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Chapter 1: General
introduction

Introduction to omics sciences

The word “omics” refers to a particular field of study in biological disciplines
that ends with -omics, such as genomics, metabolomics, lipidomics,
proteomics, or transcriptomics. The objects of study of these disciplines are
described adding the ending —ome to the field of interest. We can thus speak
about the genome, metabolome, lipidome, proteome, and transcriptome,
respectively.

e Genomics is the study of the complete set of DNA (genome). In the
last years, thanks to the new next-generation sequencing technologies,
genome-scale data have never been so accessible. This leads to a better
understanding of the whole genome, decreasing the gap between
genotype and phenotype.

e Transcriptomics is the study of the total RNA (transcriptome). This is
another omic science which has benefited from the improvement of
sequencing technologies. In fact, these technologies have allowed
RNA analysis through cDNA sequencing on a massive scale
(RNAseq) [1], eliminating the limited dynamic range of detection.
Thanks to transcriptomics it is possible to have a snapshot of cellular
metabolism.

e Proteomics is the study of all sets of proteins in a biological matrix
(proteome). From a proteomic analysis it is supposed to obtain the

protein inventory of a biological sample at a defined time point, in
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order to find potential biomarkers, identify possible post-translational
modifications, and study protein-protein interactions.

e Metabolomics is based on the global profiling of metabolites in a
biological sample (metabolome). Metabolomics focus on the chemical
fingerprints that specific cellular processes establish during their
activity. This allows outlining a detailed profile about an individual’s

metabolism, even if this profile can vary over the day.

Lipidomics

Since the 1960s, lipids have constituted a great field of study for the
understanding of biological activities. It is only in recent years that lipid
research has gained prominence with the emergence of lipidomics [2].
Lipidomics investigates the lipidome: the comprehensive and quantitative
description of a set of lipid species constituting a cell, a tissue, or an organ.
For many years, lipidomics was not distinct from metabolomics, even if there
is a continuum of polarity between lipophilic and hydrophilic metabolites [3].
An individual’s phenotype is more similar to the metabolome than the
proteome, and even if the number of involved metabolites is smaller, their
study is more complex and at the same time more informative about human

health.

Lipids and lipid classes

The main challenge in lipidomics is the extremely high diversity of molecular
lipid species in biological matrices [4]. This complexity is reflected in the
division and nomenclature of lipids.

According to their chemical building blocks, namely ketoacyl groups or

isoprene groups [5], lipids are classified into eight main categories: fatty acyls,
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glycerolipids, glycerophospholipids, sphingolipids, sterols, prenol lipids,
saccharolipids, and polyketides (figure 1).

The considered categories are further subdivided into lipid classes and
subclasses. The LIPID MAPS structure database (LMSD) is the most
comprehensive database for lipidomics, and provides a total of 43,659
individual lipids, 21,706 curated compounds and 21,953 computationally
generated compounds [6]. Nonetheless, the number of naturally occurring
lipids is far higher than the reported lipids in this database. It is speculated that

the number of lipids ranges at 100,000 or even more species.
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Sterol lipids (E): cholest-5-en-33-ol; Prenol lipids (F): 2E,6E-farnesol;
Saccharolipids (G): UDP-3-0O-(3R-hydroxyl-tetradecanoyl)-aD-N-
acetylglucosamine; Polyketides (H): aflatoxin; Ketoacyl group (I); Isoprene group
(L).

Identification of lipids in biological matrices

It is clear that lipids include a large number of species that can be ubiquitous
and that, thanks to their various structures, have numerous biochemical
functions [7]. As reported above, it is estimated that over 100,000 possible
lipid species exist, without taking into account all of the possible combinations
of double bond positions on the carbon chain, backbone substitutions, and
stereochemistry [8]. Furthermore, the number of potential lipids increases
when all these structural differences are accounted for.

Thus, one major challenge that comes together with lipidomics is the process
of identification [9].

Another drawback is that lipidomics is an emerging technique with little
community consensus on the software of choice for comprehensive and
accurate lipid identification using chromatographic and tandem mass
spectrometric data.

Additionally, the limited number of synthesized standards available makes it
difficult to cover the large variety of lipid structures for MS/MS spectral
matching. This challenge has been partially overcome by the development of
in silico libraries, such as LipidBlast, released by Kind et al. in 2013 [10].
The accurate annotation of lipids based on the observed fragmentation is also
challenging [11]. This annotation is indeed based on structural resolution,
which is the amount of structural information derived from experimental data,
specifically MS/MS spectra.

Structural resolution for lipids depends on specific known structural
characteristics, such as double bond positions, geometric isomerism and the

lengths, degrees of unsaturation, and position of fatty acyl constituents in the
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more complex lipids. For example, if you observe only the exact mass of the
precursor ion and the choline, head group of a phosphatidylcholine, the lipid
can only be annotated by total carbons and degrees of unsaturation, like in the
following way: PC (32:1). On the contrary, if the precursor mass and fatty acyl
fragments are known, the same lipid can be identified by acyl-constituents,
even if the exact position of the two acyl chains on the glycerol backbone
remains unknown. For this reason, the annotation of the considered lipid
should be PC 16:0_18:1, where the underscore denotes the lack of information
on the position of the two chains. This kind of annotation is possible only using
Ultra-High Liquid Chromatography coupled to High-Resolution Mass
Spectrometry (UHPLC-HRMS).

Ultra-High Liquid Chromatography coupled to High-Resolution
Mass Spectrometry

For lipidomics, it has been fundamental the development of new analytical
techniques allowing the study of lipids in biological matrices and their
interaction in biological pathways [12].

As reported previously, UHPLC-HRMS enhances lipid separation and relative
detection, identification, and characterization. Lipid separation can be
achieved by reversed-phase or HILIC chromatography, on the basis of the
composition of their fatty acyl chains or their polar head groups, respectively.
High resolution mass spectrometry is able to discriminate various adduct ions
and to identify lipids with a precision of 5 decimals. Furthermore, the
possibility to perform MS/MS events (like top N analysis) leads to the
collection of fragmentation patterns that increase the accuracy of the

identification in databases.
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Thanks to these technological improvements, lipidomic MS/MS allows
determining analyte masses with such high precision and accuracy that lipids

can be identified unambiguously in complex mixtures [13].

Lipidomic workflow

Biological matrices

Sample
preparation extraction
_
MS data
acquisition

E> MS or MS/MS E:)
analysis
._
Data Peak detection . Sp-e cies. Quantification
> identification
processing

Statistical Pathway Metabolic

ToLC-M5 | C based
lipidomics

Solvent

analysis analysis network

Outputs
(Lipidome, Biomarkers)

Figure 2: typical lipidomic workflow: from preparation of biological samples, mass
spectrometry-based analysis and data processing. MS: mass spectrometry; MS/MS:
tandem mass spectrometry; LC: liquid chromatography; IS: internal standard.
(adapted from [14]).

When lipidomic analysis is performed on biological matrices like plasma,
serum, or cells, proper sampling, sample storage, and adequate sample
preparation, followed by the most suitable analyses and data processing, are
mandatory.

Depending on the type of biological matrix, sample preparation must be the
most proper for the selected analytical technique. In figure 2 are summarized

the principal steps of the lipidomic workflow (adapted from [14]).
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The first step of lipid extraction consists of the addition of appropriate internal
standards (IS). In MS, IS help to compensate for possible variations in
instrument performance and sample processing (alterations in lipid extraction
efficacy, lipid class-dependent losses, matrix effects, and ionization
suppression). The addition of IS before lipid extraction is used for quantifying
lipids. In lipidomics, it is perhaps impossible to have an internal standard for
each lipid species. For this reason, it is common to use a panel of deuterated
IS per lipid class, with an MS/MS fragmentation pattern comparable to the
corresponding class.

In general, lipid extraction from biological matrices is performed by liquid-
liquid extraction; involving solvents with different polarity grades, such as
mixtures of methanol, chloroform, [15], isopropanol, and water [16]. In this
way, it is possible to isolate lipids with different physicochemical properties.
To increase lipid recovery, the extraction solvent can be dried and the sample
resuspended in less volume of a different solvent.

At this point, lipid separation is achieved by liquid chromatography or other
separation techniques coupled with a mass spectrometer.

The last step is data processing, together with bioinformatic analysis. Raw data
from HRMS has to be processed in order to identify and quantify lipid species.
MS1 peaks and MS2 fragment ion peaks must be integrated to generate
chromatographic peak areas used both for alignment across the samples and
for the identification of lipid molecules. There are several available software,
such as LipidSearch™ [17], and open-source software like MS-DIAL [18§],
LipidMatch [19], and LipidDataAnalyzer [20], that automatize the tedious
processing of peak picking and alignment. These software assign an
annotation for the lipids recognized thanks to the HRMS m/z and the

fragmentation pattern. Usually, the annotations are possible because the
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software has an internal library of masses and fragment ions from fatty acid
chains and head groups (in silico library).

The peak picking, alignment, and annotation processes are not free from
errors, so it is important to manually check the results.

Once the software has completed the processing, the resulting .txt or .excel
files are the base to perform additional modifications, such as the
normalization of lipids by internal standards and other statistics.

The highly multidimensional MS1 datasets are composed by hundreds of
lipids species for each analyzed sample. In order to describe and differentiate
between the numerous classes in the analysis, effective methodologies capable
of swiftly extracting sample-specific molecular ion patterns are required. To
do so, different techniques can be applied: univariate or multivariate statistical
analysis. Univariate analysis uses a single variable to describe and summarize
patterns in the data (¢-test and ANOVA), while multivariate analysis uses a

group of variables (PCA) [21].
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Aim of the thesis

Thanks to the recent technological development, today, the analysis of lipids
extracted from different biological matrices can be easily performed in a
comprehensive and detailed mode. Moreover, using untargeted methods, the
identification and quantification of lipids that characterize specific phenotypes
can be performed.

The aim of the present Ph.D. thesis was to use lipidomic analysis to explore
biological mechanisms and biomarkers. In particular, we described three
different case-studies in which the lipidomic approach allowed the in-depth
study of lipid and biological alterations due to infection, environmental
condition, and cancer disease.

The first study is focused on the alteration of plasma and cells lipids in patients
affected by COVID-19. The lipidomic investigation was carried out on plasma
from a large cohort of patients (n = 161), resulting in one of the most complete
and representative lipidomics work on the host response to SARS-CoV-2
infection. Our data demonstrated that lipids are involved in the host response,
particularly the glycerophospholipids class and fatty acids (arachidonic acid
and oleic acid), but also in membrane remodeling and prostaglandins
production. Notably, some lipid species resulted suitable to be used as possible
biomarkers. The lipidomic analysis was also performed on peripheral blood
mononuclear cells of the same cohort of samples. From this pilot study, that
enrolled only a small number of patients (n = 21), confirmed the role of lipids
in the immune response against SARS-CoV-2 infection.

The second part of the research focused on the study of the lipidome alteration

caused by different types of gravity (G) forces in vitro and in vivo. Lipidomic
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analysis was performed to characterize the effects of microgravity on human
pancreatic ductal adenocarcinoma (PDCA) cell line (PaCa-44 cells). It was
observed that exposure to microgravity for seven days lead to a morphological
alteration, towards the acquisition of stemness profile. This finding was
supported by increased levels of total fatty acids and increased ratio between
long-intermediate-chain acylcarnitines (C16-C20) to short-chain ones (C4)
that suggest an impairment of the B-oxidation, tipical of cancer stem cells.
Using a murine model, the investigation of the lipidomic and proteomic profile
of plasma from mice kept in a condition of hypergravity (3G) for one month
has been performed. Circulating lipids are representative of the host phenotype
and they are indicators of possible alteration in biological functions and
mechanisms. The lipidomic analysis suggested a stress response of the animal
to hypergravity, resulting in decreased levels of most of the lipid classes
identified.

The last part of the research study reports an untargeted and targeted UHPLC-
HRMS lipidomics analysis on plasma samples belonging to patients affected
by prostate cancer and patients affected by chronic prostate inflammation.
Both groups presented elevated levels of prostate specific antigen (PSA) and
for this reason both groups of patients were subjected to biopsy. The first
untargeted analysis was carried out on 30 patients and 5 promising lipid
biomarkers were obtained. These biomarkers were then validated on a larger
cohort of patients (n = 140).

In this thesis it has been shown how lipidomics can be used to better
understand the impairment in biological pathways and mechanisms that occur
in the host. Furthermore, it was demonstrated that lipids can be used as a
powerful diagnostic tool for some pathologies, avoiding unnecessary and

invasive treatments.
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Chapter 2: Lipidomic studies of
the host response after SARS-
CoV=-2 infection

General introduction to the chapter

In the present chapter are reported the main results and findings on lipid
alterations that occur during the infection of SARS-CoV-2 in human patients.
Plasma and peripheral blood mononuclear cells (PBMCs) from different
patients were investigated (figure 1).

The study on plasma involved a large cohort of COVID-19 patients and
controls: 103 and 58 respectively, resulting in the first large-scale untargeted
metabolomic and lipidomic investigation of plasma from COVID-19 patients
and controls. The samples were collected in northern Italy, the pandemic's
epicenter in this country. Findings reveal a number of processes and pathways
involved in the host response to SARS-CoV-2, as well as several promising
lipid biomarkers and therapeutic targets.

Regarding cells investigation, 21 PBMCs samples were analyzed: 14 from
patients with positive nucleic acid test results to COVID-19 and 7 from healthy
subjects. This is a preliminary study, for this reason a small number of samples

1s involved.
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Figure 1: workflow of the two studies investigating the host response to SARS-CoV-
2 infection in the lipidome of plasma and cells (peripheral blood mononuclear cells,
PBMCs).
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Introduction to the topic
In December 2019 the novel coronavirus (SARS-CoV-2) caused the spread of

a viral pneumonia from Wuhan, China, all over the world. The number of
cases continues to rise, with over 1,250,000 deaths recorded worldwide. The
most common symptoms are cough, fever, muscle ache, shortness of breath,
disorientation, headache, sore throat, rhinorrhea, whole body ache, diarrhea
and nausea [1,2].

The low respiratory tract is the principal organ attacked by SARS-CoV-2, and
some patients develop a life-threatening acute respiratory distress syndrome,
while immediate myocardial injury and persistent cardiovascular damage have
also been discovered [3]. Although more than 80% of COVID-19 patients
experience only mild symptoms, conditions can rapidly progress from mild to
severe, particularly if no adequate targeted medical intervention is
programmed.

Up to now, researchers mainly focused on the epidemiological and clinical
characteristics associated with the virus SARS-CoV-2 [4,5]. The
physiological changes related to SARS-CoV-2 have not been understood yet,
even if some studies have found a deep impact on the immune function [6].
Since molecules such as lipids, metabolites, and proteins play crucial roles in
pathogenesis and in numerous cell activities, profiling the human biofluids,
lipidome, metabolome, and proteome provides insight into critical conditions
and diseased states. Longitudinal analysis of molecular components can be
employed for precision health treatment and for the improvement of disease
knowledge as well. Such approach lead to the discovery of changes in the
metabolome and lipidome in human plasma of patients affected by Ebola virus

or HINT1 influenza pneumonia [7-9], and to the identification of lipid
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metabolism abnormalities in recovered severe acute respiratory syndrome
(SARS) patients after 12 years of infection [10].

A targeted metabolomic and lipidomic method revealed changes in energy
metabolism and hepatic dysfunction in COVID-19 patients. Despite these
findings, the study involved only 34 Chinese patients and did not perform
untargeted profiling of the molecules present in plasma [11].

Another study [12] discovered molecular alterations in COVID-19 patients'
sera, linking macrophage dysregulation, platelet degranulation, complement
system pathways, and severe metabolic suppression to the disease. Even in
this case, the research was limited to a circumscribed number of Chinese
patients (n =46).

Other studies have found interesting links between the SARS-CoV-2 infection
and metabolic dysregulation such as monosialodihexosyl gangliosides
(GM3s)-enriched exosomes [13] and alterations of kynurenine pathway and
fatty acids metabolism [14]; however, these two works involved a small cohort
of COVID-19 patients: 50 and 33 respectively.

Our knowledge of the effects of SARS-CoV-2 on host targets remains largely
limited. In particular, there has not been a large-scale, untargeted metabolomic
and lipidomic investigation of European COVID-19 patients. Furthermore, the
small numbers of patients in the previously mentioned studies highlight the
need for a bigger and more representative research study.

The first study reported in this chapter, which is part of the newly formed

COVID-19 mass spectrometry coalition (www.covid19-msc.org) [15], was

the first large-scale untargeted metabolomics and lipidomics investigation of
plasma from COVID-19 patients and controls. The plasma samples were
collected in northern Italy, the pandemic's epicenter in this country. Italy was
the first country in Western Europe to be infected with COVID-19. Our

findings reveal a number of processes and pathways involved in the host
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response to SARS-CoV-2, as well as several promising biomarkers and

therapeutic targets.

The deep investigation of the lipidome of plasma from patients infected with
SARS-CoV-2 virus has shown an alteration in lipid levels and has highlighted
the possibility to use lipidomics as a tool to better understand the host response
to virus infection.

These observations led us to interrogate if the alteration of lipidome also
involves cellular levels, particularly regarding the immune system.

PBMC:s consist of lymphocytes (T cells, B cells, NK cells) and monocytes,
whereas erythrocytes and platelets have no nuclei, and granulocytes
(neutrophils, basophils, and eosinophils) have multi-lobed nuclei. In humans,
lymphocytes make up the majority of the PBMC population, followed by
monocytes, and only a small percentage of dendritic cells.

A recent in vitro and in vivo study of SARS-CoV-2 infection of human PBMCs
pointed out that in vitro infection of cells from healthy donors produced viral
offspring, revealing that monocytes, as well B and T cells, are vulnerable to
SARS-CoV-2 active infection. SARS-CoV-2 was also frequently found in
monocytes and B lymphocytes from COVID-19 patients, although less
commonly in CD4+ T cells, according to flow cytometry and
immunofluorescence studies [45].

To date in literature, no studies focusing on the lipidome of PBMCs from the
blood of infected patients exist.

To complete our understanding about the host response after virus infection, a
lipidomic investigation on PBMCs from patients infected with SARS-CoV-2
is reported.

In the following sections, lipidomic results and findings of both studies were

critically discussed.
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Overview of the studies and patients involved

The workflow of the study is reported in figure 2. In the first study a total of
161 plasma samples were collected, 103 of whom from patients infected with
SARS-CoV-2 (COVID-19 group), while 58 were from subjects with negative
nucleic acid test results (non-COVID-19 group). In table 1 the details of the
patients are reported. All of the patients were admitted to the Novara
University Hospital (Piedmont, North Italy), the Italian epicenter of the
pandemic, for pneumonia and/or respiratory failure.

Both the two main groups (COVID-19 and non-COVID-19 groups) were
subdivided into critical and non-critical patients. Out of the 103 individuals
from the COVID-19 group, 19 were critical and 84 non-critical, while out of
32 subjects from non-COVID-19 groups 20 were non-critical and 12 critical.
Critical patients were those admitted to the intensive care unit (ICU COVID-
19 group) with respiratory failure, requiring mechanical ventilation, while
non-critical patients characterized by mild or severe respiratory failure, with
no require for mechanical or invasive ventilation.

Furthermore, we enrolled 26 healthy subjects as controls (healthy group).

As regards cells samples: 14 patients positive to the SARS-CoV-2 test
(COVID-19 group) and 7 healthy subjects as control group (healthy group)
were enrolled.

Lipidomic analysis was carried out by ultra-performance liquid
chromatography/tandem mass spectrometry (UHPLC-MS/MS) using an
untargeted approach, in both positive and negative ionization modes. The
acquired raw data were processed using the MS-DIAL software in order to

automate mass spectral deconvolution of high-resolution MS data [16].
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Figure 2: experimental design of the study: untargeted lipidomic and metabolomic
analyses were performed on plasma samples from 103 patients infected with SARS-
CoV-2, 84 of whom had non-critical COVID-19, while 19 had critical COVID-19
and recovered in the ICU; 20 non-COVID-19 patients with similar clinical symptoms
as the COVID-19 patients; 26 healthy subjects; and 12 ICU patients who tested
negative for COVID-19. The abundance of small molecules and lipids were used to
identify COVID-19-associated biomarkers, pathways, and processes related to the
host response to the virus. (p-value < 0.0001 = ***%*),
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Table 1: Characteristics of the patients included in the plasma study.

Variable Non-COVID-19 patients COVID-19 patients
Total Healthy Non- Critical Total Non- Critical
(58) Control critical (N=12) = (N=103) critical (N=19)
(N=26) (N=20) (N=84)
Sex (no.)
Male 23 11 9 6 61 48 13
Female 29 15 11 6 42 36 6
Age (year)
Mean + SD 61.8 | 50.1+53 68.6 £ 674+ 67.3 59.7+ 69.0 £
+ 8.9 17.3 18.0 13.0 18.5
154
Range 38.0 - 42.0 - 56.0 - 38.0 - 21.0 - 21.0 - 29.0 -
96.0 56.0 82.0 96.0 107.0 76.0 107.0
Time from onset to admission (days)
Mean + SD 57+ 7.7+ 58+72 58+7.6 55+
10.0 6.5 5.0
Range 1.0 - 1.0 - 1.0 - 1.0 - 1.0 -
45.0 12.0 32.0 32.0 19.0
Time from admission to severe (days)
Mean + SD 1.8+ 6.5+
4.9 7.3
Range 1.0 - 1.0 -
13.0 28.0
Symptoms (n°)
Fever 9 0 52 40 12
Cough 5 0 34 25 13
Headache 0 0 1 1 0
Fatigue 1 1 8 8 0
Dyspnea 4 0 27 23 4
Diarrhea 2 1 13 9 4
Chest pain 3 0 5 5 0
Abdominal pain 4 0 5 4 1
Vomiting 6 0 3 0
Comorbidity (n°)
Hypertension 0 2 38 29 9
Diabetes 0 1 17 12 5
Respiratory 1 0 6 6 0
system
Cardiovascular 4 1 38 34 4
system
Other endocrine 0 0 12 9 3
system
Chronic kidney 1 0 9 7 2
Digestive 2 0 16 15 1
system
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Oxygen saturation index (%)

Mean = SD 855+ | 943+ 907+ 908+ | 903+
6.3 3.8 6.7 6.4 82
Range 81.0 - 87.0 - 71.0 - 71.0 - 71.0 -
90.0 99.0 99.0 99.0 98.0
Materials and Methods

Materials and methods of these studies are grouped at the end of Chapter 2, in
the section “Materials and Methods”, where are reported in details reagents,
sample preparation, lipidomic analysis, quality controls, data processing, and

bioinformatic analysis.

Plasma investigation results

2075 and 1108 detected lipid species were found in positive and negative
modes, respectively, while the total numbers of identified lipids were 467 and
89, respectively.

In order to have a preliminary understanding of the results after data
processing, multivariate analysis was performed. The groups of non-critical
positive COVID-19 and healthy individuals were inspected using PCA score
plot (figure 3A and B). A significant separation of the two groups according
to the diagnosis had been highlighted by the PCA score. Partial least square
discriminant analysis (PLS-DA) was also performed (figure 4A and B),
confirming the PCA results. Together with PLS-DA the VIP (variable of
importance in projection) score of the most predictive or discriminative lipids
(figure 4C and D) was as well calculated. The differences between the two
groups were mostly due to lipid species such as PCs, PEs, LPCs, and TGs, and
fatty acids (FAs).

Through MetaboAnalyst software we performed a univariate analysis of

quantified lipids.
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265 lipids were modulated in COVID-19 patients compared to healthy group
(p-value < 0.05, fold change > 1.5). The volcano plots in figure 5SA and 5C

showed the most significant differences among the lipids and the positive or

negative fold changes in the comparison. In figure 5B and 5D are reported the

hierarchical heatmaps highlighting the two clusters of samples. The complete

list of modulated lipids is reported in table 2,

methods”, at the end of the chapter.
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Figure 5: modulated lipids in SARS-CoV-2 infection. Volcano plots of quantified
lipids in positive (A) and negative (C) modes. A total of 265 lipids were modulated
with a p-value < 0.05 and a fold change > 1.5. Hierarchical heat maps of quantified
lipids in positive (B) and negative (D) modes, highlighting the two clusters of
samples, with COVID-19 patients in red and healthy subjects in green.

Lipids are strongly involved in the host response to SARS-CoV-2
The study of plasma metabolic alterations could reveal new or previously
unknown pathways related to the host response to SARS-CoV-2 infection.
Through bioinformatic analysis, we sought to gain a better understanding of
how metabolic changes found in blood samples could be related to the overall
response and to aid in the identification of potential biochemical linkages
between SARS-CoV-2 infection and blood metabolic abnormalities.

We discovered that CAR, DG, FA, LPC, LPE, PC, PE, SM and TG were the
most modulated lipid classes by comparing COVID-19 patients to healthy
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individuals (figure 6). As a consequence of the infection, PCs were
significantly down-regulated. PC 14:0_22:6, PC 16:1_22:6, PC 14:0_18:2,
and PC O-16:1_18:2 were the most decreased in COVID-19 group, with fold
changes of 0.305, 0.443, 0.395, and 0.495, respectively. Another down-
modulated class was the PE class, while several free fatty acids (FA 18:1, FA
18:2, FA 22:6, FA 44:5, and FA 20:4) were up-regulated.

In general, a great heterogeneity between the modulated lipids has been
observed, as shown in the MetaMapp visualization in figure 7. Red nodes
represent lipids with higher concentrations, while blue nodes indicate lipids

with lower concentrations in the COVID-19 group.

Modulated lipid classes
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CAR CE DG FA LPCLPE MG NAE PC PE Pl SM TG
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Figure 6: modulated lipid classes after SARS-CoV-2 infection (A) and number of
modulated lipids within each single class (B); red up-regulated and blue down-
regulated.
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Figure 7: MetaMapp visualization of lipidomic changes in COVID-19 patients.
Lipids with increased concentration are depicted using red nodes, while lipids with
decreased concentration are represented by blue nodes. The lipids grouped on the
right are sphingomyelins and N-acylethanolamine, while on the left are reported
glycerolipids.

Notably, an increase in LPC and LPE classes was found in COVID-19
patients. This variation could be associated with viral replication in infected
cells, considering that the alteration in the lipid homeostasis of host cells is a
viral strategy for generating a suitable environment for replication [17]. In the
COVID-19 group, all of the 18 CARs identified were increased. CAR are acyl
esters of carnitine and are essential compounds for fatty acids oxidation and
organic acid metabolism [18]. Furthermore, the modulated lipids were
inspected with a KEGG functional enrichment analysis using LIPEA web tool
(2018), which suggested two significant pathways with a Benjamini and
Bonferroni corrected p-values < 0.05: fat digestion and adsorption and

glycerophospholipid metabolism.
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Lipidomics alterations in critical COVID-19 Patients

Our data confirmed that lipidomics is able to reveal perturbations in the levels
of different lipid species due to the infection of SARS-CoV-2. For this reason,
we decided to investigate the lipid profile of plasma samples from critical
COVID-19 patients who were admitted to the intensive care unit (ICU
COVID-19). Comparing 19 ICU COVID-19 patients to 12 ICU non-COVID-
19, we identified 77 modulated lipids.

Even in this comparison, the two groups were well separated by PCA score
plot and heatmap, as reported in figure 8, showing only the results in the
positive mode.

TGs were the most increased lipids in the critical class ICU COVID-19 (figure
9): TG 16:1_16:1_18:2, TG 16:0_18:1_24:1,and TG 24:0_18:1_18:1 were the
most expressed with fold changes of 14.9, 4.30, and 4.20, respectively.

These results were also confirmed by the comparison between the non-critical
COVID-19 group and the critical COVID-19 group. The higher levels of TGs
in critical group suggested a link between adipose tissue lipolysis and the
physiological response to critical illness. Worth note were the levels of FA
18:1 and FA 20:4, oleic acid, and arachidonic acid respectively, which directly
correlated to the severity of the disease (figure 10), with higher levels in ICU
COVID-19 patients.

29132



A B Scores Plot
I = =

IcU
HAE 140
. * lncucm:l “1 L
L MAE 180 n e

e | CAR 141 . (-]

I CAR L0

DO 418
B ee se0c 130 200

2
e :-

PC O

e B

[ ) M M J1LI08M 171200
aan, e o )
_d: il b i 3010 °
M 38130

|10 57210 180 201

b b = O

70 554TG 181194

i i | 16 4116 160_180 2
il ol 5 Fi | |70 wors 180 10 1

L1 10 30070 100,180 2 N ° H
TG 57170 160,200 1 Comparent §( 107 W)
| [romsire o 201
T0 2307G 130 180 2
0 %2TG 230_184,_1
| (7o v o 1m 7
TG M4TG 180 180 2
6 S45TG 1601812

2%EEEi%EEEEE&SEEEEEEEEEiEEEEEE
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Figure 10: bar plots (average = SD) of FA 20:4 (A) and FA 18:1 (B) in healthy
subjects (healthy), non-critical (COVID-19) and critical COVID-19 patients (ICU
COVID-19).

p-value < 0.001 = ***; p-value < 0.0001 = ****,

Potential Biomarkers of COVID-19
Investigation of modulated lipids and the use of ROC (Receiver Operating

Characteristic) curves lead us to explore potential lipid biomarkers.

The analysis showed the presence of seven lipids potentially able to
discriminate COVID-19 patients from healthy subjects. As regard the positive
mode, PC 14:0_22:6, PC 16:1_22:6, and PE 18:1_20:4 showed an area under
the curve (AUC) values of 0.96 (sensitivity (SE): 93%, specificity (SP): 89%),
0.97 (SE: 90%, SP: 96%), and 0.94 (SE: 86%, SP: 96%), respectively, while
their combined ROC reported an AUC of 0.97 (figure 11A, B, C, and H). In
the negative mode, FA 20:4 (arachidonic acid), FA 18:1 (oleic acid), PE O-
18:2_20:4, and PE O-16:1_18:2 showed an AUC values of 0.99 (SE: 93%, SP:
100%), 0.98 (SE: 96%, SP: 88%), 0.92 (SE: 89%, SP: 86%), and 0.92 (SE:
96%, SP: 82%), respectively, while their combined ROC reported an AUC of
1 (figure 11D, E, F, G and I).

Gender is often ignored when evaluating biomarkers for human disease;

nonetheless, it is now obvious that the severity of SARS-CoV-2 infection is
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linked to gender. In order to investigate this aspect, we explored the PCA score
plot (figure 12A and B) of the female and male infected patients. It is evident
the heterogeneity in the distribution of samples and that there are no clusters
related to the gender. Importantly, no gender differences were found in the

main circulating biomarkers (figure 12C and D).

A PC 14:0_22:6 G PE P-18:1_20:4

E

PE O-16:1_18:2

Combined ROC Combined ROC

H |/~ I @ covin-19
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1 e

Figure 11: bar plots (average + SD) with relative statistical significance (p-value <
0.0001 = ****) and ROC curves with the optimal cutoff calculated for each ROC
analysis (red dot) are reported in order to show the best potential biomarkers
identified using lipidomics analysis. PC 14:0_22:6 (A), PC 16:1_22:6 (B), PE
18:1_20:4 (C), FA 20:4 (D), FA 18:1 (E), PE (0-18:2_20:4) (F), and PE (O-
16:1_18:2) (G). Combined ROCs (H, I) are also shown.
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Figure 12: score plots from PCA indicating COVID-19 female patients (red dots),
COVID-19 male patients (green dots), healthy female subjects (violet dots) and
healthy male patients (blue dots). Lipidomic PCA was performed in positive (A) and
negative (B) mode. Box-plots (average + SD) of main circulating biomarkers FA 20:4
(C), FA 18:1 (D) with COVID-19 patients and healthy subjects divided for gender.
p-value < 0.01 = **; p-value < 0.001 = ***; p-value < (0.0001 = ****

In the end, we wanted to investigate and validate the diagnostic performance
of our lipid biomarkers by analyzing patients resulted negative to COVID-19
test, but with symptoms correlated to the SARS-CoV-2 infection (healthy +
non-COVID-19 group).
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The analysis confirmed the previous selected lipid biomarkers in detecting
COVID-19 infection. PC 14:0_22:6, PC 16:1_22:6, and PE 18:1_20:4 showed
AUC values of 0.89 (SE: 83%, SP: 84%), 0.89 (SE: 88%, SP: 80%), and 0.87
(SE: 83%, SP: 86%), respectively. The ROC curves for FA 20:4, FA 18:1, PE
(O-18:2_20:4), and PE (O-16:1_18:2) were characterized by AUC values of
0.84 (SE: 74%, SP: 88%), 0.87 (SE: 81%, SP: 86%), 0.85 (SE: 83%, SP: 80%),
and 0.82 (SE: 76%, SP: 81%), respectively (figure 13).
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Figure 13: validation of selected potential lipid biomarkers including non-COVID-
19 patients with similar symptoms as those with the COVID-19 infection. The figure
reports the box-plots (average = SD) and ROCs of PC 14:0_22:6 (A), PC 16:1_22:6
(B), PE 18:1_20:4 (C), PE (0-18:2_20:4) (D), PE (0-16:1_18:2) (E), FA 20:4 (F)
and FA 18:1 (G).
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PBMCs investigation results
In order to understand the possible effects of SARS-CoV-2 infection on the

immune system, we performed an untargeted lipidomic analysis of PBMCs
isolated from plasma of COVID-19 patients and healthy subjects. From the
untargeted analysis carried out both in positive and negative ionization, 251
lipids, belonging to 17 different lipid classes, were detected and putatively
identified by the in silico library LipidBlast [46]. The most abundant detected
class was PE with 43 lipids, representing 17% of total lipids, followed by TG,
with 41 lipids (16%), and PC with 26 species (10%). The other classes (DG,
NAE, Cer, FA, LPE, and PI) had a percentage of less than 10%. The classes
with a percentage < 5% were grouped under the name of OTHER and
comprised CAR; CE; MG; LPC; LPI; SM; HexCer, and PS (figure 14). The
untargeted analysis revealed for the very first time a heterogeneous profile of

the lipid composition of the PBMCs.

A Class By of lipids
CAR 7
17% CE 1
OTHER Cer 16
DG 23
FA 15
HexCer 11
LPC 6
LPE 14
LPI 1
17% MG 3
PE NAE 20
PC 26
PE 43
PI 13
PS 1
16% s 10
16 10% a. 41 b.

PC

Figure 14: percentage of identified lipids per class (A); details of the number of lipids
identified (B).

Legend: CAR acylcarnitine; CE cholesteryl ester; Cer ceramide; DG diacylglycerol;
FA free fatty acids; HexCer glycosylceramides; LPC lysophophatidylcholine; LPE
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lysophosphatidylethanolamine; LPI lysophosphatidylinositol; MG
monoacylglycerol; NAE N-acyl ethanolamines; PC phosphatidylcholine; PE
phosphatidylethanolamine; PI phosphatidylinositol; PS phosphatidylserine; SM
sphingomyelin; TG triacylglycerol; OTHER: CAR; CE; MG; LPC; LPI; SM;
HexCer; PS.

We used a mix of internal standards to correct the area under the peak of the
chromatogram and to estimate the concentration of all lipids (expressed as
pg/mL). The quality of the analysis was assessed by calculating the relative
standard deviations (RSDs) of the standards spiked in the QC samples. For all
of the standards a RSDs < 20% was found (see table 3 in the “Materials and
Methods” section at the end of chapter 2).

We then performed statistical analysis on MetaboAnalyst software comparing
the healthy group with the COVID-19 group. The volcano plot in figure 18A
highlighted the most relevant modulated lipids, while the PLS-DA score plot
and the hierarchical heatmap showed a clear separation between the two

groups (figure 15D and E).
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Figure 15: volcano plot (A); histograms with number of modulated lipids per class
(blue down and red up modulated) (B); percentage of modulated lipids per class (C);
hierarchical heatmap (D); PLS-DA (E) and VIP score (F). FC > 1.3, p-value < 0.05

The comparison between the COVID-19 and the healthy groups showed a total
of 27 modulated lipids, 19 decreased and 8 increased in the infected case,
belonging to 8 different lipid classes: Cer, FA, LPE, NAE, PC, PE, PI, and
TG. A complete list of the modulated lipids with related fold changes and p-
values is reported in table 4 and in the “Materials and Methods” section.
Interestingly, we found a down-modulation of glycerophospholipids (PCs,
PEs and PIs) in the COVID-19 group (figure 18B.); other classes down-
modulated were FA and NAE. The FA class had also the higher percentage of
modulated lipids per class (20%) with FA 18:1;20; FA 20:1;20 and FA
22:0;20, followed by PC (17%), NAE (15%), LPE (14%) and PE (12%)
(figure 18C.).

Page 37|132



These findings suggested that SARS-CoV-2 infection may have a greater
impact on fatty acid and glycerophospholipid classes. In detail, regarding
glycerophospholipids, PC, PE, and PI, were characterized by a high number
of carbon atoms, from 34 to 40, and all the modulated phospholipids presented
from 2 to 9 unsaturations. For the ones annotated with acyl chain information,
we can observe from 16 to 22 carbon atoms with 2, 1, or no unsaturation.
Interestingly, some acyl chains were composed by C18:0, C18:1, C18:2 and
C20:4, like PC 18:0_20:4, PC 16:0_18:2, PC 18:1_18:2 and PE 18:0_18:2
with a fold change of 0.667, 0.735, 0.553 and 0.687, respectively. The PI class
had only one down-modulated lipid, namely PI 38:4, without information
about the acyl chain and a FC of 0.747.

The only up-modulated lipids were Cers and TGs. Cer class was represented
by only one lipid (Cer 18:0;20/20:0, FC = 4.0) and constituted the 6% of the
total lipids, while the TG class had 4 species, characterized by a high number
of carbon atoms, 50 to 58, with a number of unsaturations variable from 2 to
7. Cer and TG classes were also the less modulated, together with PI, 6%, 9%,
and 8%, respectively.

All these findings suggest that the virus infection impacts in different ways the
lipidome of the PBMCs, affecting several lipid classes. In particular, the
observed down-modulation of glycerophospholipids and the increase in the
TG levels are consistent with the findings from the previous section (“SARS-

CoV-2 infection impacts on the plasma lipidome of the host”).
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Plasma investigation discussion

This work reports for the first time a complete profile of human plasma
lipidome in a large cohort of COVID-19 patients and control group: a total of
161 Italian patients hospitalized in the Novara University Hospital, in northern
Italy, the epicenter of COVID-19 spread, were enrolled for the study and
subdivided in critical and non-critical COVID-19 (n = 103), critical and non-
critical patients admitted to the intensive care unit with negative COVID-19
test (n = 32) and healthy subjects (n = 26).

Even if other studies already characterized the metabolomic profile of
COVID-19 patients [11-13,19], the cohort enrolled was limited, without
gender-specific analyses, and, in one case, a control group was composed by
young people [11,13,19]. Furthermore the mean age of COVID-19 groups was
43 [13], 48 [12] and 56 [19] years, despite it is well know that elderly
individuals have higher mortality rate [20].

Our study involved the largest cohort of patients infected with SARS-CoV-2
virus, with a mean age of 67 in the frailest group.

Our results highlighted an impairment in the lipidome of patients as a response
to the infection. There were some differences in the lipid modulation
compared to the mentioned studies, probably connected with the larger
number of individuals involved, the higher average age and the patients'
various geographical origins.

We have found that the virus directly or indirectly impacts on several host
responses and plasma lipidome is one of them.

CARs, DGs, FAs, PCs, PEs, SMs and TGs were the most modulated lipids in
non-critical COVID-19 patients. A general decrease of glycerophospholipids,
that together with fatty acids such as arachidonic acid, have a significant role
in HCoV-229E-infected cells, as shown in [21], was observed. Fatty acids

were up-modulated in patients infected by the virus. This may be a
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consequence of the defense mechanism of the host, but, at the same time, the
higher levels of FAs may also cause inflammation. The inflammation caused
by the infection of SARS-CoV-2 in the severe cases, lead indeed to a “cytokine
storm”, induced by arachidonic acid that modulates the cytokine production
[22,23].

However, cytokines have also an active role in the defense mechanism against
microorganisms responsible for respiratory diseases, inducing the release of
unsaturated FAs [24].

Glycerophospholipids, particularly PCs, showed decreased levels in COVID-
19 patients. A down-regulation of PCs linked to hepatic alterations in COVID-
19 infection was already reported by previous studies [11,13]. Furthermore a
down-modulation of PCs in human plasma has been also reported in sepsis,

cancer and Dengue virus infection [25].
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Figure 16: proposed mechanism involved in COVID-19 pathogenesis. PLA2
hydrolyze phospholipids to yield fatty acids and lysophospholipids. We found a
down-regulation of glycerophospholipids (PCs, PEs and PIs) and up-regulation of
lysophospholipids (LPCs and LPEs), arachidonic acid, and oleic acid. Fatty acids and
lysophospholipids are pro-inflammatory mediators. (p-value < 0.05 = *; p-value <
0.0001 = ***x),
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In figure 16 it is possible to observe the detail of acyl chains of some of the
modulated glycerophospholipids: PC 20:4_20:4, PC P-15:0_20:4, PC P-
14:0_20:4, PE P-16:0_18:1, PE P-18:1_20:4, PE P-18:0_20:4, PE P-
18:1_22:6, and PE P-18:0_18:1. These lipids are characterized by one acyl
chain constituted by C20:4 or C18:1, arachidonic acid and oleic acid structure,
respectively, which can generate prostaglandins, important in the
inflammatory response [26]. It has been reported that some lipid mediators,
like oleic acid, can be associated with the antiviral response in mouse models
of influenza virus infection [27].

Other interesting glycerophospholipid classes in the context of inflammation
are LPC and LPE classes.

An increase of these two classes can be associated with Dengue virus and
COVID-19 infection [13,25]. LPCs in plasma are the product of the action of
phospholipases A2 (PLA2), which remove one fatty acid from a PC [28].
Additionally, the increased levels of LPCs may be linked to their pro-
inflammatory role in certain inflammatory states: in fact, LPCs are known to
play a role in all stages of vascular inflammation as key homeostatic
mediators.

LPC class is able to reduce the production of nitric oxide (NO) acting on the
endothelium-dependent vasomotor regulation [29]. Furthermore, through
boosting the expression of adhesion molecules such as intercellular adhesion
molecule 1, vascular cell adhesion protein 1, and P-selectin, LPCs may
directly contribute to immune cell infiltration during vascular inflammation
[30], thanks to the production of monocyte chemoattractant protein, I[L-8 and
Chemokine ligand 5. Interestingly, LPC was found to act as a chemoattractant
for previously mentioned molecules: monocytes [31]; T cells [32] and natural

killer cells [33].
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It was shown that LPCs can enhance T lymphocytes activation while having
little effect on resting cells [34]. High levels of LPCs directly correlate with
ROS production and chemokine receptor expression in human T cells [35].
Moreover, this lipid class seems to enhance [FN-secretion and gene expression
in CD4+ and CD8+ [36].

In conclusion, research on monocytes and macrophages has shown that LPCs
can activate macrophages, increase their phagocytic activity in the presence of
T lymphocytes [37] and increase neutrophil oxidative burst and reactive
oxygen generation [38].

Taken together the decrease of PCs, PEs and PIs and the increase of LPCs,
LPE, FA 20:4 and FA 18:1, point out the role of PLA2 in the pathogenesis and
progression of COVID-19 (figure 15). PLA2 catalyzes the hydrolysis of the
sn-2 position of membrane glycerophospholipids in order to release FA 20:4
and, consequently, produce lysophospholipids. This is the rate-limiting step of
arachidonate metabolism that brings as final products bioactive molecules
such as prostaglandins and lysophospholipids [39]. It seems that PLA2 is
strongly involved in the replication of coronavirus, by producing
lysophospholipids, required to form the specialized membrane compartments
in which viral RNA synthesis takes place [40].

Our study provides further evidence for considering PLA2 activation as a
potential key factor in the pathogenesis of COVID-19 and a potential
therapeutic target.

In infected patients higher levels of CARs have been found; these lipids are
secreted by mitochondria, and it has already been observed that CARs
characterized by long-chain can accumulate at the air-fluid interface when
metabolism is inhibited. This accumulation can represent a risk factor for
patients with dysfunctional FAO [41]. Furthermore, viruses that impact on the

respiratory system, like the influenza one, can aggravate CAR accumulation.
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For this reason, we suppose that the higher levels of acylcarnitines in plasma
samples from COVID-19 patients may be linked to this mechanism.

An accumulation of amphiphilic long-chain CARs can lead to a toxicity
condition, by inhibition of ion channels, disruption of calcium signaling and
an alteration of ATP [42].

Other up-modulated lipids in the COVID-19 group were the TGs. Higher
levels of these neutral lipids may suggest an increase in adipose tissue lipolysis
in patients infected by the virus, confirmed also by the higher levels of free
fatty acids, indicating a role of adipose tissue in the circulating lipid profile
[18]. Modulated TGs were characterized by long fatty acid chains, composed
of an average of 54 carbons, with an average of 5 unsaturations. Thanks to
pathway analysis we confirmed a modulation of the glycerophospholipid
metabolism pathway in patients affected by SARS-CoV-2 infection, also
found by Wu et al [11].

In the same way, our results showed an increase of FA 18:1 and FA 18:2 in
the COVID-19 group and it was already observed that an increase of free fatty
acids with 18 carbons in serum was associated with the development of acute
respiratory distress syndrome [43].

The up-modulation of TGs was maintained also in the critical group (ICU
COVID-19) when compared to the non-critical one and showed a direct
correlation between TG levels and severity of the disease.
Glycerophosphocholines down-regulation was also confirmed.

We found decreased levels of SMs in critical patients, as already shown in
COVID-19 patients [13]. This lipid class, together with glycerophospholipids,
constitutes membrane cells and can modulate some processes, like growth
regulation and inflammatory responses [10]. Virus entry and infection seem to

be hindered by low levels of SMs [44] and for this reason SM metabolism
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could be a promising target for therapeutic intervention against COVID-19
infection.

As the last step of our work, we investigated some modulated lipids in order
to find possible biomarkers for COVID-19 infection. The lipids with the best
AUC values were FA 20:4 and FA 18:1, with 0.99 and 0.98 respectively, in
the comparison between healthy subjects and COVID-19patients.
Unfortunately, by adding non-COVID-19 patients to the healthy group the
AUC decreased: 0.87 and 0.84 respectively.

Even if the AUC values are such promising, and these two fatty acids seem to
directly correlate to the severity of the disease (figure 17), fatty acids cannot
be considered as good biomarkers because an increase of these lipids has
already been reported in several studies [15]. Also, FA 18:1 and FA 20:4 are
not able to discriminate between COVID-19 and ICU non-COVID-19
patients.

Analyzing non-COVID-19 patients with similar symptoms to COVID-19
patients confirmed the previously lipid biomarkers found, suggesting that our

lipid candidates are directly linked to the host response to the virus.
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Figure 17: bar plots (average + SD) of FA 18:1 (left) and FA 20:4 (right) in healthy
subjects, non-critical and severe COVID-19 patients and in critical non-COVID-19
patients.

The best lipid candidates are following reported: PC 14:0_22:6 (AUC = 0.96),
PC 16:1_22:6 (AUC = 0.97), and PE 18:1_20:4 (AUC = 0.94). Our study
demonstrated that COVID-19 infection heavily impacts on plasma lipids.
The main results from our findings highlights the involvement of PLA2 in the
SARS-CoV-2 pathogenesis, which can be used as a possible candidate for
antiviral drug development. Further studies should be carried out in order to
focus on the levels and activity of PLA2.

Mostly, in this work we present the first lipidomic study that aims to elucidate
the SARS-CoV-2 impact on metabolism. Furthermore, this is the largest
untargeted LC-MS/MS study in literature involving COVID-19 patients with

a mean age higher than the control groups.
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PBM(Cs investigation discussion

To date, a global lipidomic study on peripheral blood mononuclear cells is still
missing. Indeed, a previous work [45] already focused on SARS-CoV-2
infection of PBMCs both in vivo and in vitro, but without bringing attention
to the lipids involved in the replication of the virus.

Thus, in this preliminary study, we aimed to understand the influence of
SARS-CoV-2 virus infection on the lipidome of peripheral blood mononuclear
cells of hospitalized patients with a positive SARS-CoV-2 test. For the first
time, an in-deep investigation of the changes of lipids belonging to different
classes in PBMCs after virus infection was performed.

The down-regulation of glycerophospholipids (PCs, PEs, and Pls) in the
COVID-19 group suggests that the SARS-CoV-2 may have a great impact on
the composition of membrane lipids. Furthermore, these results are in line with
the decreased levels of glycerophospholipids already observed in the plasma
of patients affected by the virus and reported in the previous section.
Currently, in literature no studies about the effect of SARS-CoV-2 on the lipid
composition of PBMCs exist, so we hypothesized that viral infection could
modulate the membrane structure of the host cells.

It is known that PCs and PEs are important lipids for the structure of the cell
membrane and constitute the most abundant lipids in the outer and in the inner
leaflet respectively [47].

Alterations of the membrane composition and fluidity were described as the
main biological processes responsible for microdomain generation, able to
affect the dynamic roles of the membrane, as signal transduction and immune
activation processes. PCs also prevent membrane leakage to abolish
hepatocyte injury and, subsequently, lobular inflammation and liver fibrosis

[48].
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Even if only one ceramide (Cer 18:0;20/20:0) was modulated, it is interesting
to note the accumulation of this lipid in the infected patients since that the
accumulation of ceramides with long chains has been previously associated
with deleterious outcomes [49]. Ceramides are membrane lipids with a cone-
shaped conformation that is the result of their small hydroxyl head groups.
The hexagonal structure adopted by these lipids promotes the aggregation and
fusion of the ceramides present in the lipid rafts. Thanks to these domains, a
negative curvature of the membrane is favored [50,51].

It is well known that lipid rafts are relevant for facilitating the entry of
numerous viruses, including SARS-CoV-2, into host cells [52]. Ceramides
belong to the sphingolipid family, known as essential constituents of organelle
and cell membranes that play an additional role in signal transductions of
crucial physiological processes such as growth, differentiation, proliferation,
migration, apoptosis, and cell death.

Finally, an increase in ceramide levels leads to an activation of sPLAZ2,
enzyme for which a potential role in the pathogenesis of COVID-19 had
already been assessed in plasma samples, as reported in the previous section.
In one study [53] it has been in fact demonstrated that adding ceramides to the
cellular substrate provokes an increase in the activity of the sPLA2.

Another interesting class is the PI. Accordingly to researchers [54], PIs seem
to be able to neutralize respiratory syncytial virus (RSV). One proposed
mechanism by which PIs disrupt RSV-elicited proinflammatory signaling is
by direct interaction with the virus. PIs bind to RSV with high affinity in a
concentration-dependent and saturable reaction. The high-affinity interaction
of phosphoinositols with the virus blocks the attachment of the second one to
the epithelial cell plasma membrane preventing infection. In our case, a down-
regulation of PI 38:4, the only one modulated PI, may suggest the absence of
this preventing action, thus leading to SARS-CoV-2 infection.
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These preliminary findings suggest that the viral infection of PBMCs leads to
an alteration of the lipid profile, even if not so well marked as the modulation
observed in plasma samples of COVID-19 patients. Moreover, we found
similitudes with the results discussed in the previous section, like the decrease
of some species of PCs and PEs and the involvement of sPLA2 activity in

COVI-19 pathogenesis

48132



Conclusion of chapter 2

In this chapter, two case studies in which lipidomics has been applied to the
study of the host response to viral infection were reported. This kind of
investigation became necessary due to the spread in December 2019 of SARS-
CoV-2, which effects on host lipidome remain largely unclear.

The first study focused on the analysis of plasma samples from a large cohort
of patients, composed by 161 subjects, subdivided in COVID-19 (n = 103) and
non-COVID-19 (n = 58) groups. The main findings revealed a number of
processes and pathways involved in the host response to SARS-CoV-2, as well
as several promising biomarkers and therapeutic targets. Furthermore, it was
observed an increase of fatty acids in patients infected by the virus. This
finding may be a consequence of the defense mechanism of the host, but, at
the same time, the higher levels of FAs may also cause inflammation. In
addition, it was highlighted that gender has no influence on the disease
severity: no gender differences were found in the main circulating biomarkers.
The large untargeted lipidomic analysis of plasma highlighted the involvement
of the immune system. In order to deepen our knowledge about SARS-CoV-
2 infection, a global lipidomic study on peripheral blood mononuclear cells
was performed. Even if this research was just a preliminary study, with a
limited number of samples (14 patients in COVID-19 group, and 7 healthy
subjects), lipidomics performed on PBMCs samples of COVID-19 patients
interestingly pointed out some similarities with the study of plasma lipidome,
like the decreased levels of some glycerophospholipids species (PCs, PEs, and
PIs).

At the cellular level, we found a significant modulation of lipids involved in

membrane structure and all our findings suggest a membrane remodeling,
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favored by some lipid classes such as ceramides, enhancing the entry of the
virus into host cells.

It will be interesting to perform a large scale lipidomic analysis also on
PBMC:s in order to have a representative vision of the host response to viral

infection from SARS-CoV-2 at the cellular level.
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Materials and Methods chapter 2

Materials and Methods

Reagents

For the analysis LC-MS-grade solvents and reagents were used. Formic acid,
ammonium formate, tert-Butyl methyl ether (MTBE) and toluene were from
Merck (Darmstad, Germany), water (H20) and acetonitrile (ACN) were from
VWR (Milano, Italy) and methanol (MeOH) and isopropanol (IPA) were from
Scharlab (Barcelona, Spain). As internal standards for lipidomics analysis we
employed the SPLASH Lipidomix® [PC 15:0-18:1(d7); PE 15:0-18:1(d7); PS
15:0-18:1(d7); PG 15:0-18:1(d7); PG 15:0-18:1(d7); PA 15:0-18:1(d7);
LysoPC 18:1(d7); LysoPE 18:1(d7); Chol Ester 18:1 (d7); 18:1(d7) MG; DG
15:0-18:1(d7); TG 15:0-18:1(d7)-15:0; SM 18:1(d9); Cholesterol (d7)] and
12-[[(cyclohexylamino)carbonyl]amino]-dodecanoic acid (CUDA) (Cayman
Chemicals, Ann Arbor, Michigan, USA).

PBMC cells preparation for Lipidomic analysis

Cells were extracted using a solution 75:15 IPA/H-0, after the addition of 100
uL of MeOH 5% deuterated standard (Splash Lipidomix®). Then the samples
were vortexed for 30 s, sonicated for 2 min and vortexed again for 30s and
then they were incubated for 30 min at 4 °C, under a gently, constant shaking.
Another 30 minutes were used to keep the sample rest in ice. To remove debris
and other impurities, the samples were centrifuged for 10 min at3500 g at 4
°C. 1 mL of surnatant was collected and dried usind a SpeedVac. The dried
samples were reconstituted in 100 pL of MeOH containing the internal

standard CUDA (12.5 ng/mL).

Plasma preparation for Lipidomic analysis
Lipids extraction from plasma samples was carried out using a biphasic

method (modified Matyash, [55]). In detail: 30 uL of plasma were placed in a
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Materials and Methods chapter 2

1.5 Eppendorf tube and extracted with 225 uL of cold MeOH, containing a
mixture of deuterated standard (Splash Lipidomix®) at the concentration
provided by the manufacturer. The solution was vortexed for 10 s, and 750 uL
of cold MTBE was added, then vortexed for another 10 s. The Eppendorf tube
is then placed in a thermomixer (Eppendorf ThermoMixer® C) at 4°C and
letting shaking for 6 min at 2000 rpm.

188 uL of water was added in order to enhance phase separation, then the
samples is centrifuged for 2 min at 14000 rpm at 4 °C. 300 pL of surnatant
was collected and evaporated using a SpeedVac
(ScanVaccoolsafeLaboGene®). The dried sample was preserved at -80 °C
until the analysis. 50 pL of a solution MeOH/tol 9:1 containing the internal
standard CUDA (12.5 ng/mL) was use to reconstitute the sample.

LC-MS/MS analysis lipids

For the analysis of the reconstituted lipids a UHPLC Vanquish system
(Thermo Scientific, Rodano, Italy) coupled with an Orbitrap Q-Exactive Plus
(Thermo Scientific, Rodano, Italy) was used. A reverse phase column was
used for the separation of lipids (Accucore™ RP-MS 100 x 2.1 mm, particle
size 2.6 pm), the column was maintained at 45 °C at a flow rate of 0.260
mL/min. The analysis were performed both in positive and in negative mode
and the same mobile phases were used with the exception for the modifiers:
mobile phase A consisted of acetonitrile/water 60:40 (v/v) while B was
isopropanol/acetonitrile 90:10 (v/v) both modified with ammonium formate
(10 mM) and 0.1% formic acid for positive mode, while in the negative ESI
mode ammonium formate was replaced with ammonium acetate (10 mM).
Following the details of the chromatographic run: 0—2 min from 30% to 43%
B, 2-2.1 min from 43% to 55% B, 2.1-12 min from 55% to 65% B, 12-18
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min from 65% to 85% B, 18-20 min from 85% to 100% B; 20-25 min 100%
B was kept, then the gradient return to the initial proportions until 30 minutes.
The HESI source voltage was maintained at 3.5 kV in the positive ion mode
and 2.8 kV in the negative one. All other interface settings were identical for
the two types of analysis. Capillary temperature: 320 °C, sheath gas flow 40
arb, auxiliary gas flow 3 arb, and S-lens:50 rf. A data-dependent (ddMS2) top
10 scan mode was used for all the acquisition. Survey full-scan MS spectra
(mass range m/z 80 to 1200) were acquired with resolution R = 70,000 and
AGC target 1x106. MS/MS fragmentation was performed using high-energy
c-trap dissociation (HCD) with resolution R = 17,500 and AGC target 1x105.
The stepped normalized collision energy (NCE) was set to 15, 30, and 45. The
injection volume was 3 pL. Background ions were excluded from the
fragmentation events thanks the use of an exclusion list, generated analyzing
the same procedural blank sample, both for the positive and negative ESI

mode.

Lipidomic Data Processing

The acquired raw data from the ddMS2 analysis were processed using MS-
DIAL software (Yokohama City, Kanagawa, Japan), v. 4.24 [17]. Detection
of peaks, deconvolution of MS2 data, compound identification, and the
alignment of peaks through all the samples was all automatized. For the
identification a cut off value of 85% was selected. For the reproducibility
evaluation of internal standards all the files were imported in Skyline program.
Dataset containing m/z values, retention time, peak area, and annotation from
the aligned files were exported as a txt file and manually checked in order to
eliminate signals from blanks or wrong records. For quantification purpose,
the peak area for different detected molecular species for each particular lipid

was combined (e.g., [M + NH4]+& [M + Na]+ for TG) followed by
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normalization using the deuterated internal standard for each lipid class or the
standard having the closer retention time. In order to obtain an estimated
concentration expressed in nmol/mL (plasma) the normalized areas were
multiplied by the concentration of the internal standard. An in-house library
of standards was also used for lipids identification.

Statistical analysis were performed with MetaboAnalyst 4.0 software

(www.metaboanalyst.org).

Quality control of lipidomics analysis

Retention time stability mass accuracy and intensity are key player in LC-MS
based lipidomics. Quality control was assured by: analyzing pooled samples
at the beginning and at the end of the batch; injecting blanks to check for
residual interference; by using internal standards, directly in the plasma
samples, that cover a number of analyte classes at appropriate levels for
biological matrices (Avanti SPLASH Lipidomix) and an internal standard
(CUDA) before the LC-MS analysis, in order to evaluate instrument
performances.For PBMCs analysis the pool sample wasobtained by mixing 10
pL of each resuspendedsample. While for plasma analysis the pool sample
was obtained by mixing 10 pL of each plasma sample.

Since the analysis were performed over a long time period, the pool samples
were made using plasma from subjects not included in this study since we
wanted to preserve the quality of patients’ samples and avoid unnecessary
freeze thaw cycles. Instrument variability was determined by calculating the
coefficient of variation percentage (CV%) of internal standards in each sample

and in the pooled quality control samples.
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List of tables

Table 2: list of modulated lipids with fold change and p-value of the
comparison of COVID-19 group vs healthy subjects in the study of SARS-
CoV-2 effects on plasma.

Name FC p-value Name FC p-value

CAR 10:0 2.02E+00  1.90E-02 DG 52:1 DG 34:0_18:1 1.73E-01 1.05E-13
CAR 10:1 1.91E+00  7.80E-03 DG 52:2 DG 16:0_36:2 3.11E-01 1.46E-06
CAR11:1 1.83E+00  2.79E-03 LPC 16:0/0:0 1.67E+00 8.38E-06
CAR 12:0 1.88E+00  7.32E-03 LPC18:0 1.80E+00 1.29E-02
CAR 14:0 3.00E+00  5.28E-07 LPC 18:2/0:0 4.34E-01 8.27E-12
CAR 14:1 2.68E+00  8.09E-04 LPC 18:3/0:0 2.04E+00 2.74E-06
CAR 14:2 2.54E+00  7.44E-03 LPC 19:1/0:0 1.66E+00 1.99E-03
CAR 16:0 2.66E+00  1.85E-07 LPC 20:1/0:0 1.86E+00 2.01E-07
CAR 16:1 4.77E+00  2.25E-08 LPC20:4 1.59E+00 2.09E-02
CAR 18:0 2.11E+00  2.13E-06 LPC 22:4/0:0 1.91E+00 4.31E-05
CAR 18:1 3.89E+00  1.23E-05 LPC 22:5/0:0 1.60E+00 2.24E-03
CAR 18:2 3.11E+00  8.63E-04 LPC22:6 2.03E+00 5.16E-03
CAR 20:1 6.12E+00  1.98E-07 LPC 22:6/0:0 1.55E+00 2.28E-02
CAR 20:2 5.38E+00  8.16E-04 LPC 24:0/0:0 5.51E-01 3.81E-07
CAR 20:3 2.45E+00  2.81E-02 LPCO-16:0 1.97E+00 3.72E-06
CAR 20:4 5.94E+00  2.19E-04 LPCO-18:0 1.90E+00 8.07E-05
CAR 8:0 2.01E+00  2.82E-02 LPCO-18:1 3.00E+00 3.78E-11
CAR8:1 1.63E+00  4.81E-04 LPC0-18:2 1.51E+00 2.99E-03
CE18:3 5.98E-01  6.21E-04 LPE 16:0 1.63E+00 1.60E-05
CE 24:6 3.43E+00  1.44E-03 LPE 18:0 1.70E+00 2.22E-05
CE 26:6 2.42E+00  1.81E-04 LPE 18:2 6.23E-01 8.83E-03
DG 17:0 2.74E-01  4.27E-06 LPE 20:4 1.63E+00 2.46E-02
DG 24:3 2.55E-01  4.39E-10 LPE 20:5 6.41E-01 2.87E-02
DG 25:0 5.10E-01  1.10E-02 LPE22:4 2.09E+00 3.22E-02
DG 25:1 4.26E-01  1.46E-02 LPE 22:5 2.61E+00 2.10E-03
DG 26:1 4.79E-01  2.00E-02 LPE 22:6 2.40E+00 2.70E-04
DG 30:6 2.65E-01  3.71E-11 LPE O-16:1 1.84E+00 1.58E-04
DG 31:3 4.72E-01  4.00E-02 LPE 0-18:1 1.64E+00 3.10E-03
DG 34:2 7.97E+00  2.77E-06 LPE 0-18:2 2.40E+00 4.69E-06
DG 36:1DG 18:0_18:1 5.64E-01  9.28E-03 MG 15:1 1.66E+00 1.19E-04
DG 36:2DG 18:1_18:1 5.97E-01  2.95E-05 NAE 18:1 1.83E+00 1.26E-06
DG 36:3DG 18:1_18:2 5.59E-01  5.12E-07 NAE 18:2 1.57E+00 1.34E-04
DG 36:4 DG 18:2_18:2 6.23E-01  1.35E-02 NAE 20:2 1.60E+00 8.10E-05
DG 38:10 3.07E-01  1.12E-08 NAE 22:4 2.02E+00 2.41E-05
DG 38:2 2.64E-01  1.05E-07 NAE 22:5 2.26E+00 2.83E-06
DG 38:3 1.61E-01  1.61E-11 PC30:0 1.89E+00 2.21E-02
DG 38:5DG 18:1_20:4 4.95E-01  1.09E-06 PC32:0PC16:0_16:0 1.71E+00 6.04E-07
DG 38:6 DG 18:2_20:4 5.44E-01  2.20E-03 PC32:1 2.39E+00 6.94E-04
DG 40:2 4.39E-01  1.03E-07 PC32:2PC 14:0_18:2 3.95E-01 7.47E-15
DG 40:3 2.12E-01  6.38E-09 PC34:3PC16:1_18:2 5.72E-01 1.56E-10
DG 40:4 2.53E-01  2.09E-07 PC34:4PC14:0_20:4 4.12E-01 5.88E-08
DG 40:5 1.83E-01  8.82E-06 PC35:4 2.74E+00 1.00E-06
DG 40:6 5.52E-01  8.45E-03 PC35:4PC15:0_20:4 6.61E-01 1.17E-07
DG 40:6 DG 16:0_24:6 4.27E-01  2.51E-04 PC36:4 1.73E+00 3.90E-05
DG 41:5 1.12E-01  3.35E-13 PC36:5PC16:0_20:5 5.61E-01 4.78E-06
DG 42:11 DG 20:5_22:6 9.96E-02  2.21E-14 PC36:6PC14:0_22:6 3.05E-01 3.15E-17
DG 44:6 DG 18:0_26:6 5.25E-01  1.53E-02 PC37:2PC19:0_18:2 6.45E-01 5.15E-07
DG 50:1 DG 16:0_34:1 1.94E-01 9.96E-14 PC38:2PC18:0_20:2 6.66E-01 1.77E-05
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PC38:3PC 18:0_20:3
PC38:7PC16:1_22:6
PC39:7PC17:1_22:6
PC40:5

PC40:6
PC40:8PC20:4_20:4
PC42:9

PC 0-34:2

PC O-36:6

PC0-42:10

PC O-46:4

PE 34:1PE 16:0_18:1

PE 36:2 PE 18:0_18:2

PE 36:4

PE 37:6

PE 38:5

PE 38:6

PE 38:6 PE 16:0_22:6

PE 40:6 PE 18:0_22:6

PE 40:7

PE P-34:1 PE P-16:0_18:1

PE P-34:2 PE P-16:0_18:2

PE P-36:1 PE P-18:0_18:1

PE P-36:2 PE P-18:0_18:2

PE P-38:2 PE P-20:0_18:2

PE P-38:4 PE P-18:0_20:4

PE P-38:5 PE P-18:1_20:4

PE P-38:6 PE P-16:0_22:6

PE P-40:5 PE P-18:0_22:5

PE P-40:5 PE P-20:0_20:5

PE P-40:6 PE P-18:0_22:6

PE P-40:7 PE P-18:1_22:6
P132:1

P136:1

P136:3

P138:3

P140:4

SM 28:120 SM 18:120/10:0
SM30:120 SM 16:120/14:0
SM31:120SM17:120/14:0
SM32:020

SM32:120

SM32:120 SM 16:120/16:0
SM32:130

SM32:520

SM33:120 SM 17:120/16:0
SM33:220SM 17:220/16:0
SM34:020

6.62E-01
4.43E-01
1.51E+00
1.58E+00
1.61E+00
4.82E-01
5.07E-01
5.56E-01
6.41E-01
2.57E+00
6.27E-01
1.94E+00
5.33E-01
2.15E+00
1.67E+00
2.15E+00
2.44E+00
1.91E+00
1.97E+00
3.66E+00
6.27E-01
3.43E-01
4.96E-01
3.66E-01
3.38E-01
5.71E-01
4.53E-01
6.05E-01
6.27E-01
6.62E-01
5.64E-01
6.03E-01
6.21E-01
6.51E-01
3.90E-01
6.47E-01
3.72E-01
4.87E-01
4.25E-01
2.69E-01
4.73E-01
5.92E-01
5.95E-01
3.80E-01
2.41E+00
6.63E-01
4.08E-01
1.87E+00

6.86E-06
1.10E-16
2.60E-03
1.05E-04
4.08E-04
7.22E-10
3.00E-06
1.37E-08
7.97E-03
4.95E-04
1.18E-04
3.43E-04
1.68E-14
1.42E-06
2.01E-03
3.28E-05
2.00E-06
1.17E-04
1.20E-05
6.58E-06
4.54E-06
2.59E-13
4.52E-10
1.23E-13
4.76E-14
9.45E-08
1.90E-15
6.29E-09
3.13E-06
7.62E-05
1.39E-08
7.36E-07
1.06E-02
1.03E-02
1.44E-03
7.19E-03
1.97E-04
2.54E-04
3.30E-04
4.25E-04
4.13E-03
1.38E-02
1.47E-02
2.29E-03
1.21E-02
4.63E-02
2.93E-03
4.84E-05

SM34:030

SM34:120

SM34:730

SM36:130

SM36:220
SM36:3205M18:120/18:2
SM37:2205M 18:120/19:1
SM38:120 SM 16:120/22:0
SM38:130

SM38:220

SM38:220SM 18:220/20:0
SM39:120S5M17:120/22:0
SM39:220 SM 18:220/21:0
SM40:120SM 18:120/22:0
SM40:220 SM 18:220/22:0
SM41:120 SM 18:120/23:0
SM41:2205M17:120/24:1
SM41:2;30

SM41:3;30

SM41:8;20

SM42:4;20

SM44:9;30

TG 36:3|TG 8:0_10:0_18:3
TG42:0|TG 12:0_14:0_16:0
TG42:3|TG8:0_16:1 182
TG 43:0|TG 12:0_15:0_16:0
TG 44:0|TG 10:0_16:0_18:0
TG44:1|TG10:0_16:0_18:1
TG46:0|TG 12:0_16:0_18:0
TG46:0|TG 14:0_16:0_16:0
TG 46:1|TG 14:0_16:0_16:1
TG46:2|TG 12:0_16:1_18:1
TG 48:3|TG 14:0_16:1_18:2
TG51:1|TG 16:0_17:0_18:1
TG51:2|TG16:0_17:1_18:1
TG51:2|TG17:0_16:1_18:1
TG51:3|TG 15:0_18:1 18:2
TG52:2|TG 16:0_18:1_18:1
TG52:3|TG 16:0_18:1 18:2
TG52:4|TG16:1_18:1_18:2
TG52:6|TG 16:1_18:2_18:3
TG53:2|TG 16:0_18:1 19:1
TG53:3|TG 17:0_18:1 18:2
TG53:4|TG 17:1_18:1 18:2
TG 54:2|TG 16:0_18:1_20:1
TG54:2|TG 18:0_18:1 18:1
TG54:3|TG 18:0_18:1_18:2
TG 54:4|TG 16:0_18:1 20:3

3.93E-01 4.05E-05
2.05E+00 1.32E-06
2.60E+00 3.57E-08
1.88E+00 3.46E-02
2.72E+00 4.46E-05
6.08E-01 1.03E-02
6.59E-01 2.44E-02
5.09E-01 4.94E-03
1.75E+00 1.83E-02
1.73E+00 3.82E-03
6.42E-01 1.24E-02
4.09E-01 8.87E-04
5.63E-01 6.83E-03
5.12E-01 5.10E-03
5.44E-01 6.28E-03
4.88E-01 1.62E-03
5.59E-01 7.89E-03
4.76E-01 1.57E-04
4.68E-01 1.40E-04
4.54E-01 1.28E-05
2.31E+00 1.72E-04
1.62E+00 8.66E-03
7.30E+00 2.01E-04
3.27E-01 3.52E-02
1.73E+00 4.94E-04
5.62E-01 1.76E-03
2.98E-01 1.77E-06
4.26E-01 3.12E-03
5.23E-01 5.62E-06
4.84E-01 5.18E-05
4.43E-01 1.30E-04
5.13E-01 4.07E-03
5.95E-01 4.73E-03
1.60E+00 9.86E-04
1.62E+00 3.80E-04
1.66E+00 4.76E-08
1.54E+00 1.82E-04
1.69E+00 9.27E-10
1.65E+00 8.75E-10
1.54E+00 4.22E-04
1.66E+00 4.44E-08
1.94E+00 5.41E-13
1.78E+00 3.31E-06
1.50E+00 9.68E-04
1.75E+00 1.06E-10
1.67E+00 1.39E-04
1.63E+00 2.39E-05
1.55E+00 1.09E-08
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TG54:4|TG18:1_18:1 18:2
TG 54:5|TG 16:0_18:1_20:4
TG54:5|TG 18:1_18:2_18:2
TG54:6|TG 16:0_18:2 20:4
TG54:6|TG18:1_18:2 18:3
TG54:7|TG16:1_18:2 20:4
TG55:1|TG 16:0_21:0_18:1
TG55:3|TG 19:0_18:1 18:2
TG55:4|TG18:1_19:1 18:2
TG55:5|TG19:1_18:2_18:2
TG 55:6|TG17:0_18:2 20:4
TG 56:3|TG20:0_18:1 18:2
TG 56:4|TG 18:0_18:1 20:3
TG 56:5|TG 18:0_18:1 20:4
TG 56:6|TG 16:0_18:1 22:5
TG 56:6|TG 18:0_18:2_20:4
TG56:7|TG 16:0_18:1_22:6
TG56:7|7TG18:1_18:2_20:4
TG 56:8|TG 16:0_18:2_22:6
TG 57:0|7TG 16:0_17:0_24:0
TG57:2|TG 16:0_23:0_18:2
TG57:8|1G17:1_18:1_22:6
TG 58:10|TG 16:0_20:4_22:6
TG 58:6|7G 16:0_18:1_24:5
TG 58:6|TG 18:0_18:1_22:5
TG58:7|TG 18:0_18:1 22:6
TG58:8|TG 18:1_18:2 22:5
TG58:9|TG 18:1_18:2 22:6
TG 59:4TG 23:0_18:2_18:2
TG 60:10|TG 18:0_20:4_22:6
TG 60:4|TG18:1_24:1_18:2
TG 60:7|TG 18:1_18:2_24:4
PE O-38:6|PE 0-18:2_20:4
PE O-34:3|PE O-16:1_18:2
PE 0-36:4| PE 0-18:2_18:2
PCO0-34:3|PC0O-16:1_18:2
FA20:4

LPC18:2

PE O-36:5|PE 0-16:1_20:4
FA 18:1

PE 0-36:3|PE0-18:1_18:2
PE O-38:5|PE O-18:1_20:4

SM41:1;20|SM 18:1;20/23:0

PE 0-38:5|PE O-16:1_22:4
LPC16:0

LPE18:0

FA22:6

LPE O-18:2

1.58E+00
1.66E+00
1.57E+00
1.67E+00
1.78E+00
1.86E+00
1.62E+00
1.95E+00
1.93E+00
1.58E+00
1.72E+00
1.85E+00
2.23E+00
2.09E+00
1.92E+00
1.81E+00
1.89E+00
1.70E+00
1.96E+00
1.65E+00
1.83E+00
1.86E+00
1.75E+00
2.15E+00
1.85E+00
1.53E+00
2.12E+00
1.87E+00
1.79E+00
1.55E+00
1.62E+00
1.50E+00
5.10E-01
3.95E-01
3.99E-01
4.95E-01
8.40E+00
4.69E-01
5.83E-01
4.46E+00
4.45E-01
6.12E-01
6.39E-01
6.24E-01
1.72E+00
1.90E+00
4.08E+00
2.46E+00

1.48E-04
6.34E-08
1.45E-02
4.09E-05
2.17E-02
2.71E-03
8.20E-05
2.76E-03
1.56E-08
5.71E-05
6.27E-03
5.62E-10
9.56E-12
2.00E-09
7.83E-08
2.14E-10
4.93E-05
8.49E-03
1.00E-03
3.71E-06
2.08E-06
8.19E-03
3.03E-02
1.78E-12
1.17E-06
1.50E-02
6.61E-06
1.11E-03
3.55E-02
4.98E-02
3.45E-02
2.06E-03
9.89E-16
4.63E-15
7.02E-15
2.15E-13
5.77E-13
2.57E-12
3.83E-12
7.28E-12
1.90E-11
7.02E-09
3.56E-08
1.33E-07
1.40E-07
1.63E-07
1.74E-07
3.37E-07

SM34:030

SM34:120

SM34:730

SM36:130

SM36:220

SM36:320SM 18:120/18:2
SM37:2205SM18:120/19:1
SM38:1205SM16:120/22:0
SM38:130

SM38:220

SM38:220SM 18:220/20:0
SM39:120SM17:120/22:0
SM39:220SM 18:220/21:0
SM40:120SM 18:120/22:0
SM40:2205M18:220/22:0
SM41:1205M18:120/23:0
SM41:220SM17:120/24:1
SM41:2;30

SM41:3;30

SM41:8;20

SM42:4;20

SM44:9;30

TG 36:3|7G 8:0_10:0_18:3
TG 42:0|7TG 12:0_14:0_16:0
TG42:3|TG8:0_16:1_18:2
TG43:0|TG 12:0_15:0_16:0
TG 44:0|TG 10:0_16:0_18:0
TG44:1|TG 10:0_16:0_18:1
TG46:0|TG 12:0_16:0_18:0
TG 46:0|TG 14:0_16:0_16:0
TG 46:1|TG 14:0_16:0_16:1
TG46:2|TG12:0_16:1_18:1
TG48:3|TG 14:0_16:1_18:2
TG51:1|TG 16:0_17:0_18:1
TG51:2|TG16:0_17:1_18:1
TG51:2|TG17:0_16:1_18:1
TG51:3|TG15:0_18:1_18:2
TG52:2|TG16:0_18:1_18:1
TG52:3|TG16:0_18:1 1822
TG52:4|TG16:1_18:1 1822
TG52:6|TG16:1_18:2_18:3
TG53:2|TG16:0_18:1_19:1
TG53:3|TG17:0_18:1_18:2
TG53:4|TG17:1_18:1_18:2
TG54:2|TG16:0_18:1 20:1
TG54:2|TG18:0_18:1 18:1
TG54:3|TG 18:0_18:1 1822
TG 54:4|TG 16:0_18:1_20:3

3.93E-01 4.05E-05
2.05E+00 1.32E-06
2.60E+00 3.57E-08
1.88E+00 3.46E-02
2.72E+00 4.46E-05
6.08E-01 1.03E-02
6.59E-01 2.44E-02
5.09E-01 4.94E-03
1.75E+00 1.83E-02
1.73E+00 3.82E-03
6.42E-01 1.24E-02
4.09E-01 8.87E-04
5.63E-01 6.83E-03
5.12E-01 5.10E-03
5.44E-01 6.28E-03
4.88E-01 1.62E-03
5.59E-01 7.89E-03
4.76E-01 1.57E-04
4.68E-01 1.40E-04
4.54E-01 1.28E-05
2.31E+00 1.72E-04
1.62E+00 8.66E-03
7.30E+00 2.01E-04
3.27E-01 3.52E-02
1.73E+00 4.94E-04
5.62E-01 1.76E-03
2.98E-01 1.77E-06
4.26E-01 3.12E-03
5.23E-01 5.62E-06
4.84E-01 5.18E-05
4.43E-01 1.30E-04
5.13E-01 4.07E-03
5.95E-01 4.73E-03
1.60E+00 9.86E-04
1.62E+00 3.80E-04
1.66E+00 4.76E-08
1.54E+00 1.82E-04
1.69E+00 9.27E-10
1.65E+00 8.75E-10
1.54E+00 4.22E-04
1.66E+00 4.44E-08
1.94E+00 5.41E-13
1.78E+00 3.31E-06
1.50E+00 9.68E-04
1.75E+00 1.06E-10
1.67E+00 1.39E-04
1.63E+00 2.39E-05
1.55E+00 1.09E-08
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PE 40:6 | PE 18:0_22:6 2.37E+00  3.75E-07
PE 38:6|PE 16:0_22:6 2.32E400  5.92E-07
FA 18:2 4.70E400  8.58E-07
LPE 16:0 1.80E+00  1.15E-06
PE 38:6|PE 18:2_20:4 2.37E+00  1.65E-06
PE 38:4 | PE 18:0_20:4 1.71E+00  4.88E-06
PE 34:1|PE 16:0_18:1 2.38E+00  1.55E-05
PE 36:4|PE 16:0_20:4 1.87E+00  1.60E-05
PI38:3|PI 180:_20:3 6.38E-01  2.55E-05
LPE 0-16:1 1.91E+00  2.98E-05
LPE 22:6 2.58E+00  9.11E-05
LPC17:0 1.60E+00  1.62E-04
PI36:3|P118:1_18:2 5.256-01  1.93E-04
PC36:5|PC 16:0_20:5 6.54E-01  3.46E-04
LPC 22:5 1.75E+00  4.95E-04
LPC 22:6 1.87E+00  5.26E-04
LPE 0-18:1 1.68E+00  1.09E-03
LPE 22:5 2.63E+00  1.12E-03
PE 34:2| PE 16:0_18:2 1.54E+00  3.47E-03
FA 44:5 2.54E+00  5.80E-03
LPE 18:2 6.44E-01  8.32E-03
PI140:5| Pl 18:0_22:5 1.50E+00  1.05E-02
LPE 22:4 2.45E+00  1.37E-02
LPE 20:4 1.64E+00  1.47E-02
ST 28:1;08 1.56E+00  2.09E-02

Table 3: RSD of the standard spiked in the QC

CV%
Lipids POS NEG
DAG 15:0-18:1(d7) 19.2 -
LPC 15:0-18:1(d7) 2.7 8.0
LPE 15:0-18:1(d7) 3.2 8.3
PC 15:0-18:1(d7) 5.3 6.3
PE 15:0-18:1(d7) 2.9 6.3
TAG 15:0-18:1(d7)-15:0 3.2 -
MAG 18:1(d7) 13.4 -
SM d18:1-18:1(d9) 3.8 9.8
Cholesterol (d7) 5.1 -
CUDA 3.8 8.2
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Table 4: The 27 modulated lipids from the preliminary lipidomic study of
PBMCs samples with fold change and p-value

Lipids

PC 0-46:4

NAE 14:1

PC 0-44:4

PE P-38:6|PE P-16:0_22:6
LPE O-3:0

NAE 22:1

PE 40:5|PE 18:0_22:5

NAE 13:1

PC 36:3|PC 18:1_18:2

PE 0-40:9

FA 18:1;20

FA 20:1;20

FA 22:0;20

PE O-38:8

PC 40:6PC 18:0_22:6

PC 38:4|PC 18:0_20:4

PE 36:2|PE 18:0_18:2

PC 34:2[PC 16:0_18:2
PI38:4

TG 52:2|TG 16:0_18:1_18:1
TG 50:2|TG 16:0_16:1_18:1
TG 56:3|]TG 18:1_18:1_20:1
LPE 20:3

PC 0-36:2

NAE 16:1

Cer 38:0;20|Cer 18:0;20/20:0
TG 58:7|TG 18:1_18:2_22:4

FC
3.82E-01
4.21E-01
4.75E-01
4.93E-01
4.96E-01
5.36E-01
5.38E-01
5.48E-01
5.53E-01
5.65E-01
5.69E-01
5.76E-01
5.79E-01
5.82E-01
6.27E-01
6.67E-01
6.87E-01
7.35E-01
7.47E-01
1.83E+00
2.24E+00
2.49E+00
2.61E+00
2.98E+00
3.12E+00
4.00E+00
8.94E+00

p-value

5.99E-04
1.49E-03
2.55E-04
4.02E-02
5.28E-07
4.40E-02
2.11E-02
1.79E-02
3.92E-02
3.92E-02
2.22E-02
1.79E-02
1.73E-02
3.59E-02
3.24E-02
2.79E-02
6.60E-03
4.82E-02
7.06E-03
2.81E-02
3.46E-02
4.23E-02
4.96E-02
2.60E-02
2.94E-02
1.48E-02
4.05E-02
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Chapter 3: Lipidomic study of
different G forces on cells and
mice

General introduction to the chapter

This chapter reports two studies performed on the alteration of the lipidome
caused by two different types of gravity: microgravity and hypergravity. These
two conditions are present during space mission, spaceflight and parabolic
flight. The repercussions of a long exposure to different gravity were studied
by scientists all over the world and evidences of several biological
modification were found.

In figure 1 it is reported a summary of the two studies; in details: the effect of
simulated microgravity (SMG) was evaluated in vifro, on human pancreatic
ductal adenocarcinoma cell lines (PaCa-44 cells) thanks to the use of a random
positioning machine. The cells were kept in SMG condition for a total of 9
days and the analysis at different time points (24h, 7 days and 9 days) pointed
out that microgravity induces cell transformation over time, towards the
acquisition of cancer stem cell-like features, leading to a more aggressive and
metastatic phenotype.

The effect of simulated hypergravity (SHG) was instead evaluated in vivo on
a murine model, using the mice drawer system in order to simulate a gravity

force of 3G for 1 month. Plasma samples were collected at the end of the
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experiment and lipidomic analysis showed lipids modulation in different

classes.

This study is part of the project ESA-CORA-GBF (European Space Agency-

Continously Open Research Announcemen- Ground Based Facilities); as

regard animals, the protocols were reviewed and approved by the Internal

Ethical Committee of the University of Genoa/S.Martino Hospital.
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Figure 1: workflow of the two studies inspecting the role of gravity on cells PaCa-
44 (top) and in mice (bottom). The lipidomic approach was applied to evaluate the
effect of impairment of the gravity force on the two different biological matrices.

For both the studies lipidomics was supported by other omics sciences, like

transcriptomics and proteomics analyses.
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Lipidomics investigation on PaCa-44 cells in simulated
microgravity condition over time highlighted a cell
transformation and acquisition of cancer stem cell-like
features

Introduction

There is an increasing interest on the possible effects of different G forces on
living beings, especially in a time where space and, more recently, space
travels, are more accessible than ever.

During spaceflights there is a condition of microgravity (ng) that impacts on
various biological systems: bone loss, muscle atrophy, cardiovascular
deconditioning and space motion sickness, are just some of the effects that
astronauts in orbit have shown [1].

Microgravity has effects also on cells: changes in differentiation and growth
had been observed [2].

Unfortunately, the data from literature are contradictory and there is no
cohesion and standardization on the methods used to generate and maintain
the condition of microgravity. Obviously, the best way to study the biological
modification is to have direct access to the international space station (ISS),
but the costs do not make it affordable to everyone. To avoid this limitation
particular instrumentations has been developed: the random positioning
machine (RPM) and more specific and custom instrumentations allow to exert
different G forces both on in vivo and in vitro models.

It has already been observed that pg induces a great number of changes in
different cell types, including cancer and stem cells [3]. Either if the
experiments are conducted in orbit or on Earth with the simulating devices,

some similar modifications were observed in the cells, like modification of
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cytoskeleton [4], alterations in the composition of the extracellular matrix [5],
differentiation [6], changes in growth behavior [2] and reduction of the activity
of the cells [7].

Regarding cellular panorama, a large number of publications are focused on
cancer cells in pg and their behavior [8—10], but less attention is given to
cancer stem cells (CSCs) [7].

CSCs have characteristics belonging to both normal stem cells and cancer
cells. The most important one is their ability to give birth to all cell types found
in a particular cancer sample. This type of cells is present in a great variety of
tumors such as colon, lung, melanoma, pancreas and prostate. CSCs are
different from the other tumor cells and are characterized by great plasticity,
capability to enter into quiescence and survive to microenvironment changes
adapting metabolism, energy machinery and proliferation. Furthermore, this
type of cells are the main orchestrators of tumor establishment, metastatic
progression and relapse. For these reasons, CSCs could be used as a cancer
target, but, to date, further investigations are needed in order to clarify the
tumorigenic characteristic and the ability to resist cancer treatment [11].
Thanks to the RPM tool it was possible to perform a study on pancreatic ductal
adenocarcinoma cells (PDAC) at different time points in a condition of
simulated microgravity (SMQG).

PDAC is one of the most severe malignancies, representing the 5 cause of
death from cancer in the western world. Only 8% of patients survive after 5
years from the diagnosis, because of a too late diagnosis and/or the cancer
resistance to the treatments. Resistance to conventional anti-cancer treatments
is imputable to CSCs [12].

Lipidomics was applied together with proteomics and transcriptomics in order

to study the effect of pg at 24h (T1 SMGQG), 7 days (T7 SMG) and 9 days (T9
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SMG). As control group (CTR) cells kept in normal adhesion were used
(figure 2).

Materials and Methods

Materials and methods of this study are the same as previously reported in

Chapter 2 page 51.

= T15MG T7 SMG T9 SMG
e 24h 7days 9days
Simulated z - * *
microgravity

SMG [ e
|
i

Lipidomics
TOTAL TGs FA 204 C16-C20/C4 : )
0o, 204 S+ 20| o Iz
L NS 1 215
o= LR |
E 460 210 S10 ;
2 05 us! "
0 [*e
. i 00{®o 0.0/
200 FO0@ e Xele]
"y 3
ﬁ{;m; £355 gg >
E Pl ,(b P 4] V§¢"33

Figure 2: workflow of the study. Lipidomics was applied to investigate the effects of
simulated microgravity (SMG) on human pancreatic ductal adenocarcinoma (PaCa-
44 cell line) over time: 24h (T1 SMGQG), 7 days (T7 SMG) and 9 days (T9 SMQG), using
a control group of cells in normal adhesion condition (CTR).

Results

A total of 447 lipids belonging to 18 different lipid classes were identified in
PaCa-44 cells: bismonoacylglycerophosphate (BMP); acylcarnitine (CAR);
cholesteryl ester (CE); ceramide (Cer); diacylglycerol (DG); free fatty acid
(FA); glycosylceramides (HexCer); lysophophatidylcholine (LPC);
lysophosphatidylethanolamine (LPE); lysophosphatidylglycerol (LPG);
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lysophosphatidylinositol (LPI); N-acyl ethanolamines (NAE);
phosphatidylcholine (PC); phosphatidylethanolamine (PE);
phosphatidylglycerol (PG); phosphatidylinositol (PI); sphingomyelin (SM);
triacylglycerol (TG).

The hierarchical clustering heatmap (figure 3A) highlighted the separation of
the four groups of cells, suggesting a phenotypic lipidome alteration caused
by the simulated microgravity. In figure 3B the number of lipids identified in
each class are reported in details.

TG resulted the most abundant lipid class, with 138 identified lipids. This lipid
class is characterized by an average of total carbon chain of 54 and a
predominance of C18:1 in the acyl chains, like TG 18:1_18:1_18:1. MGs were
not identified, while few DGs were detected. The absence of MGs and the low
number of DGs is probably due to the fact that they are intermediate products
of the catabolism and synthesis of TGs [13].

Figure 3C reports the total concentrations of lipid classes that show a trend
over time in SMG. The total concentrations are reported as pg/mL and were
calculated by summing the normalized areas of the single lipids for each class.
After 7 days a clear increase of total BMPs, Cers, FAs, LPCs, LPEs, and PGs
occurred and after the 7™ day all these classes showed decreased levels; the
TG class showed an increase at the 9™ day. The only lipid class that have a
different trend is the CAR one: it shows a decrease in the abundance of lipids

over the time.
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Figure 3: lipidomic alteration during simulated microgravity. Hierarchical clustering
heatmap of the 4 groups (A), donut chart of the number of identified lipids per class
(B). Total lipid concentration for BMPs, CARs, Cers, FAs, LPCs, LPEs, PGs and
TGs (O).
p-value < 0.05 = *; p-value < 0.01 = **; p-value < 0.001 = ***; p-value < 0.0001 =
skeskskeosk

)
Legend: BMP bismonoacylglycerophosphate; CAR acylcarnitine; CE cholesteryl
ester; Cer ceramide; DG diacylglycerol; FA free fatty acids; HexCer
glycosylceramides; LPC lysophophatidylcholine; LPE
lysophosphatidylethanolamine; LPG lysophosphatidylglycerol; LPI
lysophosphatidylinositol; NAE N-acyl ethanolamines; PC phosphatidylcholine; PE
phosphatidylethanolamine; PG phosphatidylglycerol; PI phosphatidylinositol; SM
sphingomyelin; TG triacylglycerol.

Among the modulated lipids, fatty acids resulted increase after 7 days under

simulated microgravity condition. Interestingly, all modulated FAs (FA 20:3,
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FA 20:4, FA 20:5, FA22:5 and FA 22:6) but one (FA 18:1), have
polyunsaturated chains (figure 4A). The same trend is shared with some PCs
and PEs, like PC 18:0_20:4, PC 16:0_18:0, PE O-18:1_20:4 and PC 18:1_20:4
(figure 4B). Furthermore, these glycerophospholipids are composed by
arachidonic acid (C20:4), stearic acid (C18:0), palmitic acid (C16:0) and oleic
acid (C18:1).

11 LPCs were identified, with an average of 19 carbons and 1 unsaturation;
the LPC with the shorter carbon chain is the LPC 16:0 and the one with the
longer carbon chain is LPC 28:1. There are two LPCs with the presence of an
alkyl ether substituent: LPC O-18:1 and LPC O-16:1. The following LPCs
species reflect the trend of the entire class, suggesting that there is not a single
lipids that have a higher impact on the total concentration: LPC 16:1; LPC
20:4; LPC 18:1; LPC 18:2; LPC 20:1; LPC 20:3; LPC 28:1; LPC O-18:1 and
LPC 16:1 (figure 5SA). LPE class was also identified with 13 lipids, sharing
the same characteristic of the LPC class. Notably, there were more species
with an alkyl ether substituent (LPE O-16:1; LPE O-18:1; LPE O-18:2; LPE
0-24:2 and LPE 0O-3:0). Also for this class most lipids shared the trend of the
total class: LPE 16:1; LPE 18:0; LPE 18:1; LPE 18:2; LPE 20:4; LPE 22:6
LPE O-16:1; LPE O-18:1; LPE O-18:2 (figure 5B).

As regard the CAR class, only four lipids were identified, one with a short
chain (CAR 4:0) and three with medium/long chains (CAR 16:0; CAR 16:1;
CAR 18:1).
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Figure 4: box plot of the abundances of FA 18:1, FA 20:3, FA 20:4, FA 20:5, FA

22:5, FA 22:6 (A). Box plot of the abundances of PC 18:0_20:4; PC 16:0_18:0; PE
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Figure 5: box plot of the abundances of LPC 16:1; LPC 20:4; LPC 18:1; LPC 18:2;
LPC 20:1; LPC 20:3; LPC 28:1; LPC 0O-18:1 and LPC 16:1 (A). Box plot of the

abundances of LPE 16:1; LPE 18:0; LPE 18:1; LPE 18:2; LPE 20:4; LPE 22:6 LPE
0-16:1; LPE O-18:1 and LPE O-18:2 (B).
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Lipidome alteration in PDAC cells between T1 SMG, T7 SMG
and T9 SMG
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Figure 6: histograms with number of modulated lipids per class and donut charts of
the percentage of modulated lipids per class: T1 SMG vs CTR (A), T7 SMG vs
CTR (B), T9 SMG vs CTR (C). Legend: blue down-modulated and red up
modulated lipids. FC > 1.3, p-value < 0.05 thresholds.

Figure 6A, B and C report the histograms with the number of modulated lipids
for each class in the comparison between the groups: T1 SMG vs CTR, T7
SMG vs CTR, T9 SMG vs CTR, respectively. For all the comparisons, we
found a great number of modulated lipids, in detail: T1 SMG vs CTR 80 down-
regulated and 195 up-regulated; T7 SMG vs CTR 197 down-regulated and 108
up-regulated; T9 SMG vs CTR 177 down-regulated and 108 up-regulated. The
modulated lipids belong to all the lipid classes identified.
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In particular, from the histograms, it is worth to note that there is a similar
behavior in the classes involved in the modulation. As previously observed
from the total lipids, at the 7™ day there is an increase in glycerophospholipids
(LPC, LPE, PC, PE, and PG) (figure 6B); while at 9" day it is confirmed the
up-modulation of TG and the decrease of the other glicerophospholipids
classes (figure 6C), which have the same trend after 24h (figure 6A).

These results suggest that there is a clear modification of lipids metabolism
that bring to important changes in lipids after 7 days under microgravity
condition, then, after this time, the lipids seems to return to the initial state.
This particular trend seems to be confirmed also by the comparison T1 SMG
vs T7 SMG (figure 7A) where we can see that all the lipids are down
modulated, especially PC and PE class, with 35 and 67 lipids respectively.
While the comparison T1 SMG vs T9 SMG (figure 7B) did not show a marked
trend, just the DG and TG classes have a great number of down modulated
lipids. As regards the PC and PE ones there is no evidence of a clear trend (8
and 12 lipids down and up modulated respectively in PC class; 13 and 16 down

and up modulated respectively in PE class).
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Figure 7: histograms with the number of modulated lipids per class: T1 SMG vs T7
SMG (A), T1 SMG vs T9 SMG (B). Legend: blue down-modulated and red up
modulated lipids. FC > 1.3, p-value < 0.05 thresholds.
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Proteome and trascriptome alteration in PaCa-44 cells induced
by SMG

Lipidomic results were also supported by transcriptomic and proteomic
analysis that showed a clear time dependent effect of microgravity on PDCA
cells. SMG induces stemness enrichment: after 9 days the specific stemness-
related genes Nanog, Sox2 and Oct4 were found increased with respect to the
cells in adhesion. Proteomics confirmed these findings with the up modulation
at 9 days of IL-8 signaling, involved in stemness, neo-angionenesis and EMT
process regulation. Furthermore, one of the pathway most modulated by SMG
exposure is the “Regulation of actin-based motility by Rho”, that is involved
in the cytoskeleton reorganization inducing actin migration toward the

external plasma membrane.

Discussion

The effects of simulated microgravity were investigated over time on human
pancreatic adenocarcinoma cells line (PaCa-44). Lipidomic, proteomic and
transcriptomic analysis pointed out different effects of SMG on PaCa-44 cells,
such as alteration in migration and cytoskeletal organization, leading to
morphological changes in tumor cells inducing the acquisition of a
mesenchymal phenotype, supporting the spreading of cancer cells and the
acquisition of stemness characteristic.

Lipidomics added some clarification to those findings, suggesting a role of
lipids in cell metabolism.

The importance of lipid metabolism in cancer stem cells is well known: it is
essential for the stem properties and to satisfy their biomass and energy
demands, which ultimately lead to growth and their typical aggressiveness.
Cancer stem cells are also characterized by an elevated -oxidation to support

their survival during extreme conditions. Among modulated lipids, fatty acids
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resulted increased after 7 days under microgravity condition. Fatty acids could
be used as substrates to produce TGs by esterification with diacylglycerols, or
they can be simply stored in the form of TG to later generate energy through
B-oxidation. Thus, triglycerides are packed into lipid droplets, which have
been shown to accumulate under hypoxic condition and are associated with
higher tumor aggressiveness [13]. At 9 days, the increment of TG together
with the reduction of LPC, LPE and FA suggests the synthesis of novel
triglycerides, phosphatidylcholine and phosphatidylethanolamine (PC and
PE), probably to sustain the request of membrane lipids. In particular, we
observed an increase of PC 18:1_20:4; PC 18:0_20:4, PC O-18:1_20:4 and PE
16:0_18:0, supporting the hypothesis of a remodeling of the cellular
membrane.

The high degree of unsaturation makes these metabolites reactive and
susceptible to oxygenation and hydrogenation reactions, suggesting a
metabolic flexibility that allows cells to adapt their metabolism to survive in
hostile conditions, typical of CSCs [14]. Furthermore, the polyunsaturated
fatty acids are rapidly released by cell membranes in response to stress or
altered homeostasis, making them available for oxidative metabolism by
COX, LOX and P450 enzymes [14].

Free fatty acids can also couple with CoA to form acyl CoA moieties that are
then transferred to carnitine to generate acyl carnitine, which subsequently
enters the mitochondrial matrix via the carnitine shuttle [15]. In order to
understand if there is an impairment of the B-oxidation over time, we focused
our attention on the acylcarnitine class. The acylcarnitine to L-carnitine ratio
is recognized as a marker of carnitine deficiency and associated to
mitochondrial B-oxidation [16]. In addition, the trend of this ratio is also
maintained between long-intermediate-chain acylcarnitines (C16-20)

compared to short-chain ones (C4) (figure 8). Our data shows an increased
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(C16-20)/(C4) ratio over the time, suggesting an impairment of the [-
oxidation [17].

Furthermore, proteomic and transcriptomic results showed an up-regulation of
several proteins involved in autophagy biological pathway. Metabolic studies
have reported that in pancreatic cancer cells possessing CSCs characteristics,
there is an increased autophagy and lysosome activity, suggesting that
metabolic alterations and active autophagy are critical features of cancer stem
cells [18].

Our results showed a clear alteration of the ceramide levels during the days in
microgravity and it was showed that this lipid class has been implicated in the
autophagy induction [19].

Even if the role of ceramide in the autophagy process is still unclear, it was
suggested that chain length-specific ceramides may differentially regulate

autophagy [19].
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Figure 8: trend over time of the ratio long-intermediate-chain acylcarnitines (C16-
C20) to short-chain ones (C4).

Understanding the effects of different G forces on tumor cells is the first step
toward developing new anti-cancer treatments.
Using a lipidomics approach, together with proteomics and transcriptomics, to

study the impact of SMG to PDCA cells (PaCa-44) over the time (24h, 7 and
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9 days), allow us to elucidate the biological alteration occurring in cancer cells
due to the condition of microgravity.

In the first 24 hours, the cells gather energy surplus (ATP) in order to survive
SMG exposure, by activating fatty acids B-oxidation in the perissosome. This
mechanism is suggested by the increase of acyl-Coa dehydrogenase very long
(ACADV) from proteomics results and supported by lipidomics: in fact, we
have found a decrease of polyunsaturated FAs.

The prolonged exposure (7 days) to SMG increased the synthesis of new
phospholipids (as indicated by the increase of total LPC, LPE, and in particular
some species of PC and PE) and FA. These classes are essential to sustain the
formation of novel membrane lipids.

It has been demonstrated that the axis PI3K/mTOR/PKC induces calcium-
dependent phospholipase A2 (cPLA2) involved in the release of arachidonic
acid, oleic acid (FA 18:1) and other bioactive lipids (such as eicosanoids) [20],
that trigger the aggressive phenotype of CSCs [21,22].

Through the production of PC and PE from LPC and FA, after 9 days the cells
undergo significant membrane remodeling. At this time point we observed a
reduction in total LPC and LPE as well as FA and, on the contrary, an increase
in some species of PC and PE (composed by arachidonate and oleate, involved
in the mobilization enhancement).

These findings are particularly significant because they suggest, for the first
time, the cell transition toward a more stem and aggressive phenotype
generated by SMG exposure over time. Because this cell rearrangement may
impact tumor cells' drug sensitivity, we will test pancreatic cancer cells'
response to anti-neoplastic treatments under simulated microgravity in the

future.
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Proteomic and lipidomic alterations in mice exposed to
hypergravity

Introduction

From the origin of life on Earth, gravity has never changed. This constant
mechanical force (G) has strongly impacted on the evolution of all living
beings.

Since 3™ November 1957, when the dog Laika was launched into space by
Russian scientists, the comprehension of the effect of different G forces on
animals, particularly on mammals, became one of the most important priorities
of researchers. In the last few years, thanks to the technological innovation,
the interest on space flights has strongly grown: today, also normal people can
hope to have the possibility to travel in space.

In orbit, the absence of gravity creates a microgravity environment, while
take-off and landing of spaceflights and parabolic flights generate a condition
of hypergravity. Despite it is well-known that an altered gravity is a stress
factor that influences the physiological systems, studies on different
gravitational forces are limited due to the cost and the poor availability of
spaceflight missions. For these reasons, several ground-based models to
simulate hypergravity conditions have been developed. All these models act
mechanically and can simulate some of the chronic stress factors concerning
spaceflight experiments, such as exposure to a novel environment, cephalic
fluid distribution shifts, changes in limbs loads, and orthostatic intolerance
[23].

Several studies have investigated the effect of different gravity forces on cells,
bones, and muscular tissues [24-27]. Muscle mass, composition, and
contractility, as well as bone density, can be negatively affected by

hypergravity, with long-term consequences even after the return to normal
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gravity [28]. Moreover, hypergravity affects myoblast proliferation and
differentiation, PC12 neuron-like cell differentiation in vitro [29], and
cyclooxygenase-2 expression in the heart vessels in vivo [30]. Chronic
exposure to hypergravity conditions induces dysregulation of immune
functions [31] and furthermore, it also decreases learning ability [32] and
increases anxiety and stress response [31,33], effects potentially detrimental
to cytoskeletal and organelle structures, together with energy metabolism in
general. Even the liver, which is characterized by a high energy metabolism,
just because of its sponge-like nature, may be more vulnerable to
hemodynamic changes such as physical or compressional stress induced by
spaceflights.

Although hypergravity seems to greatly impacts the biology of living beings,
little is known about circulating lipids and proteins and its effect on living
beings’ biochemical pathways. Additionally, some studies focused on the
effect of space radiation on the splenic metabolome, identifying metabolites
enriched in purine metabolism, tricarboxylic acid cycle, fatty acids,
acylcarnitines, and amino acids [34].

An untargeted metabolomic screening of blood plasma and a targeted analysis
of the urinary metabolome were included in the well-known NASA twin
study, which investigated the impact of the spaceflight environment on an
astronaut on a year-long mission and his Earth-bound twin. The levels of
metabolites linked to genotoxicity and inflammation, as well as amino acids,
were considerably altered in plasma and urine of the astronaut. This exhaustive
study therefore reported the effect of spaceflight, and in general of a
microgravity condition on a human [35].

As regard proteomics, targeted [36] and untargeted [37] analyses have been
both performed in order to characterize the plasma of astronauts in orbit,

focusing more on microgravity [38] rather than on hypergravity condition.
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Moreover, a comprehensive investigation on the proteome changes due to
chronic hypergravity was carried out in Drosophila melanogaster adults [39]
using high-resolution mass spectrometry.

The aim of the present study was to understand how a gravity impairment
caused by hypergravity may impact on circulating proteins and lipids in a
mouse model. For this reason, five mice were subjected to simulated
hypergravity (SHG) for one month and then compared to control animals kept
in normal conditions (TC). Proteomics and lipidomics analysis were
performed on plasma samples and the biochemical changes were analyzed
using bioinformatic tools. Our results showed a modulation of lipids belonging
to different classes and proteins implicated in several biological processes,
shedding new light on the effect of SHG on mammals, opening interesting
perspectives on the necessity to deepen the study of the effect of this altered
condition on mammals, as a potential to develop a hypergravity medicine,

similar to the isobaric one.

Materials and Methods

Materials and methods of this study are the same as previously reported in
Chapter 2 page 51. At the end of Chapter 3, in the section ‘“Materials and

Methods”, instead, are reported the details for the proteomic methods.

Results

Figure 9 reports the details of the present study: 5 mice were subjected to
simulated hypergravity (SHG) for one month, while 6 mice were maintained
in normal condition (TC). All the animals were fed the same way. At the end
of the experiment, blood was collected, and plasma was prepared and stocked
at -80°C until the lipidomic and proteomic analysis. High resolution mass

spectrometry coupled to liquid chromatography was then used to detect
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alterations in the plasma lipidome and proteome. Finally, a bioinformatic

analysis was used to mine the biological effect of SHG on mice.
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Figure 9: experimental design of the study. Plasma from mice subjected to SHG for
one month was compared to plasma from mice maintained in normal conditions.
Plasma lipidomics and proteomics followed by bioinformatic analysis were used to
map the biochemical alterations caused by hypergravity.

Lipids are strongly altered by simulated hypergravity

The lipidomic analysis of the plasma samples clearly showed how
hypergravity impacted the circulating lipidome in a mouse model. A total of
443 lipids belonging to 19 different lipid classes were identified, including: 9
acylcarnitines (CAR), 9 cholesteryl esters (CE), 8 ceramides (Cer), 28
diacylglycerols (DG), 9 free fatty acids (FA), 4 glycosylceramides (HexCer),
25 lysophophatidylcholines (LPC), 13 lysophosphatidylethanolamines (LPE),
one lysophosphatidylinositol (LPI), 3 monoacylglycerols (MG), 10 N-acyl
ethanolamines (NAE), 90 phosphatidylcholines (PO), 45
phosphatidylethanolamines (PE), 30 phosphatidylinositols (PI), 5 esterified
deoxycholic acids (SE), 4 sulphonolipids (SL), 21 sphingomyelins (SM), 4
sterol lipids and 124 triacylglycerols (TG).

The hierarchical clustering heatmap (figure 10A) highlighted the presence of
two distinct groups of samples based on the treatment, in red the mice
subjected to SHG while in green the mice kept in normal condition. In
addition, also the partial least square discriminant analysis (figure 10B)
showed the presence of a lipidomics signature associated to hypergravity; the

most predictive or discriminant features, that are potentially useful in helping
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sample classification, were also determined through the VIP (variable of
importance in projection) score. The VIP score summarized the most
prominent molecules contributing to the observed phenotypic variations in the
SHG (figure 10C).

The monovariate statistical analysis reported the modulation of 156 lipids
from 14 different lipid classes, with the TG class characterized by the largest
number of modulated lipids (n = 97): 96 lipids were down-regulated while
only one increased its level after SHG. The second most modulated lipid class
was the PC one, with 39 altered lipids, 37 of which were down-modulated.
Figure 10D reports the abundance percentage of down-modulated lipids for
each class, while figure 10E reports the number of up (red) and down (blue)
modulated lipids per class: the analysis confirmed a strong modulation of TG,
ST, LPE and Cer, with 91%, 97%, 88% and 84% of total lipids modulated,
which were almost all decreased after SHG. Glycerophospholipids (LPC,
LPE, PC, PE and PI) resulted the most impacted classes by SHG, with a global
decrease of their concentrations.

The only up-modulated class was the CAR one, constituted by the acyl esters
of carnitine, which was characterized by the up-regulation of 6 lipids, namely
CAR 14:1, CAR 14:2, CAR 16:0, CAR 18:1, CAR 18:2, and CAR 20:4 (figure
10E), also confirmed by the enrichment analysis (figure 10F).

Interestingly, hypergravity caused the modulation of two sterol lipids namely
ST 27:1;0;S (cholesterol sulfate) and ST 28:1;0;S which are two important
sterol sulfates.

The down-modulated TGs were characterized by a long carbon chain (average
of 54 carbon atoms) and, as suggested by the enrichment analysis, the most
relevant are composed by unsaturated species: an average of 4 unsaturations
were present on the acyl chains, with oleic and linoleic acids the most

abundant chains. PC class was mainly composed by the same acyl chains of
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TG, while PEs reported also the presence of arachidonic acid chains (PE
18:0_20:4, PE 18:1_20:4 and PE 16:0_20:4).

All the ceramides, except one (Cer 18:2;20/24:1), were constituted by one
oleic acid chain such as Cer 18:1;20/24:0 or Cer 18:1;20/24:1. Noteworthy,
all ceramides were down-modulated after SHG. Another modulated
sphingolipid class was the sphingomyelin, even if only few species (n = 2)

decreased their levels, representing 5% of the total SM abundance.
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Figure 10: effect of simulated hypergravity on plasma lipidome. Hierarchical
clustering heatmap (A) of the lipidomic profiling of mice subjected to SHG (red) and
mice kept in normal condition (green); partial least square discriminant analysis (B);
VIP score of most important lipids (C); abundance percentage of down-modulated
lipids for each class (D); number of up (red) and down (blu) modulated lipids per
class (E); enrichment analysis calculated by Kolmogorov—Smirnov test. (red:
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increased, blue: decreased), each bubble represents a cluster of lipids with similar
structure (F).

The MetaMapp visualization reported in figure 11 clearly shows the impact of
SHG on the plasma lipidome of the mouse model: red nodes represent lipids
with increased concentration, blue nodes represent lipids with decreased
concentration, while light grey nodes represent lipids that were not modulated.
The most increased lipid was CAR 18:2 (FC =3.67), while the most decreased
was the TG 15:1_16:1_18:2 (FC = 0.05). No fatty acids were found to be

somehow regulated.
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Figure 11: MetaMapp visualization of the lipidomic changes in mice subjected to
SHG. Lipids with increased concentration are depicted using red nodes, lipids with
decreased concentration are represented by blue nodes, while the ones that present no
change are depicted in light grey. The central group are neutral lipids, sphingomyelin,
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Page 89132



Proteomic and lipidomic alterations in mice exposed to SHG

and N-acyl ethanolamine, while on the right are reported glycerolipids, diacylglycerol
and monoacylglycerol.

Coagulation, cholesterol metabolism and immune response
proteins are influenced by SHG

Untargeted proteomic analysis was performed on plasma from SHG and TC
mice to investigate the effect of hypergravity on the circulating proteome. In
order to improve the quantification of low abundant proteins, all the samples
were depleted of the 14 most abundant proteins and then digested and analyzed
with SWATH-MS (Sequential window acquisition of all theoretical mass
spectra) [40]. A total of 295 proteins were identified, 203 of which were
quantified in a reproducible manner. Fold change analysis of SHG mice versus
control group revealed the presence of 28 modulated proteins (p-value < 0.05
and fold change > 1.3) as reported in figure 12A.

To assess the overall impact of simulated hypergravity, protein abundances
were analyzed using multivariate statistical analysis. Principal component
analysis (figure 12B) but also hierarchical clustering heatmap analysis (figure
12C) clearly separated the samples according to the groups, indicating the
presence of a proteomic signature associated to the effect of SHG.

The statistical analysis showed that hypergravity caused the up-regulation of
9 proteins, in detail: CFAD_MOUSE (FC = 7.61), ESTIC_MOUSE (FC =
2.067), CBG_MOUSE (FC = 1.98), ANGT_MOUSE (FC = 1.68),
GPX3_MOUSE (FC = 1.58), MUG1_MOUSE (FC = 1.57), CO3_MOUSE
(FC =1.51), ITIH2_MOUSE (FC = 1.50), CERU_MOUSE (FC = 1.48). On
the other hand, 19 proteins resulted under-expressed as reported in table 1

(figure 13A).
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Figure 12: effect of simulated hypergravity on plasma proteome. Volcano plot of the
modulated proteins (FC > 1.3 and p-value < 0.05) (A); principal component analysis
(PCA) of the two groups (red SHG group and green TC group) (B); Hierarchical
heatmap (C).

To obtain a global overview of the hypergravity impact on mice, the
modulated proteins were analyzed with bioinformatics tools. STRING [41]
software and ingenuity pathway analysis (IPA) [42] were employed to identify

the main pathways, biological processes and molecular functions associated
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with SHG. STRING analysis showed that hypergravity condition affects
proteins that are related to the complement and coagulation cascades (figure
13B; red proteins: C9, C8a, C8g, CLU, CFD, C3, FGA, Serpinala) and the
cholesterol metabolism (figure 13B; purple proteins: APOE; APOA4;
APOC1). Regarding KEGG pathway and biological process, defense response
(green proteins: AGT; APOA4; CFD; CLU; C3; C9; C8a; C8g; EGFR; FA4;
SAA4; Serpinala) and humoral immune response resulted the most important
functions involved (yellow proteins: C3; C9; C8a; C8g; CFD; FGA).

Furthermore, ingenuity pathway analysis (IPA) (figure 13C) reported the
modulation of the following main pathways: LXR/RXR activation, FXR/RXR
activation, acute phase response signaling, complement system, IL-12
signaling and production in macrophages, atherosclerosis signaling and
production of nitric oxide and reactive oxygen species in macrophages. Some
of these pathways were predicted inhibited: LXR/RXR pathway (AGT,
APOA4, APOE, C3, C9, CLU, FGA, HPX, SERPINA1) with a p-value of
2.57E-14 and FXR/RXR pathway (AGT, APOA4, APOE, C3, C9, CLU, FGA,
HPX, SERPINAI) with a p-value of 4.18E-14. As already observed by
STRING analysis, most of the proteins associated to the modulated pathways

are involved in inflammation, immune response, and coagulation.
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Figure 13: over-expressed and under-expressed proteins in SHG mice (Log FC >
0.114 or Log FC < -0.114; p-value < 0.05) (A); STRING network analysis of the
regulated proteins (B). Legends: complement coagulation cascades pathway (red
proteins) and cholesterol metabolism (purple proteins), defense response (green
proteins) and humoral immune response (yellow); significantly altered pathways
predicted by ingenuity pathway analysis for the comparison SHG vs TC mice; blue:
predicted inactivated pathway (C).
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Table 1: list of increased and decreased proteins in SHG mice with fold

change and p-value

Proteins
PGM1_MOUSE
SNX33_MOUSE
PPGB_MOUSE
FAT2_MOUSE
MUP3_MOUSE
CO9_MOUSE
APOC1_MOUSE
APOE_MOUSE
SAA4_MOUSE
CO8G_MOUSE
CO8A_MOUSE
LIFR_MOUSE
A1AT1I_MOUSE
FIBA_MOUSE
EGFR_MOUSE
CPN2_MOUSE
CLUS_MOUSE
APOA4_MOUSE
HEMO_MOUSE
CERU_MOUSE
ITIH2_MOUSE
CO3_MOUSE
MUG1_MOUSE
GPX3_MOUSE
ANGT_MOUSE
CBG_MOUSE
EST1C_MOUSE
CFAD_MOUSE

FC
5.00E-02
6.71E-02
7.33E-02
1.63E-01
2.34E-01
3.04E-01
3.20E-01
3.59E-01
3.62E-01
3.75E-01
4.31E-01
4.68E-01
5.09E-01
6.31E-01
6.48E-01
6.51E-01
7.12E-01
7.63E-01
7.67E-01
1.48E+00
1.51E+00
1.51E+00
1.57E+00
1.59E+00
1.69E+00
1.98E+00
2.07E+00
7.61E+00

p-value

1.56E-02
5.75E-03
4.78E-02
7.15E-03
3.98E-02
2.70E-02
3.26E-02
3.80E-04
3.14E-02
3.72E-02
2.81E-02
6.94E-03
7.24E-03
2.23E-02
8.92E-03
6.64E-03
6.60E-04
3.21E-02
2.33E-02
6.45E-03
1.61E-02
4.25E-02
3.07E-02
1.47E-02
1.40E-03
3.66E-02
1.90E-05
3.86E-02
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Discussion

Hypergravity, and in general a variation of the gravity force for a prolonged
time, is a stressful condition for animals. Cells, bones and muscular tissue
analysis have shown important modification in the phenotype and in biological
functions [27,43,44]. Furthermore, it may modify the circadian cycle [45],
but it may also have an impact on the serotonin receptors in the brain of mice
[46].

Although several researches investigated the effect of hypergravity, a
comprehensive analysis of the plasma lipidome and proteome not only is still
lacking, but it could also shed new light on how this condition impact on the
feeling good of animals.

In the present study, the aim was to fill this gap by performing a profile
analysis of the plasma proteome and lipidome of 11 mice, 6 of them exposed
for 1 month to SHG and 5 maintained in normal condition. We then measured
the proteins and lipids alterations caused by SHG to figure out how
hypergravity impacted on mice.

The first striking results is that SHG promoted a global down-modulation of
glycerophospholipids (LPC, LPE, PC, PE and PI), and TG. These lipids are
the core structure of lipoproteins: phospholipids PCs and PEs are the
constituents of the plasmatic membrane that enclose TGs, cholesterol, and
cholesteryl ester. A depletion of these lipids has been already identified as the
cause of the lipid raft disruption that lead to a remodeling of the plasma
membrane [47]. Lipoproteins are also made by apolipoproteins (APOA4,
APOE, and APOC1). The proteomics analysis reported a down-modulation of
these proteins after SHG, thus supporting an alteration of the lipids
transportation that involves lipoproteins.

The origin of the circulating lipoproteins is still unclear. The lipid transport

system in plasma involves two pathways: an exogenous route for the transport
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of cholesterol and triglycerides absorbed from dietary fats in the intestine, and
an endogenous system through which cholesterol and triglycerides reach
plasma from the liver and other non-intestinal tissues [25]. Thus, the
investigation of cholesterol levels would add more biological information on
the specific processes involved.

In agreement with previous data on lipoproteins and glycerophospholipids, we
found a decrease of cholesterol in SHG, even if the modulation was not
statistically different between the two groups (figure 14). A decrease of
cholesterol sulfate (ST 27:1;0;S) was also detected. In human plasma,
cholesterol sulfate, which is the most abundant sterol sulfate, has a stabilizing
function on the membrane, supports platelet adhesion and it is involved in
signal transduction. It has been already observed that the condition of stress
caused by hypergravity can promote a change in the levels of molecules
associated with the energy metabolism, such as cholesterol, CE and TG [48].
Furthermore, the bioinformatic analysis suggested a potential link between
liver activity and hypergravity through the alteration of LXR/RXR and
FXR/RXR pathways. It has been already demonstrated that hypergravity has
an effect on the internal organs of animals [28], and the liver resulted the more
affected one due to its spongy structure. Changes in LXR/RXR and FXR/RXR
pathways can be a result of the down-regulation of proteins and lipid classes
found in the plasma after the prolonged exposition to SHG condition. The
RXR is a nuclear hormone receptor belonging to the retinoid receptor family.
These kind of nuclear receptors are a class of ligand-activated transcription
factors that play important roles in physiology [49]. They regularly interact
with other retinoid receptors, such as the LXR (liver X receptor) and the FXR
(farnesoid X receptor). In particular, the farnesoid one promotes cholesterol
homeostasis, triacylglycerol metabolism, and inflammation suppression [50].

LXRs also control several enzymes involved in the remodeling of lipoproteins
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[51]. In addition, LXRs are recognized as critical regulators of lipids
homeostasis at cellular and systemic levels, including sterols, fatty acids, and
phospholipids. It is worth to note that at the molecular level, FXR controls the
TG metabolism by regulating hepatic de novo lipogenesis [52].
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Figure 14: impact of simulated hypergravity on lipid transport system in plasma.
Total lipid classes (PC, PE, TG), Cholesterol and CE reported as nmol/mL plasma;
modulated proteins APOE, APOC1 and APOA4 reported as normalized area. p-value
<0.1 =* p-value < 0.01 = **; p-value < (0.001 = ***,

Furthermore, a study of lipid fraction deriving from mouse thyroid tissue [53],
reported a down-modulation of cholesterol and PCs such as PC 18:1_18:0 and
PC 16:0_18:1. These data suggested that hypergravity may directly impact on
lipids rafts, thus remodeling the cell membrane structure.

Lipid rafts are made up not only of lipids, but also of proteins that house

multiple receptors and regulatory molecules, acting as a platform for signal
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transduction [54]. It has been reported [55] that in several cell types there is a
rapid change of the cytoskeleton occurring as a reaction to gravitational
modification, leading to a modification of the lipids raft and changes in surface
receptors. This remodeling could have consequences on the immune response,
and further investigations at the cellular level are needed. But interestingly,
our results reported a down-modulation of AGT, APOA4, CFD, CLU, C3, C9,
C8a, C8g, EGFR, FA4, SAA4, Serpinala and FGA, leading to a potential
inhibition of the defense and humoral immune response. A modulation of the
innate response was already observed in larvae and adult subjects of
Drosophila during a space flight [56]. In particular, it was found that parabolic
flights can affect the entire human immune system, by lowering the number
of distinct leukocytes [57]. Under gravitational stress, the number of basophils
and eosinophils dropped, and the number of naive and memory T and B cells
decreased. Consequently, it is possible that gravitational stress can have
clinically relevant impacts on the control of immune responses.

In conclusion, our data demonstrated that hypergravity impacted on the
modulation of several lipids and proteins implicated in important pathways
and biological processes. The most relevant observation was the modulation
of membrane lipids and their role in the transport of lipids by lipoproteins,
suggesting an impairment of the normal activity of the liver induced by
hypergravity, involving also the LXR/RXR and FXR/RXR pathways. In
addition, the study suggested a potential involvement of protein receptors

through the remodeling of plasmatic membrane.
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Conclusion of chapter 3

In this chapter, an in vitro and in vivo studies were performed in order to
understand the effects of microgravity on cells behaviors and of hypergravity
on circulating lipids and proteins of mice. This two particular condition are
present during space missions, spaceflight and parabolic flights.

In the first study, the use of lipidomics, together with proteomics and
transcriptomics, lead us to understand the biological alteration occurring in
cancer cells due to the condition of microgravity on PDCA cells (PaCa-44)
over time (24h, 7, and 9 days).

From both type of data (increase of acyl-Coa dehydrogenase very long
(ACADV) from proteomics results and decrease of polyunsaturated FAs from
lipidomic ones) it was suggested that there is a B-oxidation involvement in the
perissosome in the first 24 hours, this because the cells had to survive SMG
exposure. Furthermore, it was suggested the formation of novel membrane
lipids by the increased levels of some phospholipids species (LPC, LPE, PC,
and PE) and some FAs (FA 20:3, FA 20:4, FA 20:5, FA 22:5, FA 22:6 and FA
18:1).

After 7 days it was observed a reduction of total LPC and LPE as well as FA
and, on the contrary, an increase in some species of PC and PE (composed by
arachidonate and oleate, involved in the mobilization enhancement). These
findings are particularly significant because they show, for the first time, the
cell transition toward a more stem and aggressive phenotype generated by
SMG exposure over time. Because this cell rearrangement may impact tumor
cells' medication sensitivity, we will be testing pancreatic cancer cells'
response to anti-neoplastic treatments under simulated microgravity in the

future.
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The second study showed the use of lipidomics and proteomics to investigate
the lipidome and proteome alteration due to simulated hypergravity in mice.
Our data demonstrated that hypergravity impacted on the modulation of
several lipids and proteins implicated in important pathways and biological
processes. The most relevant observation was the modulation of membrane
lipids and their role in the transport of lipids by lipoproteins, suggesting an
impairment of the normal activity of the liver induced by hypergravity,
involving also the LXR/RXR and FXR/RXR pathway. In addition, the study
suggested a potential involvement of protein receptors through the remodeling

of plasmatic membrane.
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Materials and Methods

Mice Drawer System (MDS)

Simulated hypergravity was performed using the mice drawer system (MDS)
[58]. The mice were exposed to a 3G environment by means of the Large
Diameter Centrifuge (LDC) for one month. Vivarium control mice were also
considered in the experiment. One technical short stop for water/food refill

and filter change was performed.

Plasma preparation for Proteomic Analysis

For the extraction of proteins 12 puL of serum were used, that were previously
depleted of high-abundance proteins using the Seppro IgY 14 spin column kit
(Sigma-Aldrich Inc., St. Louis, MO, USA), according to the manufacturer's
procedure. The samples were transferred into an Amicon Ultra-0.5 mL 3-kDa
centrifugal filter (Millipore, Billerica, MA, USA) following the
manufacturer's procedure to collect high molecular weight proteins. The
samples were then subjected to denaturation with TFE, to reduction with DTT
200 mM, to alkylation with IAM 200mM and to complete protein digestion
with 2 pg of Trypsin/Lys-C (Promega, Madison, WI, USA). The peptide
digests were desalted on the Discovery® DSC-18 solid phase extraction (SPE)
96-well plate (25 mg/well) (Sigma-Aldrich Inc., St. Louis, MO, USA). The
SPE plate was preconditioned with 1 mL of acetonitrile and 2 mL of water.
After loading the sample, the SPE was washed with 1 mL of water. For eluting
the proteins 800 puL of a mixture of acetonitrile/water (80:20) was used [61].
After the desalting process, the sample was evaporated and reconstituted with
20 pL of water acidified with 0.05% formic acid. In each sample was spiked
2 pL of stable-isotope-labeled peptide standard, DPEVRPTSAVAA, Val-
13C515N1 at V10, precursor monitored 609.8215+, 610.8242++ and
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611.32553+++, with a retention time of 9.2 min and mass accuracy of 3.5 ppm,
(Cellmano Biotech Limited, Anhui, China) used for instrument quality

control.

LC-MS/MS proteins analysis

Serum proteins were analyzed with the micro-LC Eksigent Technologies
(Eksigent, Dublin, USA) system coupled with a 5600+ TripleTOF system (AB
Sciex, Concord, Canada) equipped with DuoSpray lon Source and CDS
(Calibrant Delivery System). For the reverse phase chromatography a Halo
C18 column (0.5 x 100 mm, 2.7 um; Eksigent Technologies Dublin, USA)
was used. The column was maintained at 40 °C. The mobile phase A was water
and B was acetonitrile, both modified with 0.1% (v/v) formic acid, the flow-
rate was 15.0 uL/min. The gradient increased from 2% to 40% of solvent B in
30 min. Injection volume was 4.0 uL. A

data-dependent acquisition (DDA) was used for identified proteins: mass
range of 100-1500 Da (TOF scan with an accumulation time of 0.25 s),
followed by an MS/MS product ion scan from 200 to 1250 Da (accumulation
time of 5.0 ms) with the abundance threshold set at 30 cps (35 candidate ions
can be monitored during every cycle). Only ESI positive mode was used for
the proteomic analysis. The ion source parameters were set as follows: curtain
gas (N2) 25 psig, nebulizer gas GAS1 25 psig, and GAS2 20 psig, ion spray
voltage floating (ISVF) 5000 V, source temperature 450 °C and declustering
potential 25 V.

As regard the label-free quantification, a cyclic data-independent analysis
(DIA) was used. A 25-Da window was chosen: the mass spectrometer was
operated so that a 50-ms survey scan (TOF-MS) was performed and
subsequent MS/MS experiments were performed on all precursors. MS/MS

experiments were carried out in a cyclical manner using an accumulation time
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of 40 ms per 25-Da swath (36 swaths in total) for a total cycle time of 1.5408 s.
The ions were fragmented in the collision cell using the rolling collision
energy. The MS data were acquired with Analyst TF 1.7 (AB SCIEX,
Concord, Canada). Two DDA and three DIA acquisitions were performed.

Peptides and corresponding proteins were identified using DDA followed by
database search while the quantification was obtained by integrating the area
under the chromatographic peak for each ion fragment of identified peptides

by using the DIA file [62].

Protein database search

Protein Pilot software v. 4.2 (SCIEX, Concord, Canada) and Mascot v. 2.4
(Matrix Science Inc., Boston, USA) was used in order to identified proteins
from the DDA files. For both software, Trypsin was specified as the digestion
enzyme. 2 missed cleavages were used for Mascot, setting the instrument to
ESI-QUAD-TOF and specified the following modifications for the assay:
carbamidomethyl cysteine as fixed modification and oxidized methionine as
variable modification. An assay tolerance of 50 ppm was specified for peptide
mass tolerance, and 0.1 Da for MS/MS tolerance. Peptide charges to be
detected were set to 2 +, 3 + and 4 +, and the assay was set on monoisotopic
mass [63]. The UniProt Swiss-Prot reviewed database containing mouse
proteins (version 2015.07.07, containing 42,131 sequence entries) was used
and a target-decoy database search was performed. False Discovery Rate was

fixed at 1%.

Protein quantification

To perform protein quantification, the extracted ion chromatogram of the
unique ions for a given peptide was integrated. SwathXtend was employed to
build an integrated assay library with the DDA acquisitions, with a protein
FDR threshold of 1% [22].
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PeakView 2.0 and MarkerView 1.2. (ABSCIEX, Concord, Canada) were
employed to perform quantification. From the SWATH files the six peptides
per protein with the highest MS1 intensity and the six transitions per peptide
were extracted. Peptides in common were excluded as well as peptides with
modifications. Peptides with FDR lower than 1.0% were exported in

MarkerView for the 7-test.

Bioinformatics and statistics software

STRING software (http://string-db.org) [41] was used in order to find or
predict possible protein interactions between the modulated proteins.
Cytoscape 3.1.0 plug-ins ClueGO v 2.0.8 were also used for functional

annotation clustering and network analysis of proteins [64].
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Chapter 4: Lipids alterations in
patients affected by prostate
cancer

General introduction to the chapter

In the current chapter, is reported a case-study in which it was applied a
combined discovery-validation approach in order to find possible lipids able
to discriminate between two groups of patients, one affected by prostate cancer
(PCa) and another by chronic prostate inflammation or prostatitis, that was
used as control (Ctr). The approach used is schematized in figure 1: an
untargeted analysis was used in the discovery phase, where a small number of
patients was enrolled (15 patients for each group). The discovery phase was
used to identifying the most promising lipids able to discriminate between the
two groups. In the validation phase, focusing only on the promising lipids, a
larger cohort of patients (50 Ctr and 90 PCa) was enrolled: as regard the PCa
group we enrolled patients with different Gleason score, ranging from 6 to 9.
The main goal was to identify a combination of lipids that could be used as a
more robust biomarkers for the diagnosis of prostate cancer and the severity

of the disease.
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Figure 1: overview of the study. A first discovery phase in which an untargeted
method of acquisition (ddMS2) was used (left), and validation phase where a targeted

method (PRM) was used (right).
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Figure 2: workflow of the study. In the discovery phase a small number of patients
were enrolled, lipids were extracted and then analyzed by an Orbtrap Q-Exactive
Plus, using an untargeted method (ddMS2). Performing statistical analysis we were
able to identify the best promising lipids able to discriminate the two groups (control
and prostate cancer). In the validation phase we enlarged our cohort and performed a
targeted analysis (PRM) by an Orbitrap Q-Exactive Plus, focusing on the best
discriminant lipids found in the discovery phase.

Despite the significant advances achieved in the diagnosis and treatment of
cancer, prostate cancer (PCa) is the second most frequent cancer diagnosis
made in men and the fifth leading cause of death worldwide [1].

Early diagnosis and aggressive treatment is the only option to cure PCa, and
biomarkers play an important and decisive role in the early diagnosis. Today,
the screening for PCa involves the digital rectal examination (DRE) and the
prostate specific antigen (PSA) blood test.

Unfortunately, these tests are not enough accurate. In fact, PSA test is not very
specific for prostate cancer: this antigen is abundantly produced by prostatic
epithelium and it is secreted by the epithelium of periurethral glands. In

addition, PSA can be secreted by both benign and cancer cells of prostate [2].
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Furthermore, there is the possibility of an over-diagnosis of PCa in
circumstances where there is limited potential for disease progression [3].
Advanced “Omics” technologies have identified altered genome,
transcriptome and proteome related to PCa [4—6]. These studies have provided
a number of potential genomic and proteomic biomarkers for diagnostic
purposes. However, none of these markers were translated into routine
diagnostic and/or prognostic applications.

Together with these omics science, lipidomics could be useful in order to find
suitable lipids able to discriminate subjects affected by chronic inflammation
(such as prostatitis) from PCa patients, avoiding unnecessary biopsies. In fact,
a recent study [7] has found a significant positive relationship between
prostatitis and prostate cancer. Prostatitis can be described as the swelling and
inflammation of the prostate gland: this condition can have several causes and
sometimes its identification is very difficult. Depending on the cause,
prostatitis can come on gradually or suddenly. It might improve quickly, either
on its own or with treatment. Some types of prostatitis last for months or keep
recurring (chronic prostatitis). For these reasons, a misleading false-positive
PCa diagnosis is not that unlikely.

Lipids consist of a large and diverse family of structurally distinct
biomolecules that are hydrophobic or amphiphilic and play diverse and
important roles in biological systems, including composing the membrane
bilayer, storing energy, producing signal transduction, providing functional
implementations of membrane proteins and their interactions [8]. Blood
plasma is rich in lipids and related metabolites, and its composition reflects
different aspects of both metabolism and general human physiology in health
and disease [9].

In recent years many studies have focused on this particular omic science to

profile the lipid plasma content in order to obtain further information and
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biomarkers for some pathologies and diseases (i.e. mitochondrial disease [10]
and coronary artery disease [11]).

In the present study, plasma lipids from patients were examined with UHPLC-
HRMS to perform a global lipid profiling and identifying molecules useful to
avoid unnecessary invasive treatment (biopsy) for patients with chronic
inflammation. Additionally, it was investigated the possibility to discriminate
PCa patients by their Gleason score. A combined approach, as reported in the
workflow in figure 2, was employed. In the first step a total of 30 plasma
samples were analyzed, divided into 15 patients diagnosed with PCa (Gleason
score of 7), and 15 patients with chronic inflammation used as our control
group (Ctr). Using unsupervised statistics the most promising lipid biomarkers
were identified; these lipids were then validated in the second step of the study,
where 140 candidate were enrolled, including also patient with a Gleason
score of 6, 7, 8 and 9.

The results showed that DAG 40:6 and MAG 16:0 were the best promising
lipids able to separate chronic inflammation patients from the prostate cancer
ones, with an area under the curve (AUC) of the relative operating
characteristic curve (ROC curve) of 0.817 and 0.793, respectively.
Furthermore, when combined with other variables, such as the PSA, the AUC
increase to 0.833. Finally, DAG 40:6 and MAG 16:0 could also discriminate

the PCa samples based on their Gleason score.

Patients

Characteristics of the study cohort are listed in table 1. For the untargeted
lipidomic analysis in the discovery phase 15 patients with prostate cancer and
Gleason score of 7 (PCa) and 15 patients with chronic inflammation as control
group (Ctr) were included. All the patients included in the study reported a
PSA > 10 ng/mL and had underwent diagnostic prostate biopsy according to
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current Italian hospital protocols. Then, the cohort was enlarged for the
targeted lipidomic analysis in the validation phase with a total of 140 samples:
50 plasma samples for the Ctr group and 90 samples in the PCa group with
different Gleason score. The average age of the control group was 67+7.0, and

66+7.0 in the PCa group.

Table 1: characteristics of subjects involved in the study.

Discovery Phase Validation Phase
Gleason Score Cancer (PCa)  Chronic Inflammation (Ctr) | Cancer (PCa)  Chronic Inflammmation (Ctr)
- - 13 - 50
6 - - 41 -
7 15 - 43
8 - 5
9 1
Ctr GS6 GS87 G589
Age range » n N .
(years. mean +SD) 6775 67+7.0 64=7.0 69=5.0
Materials and Methods

Materials and methods of this study are the same as previously reported in
Chapter 2 page 51. At the end of Chapter 4, in the section “Materials and
Methods” only the targeted LC-MS/MS method is reported.
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Results

Untargeted lipidomics: comprehensive profile of plasma lipids
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Figure 3: results from the untargeted lipidomic analysis of the comparison PCa and
healthy groups: (A) hierarchical cluster analysis (heatmap) of the two groups; (B)
PLSDA analysis (legends: green control group, red PCa group); (C) volcano plot FC
> 1.5 and p-value < 0.05 where are highlighted the most modulated lipids; (D)
histograms of number of modulated lipids per class in the comparison Control vs PCa;
(E) logi0(FC) of modulated lipids.

From the analysis of the 30 plasma samples a total of 420 lipids were detected,
belonging to 17 different lipid classes: acylcarnitine (ACar),
bismonoacylglycerophosphate (BMP), cholesteryl ester (CE), diacylglycerol
(DQG), free fatty acid (FA), fatty acid ester of hydroxyl fatty acid (FAHFA),
lysophophatidylcholine  (LPC), lysophosphatidylethanolamine (LPE),
lysophosphatidylinositol ~ (LPI), monoacylglycerol (MG), oxidized
phosphatidylcholine (OxPC), oxidized phosphatidylinositol (OxPI),
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phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), sphingomyelin (SM), triacylglycerol (TG). Figures
3A and B report the hierarchical heatmap and the partial least square
discriminant analysis (PLSDA) from which it is possible to observe a clear
separation of the two groups, indicating that the lipidome is useful in order to
separate chronic inflammation from prostate cancer patients.

Through MetaboAnalyst software we performed a univariate analysis of the
quantified lipids. Using a fold change > 1.5, and a p-value < 0.05, 33
modulated lipids were identified (figure 3C). In figure 3D it is reported the
number of up and down modulated lipids per class while in figure 3E the
complete list of modulated lipids and their logio(FC) value are reported. The
most abundant modulated class is the LPC one, with 12 lipids up-modulated
in the chronic inflammation group. Despite the abundance of this type of
lipids, no one was in the top five modulated lipids. Another class up-regulated
is the OxPC class with 5 lipids.

The modulated lysophophatidylcholines are characterized by long acyl chain
(from 14 to 38 carbon atoms) and a great number of insaturations (0 to 6
double bonds). LPCs are “cone-shaped”, with a polar head and a non-polar
carbon tail and therefore IT possess detergent-like properties. The geometry
of the LPC structure is also determined by the degree of saturation of the acyl
chain. Combined, the saturation and length of the acyl chain is detrimental to
its biophysical properties as well as its activity [12]. Oxidized
glycerophospholipids (OxPC and OxPI) are composed by carbon chains with
34-38 atoms and 1 to 3 double bonds. Together with ACar (ACar 26:0) and
FA (FA 18:2), LPC, OxPC and OxPI classes are the only ones that have
exclusively up-regulated lipids. The other classes (DAG, FAHFA, MG, PC,
PE, SM and TG) are composed by down regulated lipids with at most 2 lipids

per class.
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Figure 4 reports the 5 most promising lipids able to discriminate the chronic
inflammation group from the prostate cancer one: SM d39:6 (FC= 0.002 and
p-value= 9.6x10-18), DAG 44:6 (FC= 0.004 and p-value= 1.6x10-6), MAG
16:0 (FC= 0.006 and p-value= 1.6x10-14), MAG 18:0 (FC= 0.019 and p-
value= 7.8x10-15) and DAG 40:6 (FC= 0.073 and p-value= 1.2x10-5). These
lipids were chosen for the validation by targeted analysis (PRM).
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Figure 4: box plot of SM d39:6, MAG 18:0, MAG 16:0, DAG 44:6 and DAG 40:6
from the untargeted analysis. **** p-value < 0.0001.

Targeted lipidomics: validation of potential biomarkers

For the validation phase, 140 plasma samples were analyzed, subdivided into:
50 controls (chronic inflammation), 41 PCa with Gleason score 6, 43 PCa with
Gleason score 7, 5 PCa samples with Gleason score 8 and 1 PCa samples with
Gleason score 9 focusing only on the 5 most promising lipids (SM d39:6, DAG
44:6, MAG 16:0, MAG 18:0 and DAG 40:6) by PRM.

Asresults, DAG 40:6, MAG 16:0, and SM d39:6 resulted statistically different
between the two groups, as reported in figure SA, B and C. In addition,
multivariate ROC curves based analysis were performed on these 3 lipids,
obtaining the following results: for DAG 40:6 an AUC of 0.814, a sensitivity
of 0.87 and a specificity of 0.771, for MAG 16:0 an AUC of 0.793, a
sensitivity of 0.793 and a specificity of 0.771, and for SM d39:6 an AUC of
0.768, a sensitivity of 0.717, and a specificity of 0.771 (figure 5F, G and H).
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On the contrary MAG 18:0 and DAG 44:6 shown no significant differences
between the chronic inflammation and the cancer group (figure 5D and E).
We also performed multivariate ROC curve analysis on the PSA, obtaining an
area under the curve of 0.674 (sensitivity: 0.63, specificity: 0.708) that is much
smaller than the validated lipids (figure SM and N), confirming the low
specificity of this biomarker.

We also combined these three lipids with PSA levels, in order to increase their
discrimination power. Interestingly, we find out that the best area under the
curve (AUC 0.833) was given by combining DAG 40:6, MAG 16:0 and PSA,
while combing DAG 40:6, MAG 16:0, SM d39:6 and PSA the AUC value was
of 0.824 (figure 6A and B). Combining DAG 40:6 and MAG 16:0 it did not
showed an improvement (AUC: 0.809), while using MAG 16:0 with PSA we
obtained an AUC of 0.832 (figure 6C and D), that is similar to the area under
the curve of the combination between DAG 40:6, MAG 16:0 and PSA.
Furthermore, we have also tested whether our biomarkers correlate with the
severity of the disease. Interestingly only MAG 16:0 and DAG 40:6 were able
to significantly separate the groups, even if no statistically differences were

detected between patients with Gleason score 6 and 7 (figure 7).
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Figure 5: box plot and relative ROC curve from targeted analysis by PRM. DAG
40:6 (A and G); MAG 16:0 (B and H); SM d39:6 (C and I); MAG 18:0 (D and L);
DAG 44:6 (E and M). PSA (F and N). Legend: * p-value < 0.05; ** p-value < 0.01;
*** p-value < 0.001; **** p-value < 0.0001.
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Figure 6: ROC curve of DAG 40:6, MAG 16:0 and PSA combined (AUC: 0.833)
(A); ROC curve of DAG 40:6, MAG 16:0, SM d39:6 and PSA combined (AUC:
0.824) (B); DAG 40:6 and MAG 16:0 (AUC 0.809) (C); ROC curve of MAG 16:0
and PSA (AUC: 0.832) (D).
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Figure 7: box plot from targeted analysis by PRM of MAG 16:0: DAG 40:6; SM
d39:6; MAG 18:0; DAG 44:6 and PSA. Legend: * p-value < 0.05; ** p-value <0.01;
**%* p-value < 0.001; **** p-value < 0.0001. Ctr control group, GL6 Geason score 6;
GL7 Gleason score 7; GL8-9 Gleason score 8-9.

Discussion

PCa is the most frequent type of cancer in men and it is the second cause of
cancer deaths. The mortality rate of PCa has decreased dramatically with
advent of PSA test and DRE diagnostic methods. Unfortunately, the PSA test
is not very specific for this type of cancer. Our result, confirmed the diagnostic
issues related to the use of PSA, that within our cohort of patients showed an
area under the curve of 0.674 (sensitivity: 0.648, specificity: 0.74) (figure 5).
In order to increase the discrimination power of the antigen it is possible to
combine it with other biomarkers metabolites, proteins and lipids with a higher

specificity and sensitivity [3]. Regarding proteins and metabolites there are
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plenty of studies that show how it is possible to identify possible biomarkers
from serum or plasma samples [13].

In this study we aimed to find possible biomarkers for a more accurate
diagnosis of prostate cancer.

The main goal was to discriminate the PCa group from the chronic
inflammation one to avoid unnecessary biopsies and to find possible lipids or
groups of lipids able to characterize the severity of the cancer.

Our results showed the presence of 33 modulated lipids between the two
sample groups: five of them, namely MAG 16:0, MAG 18:0, SM d39:6, DAG
40:6 and DAG 44:6 were also validated on a larger cohort (140 samples),
including in the PCa group patients with Gleason score ranging from 6 to 9.
After the validation, only 3 out of 5 lipids reported significant difference
between the two groups DAG 40:6 (AUC: 0.817), MAG 16:0 (AUC 0.793),
and SM d39:6 (AUC: 0.768). Additionally, MAG 16:0 and DAG 40:6 were
also correlated with the severity of the disease.

In order to increase the discriminant power of the biomarkers, we combined
lipids between each other and PSA: the best area under the ROC curve (AUC
0.833) was obtained by combining DAG 40:6, MAG 16:0 and PSA, even if,
MAG 16:0 with PSA showed an AUC of 0.832. These results demonstrated
the potential use of lipids as a complementary diagnostic indicator.

Another unique feature of our study is the use of patients affected by chronic

prostate inflammation as the control group.
In conclusion, the present work showed that lipidomcis analysi can be used to

discriminate prostate cancer to prostate inflammation, obtaining improved

diagnostic performances and avoidig unnecessary biopsies.
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Materials and Methods

UHPLC-HRMS for targeted lipidomic validation

The samples were analyzed by the same instrument of the untargeted phase,
but the chromatographic run was modified. With the results of the untargeted
phase the retention time of the lipids detected allowed us to reduce the LC run
from 30 min to 10 min. We modified the gradient as follows: 0-2 min from
30% to 43% B, 2-2.1 min from 43% to 55% B, 2.1-5 min from 55% to 100%
B, 5-7 keep at 100% of B then let the column riequilibrate at 30% B for 3 min.
The flow rate was 0.300 mL/min.

For the validation step, the Orbitrap Q-Exactive Plus was operated in a target
mode: parallel reaction monitoring (PRM), that allow us to focus only on the
lipids of interest.

The setting of the PRM mode were: resolution 17500 and AGC target 2e5,
maximum IT 100 ms, isolation windows 1.2 m/z. The NCE was set to 15, 30,
and 45. In table 1 are reported adduct type, m/z and retention time range of the

lipids monitored during the run.

Table 1: details of the lipids monitored in the validation phase by target
analysis (PRM): adduct type, m/z values and retention time expressed as
minutes.

Name Adduct m/z RT (min)
MAG 16:0 [M+H] 348.3108 4.9
DAG 40:6 [M+H] 686.5717 4.9
SM d39 [M+H] 763.5676 6.0
DAG 44:6 [M+H] 742.6343 5.4
MAG 18:0 [M+H] 376.3421 5.0
DAG 12:0 [M+H] 479.3701 6.0
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Conclusions and future
perspectives

In this doctoral thesis, lipidomic analysis was performed to explore biological
mechanisms and biomarkers in three different case-studies. These
investigations were carried out from plasma and cells to understand the host
response as result of virus infection, environmental condition, and cancer
disease. All the studies were carried out through an untargeted approach using
a high-resolution mass spectrometry coupled with ultra-high liquid
chromatography.

Plasma is the best biological matrices for lipidomic investigation because well
represent the phenotype of the host and summarized the potential biological
modification occurring during infection. Furthermore, circulating lipids can
be used to understand how and which biological pathways are involved during
particularly condition of the host. Additionally, the collection of plasma is not
invasive and do not required specific equipment. The use of biological fluids
lead to perform quick and simple extraction methods, like liquid-liquid
extraction. In this thesis a consolidate method was applied, using harmless
solvents like MTBE and water.

Notably is the possibility to use mass spectrometry coupled with liquid
chromatography. This techniques allows to use small quantities of sample,
reducing waste and solvents used.

As regard cell samples the bottleneck for the success of the analysis is the
collection of a suitable number of cells. Cells, particularly peripheral blood

mononuclear cells, are involved during the immune response and the
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investigation of their lipids can help the understanding of the host response,
for example, during SARS-CoV-2 infection.

The promising results reported in previous chapters, suggest that the lipidome
is reactive to alteration states and that can be involved in interesting biological
mechanisms, elucidating some behaviors previously unclear.

As regard virus infection, a deep investigation of plasma from patients affected
by the novel SARS-CoV-2 was reported, together with a pilot study on
peripheral blood mononuclear cells from plasma to investigate the possible
immune response of the host.

The plasma study was performed on a large cohort of patients, composed by
161 subjects, subdivided into COVID-19 (n = 103) and non-COVID-19 (n =
58) groups. The main findings revealed a number of processes and pathways
involved in the host response to SARS-CoV-2, such as the activation of PLA>
in patients affected by the virus; as well as several promising biomarkers and
therapeutic targets, like the combination of arachidonic acid, oleic acid and
two different phosphoethanolamines. Furthermore, it was observed an
increase of fatty acids in patients infected by the virus. This finding may be a
consequence of the defense mechanism of the host, but, at the same time, the
higher levels of FAs may also cause inflammation. Additionally, the analysis
from peripheral blood mononuclear cells from plasma, confirmed the findings
of the previous work, regarding the involvement of the immune system as
response to the viral infection. Furthermore, at cellular level, it was observed
the modulation of lipid classes involved in membrane structure, suggesting a
membrane remodeling, favored by some lipid classes such as ceramides,
enhancing the entry of the virus into host cells.

It will be interesting to perform a large-scale lipidomic analysis also on
PBMC:s in order to have a representative vision of the host response to viral

infection from SARS-CoV-2 at the cellular level.
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The effects of the environmental conditions were evaluated through in vitro
and in vivo studies, evaluating the impact of microgravity and hypergravity on
circulating lipids and proteins.

In the first study, the use of lipidomics, together with proteomics and
transcriptomics, lead us to understand the biological alteration occurring in
cancer cells due to the condition of microgravity on PDCA cells (PaCa-44)
over time (24h, 7, and 9 days). The results suggested an involvement of [3-
oxidation in the perissosome during the first 24 hours. Furthermore, the
formation of novel membrane lipids by the increased levels of some
phospholipids species (LPC, LPE, PC, and PE) and some FAs (FA 20:3, FA
20:4, FA 20:5, FA 22:5, FA 22:6 and FA 18:1) was detected. These findings
were observed after 7 days, after this time point almost all the lipid classes
involved in the modulation return to the initial levels. This in vitro study had
shown the cancer cell transition toward a more stem and aggressive phenotype
generated by simulated microgravity.

It would be interesting testing pancreatic cancer cells’ response to anti-
neoplastic treatments under simulated microgravity.

The in vivo study was performed on mice to investigate the lipidome and
proteome alteration due to simulated hypergravity. The main observation was
the modulation of some apolipoproteins (APOA4, APOE, and APOC1) and
lipids species (LPC, LPE, PC, PE, PI, and TG). These lipids and proteins are
the core structure of lipoproteins: phospholipids PCs and PEs are the
constituents of the plasmatic membrane that enclose TGs, cholesterol, and
cholesteryl ester. A depletion of these lipids may be the cause of lipid raft
disruption that lead to a remodeling of the plasma membrane. The involvement
of lipoproteins may suggest an impairment of the normal activity of the liver
induced by hypergravity, involving also the LXR/RXR and FXR/RXR
pathway.
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The last study had been performed on plasma samples belonging to patients
affected by prostate cancer and patients affected by chronic prostate
inflammation. Both the two groups presented elevated levels of prostate
specific antigen (PSA) and for this reason were subjected to biopsy. For this
work, a double approach has been applied: a first untargeted UHPLC-HRMS
method was involved for the analysis of 30 plasma samples to find the best
promising lipid biomarkers, then a second targeted method was applied on 140
samples to validate the lipids found in the first part.

The finding of potential biomarkers able to discriminate plasma samples
belonging to cancer patients from the ones affected by chronic inflammation,
despite the elevated PSA levels, showed that lipidomics could be used as a
powerful tool to improved diagnostic performances and avoiding unnecessary
biopsies.

In this thesis it has been shown how lipidomics can be used to better
understand the impairment in biological pathways and mechanisms that occur
in the host. Furthermore, it was demonstrated that lipids can be used as a
powerful diagnostic tool for some pathologies, avoiding unnecessary and
invasive treatments.

For the future it would be interesting to complete the previously studies,
adding the mentioned analysis and maybe focusing on particular lipid classes

or single lipid.
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