.8938

Table 6. Statistical differences of metabolites characterized by Variable Importance for the Projection (VIP) > 1.
Metabolites were selected on VIP > 1 based on Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA). a
Relative concentrations were calculated by normalization of the molar concentration of each metabolite to the total
molar concentration of all 14 metabolites for each sample. b A Mann—Whitney U test was performed, and the p-value
reported. The Holm-Bonferroni adjustment was applied.

Finally, fourteen metabolites were responsible for the separation of the A patients from NA patients
(Fig. 13). Four metabolites were significantly increased in A patients (glycine, glutamic acid,
phenylalanine, proline) and three were significantly decreased in A patients (arachidonic acid,
inosine, stearic acid). The relative concentrations of these metabolites in the two groups were

compared using box-and-whisker plots as shown in Fig. 13.
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Figure 13. Discriminant metabolites in A patients vs NA patients obtained with the MVA are shown and expressed
in the graphs y axis as ranks (data transformation in which numerical or ordinal values are replaced by their rank when
the data are sorted). Discriminant metabolites obtained with the MV A, underwent a Mann-Whitney test to determine
which metabolites were statistically significantly variated *, ** and*** indicates levels of significance with p < 0.05,
<0.01 and <0.001 respectively.

64



MEANS (SD) OF GROUP

METABOLITES A NA p VALUE
ALANINA 0.282+0.233 0.188+0.080 0.6744
ARACHIDONIC ACID 0.135+0.193 3.3754+2.544 0.0001
ASCORBIC ACID 0.183+0.213 0.355+0.332 0.4176
CHOLESTEROL 46.19+14.16 39.02+15.06 0.381
GLYCINE 0.197+0.093 0.099+0.075 0.009
GLUTAMMIC ACID 0.693+1.089 0.168+0.319 0.0206
INOSINE 0.175+0.129 1.307+1.274 0.0071
LATTIC ACID 15.39+9.557 17.92+7.196 0.6277
PHENILALANINE 0.174+0.116 0.041+0.032 0.0003
PROLINE 2.682+1.363 1.761+0.656 0.0358
SERINE 0.298+0.433 0.101+0.052 0.381
STEARIC ACID 0.764+0.376 1.433+0.716 0.0169
SUCROSE 0.707+0.917 3.201+6.46 0.1229
THREONINE 0.800+1.01 0.154+0.155 0.0503

Table 7. Statistical differences of metabolites characterized by Variable Importance for the Projection (VIP) > 1.
Metabolites were selected on VIP > 1 based on Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA). a
Relative concentrations were calculated by normalization of the molar concentration of each metabolite to the total
molar concentration of all 14 metabolites for each sample. b A Mann—Whitney U test was performed and the p-value
reported. The Holm-Bonferroni adjustment was applied.
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Table 8 shows the different trends in the concentrations of the statistically significant metabolites in

the different comparisons (A versus C; NA versus C; A versus NA).

GC-MS Analysis

AvsC NAvs C A vs NA
ARACHIDONIC ACID B 1 L ]
GLUTAMIC ACID 1 B (]
GLYCINE - B 1
INOSINE ! B L ]
INOSITOL L] B B
PHENYLALANINE 1 B (]
PROLINE B | 1
STEARIC ACID B B L ]
SUCROSE B 1 -
TAURINE 1 1 -
THREONINE 1 B N

Table 8. Summary table of significantly increase and decrease metabolites with GC-MS Method in the three

different groups. Increase ( 1) or decrease ( | ) metabolites were always referred to the pathological condition.
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REDOX STATUS IN POLYMORPHONUCLEAR NEUTROPHIL

Oxidative stress is defined as the imbalance between reactive oxygen species (ROS) production and
antioxidant defences in a biological system (94). ROS include superoxide anions (O;’), hydroxyl
radicals (OHe ) and hydrogen peroxide (H,0O;). The glutathione system consisting of glutathione
reductase, glutathione oxidase and glutathione, maintains the concentration of O, and H,O, at
physiological levels necessary for tissue repair and immune defence (95). Therefore, the ratio of
oxidised and reduced glutathione indicates the redox state of a cell. It is known that oxidative stress,
which plays a crucial role in the pathophysiology of B-thalassemia, leads to excessive production of
ROS that by binding to cellular components such as DNA, proteins and membrane lipids can induce
cytotoxicity suggesting a possible role of it also in the side effects in the presence of DFP. To
elucidate possible alteration in the redox state of polymorphonuclear, neutrophils were treated in
vitro with different doses of DFP and the intracellular ROS levels were investigated by exposing
cells to 2°, 7’- dichlorodihydrofluorescein diacetate H2-DCF-DA (20uM) for 30 minutes. The
intracellular ROS levels expressed as a percentage of control (untreated cells) are presented in Fig
14. PMN cells obtained from healthy controls showed a slight increase in ROS production when
treated with 100 pm deferiprone compared to non-treated neutrophils. However, this difference was
not statistically significant. The organic peroxide, tert-butyl hydroperoxide was used as a positive
control. ROS generation was increased in DFP exposed neutrophils derived from A and NA
patients, but also in these cases the differences were not statistically significant, due to large

variability in the response.
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Figure 14. ROS production DFP induct in PMNs. ROS levels were measured in neutrophils from healthy controls
(CTRL) (A), NA patients (B) and A patients (C) after DFP treatment (50uM and 100uM) or 5SnM TBH (OX). Results

are expressed as a percentage of untreated cells.

Unfortunately, due to the variability of the number of leucocyte PMNs that can be isolated from 6
ml of peripheral blood of the subjects enrolled in the study, the levels of reduced and oxidized
glutathione were investigated only in four NA patients and two A patients. Reduced and oxidised
glutathione was assessed by HPLC coupled with an electrochemical detector (ECD). GSH/GSSG
ratio, a marker for oxidative stress, was decreased in a dose-dependent manner in DFP-treated
neutrophils from healthy control (Fig. 15A ). In neutrophils from NA patients the GSH/GSSG ratio
was significantly decreased at all concentrations of DFP (Fig. 15B), even in A patients the decrease
was observed with all the concentrations used but due to the low number of subjects (n=2) a

statistical analysis of the difference could not be performed (Fig. 15C)
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Figure 15. GSH/GSSG ratio in PMNs treated with different doses of DFP. Healthy controls (A), NA patients (B)

and A patients (C). Peak areas were normalized to untreated cells (C) and express as a ratio of reduced and oxidized

form.
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PLASMA METABOLOMICS ANALYSIS

To have a better metabolomics view, the analysis of plasma samples from B-thalassemic patients
with Deferiprone-induced agranulocytosis (A), P-Thalassemic patients without Deferiprone-
induced-agranulocytosis (NA), and healthy subjects (C), was performed with 'TH-NMR and GC-MS

methods.

'H-NMR METABOLOMICS ANALYSIS

A PLS-DA analysis was conducted comparing the plasma metabolomic profile of the
agranulocytosis (A) patients and no-agranulocytosis (NA) patients versus healthy subjects. The
model showed (Fig. 16 A) a good separation from B-Thalassemic patients and healthy subjects. The
validity of the PLS-DA model was evaluated through a permutation test using 400 times. The test
results are reported in Table 8 and indicate the statistical validity of the PLS-DA model (Fig. 16 B).
Unlike the analysis conducted on PMNSs, the plasma profile is not able to distinguish between A and

NA patients, indicating a strong similarity between the two groups.
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b) (PLS-DA): Validate Model W R2Y(Cum)
Intercepts: R2=(0.0, 0,26), Q2=(0.0, -0,298) O Q2(Cum)
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Figure 16. PLS-DA analysis of plasma samples. (a) PLS-DA scores plot of plasma samples agranulocytosis patients
(A), no-agranulocytosis patients (NA) and healthy subjects (C). (b) The PLS-DA model was validated using the
permutation test. Plots were obtained with 'H-NMR.

Two separate OPLS-DA models were built: agranulocytosis (A) vs controls (C) and non-
agranulocytosis (NA) vs controls (C). The results of these pairwise comparisons enabled improved
assessment and identification of the metabolites that were responsible for the separation between
the distinct groups. A first OPLS-DA analysis (Fig.17a) was performed by comparing
agranulocytosis (A) versus the healthy subjects (C). The OPLS-DA model was established with one
predictive and one orthogonal component and showed good values of R2X, R2Y and Q2 (Table 8).
Samples showed a good separation into two distinct groups, indicating a different metabolomics
profile between the two groups. The metabolites responsible for the separation between A patients
and controls were identified in the corresponding S-plot (data not shown). The validity of the
OPLS-DA model was evaluated through a permutation test using 400 times (Fig. 17 b). The test

results are reported in Table 8 and indicate the statistical validity of the OPLS-DA model.
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Figure 17. OPLS-DA analysis of plasma samples A vs C. a) OPLS-DA scores plot of plasma samples A (B-
thalassemic patients with agranulocytosis) vs C (healthy controls). b) The OPLS-DA model was validated with the
permutation test. Plots were obtained with 'H-NMR.
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Finally, the OPLS-DA analysis was conducted by comparing No-agranulocytosis (NA) patients
versus healthy subjects. The OPLS-DA scores plot (Fig. 18a) showed good separation of the
subjects into two distinct groups, indicating a difference in the metabolomics profile between the
NA and C subjects. The OPLS-DA model was established with one predictive and one orthogonal
component and showed good values of R2 X, R2 Y and Q2 (Table 8). Metabolites responsible for
the separation between NA patients and controls were identified in the corresponding S-plot (data
not shown). The validity of the OPLS-DA model was evaluated through a permutation test using
400 times (Fig. 18b). The test results are reported in Table 8 and indicate the statistical validity of

the OPLS-DA model.
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Figure 18. OPLS-DA analysis of plasma samples NA vs C. a) OPLS-DA scores plot plasma samples NA (B-
thalassemic patients without agranulocytosis) vs C (healthy controls). b) The OPLS-DA model was validated with the

permutation test. Plots were obtained with 'H-NMR..

PLS-DA and OPLS-DA models Permutation*
NMR
Groups Componenets * R:Xcum® R;Ycum ¢ Qzcum ¢ R: Q:
intercept intercept
CvsNAvs A 2 0.399 0.867 0.759 0.26 -0.298
Controls vs A 1P+10 0.210 0.734 0.532 0.338 -0.337
Controls vs NA 1P+10 0.394 0.850 0.577 0.342 -0.34

Table 9. PMNs samples MV A parameters. The number of Predictive and Orthogonal components used to create the
statistical models.® R.X and R.Y indicated the cumulative explained fraction of the variation of the X block and Y
block for the extracted components. Q2cum values indicated cumulative predicted fraction of the variation of the Y
block for the extracted components. * R2 and Q- intercept values are indicative of a valid model.
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The discriminant metabolites based on a p(corr) of <0.05 were quantified using Chenomx NMR
suite 7.1 and subjects to univariate statistical analysis to determine their statistical significance.
Statistical significance was determined using the Mann-Whitney U test. The metabolic plasma
profile of the Agranulocytosis (A) patients, when compared to controls, was characterized by a

significant increase of arginine and tyrosine and a decrease in lactate (Fig. 19).
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Figure 19. Discriminant metabolites in A patients vs healthy subjects (C) obtained with the MVA are shown and
expressed in the graphs y axis as ranks (data transformation in which numerical or ordinal values are replaced by their
rank when the data are sorted). Discriminant metabolites obtained with the MVA, underwent a Mann-Whitney test to
determine which metabolites were statistically significantly variated. *** and **** indicates levels of significance with
p <0.001and 0.0001 respectively.
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The metabolites that were significantly increased in no-Agranulocytosis (NA) patients were

Arginine, Tyrosine, Valine, while Lactate was decreased compared to controls (Fig. 20).
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Figure 20. Discriminant metabolites in NA patients vs healthy subjects (C) obtained with the MV A are shown and
expressed in the graphs y axis as ranks (data transformation in which numerical or ordinal values are replaced by their
rank when the data are sorted). Discriminant metabolites obtained with the MV A, underwent a Mann-Whitney test to
determine which metabolites were statistically significantly variated. ** and *** indicates levels of significance with p
<0.05and 0.001 respectively.

GC-MS METABOLOMICS ANALYSIS

The metabolomic profile of the plasma of the same patients was also studied and analyzed with the
GC-MS. As with NMR analysis, a PLS-DA analysis was conducted comparing the plasma
metabolomic profile of the agranulocytosis patients and no-agranulocytosis patients versus healthy
subjects. The model showed (Fig. 21a) a good separation from B-Thalassemic patients (A+NA) and
healthy subjects. The validity of the PLS-DA model was evaluated through a permutation test using
400 times. The test results are reported in Table 9 and indicate the statistical validity of the PLS-DA
model. Two samples (16 and 4) were located away from their classes. In this case, unlike the
analysis conducted on PMNs, the plasma profile did not distinguish between A and NA patients,

indicating a strong similarity between the two groups.
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Figure 21. PLS-DA analysis of plasma samples of patients and healty controls. (A) PLS-DA scores plot of plasma
samples from agranulocytosis patients (A), no-agranulocytosis patients (B) and healthy subjects (C). (B) The PLS-DA
model was validated using the permutation test. Plots were obtained with GC-MS

As for NMR analysis, two separate OPLS-DA models were built: agranulocytosis (A) vs controls
(C) and non-agranulocytosis (NA) vs controls (C). The results of these pairwise comparisons
enabled improved assessment and identification of the metabolites that were responsible for the
separation between the distinct groups. A first OPLS-DA analysis (Fig. 22a) was performed by
comparing agranulocytosis (A) versus the healthy subjects (C). The OPLS-DA model was
established with one predictive and one orthogonal component and showed good values of R2 X,
R2 Y and Q2 (Table 9). Samples showed a good separation into two distinct groups, indicating a
different metabolomics profile between them. The metabolites responsible for the separation
between A patients and controls were identified in the corresponding S-plot (Fig. 22 b). The validity
of the OPLS-DA model was evaluated through a permutation test using 400 times (Fig. 22 c). The

test results are reported in Table 9 and indicate the statistical validity of the OPLS-DA model.
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Figure 22. OPLS-DA analysis of plasma samples A vs C. (a) OPLS-DA scores plot of PMNs samples A (-
thalassemic patients with agranulocytosis) vs C (healthy controls). (b) S-Plot corresponding to the OPLS-DA model
used to characterize the most significant variables associated with group A and C subjects. Cut-off values for the
covariance of |p| > 0.2 and for the correlation |p (corr)| > 0.2 were used. (c) The permutation test of OPLS-DA model.
Plots were obtained with GC-MS

Finally, the OPLS-DA analysis was conducted to compare the No-agranulocytosis patients versus
healthy subjects. The OPLS-DA scores plot (Fig. 23a) showed good separation of the subjects into
two distinct groups, indicating a difference in the metabolomics profile between the NA and C
subjects. The OPLS-DA model was established with one predictive component and showed good
values of R2 X, R2 Y and Q2 (Table 9). Metabolites responsible for the separation between NA
patients and controls were identified in the corresponding S-plot (Fig. 23b). The validity of the
OPLS-DA model was evaluated through a permutation test using 400 times (Fig. 23c). The test

results are reported in Table 9 and indicate the statistical validity of the OPLS-DA model.
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Figure 23. OPLS-DA analysis of plasma NA vs C. (a) OPLS-DA scores plot of PMNs samples NA (p-thalassemic
patients without agranulocytosis) vs C (healthy controls). (b) S-Plot corresponding to the OPLS-DA model used to
characterize the most significant variables associated with group A and C subjects. Cut-off values for the covariance of
Ip| = 0.2 and for the correlation |p (corr)| > 0.2 were used. (c¢) The permutation test of OPLS-DA model. Plots were

obtained with GC-MS

PLS-DA and OPLS-DA models Permutation*
GC-MS
Groups Componenets * R;Xcum®? R;Ycum ¢ Qzcum ¢ R, Q;

intercept intercept

CvsNAvs A 2 0.537 0.710 0.528 0.284 -0.531
Controls vs A 1P+10 0.547 0.769 0.552 0.320 -0.574
Controls vs NA 1P 0.550 0.779 0.672 0.152 -0.349

Table 10. Plasma samples MVA parameters. The number of Predictive and Orthogonal components used to create
the statistical models.® R,X and R,Y indicated the cumulative explained fraction of the variation of the X block and Y
block for the extracted components. Q2cum values indicated cumulative predicted fraction of the variation of the Y
block for the extracted components. * R, and Q, intercept values are indicative of a valid model.
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The most important metabolites were evaluated through analysis of the S-plot for all two
comparisons. The metabolites were subjected to Mann-Whitney U test to identify significant
variations of their concentration. Significantly, discriminant metabolites were characterized by VIP
> 1 and p < 0.05. The results of the univariate statistical analysis showed that only five metabolites
were responsible for the separation between A patients and the healthy control (Fig. 24). The
metabolomics profile of A patients showed an increase in levels of urea and decrease in levels of
glycerol, glycine, and threonine compared to controls (Fig. 24,), while the NA patients showed an
increase of urea and a decrease of glycerol, glycine, myo-inositol and threonine compared to

controls (Fig. 25). Significant changes in plasma metabolites of A or NA vs C are summarised in

table 10.
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Figure 24. Discriminant metabolites in A patients vs healthy subjects (C) obtained with the MVA are shown and
expressed in the graphs y axis as ranks (data transformation in which numerical or ordinal values are replaced by their
rank when the data are sorted). Discriminant metabolites obtained with the MV A, underwent a Mann-Whitney test to
determine which metabolites were statistically significantly variated. *, ** and *** indicates levels of significance with
p <0.05, 0.01 and 0.001 respectively.
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Figure 25. Discriminant metabolites in NA patients vs healthy subjects (C) obtained with the MVA are shown and
expressed in the graphs y axis as ranks (data transformation in which numerical or ordinal values are replaced by their
rank when the data are sorted). Discriminant metabolites obtained with the MVA, underwent a Mann-Whitney test to
determine which metabolites were statistically significantly variated. * and ** indicates levels of significance with p
<0.05 and 0.01 respectively.
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H-NMR Analysis GC-MS Analysis
Avs C NA vs C Avs C NAvs C

ARGININE 1 1 — —
GLYCEROL — _ 1 1
GLYCINE — _ 1 1
LACTATE l l — —
MYO-INOSITOL — — _ 1
THREONINE — — 1 1
TYROSINE t t — —
VALINE — 1 _ _
UREA — — t t

Table 11. Summary table of significantly increase and decrease plasma metabolites in two different methods (H-
NMR/GC-MS) and two different groups. Increase (I ) or decrease (l) metabolites were always referred to the
pathological condition.
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V. DISCUSSION

Neutrophils are the most abundant of all white blood cells and are the first responder in
cases of infection and inflammation. As such, they are highly sensitive to external cues and
are easily activated. Besides, neutrophils have a very short half-life and a rapid turnover.
Together, these characteristics raise several difficulties in working with neutrophils, such as
unique experimental strategies are required. Our research aimed to develop protocols for the
study of human neutrophils using two platforms for metabolomics analysis: Nuclear
Magnetic Resonance spectroscopy and Gas-Chromatography-Mass Spectrometry. It has
been shown that quantitative evaluation of certain metabolites was directly related to a
physiological state. Therefore, its application in the field of clinical research is of potential
interest. One of the core tasks of metabolomics in clinical applications is to identify novel
and accurate biomarkers that can aid in better understanding the causes of disease and its
pathological processes, but also in predicting the progression or monitoring the outcome of
disease treatments. Since the level of metabolic activity in neutrophils relative to other
primary human cells is unknown but assumed to be low and the total numbers of neutrophils
that can be obtained from the blood of patients and healthy donors may be limited, the
development of protocols to allows the measurement of metabolites in neutrophils required a
significant amount of preliminary work. So, our protocols were developed to take into
account the low levels of metabolites in human neutrophils and the number of neutrophils
obtained after the isolation methods. Isolation is the first step to study neutrophil behaviour
and requires an efficient, aseptic, and reproducible method to obtain pure, non-activated, and
viable cells, and ex vivo handling should not influence neutrophil behaviour, in particular
induction of inappropriate activation. For this purpose, PMNs were isolated from healthy
volunteers’ blood using in parallel two of the most common commercially used method:

Lympholyte-H and Lympholyte-poly. Although all two PMNs isolation procedures tested in
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this study yielded viable cells, purity and recovery results were different for the two
procedures. Granulocyte enrichment by lympholite-H protocol reaches a purity of 99% and
the highest overall yield and, for our purpose, it was considered the optimal method for
neutrophils isolation. On the contrary, granulocytes isolated with Lympholite-poly method
showed a higher level of impurities, which can be problematic in the metabolomics
experiment when a single cell population is required. Another considerable drawback in the
use of Lympholyte-poly is the fact that relatively high purities can only be reached using
EDTA as an anticoagulation agent, but this could determine some problematic signals in
NMR analysis. After establishing the best method for the isolation of PMNs for our
protocols, it was necessary optimizing the metabolite extraction methods for metabolomic
analyses. The range of metabolites that can be detected and quantitated by H-NMR and GC-
MS analysis depends on the metabolites that can be extracted from the biological sample.
Metabolite extraction mixture can play a significant role in determining the detection and
quantitation of metabolites. Therefore, it was critical to determine the minimum volume of
peripheral blood to obtain the number of neutrophils required to detect a significant number
of metabolites by GC-MS or 'H-NMR analysis and generate an optimal signal-to-noise
ratio. In this study, we have shown that for neutrophils metabolites, extraction with cold
methanol/water (80:20 v/v) is satisfactory and that a good data analysis was possible with at
least 5x10° cells for the GC-MS method. Unfortunately, with this number of cells, it was not
possible to obtain appreciable spectra with 'TH-NMR analysis. NMR has an important role in
metabolomics due to its easy and rapid sample preparation, non-destructiveness, no need for
chromatographic separation and a high degree of reproducibility (96, 97). However, it has
lower sensitivity and resolution compared to MS-based techniques. To confirm our data, a
recent study by Richer and colleagues shows that at least 20 million of neutrophils were
required for metabolite extraction and successful NMR analysis (98, 99). This is a very high

number of cells that could not be routinely available in clinical studies. The second focus of
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the present study was to investigate the metabolic profile in beta-thalassemic patients treated
with the iron chelator deferiprone and to explore its potential relationship with the
susceptibility to develop agranulocytosis. The untargeted metabolomics approach constitutes
one of the most frequently applied methods in metabolomic studies. The main goal of the
application of the untargeted approach in biomedical studies is to discover novel biological
markers as well as to gain insights into mechanisms underlying the pathophysiology of
human disease. In the present study, we have characterized for the first time the metabolic
fingerprint of PMNs obtained from B-Thalassemic patients by a GC-MS approach. This
study showed that analysis of the metabolomic profiles of PMNs leukocytes, from the
subjects enrolled in the study, allowed the identification of different classes of compounds.
When the multivariate statistical analysis was applied to the GC-MS data, and the analysis
was carried out for controls vs agranulocytosis, controls vs non-agranulocytosis,
agranulocytosis vs non-agranulocytosis samples, OPLS-DA reported excellent statistical
parameters, indicating that the models are robust and with good prediction power.
Furthermore, the analysis was focused on understanding which metabolites were responsible
for this separation. The metabolites significantly responsible for the different metabolic
profiles in the three groups were: saturated fatty acids (arachidonic acid, stearic acid), amino
acids (glutamic acid, glycine, phenylalanine, proline, taurine, threonine), polyols (inositol),
and nucleosides (inosine) (Tab.8). Particularly while we might have expected to be able to
discriminate B-thalassemic patients from healthy controls, our attention has focused on the
separation between patients with Deferiprone-induced agranulocytosis (A) vs patients
without Deferiprone-induced agranulocytosis (NA). Fourteen metabolites were detected to
be responsible for the separation of the A patients from NA patients (Fig. 13). Four were
significantly increased in A patients (glycine, glutamic acid, phenylalanine, proline) and
three were significantly decreased in A patients (arachidonic acid, inosine, stearic acid).

Glycine is one of the most important amino acids in mammals and other animals. It is
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synthesized from serine, threonine, choline, and hydroxyproline via inter-organ metabolism
involving primarily the liver and kidneys. Glycine is utilized for the biosynthesis of
glutathione, heme, creatine, nucleic acids, and uric acid, for this reason, glycine plays an
important role in metabolic regulation and anti-oxidative reactions (100). Glutamine is an a-
amino acid and is the most abundant free amino acid in the body. Glutamine can be used in
all the cells as a substance for the production of nicotinamide, adenine phosphate,
nucleotides, purines, pyrimidine, antioxidants, and numerous additional biosynthetic
pathways concerned with the integrity of cells and their normal function (101). Neutrophils
utilize more glutamine than other leukocytes such as lymphocytes and macrophages (102).
In neutrophils, most of the glutamine is converted into aspartate, glutamate, and lactate
through the Krebs cycle. For the proper function of leukocytes and the generation of vital
compounds, including GSH and its metabolism, glutamine, glutamate, and carbon dioxide
play an essential role. Both these amino acids are involved in the glutathione pathway,
indeed GSH biosynthesis requires sufficient quantities of glutamate, cysteine, and glycine to
maintain appropriate levels of the tripeptide. GSH is responsible for protection against ROS
and RNS, and the detoxification of endogenous electrophilic toxins. GSH directly reacting
with ROS, RNS, and other reactive species, particularly HOe, HOCI, RO, RO2 °, O;, and
ONOO , often resulting in the formation of glutathione-thiyl radicals (GS¢). The reduced
and oxidized forms of glutathione (GSH and GSSQG) act in concert with other redox-active
compounds (NAD(P)H) to regulate and maintain cellular redox status (103). Under normal
conditions, the processes that generate ROS are well counterbalanced by the antioxidant
system. Proline is a non-essential amino acid that is synthesized from glutamic acid. Proline
is utilized by different organisms to offset cellular imbalances caused by environmental
stress. The wide use in nature of proline as a stress adaptor molecule indicates that proline
has a fundamental biological role in stress response. The molecular mechanism of cell

protection mediated by proline during stress conditions is not fully understood but appears
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to involve the chemical properties and effects on redox systems of the GSH pool (104). It is
known that oxidative stress is an important mechanism in the progression of pB-thalassemia,
and alterations in this pathway are not unexpected. Oxidative stress in patients with -
thalassemia is mainly caused by peroxidative injury due to secondary iron overload. For this
reason, in the present study, we wanted to investigate whether in vitro there could be a
correlation between the addition of DFP and changes in the redox state of the PMNs. To
elucidate the redox state in PMNs treated with different concentrations of DFP, we
measured intracellular ROS levels. In our study, PMNs from healthy subjects and b-
thalassemia patients did not display a significant increase in the ROS level. These findings
are in agreement with previous studies, indeed a high antioxidant potential of deferiprone
has been shown in a larger number of in vitro, in vivo and clinical studies (105). On the
other hand, a reduction of the GSH/GSSG ratio is observed after treatment of the PMNs
with DFP and this effect appears to be stronger on PMNs from patients who underwent
agranulocytosis. Our study suggests that the PMNs of patients with Deferiprone-induced
agranulocytosis have a metabolic profile characterized by an increase in metabolites directly
involved in the metabolic pathways of GSH synthesis. We hypothesized that
agranulocytosis onset could not be directly correlated with a direct effect of the drug on the
redox balance of PMNs but further experiments are needed to elucidate the molecular
mechanism of deferiprone-induced agranulocytosis. The metabolomic profile of PMNs from
Deferiprone-induced agranulocytosis patients was also characterized by a decrease of two
saturated fatty acids: arachidonic acid and stearic acid. Arachidonic acid (AA) performs
important functions in the body. The major action of AA metabolites is the promotion of
acute inflammatory response, characterized by the production of proinflammatory mediators
such as PGE: and PGl., followed by a second phase in which lipid mediators with pro-
resolution activities may be generated. Moreover, AA is a fundamental component of cell

membranes, conferring it with fluidity and flexibility, so necessary for the function of all
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cells, especially in the nervous system, skeletal muscle, and immune system. Free AA
modulates the function of ion channels, several receptors, and enzymes. AA control of
membrane fluidity influences the function of specific membrane proteins involved in cell
signalling (106, 107). Furthermore, AA plays a fundamental role in the maintenance of cell
and organelle integrity and vascular permeability (107). Stearic acid (or octadecanoic acid)
is a saturated fatty acid involved in mitochondrial beta-oxidation of long-chain saturated
fatty acids and plasmalogen synthesis. These pathways mainly contribute to maintaining the
dynamics of membrane and cell signalling, so low levels of stearic acid in the cells may
contribute to decreasing the strength of RBCs membrane and alter the cell signalling (107).
Moreover, fatty acids have also been found to modulate phagocytosis, reactive oxygen
species production, cytokine production, and leukocyte migration, also interfering with
antigen presentation by macrophages (106). The downregulation of fatty acid in PMNs of
agranulocytosis patients could be related to mechanisms of immune-mediated toxicity. The
purine nucleoside inosine is generated intracellularly and extracellularly by deamination of
adenosine or intracellularly through the action of 5’-nucleotidase on inosine
monophosphate. Inosine is a ubiquitous purine nucleoside that exerts an anti-inflammatory
and immunomodulatory effect. Inosine and its metabolically stable analogue utilize
adenosine receptors to modulate anti-inflammatory effects. Inosine is further metabolized to
hypoxanthine, xanthine and ultimately uric acid. Like adenosine, the transport of inosine
across the cell membrane is facilitated by nucleoside transporters. While the role of
adenosine as a versatile signalling molecule is well documented, the biological actions of
inosine continue to be uncovered. Considering the important physiological roles of these
metabolites, the lower levels of arachidonic acid, stearic acid and inosine detected in PMNs
of patients Deferiprone-induced agranulocytosis could contribute to define the complex
relationship between Deferiprone and onset of agranulocytosis. Moreover, the decrease in

stearic and arachidonic acid, which characterizes the metabolic profile of Deferiprone-
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induced agranulocytosis patients, could be related to the result of a recent article in which it
was shown that autophagy is essential for neutrophil differentiation in a cell-intrinsic
manner, in vitro as well as in vivo (108). More in detail, the Authors observed extensive
metabolic reprogramming during normal differentiation, limiting glycolytic activity while
engaging mitochondrial respiration and mobilizing intracellular lipid stores. To study the
role of autophagy in early granulopoiesis in vivo, they used mice with a conditional deletion
of the essential autophagy machinery component Atg7. The autophagy-deficient neutrophil
precursor was unable to shift toward mitochondrial respiration and displayed excessive
glycolysis, droplet accumulations, and ATP depletion. Notably, inhibition of lysosomal
lipolysis or fatty acid oxidation within mitochondria alone was sufficient to cause defective
neutrophil differentiation. Importantly, the administration of free fatty acids or pyruvate for
mitochondrial respiration rescued differentiation in autophagy-deficient neutrophil
precursors and restore normal glucose metabolism. Since the suggested mechanism in
deferiprone-induced agranulocytosis included maturation arrest of the granulocytic lineage
at the stage of the CFU, the establishment of autophagy and energy-metabolic adaptation as
a unique critical regulator of normal granulopoiesis and their interaction for an autophagy-
FAO-OXPHOS (fatty acid oxidation- oxidative phosphorylation) pathway may also be
relevant in the context of deferiprone-induced agranulocytosis. Finally, as a complementary
analysis, to have a complete metabolic profile of the individuals enrolled in our study, the
plasma samples were analyzed with both 'H-NMR and GC-MS methods. The PLS-DA of
the data obtained by '"H-NMR and GC-MS analysis indicated that when the model was built
by comparing controls subjects vs. patients, samples were clustered into two groups. Unlike
what happened for PMNs, the model separated, with good statistical results, pathological
subjects from healthy subjects, but not agranulocytosis (A) patients from no-agranulocytosis
(NA) patients. Both OPLS-DA between agranulocytosis (A) patients vs healthy subjects and

no-agranulocytosis (NA) patients vs healthy subjects, showed again good statistical
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parameters. The comparison of the plasma metabolites between B-thalassemia patients and
normal subjects revealed evident alterations of metabolites in the pathological class. This
change in metabolite profile indicates that in B-Thalassemia patients metabolism is shifted
from the normal state and it is disturbed in this genetic disease, as reported in the literature
(109). In our study, the univariate analysis showed that in the plasma samples the altered
metabolites were very similar in A and NA profile in comparison with healthy subjects.
Univariate H-NMR analysis identified an increase of arginine, tyrosine, and a decrease of
lactate both in A and NA plasma samples, while showed an increase of valine only in NA
patients. Univariate GC-MS analysis highlighted an increase of urea and decrease of
glycerol, glycine, threonine in both pathological patients’ groups (A and NA) and a decrease
of myo-inositol only in NA patients. Altogether, this data shows both similarities and

differences in the plasma of the thalassemic patients with and without agranulocytosis.
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VI. CONCLUSIONS

In summary, our result showed that GC-MS metabolomics has great potential to identify
metabolomics change in neutrophils. The observed metabolomics changes correlate with
different metabolomic profiles in patients with Deferiprone-induced agranulocytosis (A) vs
patients without Deferiprone-induced agranulocytosis (NA). Metabolomics has the potential
to provide novel insight into the onset of deferiprone-induced agranulocytosis and could
offer new information on the molecular effects of this drug on neutrophil function in vivo.
The metabolic changes observed in the neutrophils from agranulocytosis (A) patients
required elucidation. Our study is a pilot study that has been only validated in a small

independent cohort and, therefore, further confirmation in larger studies is required.
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