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Abstract: T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive tumor mainly affecting chil-
dren and adolescents. It is driven by multiple genetic mutations that together define the leukemic
phenotype. Interestingly, based on genetic alterations and /or deregulated expression, at least six ge-
netic subgroups have been recognized. The TAL/LMO subgroup is one of the most represented
genetic subgroups, characterizing 30—-45% of pediatric T-ALL cases. The study of lipid and metabolic
profiles is increasingly recognized as a valuable tool for comprehending the development and pro-
gression of tumors. In this study, metabolic and lipidomic analysis via LC/MS have been carried
out on four T-ALL cell lines belonging to the TAL/LMO subgroup (Jurkat, Molt-4, Molt-16, and
CCRF-CEM) to identify new potential metabolic biomarkers and to provide a subclassification of
T-ALL cell lines belonging to the same subgroup. A total of 343 metabolites were annotated, including
126 polar metabolites and 217 lipid molecules. The statistical analysis, for both metabolic and lipid
profiles, shows significant differences and similarities among the four cell lines. The Molt-4 cell line is
the most distant cell line and CCRF-CEM shows a high activity in specific pathways when compared
to the other cell lines, while Molt-16 and Jurkat show a similar metabolic profile. Additionally, this
study highlighted the pathways that differ in each cell line and the possible enzymes involved using
bioinformatic tools, capable of predicting the pathways involved by studying the differences in the
metabolic profiles. This experiment offers an approach to differentiate T-ALL cell lines and could
open the way to verify and confirm the obtained results directly in patients.

Keywords: untargeted metabolomics; lipidomics; T-ALL; lymphoblastic leukemia; TAL/LMO

1. Introduction

T-cell acute lymphoblastic leukemia (T-ALL) is a highly aggressive form of lymphoid
tumor caused by the malignant transformation of T cells [1]. T-ALL represents approxi-
mately 15% of pediatric cases and 25% of adult cases among all lymphoblastic leukemia
instances [2—4]. Patients show symptoms that are typically linked to anemia, thrombocy-
topenia, and neutropenia due to the infiltration of the bone marrow by tumor cells [5].

In recent years, the genetic basis of T-ALL has been largely explored [6-9]. Genomic
studies have provided the genetic classification of T-ALL based on alterations/deregulated
expression of transcription factors with pivotal roles in T-cell differentiation. In this context,
at least six subgroups have been recognized. They are TAL/LMO, HOXA, TLX3, TLX1,
NKX2-1/2-2, and BCL11B. In addition, abnormalities of other gene classes that control
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self-renewal capacity, cell cycle, proliferation, apoptosis, and/or differentiation cooperate
in the leukemia phenotype [10,11].

While most efforts are directed toward the genetic characterization of tumors, it is
becoming evident that the study of metabolic and lipid profiles provides additional insight
into the pathogenesis and progression of tumors [12,13].

Metabolomics and lipidomics are emerging fields of biochemistry that study metabolic
pathways and metabolic processes in a biological system [14-16]. Recently, liquid chro-
matography/mass spectrometry (LC/MS) has become the most used approach in lab-
oratories to study metabolic and lipid profiles [17,18]. This analytical approach allows
the generation of complex data matrices that can be studied and analyzed with several
bioinformatics tools such as the MetaboAnalyst 5.0 web platform for statistical and path-
way analysis [19], the OmicsNet web platform for biological networks [20], LipidOne for
lipidomic data analysis [21], and Biopan for lipid metabolic pathways [22].

In the field of research, these methods offer priceless insights into biological pathways
and processes, helping scientists better understand how diseases, genetic mutations, and the
environment affect these pathways [23-25] and allowing them to find potential therapeutic
targets or biomarkers [26-29]. In this context, it would be particularly interesting to
deepen the metabolic and lipid studies of T-ALL to identify and highlight the significant
differences between the different forms of leukemia. Such investigation could provide
a deep understanding of these types of tumors, opening new research perspectives and
potentially revealing important diagnostic and therapeutic information.

The TAL/LMO transcriptional complex subgroup constitutes a substantial proportion
of T-ALL cases, comprising 30-45% of pediatric T-ALL cases and 10-15% of adult T-ALL
cases [10]. In light of this, it would be interesting to investigate the metabolomic and
lipidomic profiles of T-ALL tumor cells taken from multiple sources and belonging to this
subgroup to study any metabolic similarity or differences inside the same subgroup. Four
cell lines have been selected for this study: Jurkat, CCRF-CEM, MOLT-16, and MOLT-4.
All of them belong to the TAL/LMO transcriptional complex subgroup and all represent
in vitro models of acute lymphoblastic leukemia. By digging into the molecular phenotype
of these cell lines, we aim to identify potential variations among them, possibly allowing
for the classification and stratification of the different cell lines at the metabolic level,
unraveling differences, or similarities, in the same genetic subgroup. This characterization
could offer valuable insights for further subclassification of this type of leukemia, shedding
light on statistically significant differences in metabolites and lipids, which can eventually
be verified in clinical cases.

To achieve this aim, metabolomic and lipidomic analyses were conducted on the
selected T-ALL cell lines. At the level of polar metabolites, statistical and pathway analyses
were performed. Regarding the study of lipids, statistical analyses were conducted at
three different levels: lipid classes, lipid molecular species, and lipid building blocks.

2. Results
2.1. Polar Metabolite Analysis

Untargeted metabolomics analysis allowed the annotation of 126 polar metabolites:
complete information is listed in Table S1. The data were normalized via the median and
Log transformation (base 10) and were scaled with Pareto scaling.

Unsupervised principal component analysis (PCA) on the polar metabolite matrix
was performed (Figure 1).
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Figure 1. The figure shows the PCA scores plot; the ellipses enclose the scores inside a region
with 95% confidence. The colors indicate the cell line type, and the symbols indicate the sample.
The platform Metaboanalyst was used to generate these score plots.

The PCA score of polar metabolites demonstrates clear separation among the different
cell lines. In fact, the first component (that explains 25.8% of variance) divides the Jurkat and
Molt-16 cell lines from the CCRF-CEM and Molt-4 cell lines, while the second component
(15%) was able to separate between the CCRF-CEM and Molt-4 cell lines. In fact, according
to the classification proposed by Burger, Renate, et al., which classify the cells based on
their immunophenotype, the CCRF-CEM cell line is considered pre-T, while Jurkat and
Molt-16 lines are classified as mature T and Molt-4 as cortical T [30]. This classification
could provide an explanation regarding the marked separation of the CCRE-CEM cell line
from the other three lines. Similarly, the separation of the cortical cell line, Molt-4, and
ultimately the separation at the first component level of the two mature T-type cell lines,
Jurkat and Molt-16, from the other two can be explained. Moreover, the cell lines are from
different genders and ages (Jurkat: 14-year-old male, CCRF-CEM: 3-year-old girl, Molt-4:
19-year-old man, and Molt-16: 5-year-old girl); however, it appears that the sex and age of
the patients from whom these lines were derived do not influence or explain the clustering
shown in the PCA analysis.

A one-way ANOVA test with a g-value (FDR) cut-off of 0.05 was performed to high-
light the statistically significant metabolites. The ANOVA test revealed 57 significant
metabolites (see Table S2), while the remaining metabolites did not show significant differ-
ences among the cell lines. Notably, several amino acids and their derivatives, dipeptides,
and other metabolites vary among the different groups (Figure 2a), suggesting the presence
of variations affecting cellular pathways. Most of these metabolites are involved in at least
one metabolic pathway (See Table S3).
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Figure 2. The heatmaps: (a) Displays the correlation of the 57 statistically significant polar metabolites

within each cell line. The colors indicate the expression level of each individual metabolite in each
cell line based on their relative abundance. (b) Presents the results of pathway analysis conducted
on each cell line sample, comparing them to medium bootstrap samples. The colors represent the

significance based on the —log(p-value) of each pathway in each cell line. The analysis employed the

Euclidean correlation index and the complete clustering method.

Pathway analysis was conducted on the entire polar metabolite matrix in order to
highlight pathway variations in each cell line. The results were visualized using a heatmap
to show the significance intensity of each pathway in each cell line (Figure 2b). Pathways
with an impact of less than 0.1 were excluded.

As indicated in Figure 2b, different metabolic pathways exhibit statistical differences
among specific cell lines. Notably, Molt-4 appears to be the most distinct cell line based on
its metabolic profile. Several pathways, including tryptophan metabolism, show statistically
significant differences in Molt-4 compared to the other cell lines. This is supported by
the elevated abundance of tryptophan in Molt-4 cells when compared to the other lines
(Figure 2a). Additionally, glutathione metabolism in Molt-4 varies significantly, attributed
to the lower abundance of glutathione and Cys-Gly in Molt-4 compared to the other three
cell lines. Arginine biosynthesis also appears to be decreased in Molt-4, potentially due
to the lower abundance of N-(L-Arginino) succinate and ornithine. Inositol phosphate
metabolism is another pathway exhibiting variations in Molt-4, likely linked to the higher
abundance of myo-inositol in Molt-4 cells compared to the other lines.
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The CCRF-CEM cell line emerges as the second most distinct based on its metabolic
profile. Differences in multiple metabolic pathways, including purine metabolism, are
evident, with CCRF-CEM exhibiting higher levels compared to other cell lines. This is
supported by the elevated presence of metabolites like GDP, adenosine, AMP, GMP, and
adenine, which also play roles in cellular signaling. Taurine and hypotaurine metabolism
show a similar pattern, with CCRF-CEM displaying higher levels, possibly due to increased
taurine abundance. Similar to Molt-4, CCRF-CEM also exhibits significant variation in
glutathione metabolism, suggesting potential differences in oxidative stress response com-
pared to Jurkat and Molt-16. Moreover, metabolites such as acetylcholine vary in different
ways in these cell lines; in fact, Molt-4 demonstrates a high abundance of it; on the other
hand, Molt-16 and CCRF-CEM demonstrate similar abundance, while Jurkat demonstrates
a low abundance of this metabolite.

On the other hand, Molt-16 and Jurkat demonstrate similar metabolic profiles, with
minor differences compared to the other two cell lines.

Finally, a cluster analysis was performed based on all polar metabolites detected with
the Dendrogram function (see Figure 3).
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Figure 3. Hierarchical clustering dendrogram. The numbers below are the distances calculated with
the Pearson algorithm. The tree was created by using the distance measure of the Pearson correlation
and complete clustering algorithm.

Hierarchical cluster analysis revealed clear segregation of all the analyzed cell lines
from the Molt-4 (Figure 3) cell line. In fact, this result could indicate that Molt-4 has
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an overall different metabolic profile when compared to the other three. The remaining
cell lines can be separated into two sub-branches: one containing Molt-16 and Jurkat,
which mostly demonstrate a similar metabolic profile, and the second one containing the

CCRF-CEM cell line.

2.2. Lipid Profile Analysis

After lipidomic workflow, a data matrix was obtained containing qualitative and semi-
quantitative information on 217 lipid molecular species divided into 19 classes (see Table S4).
For a clearer and more detailed lipidomic analysis, qualitative and semiquantitative differ-
ences within lipid classes will be studied at first, then among molecular species, and finally

among lipid building blocks.

2.2.1. Analysis at the Level of Lipid Classes

The results at the level of lipid classes are expressed as the average and standard error.
The p-value of the comparison among these four cell lines was calculated using one-way
ANOVA. The results are shown in Table 1. We also calculated the percentage of lipid classes
among each cell line analyzed (see Figure 4).
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Figure 4. Pie chart: the figure shows the percentages of lipid classes referred to each cell line. Excel-

Microsoft office 365 (version 2402) was used to create the charts after obtaining the percentages table

by using an R script on the lipid data matrix. Every color represents one of the lipid classes.
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Table 1. Comparison of the concentration of lipid classes of different T-cell lines; the number of replicates is 5. The average concentrations are reported in ug/10° cells.

The number of annotated molecules is the number of single molecular species revealed.

Lipid Class Explained 1:3?32:;:; Average + Exp Er Average £ Exp Er Average £ Exp Er Average + Exp Er Value
Abbreviation Class Name (Jurkat) (CCRF-CEM) (MOLT-4) (MOLT-16) P
Molecules
CE Cholesteryl ester 6 0.54559 (£0.07061)  0.89815 (£0.06599)  0.69316 (£0.07075)  1.13462 (+0.12362) 0.001093
CL Cardiolipin 9 0.03421 (£0.00316)  0.03732 (£0.00131)  0.04399 (+£0.00265)  0.02556 (+0.00065) 0.000741
Cer Ceramide 5 0.0371 (£0.00355) 0.04498 (+£0.00264)  0.07195 (£0.01037)  0.08302 (+0.00841) 0.000205
DG Diacylglycerol 9 0.08151 (£0.00735)  0.07011 (+£0.00243)  0.10137 (£0.00789)  0.09266 (+0.00154) 0.006469
HexCer Hexosylceramide 2 0.00399 (+£0.00049)  0.00274 (£0.00011)  0.00754 (+0.00154) 0.00554 (0.0003) 0.004946
LPC Lysophophatidylcholine 3 0.05673 (+£0.01429)  0.03656 (£0.00711)  0.04768 (+0.00934)  0.08803 (£0.02083) 0.094575
LPE Lysophosphatidylethanolamine 1 0.09433 (£0.05043)  0.03227 (+0.00886) 0.0462 (+0.00317) 0.0435 (+0.01015) 0.37543
PC Phosphatidylcholine 42 3.46958 (+0.21436)  3.36706 (£0.03942)  4.40161 (+0.06745)  4.39338 (+£0.07721) 6.1 x 1076
PC-O Alkyl Ether-linked phosphatidylcholine 10 0.59456 (+0.06462)  1.03528 (£0.03938)  1.25128 (+0.08139)  0.58819 (+0.05143)  1.01 x 10~°
PC-P Vinyl Ether-linked phosphatidylcholine 5 0.10567 (+£0.01139)  0.08346 (£0.00222)  0.16357 (+£0.00725) 0.05577 (£0.00151)  5.72 x 10~8
PE Phosphatidylethanolamine 20 0.92424 (+0.0747) 0.86159 (£0.03958)  1.20771 (+0.03715) 1.2668 (+0.02376) 227 x 1075
PE-O Alkyl Ether-linked 8 0.21023 (+0.02108)  0.23111 (40.00425) 0.28497 (40.0164) 0.15191 (£0.0111) 912 x 10~°
phosphatidylethanolamine
PE-P Vinyl Ether linked 18 0.71301 (+0.06548)  0.88215 (£0.02568)  1.06558 (£0.04709)  0.49967 (£0.02099)  7.29 x 1077
phosphatidylethanolamine
PG Phosphatidylglycerol 2 0.04741 (£0.00487) 0.0251 (£0.00093) 0.07804 (+£0.00477)  0.04413 (£0.00145)  1.42 x 107
PI Phosphatidylinositol 15 0.70036 (£0.08017)  0.83635 (£0.01766) 0.96282 (+0.04508)  0.87907 (+0.03204) 0.013254
PI-O Ether-linked phosphatidylinositol 1 0.00489 (£0.00067) 0.00513 (0.0003) 0.00523 (+£0.00033)  0.00634 (+0.00061) 0.22212
PS Phosphatidylserine 10 0.65673 (+£0.05325)  0.70552 (£0.01925)  0.68516 (+0.01973)  0.79491 (£0.02234) 0.040757
SM Sphingomyelin 9 0.65778 (+£0.03399)  0.58726 (+0.01193) 0.87832(+0.04014) 0.80118 (£0.02078) 853 x 10~°
TG Triacylglycerol 42 0.12245 (+0.00637) 0.19821 (+0.0283) 0.73949 (£0.07466)  0.19183 (£0.02192)  3.39 x 108
Total 217 9.06037 (+0.4956) 9.94036 (+0.15381) 1273568 (+£0.21066)  11.14609 (+0.13639)  7.45 x 10~7
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As indicated in Table 1, a significant difference appears in the total lipid content among
the cell lines, especially between Jurkat and CCRF-CEM on the one hand and Molt-4 and
Molt-16 on the other. Molt-4 exhibits the highest total lipid amount among the cell lines.
Moreover, there are statistically significant differences in the amounts of specific lipid
classes, including PC, PE, SM, TG, PC-O, PE-P, and others. In fact, both Molt-16 and Molt-4
demonstrate higher levels of PC and PE in comparison to the Jurkat and CCRF-CEM cell
lines. Molt-4 also displays a remarkable quantity of TG compared to the other cell lines.
Interestingly, Molt-16 presents a lower concentration of ether-linked lipids such as PE-P,
PE-O, and PC-P when compared to the other cell lines.

In Figure 4, the percentage of each lipid class relative to the total lipids within each
cell line is represented. The most represented lipid classes within all four cell lines are
the phospholipids (PC, PE, PI, PG, PS, PE-O, PE-P, PC-O, PC-P, PI-O LPC, LPE, and SM)
representing 90.9% in Jurkat, 87.4% in CCRF-CEM, 87.0% in Molt-4, and 86.2% in Molt-16.
Notably, most lipids are distributed similarly among the cell lines and represent the majority
of lipids inside them (PC, PE, PI, PG, PS, PE-O, PI-O, and SM). However, some lipid classes
vary among the cell lines, as observed in Figure 4. Specifically, Molt-16 exhibits a relatively
different distribution of certain lipid classes when compared to other cell lines, such as CE
(10.2%), compared to Jurkat (6.0%) and Molt-4 (5.4%); PC-O (5.3%) compared to CCRE-CEM
(10.4%), Jurkat (6.6%), and Molt-4 (9.8%); and PE-P (4.5%) compared to CCRF-CEM (8.9%),
Jurkat (7.9%), and Molt-4 (8.4%). On the other hand, in Molt-4, the TG lipid class is uniquely
distributed, representing 5.8% of total lipids and showing a higher percentage of this lipid
class compared to Jurkat (1.4%), Molt-16 (1.7%), and CCRF-CEM (2.0%).

In this context, few studies on the lipid composition of T cells have been reported
in the literature, which were mainly interested in T cells isolated from blood rather than
immortalized cell lines or tumor models. A study from Alarcon-Barrera and colleagues on
the lipid composition of CD4+ T cells [31] showed that the percentage of PC within these
cells is 30% of lipids, while that of PE and SM is 20% and 30%, respectively. A subsequent
study concerning differences in the lipid composition of the plasma membranes of T cells
and B cells [32] showed that the percentages of PC within the cell membrane of T cells are
about 65%, for PE the percentage is 8.6%, and for SM the percentage is 15.7%. Although
these different results are due to noncomparable techniques, they provide indications
about the most represented lipid classes within this cell type, which are precisely PC, PE,
and SM. Our data confirmed this lipid composition on T-cell line models, and our matrix
underlines the significant presence of other important lipid classes such as ether-linked PC,
ether-linked PE, PI, and PS.

2.2.2. Analysis at the Level of Lipid Molecular Species

The one-way ANOVA test revealed 170 significant lipid species (Table S5); it also
includes the Tukey’s test.

The lipidomic data matrix was subjected to principal component analysis (PCA).
The results are illustrated in Figure 5.

The principal component analysis in Figure 5a highlights a clear separation between
the four cell lines, both in the first component (42% of explained variance), between Molt-16
and Jurkat on the one hand and Molt-4 and CCRF-CEM on the other, and in the second
component (16.7% of explained variance), between Molt-4 and Jurkat on one side and
Molt-16 and CCRF-CEM on the other. These results are very similar to the results of the
PCA on the polar metabolites (Figure 1). Observing Figure 5b, it is possible to note the lipid
molecular species that contribute the most to the separation and clustering; in fact, most of
these molecules are PC, SM, PE, PI, and CE.

Heatmap visualization was applied on the lipidomic data matrix to study the quanti-
tative differences among the single lipids inside the different cell lines. The results shown
in Figure 6 highlight the main lipid molecular species with differences in expression.
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Figure 5. (a) PCA score plot of the lipid molecular species from the four cell lines. The ellipses enclose
the scores inside a region with 95% confidence. (b) Loading plot of the lipid molecular species which
contribute to the separation among the cell lines. Before the analysis, data matrix was normalized
and pareto scaling was applied.
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Figure 6. Heatmap: The figure shows the correlation of the 25 most significant lipid molecular species
within each sample. The color shows the level of expression of each individual species in each sample
based on their concentrations. The analysis was performed using the Pearson correlation index and
the complete clustering method.

It is worth mentioning that some molecular species of the PE P lipid class, such as PE
P-16:0_22:3, PE P-18:0_22:4, and PE P-18:0_22:3, are present in concentrations relatively
high in the CCRF-CEM cell line compared to the other lines. On the contrary, relatively low
concentrations of these three lipids are found in the Molt-16 line, while the other two cell
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lines show average concentrations compared to CCRF-CEM. On the other side, numerous
molecular species belonging to the PE and PC lipid classes are present in relatively high
concentrations in the Molt-16 line, whereas relatively low concentrations are found in the
CCRF-CEM line and relatively medium concentrations in the Jurkat and Molt-4 lines. Fur-
thermore, some molecular species, such as SM 16:1,02/26:1, SM 18:1;02/24:0, PI 18:0_18:1,
and PE O-24:2_20:4, show relatively high concentrations in the CCRF-CEM line and rel-
atively low concentrations in the other cell lines. These results at the two levels confirm
that the lipidic profile of Molt-16 is highly different from the other cell lines, especially
CCRF-CEM, while Jurkat and Molt-4 demonstrate a similar lipid profile.

2.2.3. Analysis of Lipid Building Blocks

Ultimately, we further analyzed the composition of the building blocks in the context of
lipid molecular species. Specifically, we analyzed the lengths of the chains and the amount
of unsaturation of the fatty acids that make up the various lipids. Figure 7 shows the
differences in the concentrations of chains with different lengths (with different numbers of
carbon atoms).
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Figure 7. Bar graph: The figure shows the average concentrations (ug/10° of cells) of the chains with
different lengths. Experimental error bar (n = 5) and ANOVA significance asterisks are represented
(*** indicates p-value < 0.001, ** indicates p-value < 0.01, and * indicates p-value < 0.05). This graph
was made with R program (R version 4.2.3 (2023-03-15 ucrt)).

The bar graph in Figure 7 shows that the most abundant chains are those composed
of 16, 18, 20, and 22 carbon atoms. It is interesting to note that most of the chain lengths
are statistically different: particularly, 18 and 20 carbon-atom chains are highly present in
Molt-4 and Molt-16. Chains with 16 carbon atoms are predominantly present in Molt-4.
Furthermore, a particular abundance of ether chains with 16 and 18 carbon atoms is
observed, which are mostly present in the two cell lines Molt-4 and CCRF-CEM.

Regarding the unsaturation in the fatty acids of lipids, ratios of saturated fatty acids
(SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) were
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calculated based on the average amount (in pg/10"cells) of fatty acids with different types
of saturation and unsaturation within the lipid species. Table 2 illustrates the results.

Table 2. Ratio of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsatu-
rated fatty acids (PUFA) using the average amount of chains with different types of saturations (n = 5)
in ng/10° of cells.

Cell Line/Ratio SFA/MUFA SFA/PUFA
Jurkat 0.9393 1.7644
CCRF-CEM 0.9926 1.8439
Molt-4 0.9765 2.1925
Molt-16 0.8479 1.4532

As shown in Table 2, the SFA/MUPFA ratio in all four cell lines is less than one,
indicating a lower quantity of saturated fatty acids compared to monounsaturated fatty
acids inside the cells. Conversely, the SFA /PUFA ratios are all higher than 1, signifying
a greater presence of saturated fatty acids than polyunsaturated fatty acids inside the
cells. However, differences in the ratios among the cell lines do not reach significance.
Nevertheless, the lower ratios in the Molt-16 cell line could suggest a higher activity in
pathways involving the desaturation of fatty acids compared to the other cell lines.

3. Discussion

Statistical analyses of the relative abundances of polar metabolites confirm the pres-
ence of significant differences in the metabolism of the four T-ALL analyzed cell lines.
The results of principal component analysis (PCA) applied to polar metabolite and lipid
matrices showed that differences in metabolic and lipid profiles are able to cluster cell lines
according to their maturation status. Additionally, specific pathways emerge that vary
among them, such as tryptophan metabolism, glutathione metabolism, arginine biosynthe-
sis, purine metabolism, and others. The analysis showed a higher abundance of tryptophan
in Molt-4 when compared to the other cell lines, suggesting a different metabolic behavior
for this amino acid in Molt-4. The catabolism of this amino acid is generally correlated
with peripheral immune tolerance [33]. Additionally, Molt-4 showed a low abundance of
glutathione and other metabolites involved in its metabolism, indicating a different oxida-
tive stress activity. Enzymes such as glutathione synthetase and glutamate cysteine ligase,
which contribute to glutathione metabolism [34], may have a lower activity in Molt-4 when
compared to the other cell lines. Studies have shown that this pathway is closely related
to tumors; in fact, high levels of glutathione promote tumor progression and increased
metastasis [35].

The pathway analysis has also demonstrated lower arginine biosynthesis in Molt-4 in
comparison to the other cell lines. This result could also indicate a variation in the activity of
enzymes involved in this pathway, such as ornithine transcarbamylase and argininosuccinate
synthase 1. Arginine biosynthesis is one of the most important and sensitive pathways in
cancer cells, regulating cell death [36]. The identified differences within these T-ALL cell
lines highlight the possibility to further investigate their sensitivity to new personalized
therapeutic approaches.

Our pathway analysis demonstrated higher abundance in specific metabolites related
to purine metabolism in the CCRF-CEM cell line, suggesting its higher activity in CCR-CEM.
Moreover, enzymes such as guanylate kinase 1, phosphodiesterase 10A, and adenosine
kinase play key roles in purine metabolism and may be involved in the identified dereg-
ulation. Numerous studies have demonstrated the importance of this pathway in cancer
biology; indeed, purine metabolism appears to be increased in tumors because purine
nucleotide metabolism is crucial for cancer cell proliferation. Accordingly, this pathway is
therefore one of the targets for cancer therapies including some types of leukemia [37-41].

These results, at the level of polar metabolites, highlight potential biomarkers and
distinct behaviors for some cell line. For instance, purine metabolism is distinguishable
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in CCRF-CEM, while the other cell lines exhibit similar characteristics. Moreover, Molt-4
exhibits a unique behavior in various metabolic pathways, particularly in arginine biosyn-
thesis, the metabolism of glutathione, and tryptophan. The pathway analysis has also
demonstrated a comparable metabolic profile in Jurkat and Molt-16.

The results of our hierarchical cluster analysis reveal a significant finding: the Molt-4
cell line exhibits the most distinct metabolic phenotype compared to the other three cell
lines. It is noteworthy to highlight that the metabolic behavior of CCRF-CEM is also
distinguishable, while Molt-16 and Jurkat show a similar metabolic profile.

Lipidomic analysis reveals a marked distinction among the four cell lines under study.
The absolute amount of intracellular lipids manifests statistically significant differences,
with the Molt-4 cell line having a higher amount overall than the other lines. In addition,
significant variations are observed at the level of lipid classes. Lipid classes such as PC, PE,
PS, PI, and SM manifest differences in at least one of the cell lines, suggesting a possible
diversification in the lipid composition of both the cell membrane and the intracellular
environment. Such changes in lipid classes may be attributable to changes in the activity of
specific enzymes responsible for intracellular lipid synthesis, such as phosphotransferases,
phospholipases, phosphatases, lipid kinases, and sphingosine kinases. It is relevant to
note that numerous scientific studies have demonstrated activity variation with many
of these enzymes in the context of cancer [42-45]. Interestingly, the percentages of lipid
classes in each cell line confirm a uniform distribution of lipid classes across all the cell
lines. Our results, based on semiquantitative lipid assessment, support the hypothesis that
phospholipid transformation and synthesis pathways diverge among the four cell lines
under study. This suggests the possibility of further classification of these tumors based
on these lipid classes as biomarkers and even identifying specific pathways that could
represent potential therapeutic targets.

Furthermore, specific molecular lipids with statistically significant variations were
identified. The heatmap revealed that particular lipid species, such as PE P-16:0_22:3, PE
P-18:0_22:4, PE P-18:0_22:3, SM 16:1;02/26:1, SM 18:1,02/24:0, PI 18:0_18:1, and PE O-
24:2_20:4, show noticeable differences within at least one of the cell lines. These molecules
could be the subject of further studies to identify potential biomarkers. In fact, at this
level of analysis, the Molt-16 cell line demonstrates a unique lipidomic profile compared to
the other cell lines, while Jurkat and Molt-4 share a similar lipid profile. CCRF-CEM also
distinguishes itself from the others, albeit to a lesser extent than Molt-16.

Lipid building block analyses revealed significant variations in the levels of fatty acid
chains within the lipids of the four cell lines. Specifically, Molt-4 and Molt-16 cells exhibit a
relatively higher presence of long-chain fatty acids (with 1618 carbon atoms) compared
to the other two cell lines. Conversely, CCRF-CEM and Molt-16 cells show an increase in
lipids with ether-linked chains when compared to Molt-4 and Jurkat lines. These differences
suggest distinct activities of enzymes involved in the elongation of fatty acids, such as
elongase. While the ratios of SFA/MUFA and SFA /PUFA, calculated to study differences
in the unsaturation within the lipid chains, show minimal variations, Molt-16 demonstrates
lower ratio values. These differences in lipid-building chains could be associated with
higher activity in enzymes regulating these fatty acids, such as specific desaturases.

Studies in different types of tumors have shown an increase in the expression of specific
elongases, including elongases 1, 5, and 6 [46]. These enzymes are responsible for elongation
of long-chain fatty acids, which include chains of 16, 18, and 20 carbon atoms. Further study
showed that elongase 5 plays a key role in lipid metabolism in T cells. This was confirmed
by the observation of high expression of this enzyme in proliferating T cells and Jurkat cells
compared with resting T cells [47]. The same study also documented increased expression
of fatty acid desaturases 1 and 2, which are responsible for the desaturation of long-chain
fatty acids.

Our results reveal distinct metabolic behaviors across the four cell lines grown and
maintained at the same experimental conditions. Specific pathway shows enhanced activity
in one cell line more than the others. This observation not only aids in further classification
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of these cell lines but also paves the way for in vivo studies to validate these pathways
as potential biomarkers. Consequently, these findings could be considered as promising
diagnostic biomarkers for T-ALL patients based on the metabolic phenotype. These bio-
chemical features from our preliminary study could then be validated and confirmed in
patients. They could then be used to monitor the tumor, track its severity or progression
during treatment, and, within specific biological pathways, could also be used to identify
new therapeutic targets, thus allowing the assignment of different therapeutic approaches
to patients of the same genetic subgroup, based on this classification and stratification due
to metabolic phenotype. This encourages a shift towards personalized therapy approaches
grounded in metabolic classification to integrate the genetic approach. Moreover, this study
could serve as a foundation for additional research exploring the metabolic behavior of
T-ALL in other genetic subgroups, as well as those categorized as unclassified due to the
absence of cytogenetic markers [10]. Notably, recent studies demonstrated the feasibility
of stratifying patients with acute myeloid leukemia (AML) using a lipidomic approach,
revealing different lipid profiles among patients with distinct cytogenetic alterations [48].
Nonetheless, it is still necessary to verify and validate these results on primary tumor cells
or on samples taken directly from patients in order to translate these findings into potential
clinical applications.

4. Materials and Methods
4.1. Chemicals and Reagents

LC/MS grade water (H,0O) (Merck KGaA, Darmstadt, Germany) (LiChrosolv), ace-
tonitrile (ACN), methanol (MeOH), isopropanol (IPA), toluene (Tol) all (Carlo Erba, Milan,
Italy), ammonium fluoride, ammonium acetate, methyl-t-butyl ether (MTBE), and chlo-
roform (CHCl3) were purchased from Sigma-Aldrich (Sigma-Aldrich GmbH, Hamburg,
Germany). The internal standard (IS) for lipidomics analysis was EquiSPLASH Lipidomix
(Avanti Polar, Alabaster, AL, USA): a mixture with known concentrations of the following
lipids [100 pg/mL]: PC 15:0_18:1(d7); PE 15:0_18:1(d7); PS 15:0_18:1(d7); PG 15:0_18:1(d7);
PI15:0_18:1(d7); C15 Ceramide-d7; LPC 18:1(d7); LPE 18:1(d7); CE 18:1(d7); MG 18:1(d7);
DG 15:0_18:1(d7); TG 15:0_18:1(d7)_15:0; SM 18:1;20/18:1(d9); and cholesterol(d7). The cell
culture reagents were from Euroclone S.p.A (Pero, Italy).

The Jurkat cell line (TIB-152) was purchased at American Type Culture Collection,
Manassas, VA, U.S.A. CCRE-CEM (ACC 240), MOLT-4 (ACC 362), and MOLT-16 (ACC 29)
cell lines were kindly provided by the laboratories of Prof. Giovanni Roti (University of
Parma, Italy) and purchased at the DSMZ-German Collection of Microorganisms and Cell
Cultures GmbH, Germany.

4.2. Samples and Sample Preparation
4.2.1. Cell Lines

This study was carried out on four T-acute lymphoblastic leukemia cell lines: Ju-
rkat, CCRF-CEM, MOLT-16, and MOLT-4, all belonging to the TAL/LMO transcriptional
complex [49,50], with a well-characterized immunophenotype [30]; see Table S6 for more
details. The cell lines were cultured in RPMI 1640 medium with the addition of 10% heat-
inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). Cells were kept
in the same experimental conditions: in T-75 flasks in a humidified atmosphere containing
5% COy at a temperature of 37 °C. In order to obtain better results and minimize variations,
cells from all four cell lines were seeded at the same concentration and, after 48 h, were
harvested, counted, and collected into a pellet via centrifugation at 300 x g, washed twice
with phosphate-buffered saline (PBS), and stored at —80 °C until LC/MS analysis.

4.2.2. Preparation of Analytical Samples and Metabolites Extraction

For polar metabolite analyses, from each cell line, 5 experimental replicates were
prepared in 5 different T-75 flasks. After incubation of the cells under physiological
conditions for 48 h, 1 million cells were collected, pelleted, and washed twice with PBS.



Int. J. Mol. Sci. 2024, 25, 3921

14 of 19

The extraction of polar metabolites was performed following the biphasic method described
by Cajka et al. [51], with some minor modifications. A total of 275 uL of MeOH was added
to each cell pellet, followed by 30 s of vortexing. Subsequently, 1 mL of MTBE was added,
and the sample was again vortexed and shaken for 20 min at 1500 rpm using a T-Shaker
(Euroclone). After that, 275 uL of a 10% MeOH solution was added. The sample was
centrifuged at 16,000x g for 10 min at 4 °C. After phase separation, the polar lower phase
was transferred to a glass vial and evaporated with a gentle flow of nitrogen at 60 degrees.
The dry residue was resuspended in 100 uL of ACN/H,O 4:1 and then placed in the
autosampler. The same procedures were followed on a pool of all cells and on an empty
Eppendorf tube, which was subsequently used as a blank control.

For the lipidomic analysis, the sample pellet preparation procedure was identical to
the previous one. With some modifications, lipid extraction was performed on the pellet
following the lipid solubilization process described by Pellegrino et al. [52]. Initially, an
extraction mixture was prepared consisting of 33 mL of MTBE, MeOH, and CHCl; at a
ratio of 1:1:1 (MMC). The MMC consists of 1 mL of IS diluted 1:10 in MeOH, 10 mL of
MeOH, 11 mL of MTBE, and 11 mL of CHCl3. Subsequently, 1 mL of the MMC mixture
was added to each sample pellet. After 30 s of vortexing, the samples were placed in a
T-Shaker (Euroclone) and processed for 20 min at 1500 rpm at 20 °C. Afterward, the samples
were centrifuged at 16,000 g for 10 min at 4 °C, and the supernatant was transferred to
a glass vial. Following this, the supernatant was dried with a light stream of nitrogen.
Dried residue was resuspended in 100 pL of MeOH/Tol 9:1 and placed in the autosampler.
The same procedures were followed on a pool of all cells and on an Eppendorf containing
only the solubilization solution (MMC), which was subsequently used as a blank control.

4.3. LC/MS Analysis

LC/MS analysis was conducted using an Agilent system consisting of an Agilent
1260 Infinity II liquid chromatograph consisted of a quaternary pump, a thermostatted
column compartment, and an autosampler coupled to an Agilent 6530 Accurate-Mass
Q-TOF (Quadrupole-Time-of-Flight) analyzer and an Agilent JetStream source.

4.3.1. Untargeted Polar Metabolomics

Untargeted polar metabolomics chromatographic separation was conducted by fol-
lowing the indications reported by Jian Li et al. [53]. For the immobile phase, a Waters
XBridge BEH Amide (HILIC) column (150 mm, 2.1 mm, and 2.5 pm) at 25 °C with a flow
rate of 0.35 mL/min was used. The mobile phase consisted of a mixture of water (A) and
ACN (B), both with 0.2% formic acid. The gradient used was as follows: From 0 to 3 min, an
isocratic gradient was maintained, with A at 10% and B at 90%. From 3 to 13 min, a linear
gradient was used, with A at 52% and B at 48%. From 13 to 15 min, an isocratic gradient
was maintained, with A at 52% and B at 48%. From 15 to 16 min, a linear gradient was used,
with A at 10% and B at 90%. From 16 to 20 min, an isocratic gradient was maintained, with
A at 10% and B at 90%. At 20 min, the run was stopped. Spectrometric data were acquired
in the range of 40-1700 m/z in both negative and positive polarity. The Agilent JetStream
source was used with the following settings: gas temperature (N;) at 200 °C, drying gas
flow at 10 L/min, nebulizer pressure at 50 psi, and sheath gas temperature at 300 °C with a
flow of 12 L/min.

4.3.2. Untargeted Lipidomics

Lipid chromatographic separation was performed as previously described [25,54],
employing the same column and conditions: a Supelco Ascentis Express 90A C18 column
(100 mm x 2.1 mm, 2.0 um) maintained at 50 °C with a flow rate of 0.25 mL/min. The mo-
bile phase consisted of four eluents: water, ACN, MeOH, and IPA. All solvents were
prepared with ammonium fluoride at a concentration of 0.2 mM. Additionally, IPA, MeOH,
and water were prepared with ammonium acetate at a concentration of 10 mM.
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In full scan mode, spectrometric data were collected in the range of 50-3200 m/z for
both negative and positive polarity. The pool sample was analyzed five times using an
iterative DDA acquisition mode to capture as many MS/MS spectra as possible. The Agilent
JetStream source settings were consistent with those described in previous works [25,54].

4.4. Raw Data Processing

The raw data for metabolic and lipid analysis were processed using MS-DIAL software
(version 4.9). This process included peak selection, alignment, and data annotation [55].
In the case of polar metabolites, the annotation was conducted using mass spectra (MS) and
mass/tandem spectra (MS/MS) using the NIST2020 database. To conduct the statistical
analysis of the polar metabolites, the relative abundances of the metabolites (in terms
of areas under the peaks) were measured and normalized according to the number of
cells. Subsequently, these data were compared and studied using the MetaboAnalyst plat-
form [19]. The resulting matrix was imported into MetaboAnalyst, where a normalization
of the samples was applied with the median. In addition, a logarithmic transformation of
the data was performed, followed by pareto scaling. The MetaboAnalyst interface allowed
the execution of various analyses, including principal component analysis (PCA), one-way
ANOVA tests, and the creation of a hierarchical clustering dendrogram. In addition, the
possibility was given to conduct pathway analyses to compare variations in biochemical
pathways between different cell lines. These pathways and the enzymes involved are based
on the Homo Sapiens KEGG databases.

For lipid annotation, following the guidelines dictated by the Lipid Standard Initiative
(LSI), the annotation of lipid molecular species was performed at the molecular level using
data acquired with mass spectrometry (MS) and tandem mass spectrometry (MS/MS) [56]
using databases generated through the Lipid Spectrum Generator (LSG) tool [57]. Fol-
lowing the procedure outlined by Tsugawa H. et al. [55], lipid semiquantification was
performed using the deuterated internal standard (EquiSPLASH Lipidomix) for each lipid
class at levels 2 and 3 of the LSI recommendations (see Table S7). Semiquantification of the
raw data was conducted using an R script developed within our laboratory. The semiquan-
tification was based on the known concentrations of the standards added to the samples.
At the end of this analytical step, a set of matrices was produced containing the expressive
concentrations in pg/1 million cells of the lipid molecular species previously annotated
and classified according to the different lipid classes. These matrices were subjected to
median normalization and then pareto scaling was applied, helping to prepare the final
matrix for subsequent analyses. Statistical analyses on the identified variations within the
lipid profiles were performed using a one-way ANOVA test, PCA, and heatmap visual-
ization. Specifically, the matrix of lipid concentrations was examined using LipidOne [21],
supported with R scripts developed in-house to generate visualizations such as the PCA
score graph, heatmap, and bar graphs.

5. Conclusions

In this study, metabolomics and lipidomics analyses of Jurkat, Molt-16, Molt-4, and
CCRF-CEM cell lines allowed the annotation of 126 polar metabolites and 217 different
lipid species.

The experimental data confirm the possibility to differentiate T-cell acute lymphoblas-
tic leukemia cell lines belonging to the same genetic subgroup. Notably, when considering
the overall metabolic profile, it becomes apparent that Molt-4 stands out as the most distinct
among the cell lines. However, digging into the detailed pathway and lipidomic analysis
allows for the differentiation and stratification of these cell lines based on specific pathways.
For example, CCRF-CEM is distinguishable with its high-activity in purine metabolism,
Molt-4 is distinguishable with its unique behavior regarding glutathione metabolism and
acetylcholine, or the unique lipidomic profile of Molt-16. On the other hand, the results
also show some similarities among the cell lines. The overall metabolic and lipidic profiles
indicate a resemblance between Jurkat and Molt-16. Furthermore, these cell lines share sim-
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ilar behaviors in specific metabolic pathways, such as purine metabolism and glutathione
metabolism.

Consequently, our study introduces the potential for an additional subclassification
for T-ALL based on the metabolic and lipid phenotype. The identified differences among
the four cell lines call for a more in-depth investigation utilizing cells directly sourced
from patients with TAL/LMO rearrangements to validate these observed distinctions as
metabolic biomarkers. Such biochemical features could be used to classify patients into
multiple groups based on metabolomic profile. This could be useful at a clinical level
for diagnosis, as well as for stratification of disease severity and risk. Furthermore, they
could be used to monitor disease progression during specific treatments. Ultimately, this
classification could be useful for the discovery of potential therapies, based on the altered
metabolic pathways within patients in each metabolomic subclass.

Moreover, within the context of T-ALL, cases labeled as “unclassified” due to the absence
of cytogenetic markers could benefit from multiomics approaches, such as metabolomics
and lipidomics. This could unveil underlying leukemogenic mechanisms, leading to the
identification of new biomarkers specific to each tumor variant. Such insights could facilitate
the identification of tailored therapeutic targets based on the metabolic behavior of each
tumor variant.

In conclusion, this study demonstrates the potential of the metabolomic and lipidomic
approach as valuable tools offering a comprehensive view of the cells and their progression.
This opens the possibility of designing experiments to directly verify and confirm the
obtained results in patients.
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