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Abstract. Human tumor xenografts in immunodeficient mice are a very popular
model to study the development of cancer and to test new drug candidates.
Among the parameters analyzed are the variations in the lipid composition, as
they are good indicators of changes in the cellular metabolism. Here, we present
a study on the distribution of lipids in xenografts of NCI-H1975 human lung cancer
cells, using MALDI imaging mass spectrometry and UHPLC-ESI-QTOF. The
identification of lipids directly from the tissue by MALDI was aided by the
comparison with identification using ESI ionization in lipid extracts from the same
xenografts. Lipids belonging to PCs, Pls, SMs, DAG, TAG, PS, PA, and PG

classes were identified and their distribution over the xenograft was determined.
Three areas were identified in the xenograft, corresponding to cells in different metabolic stages and to a

layer of adipose tissue that covers the xenograft.
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Introduction

ince the introduction of imaging mass spectrometry
(IMS)[1-6], it has become a technique of reference to
determine the distribution of proteins [7—14], lipids [15-31],
drugs [32-39], and metabolites [32, 40-50] in tissues of very
different origin, attributable to several advantages that it
presents compared with other traditional image techniques,
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such as radiography or fluorescence labeling: very little
sample preparation is required, data acquisition is fast, there
is no need for a priori labeling and, therefore, many
unknowns may be detected, and the large dynamic range
of the technique allows for detection of numerous species in
a single run [51], although some ion suppression process
may exist because of the interference between species [52].
Therefore, it is advisable to complement the results with
those obtained by LC/MS.

Indeed, UHPLC-MS (ultra-high performance liquid chro-
matography-mass spectrometry) is becoming a reference
technique in metabolomics and more specifically in lipidomics
[53—-60]; the separation provided by the chromatography adds
another dimension to the analysis. In addition to the value of
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the mass, the UHPLC gives the retention time, which may be
used to classify the lipids and to solve difficult assignments.
Several works have already been published in which identifi-
cation of lipids in the sample is complemented with the
information obtained by UHPLC-MS [55-60]. Here, we
combine the two techniques in the analysis of xenograft of
NCI-H1975 human lung adenocarcioma.

Xenograft is one of the most popular murine models to
investigate human cancer and to examine the responses to new
treatments [61-68]. In this model, human tumor cells are
transplanted either under the skin or into the organ type in which
the tumor originated of immunocompromised (nude) mice that
do not reject human cells. Tumors may develop within 1 to 8 wk
and the response to new drugs can be then studied in vivo [69]. In
this sense, xenografts have been widely used to test new drugs
[70-73]. One of the main advantages of this model is that the
response to the treatment is evaluated in human-originated cells,
in a more physiological context than in a culture dish.

Several methods are commonly used to follow the
evolution of a xenograft after treatment with a drug
candidate. Usually, changes in vivo in tumor size, which
are an indicator of the drug efficacy, are assessed by digital
calipers or less common but more sophisticated, by micro-
computed tomography [74]. In addition, changes in expres-
sion level of proliferation markers may be followed by
specific fluorescent probes injected into the animal and
visualized by noninvasive imaging methods. Once the
xenograft is isolated, tissue sections can be prepared and
the topological changes in protein expression levels may be
evaluated by immunohistochemistry techniques.

There is currently an increased interest in the role that
lipids play in cancer. In this sense, the evaluation is usually
done using UHPLC-MS, which allows for a thorough
description of the xenograft lipid composition. However,
local changes associated with differences in metabolism or
in cell differentiation degree within the xenograft may be
missed. This is particularly relevant in the context of studies
on drug response mechanisms, and it could be overcome by
analyzing xenograft sections by IMS.

Here we use UHPLC-MS to obtain a detailed description of
the lipidome, while MALDI-IMS will provide information on
the distribution of some (or most) of the lipid species.
Comparison between the outcomes of both techniques will
allow us to evaluate the heterogeneity of the tumor and the
possible existence of cells in different metabolic stages.

The procedure will be as follows: three xenografts of human
lung cancer were extracted 8 wk after the subcutaneous cell
injection. Part of the sample was used for lipid extraction and
UHPLC-MSF analysis, whereas the rest was used for sectioning
and MALDI-IMS analysis. Comparison between the results from
the two techniques is then carried out to determine the distribution
of phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylinositol (PI), phosphatidylglycerol (PG),
phosphatidylserine (PS), phophatidic acid (PA), sphingomyelin
(SM), diacylglycerol (DAG), and triacylglycerol (TAG) lipid
classes, and to identify the maximum number of species.
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Materials and Methods

Chemical reagents, description of animal, and tumor grafts
may be found in the online resources. Lipid extracts were
performed by the Bligh and Dyer method [75], while matrix
was deposited using a sublimator [76—78] (see online
resources for a description of the procedures).

MALDI-IMS

At least three sections of each sample were scanned, both in
positive and negative ion detection modes, at spatial
resolutions between 100 and 150 pm, using the Orbitrap
analyzer of an LTQ-Orbitrap XL (ThermoFisher, San Jose,
CA, USA), equipped with an N, laser (100 pJ max power,
50 um spot diameter, 60 Hz repetition rate). Owing to the
amorphous nature of the sample, no anatomical structures
were observed at any of the spatial resolutions employed.
Mass resolutions of 60,000 and 100,000 were used to record
the data, and the scanning range was 400-1000 both in
positive and negative modes.

The spectra were analyzed using dedicated software
(MSIAnalyst; NorayBioinformatics S.L., Derio, Spain).
During parsing, the size of the data was reduced, eliminating
all the peaks with intensity lower than the 1% of the strongest
peak on the spectrum, and the spectra were normalized using a
total ion current algorithm [79]. Spectra were also aligned using
the method of Xiong et al. [80] and assuming a maximum
misalignment of 0.02 u, which is very conservative for an
Orbitrap analyzer. During graphical representation, no interpo-
lation or smoothing algorithms or any de-noizing procedure was
used, always trying to maintain the original aspect of the data.

Statistical analysis was carried out using principal compo-
nent analysis (PCA) [81] and k-means [82], a clustering
procedure, taking into account all the mass-channels in the
spectrum that survived the parsing stage. The second procedure
shows a significantly better performance and, therefore, the
results from the PCA analysis will not be shown here.

Lipid identification in MALDI-IMS is based on a direct
comparison between the value of the m/z and the lipids in
the software’s lipid data base (>33,000 species plus their
adducts) and with those in the Lipid Maps data base
(www.lipidmaps.org). Mass accuracy is always better than
5 ppm and is typically better than 3 ppm. In those cases
where no univocal assignment was found, a comparison with
the data from UHPLC was performed. If a candidate was not
detected by UHPLC-MS, and it was not detected as another
adduct in the MALDI-IMS experiment, such candidate was
removed from the list.

UHPLC-MS*® Analysis

Ultrahigh performance liquid chromatography (UHPLC)
was carried out by using an ACQUITY UPLC system from
Waters (Milford, MA, USA), equipped with a binary solvent
delivery pump, an autosampler, and a column oven. The
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extracts were injected onto a column (Acquity UPLC HSS
T3 1.8 um, 100%2.1 mm) from Waters, which was heated to
65°C. Mobile phases consisted of acetonitrile and water with
10 mM ammonium acetate (40:60, v/v) (phase A) and
acetonitrile and isopropanol with 10 mM ammonium acetate
(10:90, v/v) (phase B). Separation was carried out in 13 min
under the following conditions: 0—10 min, linear gradient
from 40% to 100% B; 10-11 min, 100% B; and finally, re-
equilibration of the system with 40% B (v/v) for 2 min prior
to the next injection. Flow rate was 0.5 mL/min and
injection volume was 5 pL. All samples were kept at 4°C
during the analysis.

All UHPLC-MS* data were acquired on a SYNAPT G2
HDMS, with a quadrupole time of flight (Q-ToF) configuration,
(Waters) equipped with an electrospray ionization (ESI) source
that can be operated in both positive and negative modes. The
capillary voltage was set to 0.7 kV (ESI+) or 0.5 kV (ESI-).
Nitrogen was used as desolvation and cone gas, at flow rates of
900 L/h and 30 L/h, respectively. The source temperature was
120°C, and the desolvation temperature was 400°C.

Leucine-enkephalin solution (2 ng/uL) in acetonitrile:water
(50:50 (v/v) + 0.1% formic acid) was utilized for the lock-mass
correction and the ions at mass-to-charge ratios (m/z) 556.2771
and 278.1141, or 554.2615 and 236.1035, depending on the
ionization mode, from this solution, were monitored at scan
time 0.3 s, and at 10 s intervals, 3 scans on average, using a
mass window of £0.5 Da. The rest of the conditions were:
lockspary capillary 2.0 and 2.5 kV and collision energy 21 and
30 eV in ESI+or ESI-, respectively. The reference internal
calibrant was introduced into the lock mass sprayer at a
constant flow rate of 10 uL/min, using an external pump.

All acquired spectra were automatically corrected during
acquisition using the lock mass. Before analysis, the mass
spectrometer was calibrated with a sodium formate 0.5 mM
solution.

Data acquisition took place over the mass range 50—1200
u in resolution mode (FWHM=20,000) with a scan time of
0.5 s and an inter-scan delay of 0.024 s. The mass
spectrometer was operated in the continuum MS* acquisition
mode for both polarities. During this acquisition method, the
first quadrupole Q1 is operated in a wide band rf mode only,
allowing all ions to enter the T-wave collision cell. Two
discrete and independent interleaved acquisition functions
were automatically created: the first function, typically set at
6 eV, collected low energy or unfragmented data, whereas
the second function collected high energy or fragmented
data typically obtained by using a collision energy ramp
from 1540 eV. In both cases, Ar gas was used for collision
induced dissociation (CID).

Data processing and lipid identification procedures may
be found in the online resources.

Results and Discussion

Figure 1 shows the images created using some of the mass
channels in the spectra from one of the xenograft sections in
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positive mode detection, whereas Supplementary Figure S1
(Supporting Information) shows the same kind of images but
using the m/z channels in the spectra recorded using negative
detection. It is clear from both sets of images that there are
three well-defined areas: a triangular one in the center of the
figure (for example the distribution of m/z =789.492), a
second one composed of two “hot spots” (e.g., m/z=
739.474), and a third one that defines the rim of the tissue
(e.g., 907.776), and that it is difficult to visualize in Figure 1
and Supplementary Figure S1, but that it is clearly seen in
the statistical analysis (see below). Some lipids can be found
only in one of the three areas, while others are distributed
along the whole tissue, like m/z=816.594.

A significantly smaller number of species is detected in
negative mode. This may be due to the matrix employed: it
is well-known that MBT gives an excellent intensity in
positive mode, but its performance in negative detection is
not optimal [76]. However, the number of species detected
should be enough to compare with the results from UHPLC-
MSE. Furthermore, comparison between the images on
Figure 1 and Supplementary Figure S1 demonstrate that
the same areas are found in both detection modes.

The areas in the tissue do not seem to be due to
differences in ionization efficiencies, as some lipids are
almost evenly distributed along the whole tissue, but to real
differences in the distribution. Thus, they may correspond to
a portion of the tumor containing cells at different metabolic
or developmental stage.

Figure 2 shows the three areas found using the clustering
procedure described in the Methods section, together with
the average spectrum over each of the three areas. Most of
the tissue is covered by clusters 1 and 2, whereas cluster 3
defines a thin line around the tissue and a narrow line in the
upper-right part of the section. The general intensity of the
spectrum of this cluster is lower than in the other two
clusters. A group of peaks at high masses is also evident,
which correspond mainly to TAGs. The average spectrum
over the whole tissue is also shown for comparison. As can
be seen, the average spectrum of cluster 2 presents a higher
intensity. Several strong peaks change their intensity
between clusters 1 and 2 but, in general, a higher abundance
of peaks is observed in cluster 2. Annotated average spectra
may be found in Supplementary Figures S3 and S4 of the
online resources.

The average spectrum obtained in negative mode presents
a significantly smaller number of peaks. Although the
positive mode spectrum is usually dominated by LPCs,
DAGs, PCs, SMs, and TAGs and PIs in the high-mass side,
a larger number of lipid classes is usually found with
negative detection, such as PAs, PEs, PGs, PS, sulfatides or
PIs. Thus, either such classes are not present in high-enough
concentration to be detected in the MALDI-IMS experiment
or the matrix employed does not allow their detection.

The advantage of UHPLC-ESI-MS over MALDI-MS is
the introduction of a separation stage before the analysis of
the lipids. Figure 3 shows the chromatograms obtained in
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Figure 1. Images built integrating the m/z channels in the spectra of a section of a xenograft recorded in positive mode, and
representing them against the coordinates at which the spectra were acquired. MBT was used as matrix. Ten shots were
averaged for each spectrum, with a laser intensity of 6 yJ/pulse. The pixel size was 150 um and the spectra were recorded with
the Orbitrap analyzer at 100,000 resolution. Each image contains 6887 pixels. The color scale is also shown
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Figure 2. Comparison between the average spectra over
each of the three clusters in which the K-means algorithm
groups the spectra and the average spectrum over the whole
tissue section, recorded in positive mode. The regions in
each cluster are also shown as inserts

positive and negative detection modes when an extract of the
lipids in the xenograft is injected. As can be seen, when ESI
+ mode is used, the glycerophospholipids appear at retention
times of ~4-5 min, whereas less polar lipids (DAGs and
TAGs) appear at longer retention times. In negative mode, it
is possible to isolate the fatty acids (FA) from the
glycerophospholipids, which appear at longer retention
times. Furthermore, each lipid class presents a characteristic
retention time, as demonstrated by the chromatograms
collected in Supplementary Tables S8 and S9 of the online
resources. When the information from fragmentation is
added (Supplementary Figures S5-S11 of the online
resources), a very precise identification of the lipid species
in the extract can be achieved.

Table 1 and Supplementary Tables S1-S9 collect the
species detected in the present work, using either MALDI or
ESI, together with the adducts found for each species and the
distribution along the tissue, for those species detected using
MALDI-IMS; 29 mass/channels (54 if the different adducts
are taken into account) may be assigned to PC species in the
MALDI-IMS experiment (Table 1), and 27 (73 if the
different adducts are taken into account) using ESI. The
intensity of 15 species was high enough to allow recording
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Figure 3. UHPLC chromatograms ESI + (upper panel), ESI-
(lower panel), of lipid extracts from xenografts of human lung
cancer

the MS/MS spectra and, therefore, the composition of the
acylic chains is also offered in the table.

As can be seen from the table, most of the species were
detected by both ionization methods. The differences
encountered may be due to a better sensitivity in MALDI,
probably due to the excellent performance of MBT in the
detection of phospholipids in positive mode. Also, some of
the m/z in the MALDI spectra may be assigned to several
species that were also detected by ESI (e.g., PC(0-34:2)+
H'/PC(P-34:0)+H"), which means that very likely the m/z
contains the contribution from all the overlapping species.
Therefore, the distribution map obtained for such channel is
the distribution of several species together.

It is worthy to note that the abundance of plasmalogens
among the PCs was higher than the number of such species
usually found in normal tissue using IMS [51, 83]. While the
data in the literature point to a contribution of ~1% of the
plasmalogens to the total amount of PCs in lung, around a
13% is found in the present work. Furthermore, they are
mainly located in the area defined by cluster 2. Interestingly,
the comparison with the lipids detected in colon adenocar-
cinoma cells shows that a similar amount of plasmalogens is
found [84]. Abundant plasmalogens were also found in
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Table 1. Comparison Between the PC Species Detected by MALDI and ESI
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Species Adduct Tentative structure
MALDI ESI

30:0 +H" () +H", +AcO",-CH3" PC(14:0/16:0)/ PC(16:0/14:0)
0-32:1 +H o), +Na' (3 +H"
32:1 +H ), +K H', +AcO",-CH3" PC(16:0/16:1)
0-32:0 + HJr ) + Na+ ) + H+
32:0 +H (112, + K ) +H', + Na", + K", +AcO",-CH3" PC(16:0/16:0)
33:1 +H +H', + Na", +AcO’
0-34:2/P-34:1 +H o +H +HA+H
P-34:0 +H (5 +H', +AcO PC(P-16:0/18:0)
34:2 +H" (3, + Na" o3, + K" ()° +H', + Na’, +K", +AcO ,-CH3" PC(16:0/18:2)
34:1 +H @y, +K ) +H', + Na", +K*, +AcO ,-CH3" PC(16:0/18:1)
34:0 +H (), K +H', + Na", +K',+AcO ,-CH3" PC(16:0/18:0)
0-36:5/P-36:4 +H' (11243, + N2 a3/ + H' (11243), + Na' 543, +H' +AcO7/ + H', +AcO”
0-36:4/P-36:3 + H (142+3)s + Na (2)/ + H (1+2+3)s + Na ) + H+/ + }’14r
0-36:3/P-36:2 +H 3 +H 6 +H/+H
0-36:2/P-36:1 +H" 3, Na' oy + H' 5,, tNa' +H /+H
036:1 N By @ 3) ( )

-30: +Na" @)
36:4 +H i, F Ky +H', + Na*, +K", +AcO",-CH3" PC(16:0/20:4)
36:3 +H ), + Na” o, + K ) +H", + Na’, +K", +AcO",-CH3" PC(16:0/20:3)
36:2 +H 3, ¥ Na" iz, + K ) +H', + Na", +K", +AcO ,-CH3" PC(18:0/18:2)
36:1 +H' o), + Na’ g3, + K* 0 +H', + Na", +K" +AcO",-CH3" PC(18:0/18:1)
0-38:5/P-38:4 + H ) + Na (1+2+3)/ + H ) + Na (1+2+3) + l‘[+/+ I‘IJr
0-38:4/P-38:3 +H (5, +Na" o/ + H (5, + Na© 5 +HA+H
38:6 +K" ) +H"
38:5 + H (14+2+3), + K (1) H+,+AC07 PC(160/225)
38:4 +H (543, + Na’ ), + K" +H', + Na", +K",+AcO ,-CH3" PC(16:0/22:4)
38:3 +H' (122), + Na” 5 +H' +AcO™ PC(18:0/20:3)
38:2 + Na 3)
40:6 +H 3 +H
40:5 + H+ 3)
40:4 +H" PC(18:0/22:4)

When more than one species may correspond to the same m/z they are separated by “/”. Different adducts of each species are separated by “,”. The subscript

indicates in which cluster of Figure 3 the species appear.

* Overlaps with: [PE (0-38:6)+Na]".

® Overlaps with: [PE (P-40:7)+H]"/[PE-NMe (36:2)+K]"/[PE (37:2)+K]".
© Alternative assignment: [PE (P-39:1)+Na]".

4 Alternative assignment: [PE (O-39:1)+Na]"/[PE (P-39:0)+Na]".

malignant glioma cell lines using FTICR [85]. Furthermore,
such increase was also found in patients with breast, lung,
and prostate cancer [86]. Plasmalogen synthesis involves
two different cell organelles: peroxisomes in which the ether
linkage is formed, and the endoplasmic reticulum where, in
case of the alkenyl subclass, the double bond of the vinyl
ether linkage is inserted. Because some peaks cannot be
unambiguously assigned to alkyl- or to alkenyl-PC molec-
ular species as they overlap in molecular mass, the alteration
in plasmalogen mass may be due to changes in the
enzymatic activity at any of the two stages of the synthesis.

As can be seen, it is not easy to find the metabolic
mechanism behind such increase in plasmalogens in tumor
tissue but several works point to the existence of a
connection. It is well known that there is a deregulation of
the lipids metabolism in cancer [87]. Indeed, cancer cells
reprogram their metabolism for their abnormal proliferation.
Therefore, an overabundance of plasmalogens may be the
signature of the existence of tumors, opening the door to
identify biomarkers for a wide spectrum of cancers.

The subscripts in the second column of Tables 1, 2, and
Supplementary Tables S1-S7 indicate in which cluster (or

clusters) a given species is found. A table with each species,
the image built integrating its mass channel and its
chromatogram, can be found in Supplementary Tables S8
and S9 of the online resources. It is clear from Table 1 that
some lipids exhibit a preferential location in one of the three
clusters, whereas others are found over the whole tissue.
However, the most striking observation is that the K"
adducts are exclusively located in cluster 1. Differential
distribution of adducts has already been reported in MALDI-
IMS of rat brain sections of an ischemia model [88]. In that
study, a higher abundance of Na" adducts was found in the
damaged areas of the brain, and it was interpreted on the
basis of a change in activity of the Na+/K+-ATPase.

A similar comparison is performed in Table 2 for PE
species. In the MALDI experiments, most of the PE species
were detected in positive mode, whereas in ESI, almost all of
the PE species were detected in negative mode. The ion
suppression in MALDI positive mode is probably responsi-
ble for the lower number of species detected using this
ionization form. Similar to what is observed for PCs, a
significant number of plasmalogens were detected, following
the same trend observed in other studies on the lipidome of
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Table 2. Comparison Between the PE Species Detected by MALDI and ESI

Species Adduct Tentative structure

IMS

ESI

PE-NMe,(34:1)

+AcO™

PE-NMe; (32:0)/34:0 -H o -H 5 ~H',+ AcO/-H", +AcO~

0-34:4/P-34:3 +Na' (o

P-34:2 +H", -H" PE(P-16:0/18:2)
P-34:1 +H", -H" PE(P-16:0/18:1)
34:1 +H' -H" PE(16:0/18:1)
35:2 +AcO™

35:0 +Na" (14243 +AcO~

P-36:4 +H", +Na", -H" PE(P-16:0/20:4)
P-36:2 +H", -H" PE(P-18:0/18:2)
P-36:1 +H", -H" PE(P-18:0/18:1)
36:3/34:0 +H y/+ Na' -H-H

36:2 -H' ) ~H", +AcO™ PE(18:0/18:2)
36:1 -H' ) +H', Na', -H', +AcO PE(18:0/18:1)
37:4/35:1 +H" 3+ Na' 3 +AcO /+AcO™

0-38:6 Na™ )" -H", -H" PE(0-16:0/22:6)
P-38:6 +H", -H" PE(P-16:0/22:6)
P-38:4 +H", -H"/+H", +Na*, -H" PE(P-18:0/20:4)/ PE(P-16:0/22:4)
38:6 -H" PE(16:0/22:6)
38:4 +H", + Na", -H" PE(18:0/20:4)
38:2/ PE-NMCZ (362) -H (2)/*H ) +AcO /+AcO™

38:1 “H" (142 +AcO~

0-39:1/P-39:0 +Na' %+ Na" )¢

P-39:1 + Na+ (z)h

0-40:6 +H'-H" PE(O-18:0/22:6)
P-40:7 +Na’ () +H', -H* PE(P-18:1/22:6)
P-40:6 +H", -H" PE(P-18:0/22:6)
P-40:4 +H', -H" PE(P-18:0/22:4)
40:6 +H', -H" PE(18:0/22:6)
40:4 +H o +H", -H" PE(18:0/22:4)
4122 +Na' 243

When more than one species may correspond to the same m/z, they are separated by “/”. Different adducts of each species are separated by “,”. The subscript

indicates in which cluster(s) of Figure 3 the species appear.
* Overlaps with: [PC 32:0)+K]".

® Alternative assignment: [PC (O-36:2)+Na]".

° Overlaps with: [PC (34:2)+K]".

4 Alternative assignment: [PC (O-36:1)+Na]".

tumors [84]. The composition of the acylic chains is also
collected in the table for those species with high-enough
intensity to allow recording their MS/MS spectrum.

Regarding localization of the PE species, K™ adducts are
almost exclusively found in cluster 1, whereas the rest of
adducts has a higher propensity to appear in cluster 2, which
occupies the central part of the tumor.

Following with the rest of the glycerophospholipids, the PI
species detected are summarized in Supplementary Table S1.
The number of species is lower than in Tables 1 and 2, but still
15 species were detected in MALDI, whereas 11 species were
detected using ESI. As can be seen in Supplementary Table S1,
the agreement between both techniques is remarkable. Against
what was observed for PCs and PEs, the PIs are distributed
along the whole tissue

It is well known that PIs usually give a strong signal and
normally dominate the MALDI spectrum in negative mode,
together with STs, when present, whereas the rest of the
glycerophospholipids, PAs, PGs, and PSs, are more difficult
to detect in MALDI. Such fact is also reflected in
Supplementary Tables S2—S4. Of these three classes, only

PAs seem to be present in a significant amount. However, a
close inspection of the species identified shows that most of
them are coincident with alternative assignments, mainly
DAGs and PIs and, therefore, such assignments must be
taken with caution.

Supplementary Table S5 collects the detected species of
SM. Nine different SM were found using MALDI, while
nine species were also found using ESI ionization. As can be
seen, the agreement between both sets of data is also
excellent. It is worthy to note that all the species are almost
exclusively found in the area defined by cluster 2.

Finally, Supplementary Tables S6 and S7 show the DAG
and TAG species that were found. Although a large number
of TAGs seems to be present, very few DAGs were found:
only seven species using MALDI and nine species using
ESI. Furthermore, both sets of data do not match, which
challenges the assignment. One must take into account that
the TAGs may fragment during MALDI ionization and show
up in a DAG mass-channel, leading to a wrong assignment.
Thus, the MALDI data in Supplementary Table S6 must be
taken with caution.
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Figure 4. Microscopic appearance (x2, x20) of a histologic
sections of xenograft of A549 cells stained with hematoxiline
and eosine. In the upper panel, viable areas (a) and necrotic
areas (b) as well as the surrounding connective and adipose
tissue (c) can be observed. In the lower panel, a higher
magnification allows to distinguish viable cells (A, bigger and
darker nuclei) and non-viable cells (B, smaller nuclei because
chromatin condensation)

On the other hand, the data in Supplementary Table S7
on the detection of TAGs show a very different landscape:
numerous species were detected by both techniques, but
especially by ESI. The assignment is very solid because
most of the species were detected forming three different
adducts. Interestingly, almost all TAGs were detected in
cluster 3 (i.e., in the outer part of the xenograft) and may be
due to fatty tissue generated by the mouse to protect itself
from the tumor.

In fact, once cells are injected subcutaneously into the
mouse, the host tissue tends to pseudo-encapsulate as it is
recognized as a foreigner entity. So, the growing tumor is
usually surrounded by a number of layers of connective and
adipose tissue, which would perfectly account for the TAG
distribution observed by IMS and the increase in TAG
observed by ESI (Figure 4).

As mentioned above, two different areas are observed in
the section in Figure 4: one, denoted in the figure as A, with
viable cells, and the other, denoted as B, with non-viable
cells, which may have suffered for example, from a lack of
irrigation. The existence of two areas fit very well with the
observation of two distinct lipid distributions, defined as
clusters 1 and 2 in Figure 2.

Conclusions

In this work, the lipid composition of xenografts of human
lung adenocarcinoma NCI-H1975 cells has been analyzed
using MALDI-IMS and UHPLC-ESI-TOF. Three tumor
samples were used, offering consistent results and, therefore,
they may be considered as representative of the kind of
xenografts analyzed here.

R. Fernandez et al.: Analysis of the Lipidome of Xenografts Using MALDI-IMS and UHPLC-ESI-QTOF

The images generated from the different mass channels in
the MALDI experiment demonstrate that the xenograft
presents at least three well-defined regions with a characteristic
lipid composition. In one of the regions, cluster 1, a lower
abundance of species and a concentration of potassium adducts
is found. In region 2, most of the PC plasmalogens and SMs are
located. Comparison with the literature shows that an abun-
dance of plasmalogens is usually found in tumor tissues of
different origins. Further experiments are being conducted in
our laboratory on different tumor tissues to test if such lipid
class is a biomarker for the existence of tumors.

Finally, region 3 defines a rim around the tissue and may
correspond to formation of connective tissue by the mouse’s
body to protect itself from the xenograft. Most of the TAG
species are located in this frontier region, indicating that they
may be from the mouse’s connective and/or fatty tissue and,
therefore, they may not be part of the xenograft.

The present results stress that both techniques are
required for the understanding of complex samples such as
tumor xenografts.
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