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Abstract

This doctoral thesis is deals on analysis of lipids in several complex samples
using high-performance liquid chromatography coupled with mass spectrometry to
obtain detailed information of the lipidome. The first part of this thesis aims to the
development of a new method based on hydrophilic interaction liquid chromatography
coupled to a negative-ion electrospray ionization high-resolution mass spectrometry
used for the identification of sphingolipids mainly gangliosides and other polar lipids in
biological samples. The identification of lipids was based on accurate m/z values of
[M—H] ions and fragment ions measured by high-resolution mass spectrometer. The
next part of the thesis is focusing on optimization of the negative-ion hydrophilic liquid
chromatography-electrospray ionization mass spectrometry method used for the
quantitative analysis of ganglioside (GM3) and other polar lipid classes. The method
was used for the quantitation of the studied lipids in kidney tumor and surrounding
normal tissues on patients suffering by renal cell carcinoma. The raw data were
statistically evaluated using multivariate data analysis methods.

Abstrakt

Tato disertacni prace se zabyva analyzou lipidi v nékolika rozdilnych vzorcich
pomoci vysokouc¢inné kapalinové chromatografie ve spojeni s hmotnostni spektrometrii
pro detailni informaci o lipidomu. Prvni ¢ast této prace se zaméfuje na vyvoj noveé
metody pro identifikaci sfingolipidi pfedevs§im gangliosidl a dalSich polarnich lipidd v
biologickych vzorcich. Metoda vyuZziva kapalinovou chromatografii hydrofilnich
interakci ve spojeni s vysokorozliSujicim hmotnostnim spektrometrem pii pouZiti
elektrosprejové ionizace v negativnim iontovém modu. Identifikace lipidii byla zalozena
na zéklad¢ spravné m/z [M—H] a fragmentovych iontl. Druhd cast této prace se
zaméiuje na optimalizaci vySe vyvinuté metody pro kvatitativni analyzu gangliosid
(GM3) a ostatnich polarnich lipidii. Metoda byla pouzita pro kvantitativni studii lipida
v nddorové tkani ledvin a okolni nddorové tkdné€ ledvin u pacientti trpicich karcinomem
ledvin. Naméfena data byla statisticky vyhodnocena pomoci vicerozmérné statistické
analyzy dat.
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1. Introduction

1.1 Lipids

Lipids are defined as hydrophobic or amphipathic small molecules that originate
entirely or in part by carbanion-based condensations of thioesters and/or by carbocation-
based condensations of isoprene units [1, 2]. Lipids are molecules soluble in organic
solvents and/or in water depending on the molecule of lipids. Lipids play significant role in
physiological processes, such as interactions between cells of the immune system, in the
cellular signaling, regulation of cell apoptosis, differentiation, and transformation [3-7].
The dysregulation of lipids is related to various human diseases, such as cancer, Alzheimer
disease, and cardiovascular diseases [8].

Lipids are divided into eight major lipid categories (fatty acyls, glycerolipids,
glycerophospholipids, sterol lipids, prenol lipids, saccharolipids, polyketides, and
sphingolipids) according LIPID MAPS consortium [9]. Each group containing classes and
subclasses of lipids. For example, the glycerophospholipids contains 21 classes and many
subclasses, including glycerophosphocholines (PC), glycerophosphoethanolamines (PE),
glycerophosphoserines (PS), glycerophosphoglycerols (PG), phosphatidylinositoles (PI),
etc. The sphingolipids which they are important for this work comprises highly diverse lipid
species. The fatty acyls of sphingolipids are linked via amide bond to a long chain base or
sphingoid. The group of acidic sphingolipids contains gangliosides, which are
sphingolipids containing the sphingoid base (ceramide) attached to mono- or polysialylated
oligosaccharides. Gangliosides may have a different composition of sphingoid base, N-fatty
acyls, and an oligosaccharide part, which results in a large complexity of natural
gangliosides. Ceramide moiety can be attached to various sugars: one or more uncharged
sugars, such as glucose (Glc) or galactose (Gal), with possible further attachment of other
neutral sugars, such as N-acetylgalactosamine (GalNAc), N-acetylglucosamine (GlcNAc),
and fucose (Fuc); ionized functional groups, such as sulfate attached to uncharged sugars
or sialic acid residues. Sialic acids (Sia) form a large group of neuraminic acid derivatives
and may occur in various forms [10-12]. About 50 Sia types are known with N-
acetylneuraminic acid (NeuAc), N-glycolyl neuraminic acid (NeuGc) and O-acetylated
derivatives among which N-acetyl-9-O-acetylneuraminic acid is most common. Sialic acid
is a trivial name used for all derivatives of neuraminic acid [4], where the most important
i1s N-acetylneuraminic acid (NeuAc) and less common is N-glycolylneuraminic acid
(NeuGc). NeuAc and NeuGec are structurally similar, but they differ significantly in their
natural occurrence. N-acetylneuraminic acid is present in human unlike N-
glycolylneuraminic acid, which is obtained only from the diet in a limited amount [4, 13,
14].
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Figure 1: Sialic acids.

The nomenclature of ganglioside was published by Svennerholm [15] and later was
approved by [UPAC [16]. In the shorthand notation system of gangliosides, the first letter
G means ganglioside, the second letter indicates the number of sialic acids (M = mono, D
=di, T =tri, and Q = tetra), then the number of neutral sugars is calculated as 5—n saccharide
units, which may be followed by small letter a, b, or ¢ defining the position of sialic acid(s).
For example, GD1a (Figure 19), ganglioside (G) containing two Sia (D, 2x NeuAc), four
neutral saccharides (n =4, ie, 5-4 = 1) and a letter determines the position of Sia. The colon-
separated numbers (e.g., 38:1) behind ganglioside abbreviations provides the information
on the total number of carbon atoms and double bonds (CN:DB) of N-linked fatty acyl and
sphingoid base of ceramide part.

Gangliosides are present in almost all human tissues, and they are particularly
abundant in neural tissues and extraneural organs, such as the spleen, lungs, and in some
biological fluids such as blood, and milk [17-22]. Gangliosides play an important role in
many physiological processes such as cell signaling, neuronal protection, adhesion,
differentiation and dendrite formation [20, 23]. Gangliosides may affect intestinal
immunity, tumor progression [19, 24], and they are associated with Alzheimer's disease
[25].

1.2 Analysis of lipids

The first and very important step in lipid analysis is extraction of lipids from the
sample material. It is very important to gain a stable lipid extraction yield in lipidomic
analysis. The standard method of the lipid extraction was introduced by Folch et al [26],
and later modified by Bligh and Dyer [27]. This method is based on the use of chloroform,
methanol, and water as a ternary solvent mixture. More recently modified protocols using
(MTBE) [28] and butanol-methanol (BUME) [29] have been developed to improve the
extraction process.



The comprehensive lipidomic analysis of sample material such as biological tissues
and fluids is a dauting task due to the extreme complexity of the lipidome (amphipathic
character of lipids with hydrophobic acyl tails and hydrophilic head groups). For this
reason, the separation techniques coupled to MS are widely used for separation and analysis
of lipids. Gas chromatography/mass spectrometry (GC/MS) is technique for the analysis of
fatty acid methyl esters after the transesterification of lipids, which provides the information
on fatty acyls composition. Widely used technique for analysis of lipids is liquid
chromatography coupled with MS. LC has relatively wide range of separation modes,
which may be tailored for wide range of lipids. Reversed-phase LC can provide complex
separation based on the FA length, and also the number and positions of double bonds [19,
21, 30-32]. On the other hand, hydrophilic liquid chromatography (HILIC) separates lipids
mainly based on polar head groups. More recently is used ultrahigh-performance
supercritical fluid chromatography coupled to MS applied for lipid class separation for
nonpolar and polar lipid classes in short analysis times [33]. MS is frequently used
analytical technique for qualitative and quantitative analysis due to sensitivity, structural
details based on fragmentation of lipids. Three main approaches are often used in lipidomic
analysis: (1) direct infusion MS analysis (shotgun) [34],chromatography coupled to MS
(LC/MS, GC/MS) [34] and matrix-assisted laser desorption ionization [35].

2. Experimental part

The first goal of this thesis is development and systematic optimization of
HILIC/ESI-MS/MS method for the analysis of wide range of gangliosides, describe the
fragmentation behavior of individual ganglioside subclasses in MS/MS mode to study
elucidate the structure of both oligosaccharide and ceramide parts of ganglioside molecules,
and apply the method for the analysis of biological samples.

The next goal of the thesis is the differentiation of renal cell carcinoma tumor and
surrounding normal tissues based on the hydrophilic liquid chromatography-electrospray
1onization mass spectrometry (HILIC/ESI-MS) quantitation of gangliosides GM3 and other
polar lipid classes (sulfohexosylceramides (SulfoHexCer), sulfodihexosylceramides
(SulfoHex2Cer), phosphatidylserines (PS), phosphatidylinositols (PI),
phosphatidylglycerols (PG), and lysophosphatidylinositols (LPI)) followed by the
statistical differentiation of tumor and normal groups, and visualize the most dysregulated
lipids.

2.1  Optimization of method and characterization of gangliosides

2.1.1 Chemicals and materials

Methanol, acetonitrile (both HPLC/MS grade), chloroform (HPLC grade, stabilized by
0.5—1% ethanol), ammonium formate, ammonium acetate, formic acid, and acetic acid
were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Deionized water was
prepared with a Milli-Q Reference Water Purification System (Molsheim, France). The
standard of total ganglioside extract from porcine brain was purchased from Avanti Polar
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Lipids (Alabaster, AL, U.S.A.). SPE 200 mg of tC18 cartridge (Sep-Pak Vac, 37-55 um
particle size) was purchased from Waters (Waters, Milford, MA, USA). The porcine brain
was obtained from the local farm. Samples of plasma, erythrocytes, and kidney were
obtained from the Department of Urology, PalackyUniversity, Faculty of Medicine and
Dentistry and University Hospital, Olomouc, Czech Republic. The sample of lungs was
obtained from the Regional Hospital of Pardubice, Czech Republic. The study was
approved by the hospital Ethical Committee, and patients signed documents giving their
informed consent.

2.1.2 Sample preparation

Two milligrams of total ganglioside extract from porcine brain was dissolved in
1100 pL of chloroform—methanol—water (600:425:75, v/v/v) mixture. Human blood was
collected to heparin-lithium tubes and ultracentrifuged to obtain plasma. Samples of human
kidney and human lungs were obtained during surgery, immediately frozen, and stored at
—80 °C until the sample processing and the analysis. Human lungs, kidney, erythrocytes,
plasma, and porcine brain tissue extracts were obtained by chloroform— methanol—water
extraction according to Folch method [26] with minor modifications [36, 37]. Initially, 25
mg of each tissue (human kidney, human lungs, or porcine brain) was cut by scalpel and
homogenized in 6 mL of a chloroform—methanol mixture (2:1, v/v) using an ultrasonic bath
at 40 °C for 10 min, while human plasma (200 pL) and erythrocytes (200 pL) were
homogenized in 3 mL of chloroform—methanol mixture (2:1, v/v) using an ultrasonic bath
at 40 °C for 10 min. Then, deionized water (1200 pL for tissues and 600 pL for plasma and
erythrocytes) was added, and the mixture was centrifuged at 3000 rpm for 3 min under
ambient conditions. The upper aqueous layer containing gangliosides was collected,
evaporated by gentle stream of nitrogen to dryness, redissolved in 1 mL of water, and
purified by SPE. First, 200 mg of tC18 cartridge was conditioned with 3 mL of methanol
followed by 3 mL of water. Then, 1 mL of sample dissolved in water was loaded on the
column, washed 3 mL of water, and finally eluted by 3 mL of methanol. The eluate was
collected, then evaporated by a gentle stream of nitrogen to dryness and redissolved in 500
uL of methanol—water— chloroform (300:150:50, v/v/v) mixture for analysis.

2.1.3 LC/MS conditions

All LC experiments were performed on a liquid chromatograph Agilent 1290
Infinity series (Agilent Technologies, Waldbronn, Germany). The final method for the
analysis of individual lipid subclasses used the following conditions: Ascentis Si column
(150 x 2.1, 3 um, Sigma-Aldrich), flow rate 0.3 mL/min, injection volume 1 pL, column
temperature 40 °C, and mobile-phase gradient as follows[10 min: 87.7% A + 12.3% B; 15
min: 77.9% A + 22.1% B, where phase A was acetonitrile with acetic acid, and phase B
was 10 mM aqueous ammonium acetate with pH 6.1 adjusted by acetic acid.

The setting of hybrid quadrupole time-of-flight mass spectrometer (micrOTOF-Q,
Bruker Daltonics, Bremen, Germany) in ESI mode was used: capillary voltage 2.5 kV,
nebulizing gas pressure 1.2 bar, drying gas flow rate 9.3 L/min, and drying gas temperature
210 °C, mass range 50 — 300 m/z. The hybrid quadrupole traveling wave ion mobility time
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of flight mass spectrometer Synapt G2Si (Waters) in the resolution mode was used for the
identification with the following conditions: negative-ion ESI, mass range m/z 50— 2000,
capillary voltage 2.2 kV, sampling cone 20 V, source offset 90 V, source temperature 150
°C, drying temperature 500 °C, cone gas flow 0.8 L/min, drying gas flow 17 L/min, and
nebulizer gas flow 4 bar. Leucine enkephaline was used as the lock mass for all
experiments. MS/MS experiments were performed on the transfer cell with the collision
energy ramp from 20 to 70 eV.

2.1.4 Results and discussion

Ascentis Si column has been used for the separation of gangliosides. The standard
of total ganglioside extract from porcine brain was used for the optimization of these major
ganglioside subclasses: GM1a, Fuc-GM1a, GD1a, GD1b, and GT1b. Ammonium acetate
and ammonium formate have been used for LC/MS optimization from 0 to 30 mmol/L. The
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Figure 2:Comparison of relative peak areas vs molar
concentrations of (A) ammonium formate (AmFm) and (B)
ammonium acetate (AmAc) for major individual gangliosides
GM1a 36:1 (RIC of [M— H]—at m/z 1544.9), Fuc—GM1a 36:1
(RIC of [M—H]- at m/z 1690.9), GDla 36:1 (RIC of
[M—H]2—at m/z 917.5), GD1b 36:1 (RIC of [M—H]2— at m/z
917.5), and GT1b 38:1 (RIC of [M—H]2— at m/z 1077.0).
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highest signal for ammonium acetate and ammonium formate was observed at 5 mM
(Figure 2), but the best compromise between the sensitivity and peak shape was 10 mM.
Mobile phases without additives cannot be used for the separation due to the unacceptable
peak tailing and no chromatographic resolution of isomeric GD1a and GD1b.

The next step in optimization of HILIC/ESI-MS method was testing of pH mobile
phase. The pH range from 3.0 to 5.8 was tested for 10 mM of ammonium formate using the
addition of formic acid and from 3.0 to 6.5 for 10 mM of ammonium acetate using the
addition of acetic acid. The direct comparison of optimum conditions for both tested buffers
in Figure 3C shows that the highest signal was obtained for ammonium acetate at pH 6.1.
The peak width and tailing factors were also considered, where the worst results are
obtained for most acidic mobile phase (pH 3) without any resolution of GD1a and GD1b.
Measurements for all other pH values provided comparable results. Therefore, the best
compromise among the sensitivity, tailing factors, and the chromatographic resolution is
10 mM of ammonium acetate, because it also provides a partial separation of Fuc—-GM1a
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Figure 3: Comparison of relative peak areas vs. pH for (A) 5 mmol/L ammonium formate
(AmFm) and (B) 10 mmol/L ammonium acetate (AmAc) and comparison of (C) optimal
pH of ammonium formate and ammonium acetate for major individual gangliosides: GM1
36:1 (RIC of [M-H] at m/z 1544.9), FucGM1 36:1 (RIC of [M-H] at m/z 1690.9), GDla
36:1 (RIC of [M-H]* at m/z 917.5), GD1b 36:1 (RIC of [M-H]* at m/z 917.5), and GT1b
38:1 (RIC of [M-H]* at m/z 1077.0). GDla and GDI1b are not separated at pH 3.0 of
ammonium formate buffer.
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and GDla unlike to 5 mM of ammonium acetate, but at cost of reduced sensitivity and
longer analysis time.

The final method was used for the analysis of porcine brain extract (Figure 4). The
19 ganglioside subclasses and 5 other polar lipid classes were identified in porcine brain
extract (Figure 5). The identification was provided based on the retention time, and accurate
mass m/z of precursor and fragment ions. The full scan negative-ion ESI mass spectra were
obtained for all peaks corresponding to individual subclasses of gangliosides, and the
elemental composition were determined on the basis of accurate m/z measurements with
the average mass accuracy of 3.1 ppm. Then, MS/MS spectra of [M—H]~, [M—2H]*", or
[M—-3H]* ions were recorded and interpreted. The fragmentation behavior of gangliosides
provided an excellent tool for sequencing of oligosaccharide part. The fragmentation was
predictable and therefore provided unambiguous information on the sequence including the
type of branching, i.e., the differentiation of a, b, and c series (Figure 5).
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Figure 4: Negative-ion HILIC/ESI-MS total ion current chromatogram of porcine brain
extract. Conditions: Ascentis Si column (150 x 2.1, 3 um, Sigma-Aldrich), flow rate 0.3
mL/min, injection volume 1 pL, column temperature 40 °C, and mobile-phase gradient-0
min: 87.7% A + 12.3% B; 15 min: 77.9% A + 22.1% B, where phase A was acetonitrile
with acetic acid, and phase B was 10 mM aqueous ammonium acetate with pH 6.1 adjusted
by acetic acid.
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Figure 5: Structures of gangliosides identified in this work. Annotation: !¢
the first letter G means ganglioside, the second letter indicates the number
of sialic acids (M = mono, D = di, T = tri, and Q = tetra), then the number
of neutral saccharide units is calculated as 5-—n, the series a is
—Hex(NeuAc)—Hex—Cer, the series b is “Hex(NeuAc—NeuAc)—Hex—Cer,
and the series ¢ 1s “Hex- (NeuAc—NeuAc—NeuAc)—Hex—Cer. The asterisk
(GQla—Ac*) means that the structure is not confirmed by MS/MS spectra.
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The final method was applied for measurements of the porcine brain extract and also
human kidney, lungs, plasma, erythrocytes extracts. The gangliosides that are identified
with high confidence were reported considering the following criteria: (1) accurate m/z
values to determine the elemental composition (99% of measurements <10 ppm, 87% of
measurements <5 ppm, and the average mass accuracy 3.1 ppm), (2) the interpretation of
fragmentation behavior to sequence the oligosaccharide part of the molecule based on
accurate m/z values, and (3) retention time. The table clearly showed that the brain tissue
contains by far more gangliosides than other studied biological samples. Only GM3 were
detected for all studied sample types with only few additional gangliosides in case of kidney
(3 GD3—-Ac, 3 GM2, 9 GD3, and 4 GD1a), lungs (2 GM2, 10 GD3, and 2 GD1a), and
erythrocytes (4 GM1a). In total, 25 classes of lipids and 272 lipids species were identified
in human kidneys, lungs, plasma, erythrocytes and porcine brain (Table 1). The largest
number of identified lipids was in porcine brain, where 38 sulfatides, 42 phospholipids and
109 gangliosides were identified from 189 lipids. In human kidney were identified 51
sulfatides, 39 phospholipids and 32 gangliosides. 3 sulfatides, 30 phospholipids and 34
gangliosides were identified in human lungs. A lower number of lipids than in tissues has
been identified in human fluids. In human plasma were identified 2 sulfatides, 13
phospholipids and 15 gangliosides belonging to the GM3 class. In human erythrocytes were
identified 8 sulfatides, 19 phospholipids and 9 gangliosides.
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Table 1: Overview of lipids identified in porcine brain, human kidney, lungs, plasma, and
erythrocyte extracts using HILIC/ESI-MS/MS method.

Retention Sample type
Lipid class | time window | Porcine | Human | Human | Human Human Total
[min] brain | kidney | lungs | plasma | erythrocytes

SulfoHexCer 0.6-1.7 38 25 3 2 4 43
SulfoHex,Cer 0.6-1.7 - 25 - - 4 25
PG 1.0-1.5 7 4 5 - - 9

PI 1.0-1.5 10 20 13 8 9 20

LPI 1.7-2.4 8 4 5 - 10

PS 2.0-29 17 8 - 10 20
GM3 1.9-25 2 16 15 15 4 22
GD3-Ac 2.8-3.8 13 - 2 - - 14
GM2 33-4.1 3 3 2 - - 6
GD3 4.5-5.7 9 9 13 - - 17
GDla-Ac 48-5.5 3 - - - - 3
GMla 49-58 10 - - - 5 11
Fuc-GM1a 6.2-72 7 - - - - 7
GDla 6.3-7.1 7 4 2 - - 10
GT3-Ac 6.3-73 6 - - - - 6
GDOa 7.3-8.3 7 - - - - 7
GD2 7.5-8.4 2 - - - - 2
Fuc-GD1b-Ac 8.3-9.0 3 - - - - 3
GDI1b 8.8-9.6 8 - - - - 8
GTI1b-Ac 9.2-99 4 - - - - 4
GQIl-Ac 9.2-99 2 - - - - 2
GTla 9.3-9.9 4 - - - - 4
Fuc-GDI1b 10.3-11.3 5 - - - - 5
GTIb 10.8 —12.0 12 - - - - 12
GQIb 12.4-13.5 2 - - - - 2

Total 189 122 67 30 36 272
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2.2 Differentiation of RCC tumor and surrounding normal tissues

The incidence of renal cell carcinoma (RCC) has been increasing in recent decades
[38, 39]. RCC currently ranks among the ten most common cancers in industrialized
countries, representing around 2% of all malignant neoplasms [38-40]. RCC originates
from the renal epithelium and accounts for more than 90% of kidney tumors [41]. More
than ten histological and molecular RCC subtypes have been described so far, of which
clear cell RCC (ccRCC) represents an overwhelming majority of cases and accounts for
most RCC-related deaths [41] with a prevalence of 75% of all primary kidney cancers [42].
Determination of the most significant changes in lipid composition between RCC tumor
and surrounding normal tissues was based on HILIC/ESI-MS analysis of samples obtained
from 20 patients with ccRCC.

2.2.1 Chemicals and materials

Acetonitrile, methanol (both HPLC/MS grade), chloroform (HPLC grade, stabilized
by 0.5-1% ethanol), ammonium acetate, acetic acid, lactosyl sphingosine, cytidine-5'-
monophospho-N-acetylneuraminic acid sodium salt, and a2,3-sialyltransferase from
Pasteurella multocida were purchased from Sigma-Aldrich (St. Louis, MO, USA). SPE 200
mg of tC18 cartridge (Sep-Pak Vac, 37-55 um particle size) was purchased from Waters
(Waters, Milford, MA, USA). Deionized water was prepared with a Milli-Q Reference
Water Purification System (Molsheim, France). Standards of SulfoHexCer d18:1/12:0 and
PS 14:0/14:0 used as internal standards (IS) for the method validation and quantitation were
purchased from Avanti Polar Lipids (Alabaster, AL, USA). Synthesis of internal standard
GM3 d18:1/12:0 is describe in publication of HILIC/ESI-MS determination of gangliosides
and other polar lipid classes in renal cell carcinoma and surrounding normal tissues [5].
Stock solutions of individual IS at the concentration of 1 mg/mL for GM3, SulfoHexCer,
and PS were prepared in a methanol-water-chloroform mixture (6:3:1, v/v/v). 20 male
patients with ccRCC were analyzed in the present study. RCC tumor tissue and surrounding
normal tissue (classification confirmed by histology) were analyzed for each ccRCC
patient. The mean (+ standard deviation) age of patients was 61.7 = 11.5 years, and the
mean body mass index (BMI) was 28.9 + 7.5 kg/m?. The study was approved by the hospital
Ethical Committee, and patients signed informed consent.

2.2.2 Sample preparation

Human tissues od RCC tumor and surrounding normal tissues were extracted
according to Folch [26] method with minor modifications [43, 44]. Initially, 25 mg of
kidney tissue spiked with internal standards was homogenized in 6 mL of
chloroform/methanol mixture (2:1, v/v) using an ultrasonic bath at 40 °C for 10 min. Then,
1200 pL of deionized water was added, and the mixture was centrifuged at 3000 rpm for 3
min. The upper aqueous layer containing polar compounds was collected, evaporated by
gentle stream of nitrogen, redissolved in 1 mL of water, and finally purified by SPE. SPE
was conditioned with 3 mL of methanol followed by 3 mL of water. Then, 1 mL of sample
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dissolved in water was loaded on the cartridge, washed with 3 mL of water. Then, 1 mL of
sample dissolved in water was loaded on the column, washed 3 mL of water, and finally
eluted by 3 mL of methanol. The eluate was collected, then evaporated by a gentle stream
of nitrogen to dryness and redissolved in 500 pL of methanol-water—chloroform
(300:150:50, v/v/v) mixture for analysis.

2.2.3 LC/MS conditions

HILIC/ESI-MS experiments were performed on a liquid chromatograph Agilent
1290 Infinity series (Agilent Technologies, Waldbronn, Germany). The final method for
the analysis of lipids used the following conditions: Ascentis Si column (150 x 2.1, 3 um,
Sigma-Aldrich), the flow rate 0.3 mL/min, the column temperature 40 °C, and the mobile
phase gradient: 0 min—95% A + 5% B, 10 min—78% A + 22% B, where phase A was
acetonitrile with acetic acid, and phase B was 10 mM aqueous ammonium acetate with
acetic acid (0.5 pL of acetic acid was added to 100 mL of both A and B phases). The
analytical experiments were performed on Xevo G2- XS QTOF mass spectrometer (Waters,
Milford, MA, USA). Data were acquired in the sensitivity mode using negative-ion ESI
using the typical resolving power 22,000 (full width at half-maximum). The acquisition
range was m/z 50-2000. The capillary voltage was 1 kV, the source temperature 150 °C,
the cone gas flow 50 L/h, the desolvation gas flow 1000 L/h, and the scan time 0.5 s.
MassLynx Software was used for the data acquisition.

Acquired data were processed using MarkerLynx XS software. Individual ESI full
scans corresponding to the lipid class peak were combined together with the peak separation
50 mDa and markers extracted with the intensity threshold 3000. Then, the data in m/z vs.
intensity format were transferred into the LipidQuant software. The statistical evaluation
was performed by MDA methods, such as PCA and OPLS-DA in the SIMCA software
(version 13.0, Umetrics, Umed, Sweden).

2.2.4 Results and discussion

Ascentis Si column was selected for the determination of ganglioside due to the good
chromatographic performance in our previous study. The gradient conditions were
optimized to achieve short chromatographic time for GM3 and other polar lipid classes.
The optimized final method was validated for the quantitative analysis of GM3,
SulfoHexCer, and PS in kidney tumor and surrounding normal tissues. Internal standards
were used with shorter fatty acyls, such as 14:0/14:0 for PS and the combination of
18:1/12:0 in case of SulfoHexCer and GM3 because these combinations of fatty acyls were
not detected in the pooled sample of kidney tissues. Mentioned IS were used for the method
validation. Extract from pooled kidney with mixture of IS was used for the determination
of system suitability, linearity range, calibration slope, LOD, and LOQ.

The lipids were identified based on retention time and accurate m/z value of [M-H]
ions measured by QTof mass analyzer (Figure 6). The quantitative analysis of
SulfoHexCer, SulfoHex2Cer, GM3, and PS classes was based on the peak intensity
normalized to coeluting lipid class IS. Other glycerophospholipid classes (P1, LPI, and PG)
were quantified using IS of PS 14:0/14:0, which was eluted at different retention times,
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therefore, the quantitative data have to be reported as semi-quantitative, although it still
provides valuable information about the dysregulation of particular lipids.
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Figure 6: Typical example of negative-ion HILIC/ESI-MS chromatogram of kidney tissue
extract with the annotation of individual quantified lipid classes, including
sulfohexosylceramides  (SulfoHexCer), sulfodihexosylceramides (SulfoHex2Cer),
phosphatidylglycerols (PG), phosphatidylinositols (PI), lysophosphatidylinositols (LPI),
ganglioside (GM3), and phosphatidylserines (PS).

The data were processed by unsupervised PCA method (Fig. 7a), which confirms
the normal distribution of data set and indicates relatively good clustering of tumor samples
(red points) and surrounding normal tissue samples (blue points). In the next step, the data
were processed by supervised OPLS-DA, which showed excellent clustering of tumor
samples (red points) and surrounding normal tissue samples (blue points). S-plot (Fig. 7¢)
created from supervised OPLS-DA method provides the information on the most
upregulated (upper right part) and downregulated (bottom left part) lipids in the tumor
samples. The central part of S-plot showed lipids with a low statistical significance;
therefore, they were not annotated. The most upregulated lipids in the tumor were PI 40:5,
P140:4, GM3 41:1, GM3 36:2, GM3 41:2, GM3 42:3, GM3 34:1, and GM3 42:2, while the
most downregulated ones were SulfoHexCer 41:1 (OH), PS 36:4, SulfoHexCer 38:1 (OH),
PI 34:0, LPI 16:0, SulfoHexCer 40:1, SulfoHexCer 42:0 (2*OH), and SulfoHexCer 42:1
(OH).
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Figure 7: Multivariate data analysis of lipidomic data for RCC
tumor (red) and surrounding normal tissues (blue) measured for 20
patients. a Unsupervised PCA score plot. b Supervised OPLS score
plot. ¢ S-plot with the annotation of most up- and downregulated

lipids.



3. Conclusion

This doctoral thesis deals with the analysis of lipids in biological materials. The
work was divided into two main sections — develop method for analysis of the gangliosides,
and identification of gangliosides, determination of gangliosides and other polar lipid
classes in renal cell carcinoma and surrounding normal tissues.

In the first part, HILIC/ESI-MS/MS method enabled identification of the highest
number of gangliosides in human kidney, lungs, plasma, erythrocytes, and porcine brain.
The method enabled identified 145 ganglioside molecular species from 19 subclasses with
additional identification of other 6 polar lipid subclasses (SulfoHexCer, SulfoHex2Cer, PG,
PI, LPI, and PS), which are known to be difficult for established MS-based lipidomic
platforms. The gangliosides that are identified with high confidence was identified based
on accurate m/z values of precursors and product ions, the agreement of fragmentation
behavior in MS/MS with structure assignment, the correlation with the predicted retention
behavior of ganglioside subclasses, and also ganglioside species inside the individual
subclass.

The HILIC/ESI-MS method was optimized and fully validated according FDA and
EMA recommendation. The quantitative method was used for analysis of selected
gangliosides, sulfatides and polar phospholipids. The method was used for determination
of 115 lipid species from seven classes (GM3, SulfoHexCer, SulfoHex2Cer, PG, PI, LPI,
and PS) in extract of 40 samples of RCC tumor tissues and surrounding normal tissues of
RCC patients after the surgery. MDA showed a clear distinction of tumor and normal
tissues using supervised OPLS-DA approach; however, the full resolution was observed
already in non-supervised PCA graph, which illustrated very significant differences of both
groups based on the lipidomic analysis. Phospholipid classes PI, LPI, and PG are only semi-
quantified using PS 14:0/14:0 due to the lack of their class IS, but regardless this limitation,
the data show the upregulation of highly unsaturated PI 40:4 and 40:5 and the
downregulation of saturated PI 32:0, PI 34:0, and LPI 16:0.
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