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Cancer Diagnostics

Direct Water-Assisted Laser Desorption/lonization
Mass Spectrometry Lipidomic Analysis and
Classification of Formalin-Fixed Paraffin-Embedded
Sarcoma Tissues without Dewaxing

Nina Ogrinc,® Pierre-Damien Caux,® Yves-Marie Robin,®® Emmanuel Bouchaert,>< Benoit Fatou,?
Michael Ziskind,® Cristian Focsa,® Delphine Bertin,? Dominique Tierny,* Zoltan Takats,” Michel Salzet,*€ and

Isabelle Fournier

BACKGROUND: Formalin-fixed  paraffin-embedded
(FFPE) tissue has been the gold standard for routine pa-
thology for general and cancer postoperative diagnostics.
Despite robust histopathology, immunohistochemistry,
and molecular methods, accurate diagnosis remains dif-
ficult for certain cases. Overall, the entire process can be
time consuming, labor intensive, and does not reach
over 90% diagnostic sensitivity and specificity. There is
a growing need in onco-pathology for adjunct novel
rapid, accurate, reliable, diagnostically sensitive, and spe-
cific methods for high-throughput biomolecular identi-
fication. Lipids have long been considered only as build-
ing blocks of cell membranes or signaling molecules, but
have recently been introduced as central players in can-
cer. Due to sample processing, which limits their detec-
tion, lipid analysis directly from unprocessed FFPE tis-
sues has never been reported.

METHODS: We present a proof-of-concept with direct
analysis of tissue-lipidomic signatures from FFPE tissues
without dewaxing and minimal sample preparation us-
ing water-assisted laser desorption ionization mass spec-
trometry and deep-learning.

RESULTS: On a cohort of difficult canine and human
sarcoma cases, classification for canine sarcoma subtyp-
ing was possible with 99.1% accuracy using “5-fold”
and 98.5% using “leave-one-patient out,” and 91.2%
accuracy for human sarcoma using 5-fold and 73.8%
using leave-one-patient out. The developed classification
model enabled stratification of blind samples in <5 min

a,€,%

and showed >95% probability for discriminating 2 hu-

man sarcoma blind samples.

CONCLUSION: It is possible to create a rapid diagnostic
platform to screen clinical FFPE tissues with minimal
sample preparation for molecular pathology.

Introduction

Fast and accurate tumor diagnosis is critical in clinical
decision-making for optimal patient care. The common
preservation technique is the creation of formalin-fixed
paraffin-embedded (FFPE) tissue specimens. FFPE
blocks are extremely stable, enable indefinite storage,
and offer well preserved tissue morphology for postoper-
ative histological assessment. Despite the integration of
multimodal histological and molecular exams, cancer
diagnostics remains labor intensive, difficult, and in
need of ancillary techniques (1, 2).

Mass spectrometry imaging has quickly emerged as
a tool to study molecular biochemistry in situ.
Particularly, matrix-assisted laser desorption ionization
(MALDI) and desorption electrospray ionization
(DESI), have growing interest as molecular histology
tools. In oncology, these techniques have been shown
useful for diagnostics, prognostics, cancer classification,
patient stratification, and to study tumor microenviron-
ment (3-5). However, to promote the integration of
mass spectrometry techniques into postoperative diag-
nostics, it is paramount to apply them to FFPE samples.
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Molecular analysis from FFPE tissues is challenging
due to paraformaldehyde reacting with free amine
groups, giving rise to Schiff-bases and further crosslink-
ing by the formation of methylene bridges (i.e., pro-
teins, DNA, RNA) (6). Strategies have been proposed
to unlock and image proteins by MALDI-MSI (7, 8)
and have given rise to comprehensive, highly reproduc-
ible bottom-up proteomic or glycan approaches (9, 10).
These protocols are not only time consuming but also
require expertise in sample preparation, analysis, and
data processing (7-9, 11).

Direct mass spectrometric analysis of lipids from
tissues has begun to gain importance in cancer research
(12). Lipids are now recognized as a central contributors
to the pathophysiological mechanisms (13) and changes
in cell phenotypes, and lipid imaging has been proposed
as an alternative to histopathology (3, 14).
Unfortunately, the entire FFPE process compromises
analysis of several lipid classes either due to formalde-
hyde fixation (FF) (15, 16) or the requirement to depar-
affinize and rehydrate the samples before analysis.

Several studies have evaluated lipids and metabo-
lites from FFPE tissues. Some metabolites, such as
galactose-1-phosphate, were found using MALDI-MSI
after deparaffinization and rehydration (17, 18). The
following studies, however, confirmed loss of metabolite
and lipid species by deparaffinization (19) and rehydra-
tion, with 80 common metabolites detected in FFPE,
FF, and fresh-frozen kidney tissues (20). Even with
well-thought processing by a combination of solvents
and heating the paraffin (21), the detection of metabo-
lites was 40% lower in FFPE compared to fresh-frozen
material. Recently, unfixed, FF and FFPE samples using
the same protocol were compared (22) and showed the
recovery of ~40-50% lipids and metabolites.

Our experimental data indicate it is possible to de-
tect over hundred lipid species from FFPE rat brain and
sarcoma tissues without deparaffinization and minimal
sample preparation using water-assisted laser desorption
ionization mass spectrometry (WALDI-MS) by the
SpiderMass technology (23-25). These lipid species
showed histopathological specificity in difficult canine
and human sarcoma subtypes and were used to build
classification models that enabled stratification of blind
samples in <5 min.

Materials and Methods

TISSUE SAMPLES AND STUDY DESIGN

Two-year old FFPE tissue blocks of Adult Wistar male rat
brain (225-250 g, 7—-8 weeks of age) were collected and sec-
tioned at 8pum with a microtome (Leica Biosystems,
Germany). Canine patient FFPE samples fixed in 10% for-
mol solution were collected after signed owner consent. The
archived tissue blocks (2013-2017) were selected according
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to 4 different pathologies: angiosarcoma (22 patients, 45
samples), leiomyosarcoma (4 patients, 25 samples), fibrosar-
coma (1 patient, 2 samples), and the malignant tumor of pe-
ripheral nerve sheaths (2 patients, 4 samples). Archived
FFPE human soft tissue tumor blocks (2013-2019), fixed
in 4% formol solution (QPath, VWR) from the
Comprehensive Cancer Center Oscar Lambret tumor bank
were retrieved after securing patient consent; leiomyomas (4
patients, 6 samples), leiomyosarcomas (9 patients, 10 sam-
ples), lipomas (8 patients, 10 samples), and liposarcomas (8
patients, 11 samples). Sample size, collection, and inclusion
were dependent on the dinical availability. The first 7 pm
section was hematoxylin-phloxine-saffron stained and the
consecutive section was prepared for SpiderMass analysis.
The veterinary pathologist (authors E.B. and D.T.) read
and annotated hematoxylin-phloxine-saffron stained canine
sarcoma tissues, and the board-certified pathologist (author
Y.-M.R.) annotated the human sarcoma samples. For the
test analysis, 2 blind samples of human sarcoma were ran-
domly selected from the initial cohort. All experiments were
approved by the local Ethics Committee (CPP Nord Ouest
IV 12/10) in accordance with the French and European
legislation.

SAMPLE PREPARATION

The FFPE tissues were manually sprayed with a glyc-
erol/isopropyl alcohol (IPA) (8:2, v/v) solution in 2 suc-
cessive passes using a manual sprayer (Agilent). The
syringe pump (74 900 series Cole Parmer Instrument
Company) was set to a 300 pL/min flow rate. The 2
successive passes were equal to 5 pL deposited on 1cm?
and took ~10s. The samples could be analyzed up to
30 min after glycerol deposition. To investigate the in-
fluence of dewaxing, several tissue sections were dew-
axed in xylene for 5min in 2 separate jars and
rehydrated in ethanol baths of descending order from
90% to 70% and then 30% (5 min each). The slides
were than immersed into two 10 mM ammonium bicar-
bonate solutions (5 min) and dried in the desiccator be-
fore glycerol deposition.

SPIDERMASS INSTRUMENT

The basic design of the instrument setup has been de-
scribed in detail elsewhere (23, 24). Briefly, the proto-
type was equipped with a fibered tunable wavelength
laser system (Radiant v.1.0.1, OPOTEK Inc., USA) and
pumped by the 1.064 pm radiation delivered by a Q-
switched 10ns pulse width Nd: YAG laser (Quantel
Laser, France). The infrared laser microprobe was tuned
(2.94 um) to excite the most intense vibrational band of
water (O-H). A 1-m biocompatible laser fiber with
450 um inner diameter (HP fiber, Infrared Fiber
Systems, USA) was connected to the exit of the optical
parametric oscillator and focused to result in 400—
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500 um beam diameter. A Tygon® tubing (Akron,
USA) was used to aspirate the ablated material and was
directly connected to a quadrupole-TOF mass spec-
trometer interface (24) (Synapt G2s or Xevo, Waters,
UK). Laser energy was fixed at 4 m]/pulse correspond-
ing to laser fluence of 3.18 J/cm”.

SPIDERMASS EXPERIMENTS

The laser sampling position of sarcoma samples was de-
termined based on histopathological annotations. The
samples were randomized to avoid batch effects. The ac-
quisition was composed of 10 laser shots consecutively
fired between 2—4 times with a 10s pause. Ten laser
shots result in 1 individual spectrum. The data were ac-
quired in positive and negative sensitivity modes for rat
brain tissue and positive mode for sarcoma, with 1s
scan time and 22 000 mass resolution. The mass range
included m/z 50-2000. The acquired spectra were
scaled using MassLynx software (v.4.2 SNC966, Waters
Laboratory Informatics). MS/MS was performed with
collision-induced  dissociation with collision energy
ranging between 25 and 40V. The lipid annotations
were performed manually through fragmentation spectra
guidelines, and compared to LIPIDMAPS and the
METLIN database (26, 27).

STATISTICAL ANALYSIS

SpiderMass raw positive ion mode data were imported
into Abstract Model Builder (AMX, v.1.0 1972.0,
Waters, Hungary). Classification models were built us-
ing individual spectra (mean 3 per sample) and by sub-
jecting them to principal component analysis (PCA)
and linear discriminant analysis (LDA). PCA was used
to decrease the dimensionally of the data and to provide
an overview of the variance in the data. LDA was used
to optimize the separation between user assigned classes.
The canine classification model was built using a mass
range of 600-1000 72/z with a 0.2 binning, le” thresh-
old intensity, applied total intensity normalization, and
background subtraction. The human sarcoma model
was built with the same parameters. The performance of
LDA was assessed by cross-validation. Cross-validation
was performed by removing a part of the cohort and
building the model again. In the experiments, a “5-fold”
and “leave-one-patient” out cross-validation were per-
formed on the built models. Nonparametric one-way
ANOVA (Kruskal-Wallis) followed by Dunn’s test was
performed to calculate significant differences between
normalized intensities for discriminative ions.

BLIND TISSUE ANALYSIS

To test the efficiency of our databank, we used the
Abstract Model Builder Recognition plugin of the AMX
software. The same preprocessing was applied to the

unclassified (test) specimens. The discriminating molec-
ular patterns of the test specimen were extracted by
means of the PCA-LDA projection matrix. The
Mabhalanobis distances were calculated from each previ-
ously assigned class mean. The algorithm classified the
novel spectrum into the closest class, unless the distance
was larger than a user defined 7 x standard deviation of
that class. In this particular experiment, the outlier limit
was set to 5 standard deviations. The other parameters
set were le® TIC intensity threshold, 5 scans/spectrum,
and 5's timeout.

Results

OPTIMIZATION OF WALDI-MS FOR ANALYZING FFPE TISSUES
The first assessment was performed on a non-processed
FFPE rat brain tissue section in both polarities (Fig. 1).
Lipid ions were detected albeit at lower intensity (10e’—
10e* ran e, n=4) than expected from fresh-frozen tis-
sue (10e’—10e° range; 7 =50) (24). The detected spe-
cies corresponded to specific fatty acids (m/z 200-400)
and phospholipids species (7/z 700-900) in both polar-
ities (Fig. 1, A and B, top section). The signals were tis-
sue specific and were not detected in paraffin alone
(Fig. 1, A and B, bottom section).

Lower ion intensities could be explained by the ex-
tremely low water content in samples, which reduced
the desorption/ionization efficiency of the WALDI pro-
cess. To increase the signal intensity, we deposited a
glycerol matrix on top of the tissues. The glycerol O-H
bond has an absorption band relatively close to the one
of water, and provides important resonant excitation to
generate a similar desorption/ionization process (28).
Because of the high viscosity of glycerol, the tissues were
uniformly sprayed with a 50% glycerol/50% IPA solu-
tion. The resulting lipid intensities increased, reaching
absolute intensities up to 10e° (Fig. 1, A and B, middle
section) in both polarities. In the negative ion mode,
there was a clear mean increase of 100-fold (z=3) of
fatty acids, such as m/z 255.2 (palmitic acid), and m/z
281.2 (oleic acid), phosphatidic acid (PA), and phospha-
tidinositol (PI) lipid species m/z 747.5 [PA (22:6_18:0)-
H]™~, and m/z 885.5 [PI (18:0_20:4)-H] ™ as well as a
ganglioside GM 1 (18:0) at m/z 1544.7. In the positive
ion mode, a mean 400-fold increase (7 =4) was ob-
served for phosphatidylcholines (PC) such as m/z 734.5
[PC (32:0)+H]", 760.5 [PC(34:1)+H]", and m/z
782.5 [PC(34:1)+Na]". The MS/MS identified lipid
species are shown in Table 1 in the online Data
Supplement. The calculated increase values and CVs for
the selected ions are displayed in Supplemental Table 2.
The addition of glycerol also increased the signal to
noise ratio by a minimum of 3-fold.

Parameters such as time of spray, number of laser shots,
and IPA/glycerol ratios (data not shown) were also evaluated
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Fig. 1. Formalin-fixed paraffin-embedded brain tissue spectra. SpiderMass acquired (A), positive and (B), negative ion mode
mass spectra of FFPE brain tissue sections. The top spectra were acquired without the sample preparation, the middle with the 2
passes of 50% isopropyl alcohol (IPA)/glycerol spray and the bottom spectra correspond to the paraffin. The highlighted (blue
box) lipid mass range m/z 600-1000 indicates the signal intensity increase by 400x in positive and 100x in negative mode be-
tween the sample without the sample preparation and the sprayed slide.

Table 1. Cross-validation results. Cross-validation results of 4-class/2 -class dog sarcoma and 4-class/3-class human sarcoma
models with model type, cross-validation type, N of classes, N spectra, N of passes as well as N of failures, N outliers, and
percentage of correct classification accuracies after cross-validation.

Correct classification accuracy (%)

Model type Cross-validation type N classes N spectra N passes N failures N outliers Excluding outliers Including outliers
Canine sarcoma 5-fold 4 235 208 2 25 99.5 90.3
One-patient-out 4 235 191 3 41 99.2 80.8
5-fold 2 204 202 1 1 100 99.5
One-patient-out 2 204 182 1 21 99.5 91.5.
Human sarcoma 5-fold 4 116 104 10 2 91.3 89.7
One-patient-out 4 116 78 28 10 73.6 67.2
5-fold 3 101 97 3 1 97.0 96.0
"One-patient-out” 3 101 77 19 5 80.2 76.2
to produce maximum intensity mass spectrometry molecu-  layer, reproducible and high intensity signals (up to 10¢°).
lar profiles, minimal sample preparation time, and a homo- To reinforce the importance of analyzing nondewaxed
geneous layer of matrix. The data are shown in  FFPE samples, we investigated the influence of tissue dew-

Supplemental Figs 1-3. The tests revealed that 10s and  axing on the detected species, which revealed only 10 resid-
20% glycerol/IPA were sufficient to obtain a homogeneous  ual fatty acids remaining (Supplemental Fig. 4).
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EVALUATING WALDI-MS ANALYTICAL PERFORMANCES FROM
FFPE CLINICAL SAMPLES

The lipidomic screening of FFPE tissues was operated
in a two-stage workflow (Fig. 2). First (Fig. 2, A), fol-
lowing the optimized sample preparation protocol, a
molecular database using histologically annotated sam-
ples and molecular data was constructed through ma-
chine learning algorithms (training). Second, these
classification models were used to perform interrogation
of blind samples within <5 min (Fig. 2, B) (test).

The first FFPE classification databank was gener-
ated by analyzing a cohort (29 patients; 76 samples; 235
spectra) of canine veterinary sarcoma patients. The col-
lected FFPE blocks followed 4 main sarcoma classes
from diverse breeds and tumor origin (Supplemental
Table 3). We investigated whether the lipido-molecular
profiles could discriminate between the subtypes. The
results are shown in Supplemental Fig. 5. The PCA plot
of 4 canine sarcoma types is described with PC1 41.7%,
PC2 21.6%, and PC 3 10.3% variance. The selected
PCAs were subjected to supervised LDA analysis

according to 4 subtypes (Supplemental Fig. 5, C). A
substantial discrimination was observed in LD1 from
leiomyosarcoma compared to the remaining subtypes;
however, they were also separating from each other in
LD2 and LD3. The model gave 99.5% cross-validation
accuracy using 5-fold and 99.2% cross-validation accu-
racy using leave-one-patient out (Table 1). Since some
of the subtypes were under-represented, we recon-
structed the model including only angiosarcoma and
leyiomyosarcoma (Supplemental Fig. 5, B and D). In
this case, the cross-validation accuracy was improved to
100% using 5-fold and 99.5% using leave-one-patient
out (Table 1).

HISTOLOGICAL CLASSIFICATION OF FFPE HUMAN SARCOMA
TISSUES

A conceptual databank was created using a cohort of hu-
man sarcoma FFPE samples (29 patients, 37 samples,
116 spectra). Sarcomas were classified based on different
subtypes and classes (malignant and benign) from opti-
cal images (Fig. 3, A). The samples were collected from

Histopathological
FFPE Biopsy Sectioning annotations

10s

SpiderMass analysis

Data collection and processing

3 -4 min Lipoma Leiomyosarcoma
99.3% 98.4%

Fig. 2. A schematic workflow of the formalin-fixed paraffin-embedded (FFPE) screening experiment. (A), Steps to build the mo-
lecular database. The FFPE blocks are consecutively sectioned onto slides for SpiderMass analysis and hematoxylin-phloxine-saf-
fron staining. The first section is hematoxylin-phloxine-saffron stained and annotated by the trained pathologist. The tissue
heterogeneity is usually expressed as healthy, necrotic, or cancer region. Following the annotation, the consecutive slide is
sprayed with the 20% glycerol/isopropyl alcohol solution and analyzed by the SpiderMass. Each region is measured separately
and the data is recorded as mass spectra. The data files are imported into Abstract Model Builder software and subjected to prin-
cipal component analysis-linear discriminant analysis based on their type and heterogeneity. (B), Blind tissue screening (5 min).
The fast screening of a blind sample interrogates the database and provides classification based on the type and tissue heteroge-
neity. In the case of FFPE sarcoma the sections are classified either as lipoma, liposarcoma, leiomyoma, or leiomyosarcoma.
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Fig. 3. Building the principal component analysis-linear discriminant analysis (PCA-LDA) classification model based on 4 human
sarcoma types (lipoma, liposarcoma, eiomyoma, or leiomyosarcoma). (A), Examples of histopathological stains and annotations
of formalin-fixed paraffin-embedded sarcoma samples. The table separates them based on their type (sarcoma type 1:lipoma, lip-
osarcoma and sarcoma type 2: leiomyoma and leiomyosarcoma) and based on tumor classification: benign (green box) or malig-
nant (red box). (B), LDA representation of the 4-class PCA-LDA. The LD1 discriminates between the 2 sarcoma types. The model
was built from the individual spectra recorded in positive ion mode. (C), LD1 loading plot showing the discrimination between
the benign (green) and malignant (red) tumors. The blue stars indicate the most discriminatory peaks: m/z 855.8, 879.8, 881.8,

897.8, 900.8, and 907.8.

patients with different ages, sexes, and tumors
(Supplemental Table 4). The acquired spectra for each
subtype are shown in Supplemental Fig. 6. The first 3
PCs explained >80% of the total variance in the dataset
(Supplemental Fig. 7) due to intra- and interpatient het-
erogeneity, particularly for lipoma and liposarcoma,
which had a considerable number of subtypes and tu-
mor origin (Supplemental Table 4). The supervised
LDA analysis is represented by the 3D plot in Fig. 3, B.
The first component clearly discriminated between the
2 sarcoma types (LD 1), while the second discriminated
between the lipoma and liposarcoma cancer types (LD
2). LD3 discriminated between leiomyoma and leio-
myosarcoma. The loadings plot of LD2 is shown in
Fig. 3, C. The LD2 loadings spectra showed the most
discriminatory lipid peaks (blue stars). MS/MS analysis
identified the selected molecular species (Supplemental
Table 5 and Supplemental Fig. 8). Lipids contributing
the most to the discrimination corresponded to a mix-
ture of triglycerides (TG). The model gave cross-
validation accuracies 91.2% using 5-fold and 73.8%

1518 Clinical Chemistry 67:11 (2021)

using the leave-one-patient out method (Table 1).
However, if we removed the under-represented leio-
myoma and reconstructed the 3-class model again, the
cross-validation accuracies improved to 97.0% using 5-
fold and 80.2% using the leave-one-patient out method.
In both models, 9 benign spectra were misclassified to
their malignant counterpart and vice versa.

BLIND SCREENING OF FFPE SAMPLES

The quality of the human sarcoma classification model
was evaluated by blind tissue analysis. Two sarcoma sub-
types were randomly selected. Each mass spectrometry ac-
quisition was automatically compared to the classification
model in AMX software and resulted in a readout of differ-
ent color codes and percentages of certainty of correspon-
dence to one of the subtypes included in the classification
model: leiomyoma (red), leiomyosarcoma (green), lipoma
(turquoise), and liposarcoma (purple). The results of the 2
blind acquisitions are shown in Supplemental Videos 1
and 2. In the first case, the software predicted the sample
to be a benign lipoma with >98.3% certainty for all 3
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acquisitions. In the second case, the software predicted the
sample to be a benign leiomyoma (red) with >95.4% cer-
tainty for all 3 scans. The histological annotations con-
firmed the correct classification in both cases.

EFFECT OF FFPE CONSERVATION TIME ON MOLECULAR
PROFILES

We investigated the cutoff for the year of FFPE embed-
ding and their consequences on molecular profiles. A
human lipoma sample embedded in 2019 was analyzed
before and after sample preparation (Fig. 4, A and B).
There was an increase in absolute intensities, reaching
10¢* following the 20% glycerol/IPA spray. For com-
parison, an untreated fresh-frozen human lipoma sample
is shown in Fig. 4, C. While lipid peaks between m/z
800-950 were retained in FFPE tissue, several lipids
(PCs and phosphatidylethanolamines) in the mass range
m/z 700-800 were depleted. The identity of the m/z
881.8 species was confirmed in both tissues by MS/MS
analysis (Supplemental Fig. 9). We also performed an
age dependence study, reprocessing the spectra from
leiomyosarcoma samples (z=8, 20 spectra) at different
years of embedding (2014-2019). The results are shown
in Fig. 5. A drop in intensity from le* to 1¢® was ob-
served in the 7/z 600-900 between the years 2014 and
2019 (Fig. 5, A and Supplemental Fig 10). The PCA
analysis further depicted the impact of conservation
time. The PC 1 showed a 62.3% variance (Fig. 5, B);
The loading-mass plot of PC1 (data not shown) indi-
cated 4 most significant diglycerides (DG) and triglycer-
ide (TG) peaks m/z 643.6 DG (36:2)/DG (38:5)Na™,
mlz 853.8 TG (52:5)/TG(50:2) Na', m/z 879.8 TG
(54:6)/TG(52:3)Na", and m/z 881.8 TG (54:5)/
TG(52:2)Nat to contribute to the variance. Additional
statistical tests (Fig. 5, C) showed a significant difference
in signal intensities for m/z 853.8 (P=0.0059), 879.8
(P=0.0069). and 881.8 (P=0.0126) between the
samples embedded in 2016 and 2019 and only m/z
881.8 between 2015 and 2019 (P=0.0466). No signif-
icant difference (P> 0.05) was observed between the
years 2014 and 2019. However, we can observe a loss of
absolute intensities (7= 5) when analyzing leiomyosar-
coma samples embedded after a period.

Discussion

Here we report the direct lipid profiling of FFPE tissues
with WALDI-MS for potential postoperative clinical
translation. Because the method does not require depar-
affinization and rehydration, which has been confirmed
to alter lipid profiles (18, 21, 22), but only a fast spray
(deposition of glycerol matrix, <1 min), neither costly
equipment nor well trained staff are necessary to operate
the platform. By introducing a glycerol mixture to

promote desorption/ionization mainly in positive ion
mode, we have shown the possibility of obtaining histo-
logically different lipidomic features and using them to
classify clinical samples of different origin (canine, hu-
man) and fixation protocols. This rapid analysis
(<5 min) meets the requirements of the clinical turn-
around time while analyzing >100 samples per day.

For our proof-of-concept, we developed canine and
human sarcoma lipido-histological databanks. Sarcomas
are a rare and complex type of cancer and can, for can-
ines and humans, form over 100 different heteroge-
neous mesenchymal lesions (29). Current diagnostic
methods include standard histological staining, immu-
nostaining, and molecular genetics (30, 31). However,
without the new ancillary testing methods, the first-
hand morphological diagnostic approach can be ex-
tremely challenging particularly for tumors of intermedi-
ate malignant potential (32-34). Interestingly, soft
tissue tumor subtypes known to be difficult to distin-
guish morphologically by the pathologist (lipoma versus
well-differentiated liposarcoma or liposarcoma lipoma-
like) (35) were distinguished by the molecular finger-
prints. The most abundant triglycerides, TG (52:4)/
TG(50:1)Na*, TG (54:5)/TG(52:2)Na’, and TG
(56:6)/TG(54:3)Na*, found discriminant in benign li-
pomas, have also been previously shown to decrease in
fresh-frozen high-grade myxoid liposarcomas (36).

Although PCA analysis reflected on tumor heteroge-
neity associated to the origin of the tumors, the databanks
gave 99.1% cross-validation accuracy using 5-fold and
98.5% cross-validation accuracy using leave-one-patient
out and 91.2% cross-validation accuracy using 5-fold and
73.8% cross-validation accuracy using leave-one-patient
out for canine and human sarcoma subtyping, respec-
tively. Although the leaving-one-patient-out (24, 37)
method is the reference cross-validation technique, it also
produces errors when dealing with under-represented
classes. This is well exemplified for subtypes with lower
clinical occurrence. Once the model was rebuilt for only
3 subtypes, the cross-validation improved. Nevertheless,
the interrogation of 2 blind samples resulted in correct
classification accuracy above 95% for leiomyoma and
above 98% for lipoma (Fig. 5). To improve the model
robustness, additional samples and independent data are
needed to robustly test the performance of the model.

We also investigated the effects of FFPE conservation
time on the lipid profiles. Crosslinking continues to progress
and the older the block the tighter are the crosslinked net-
works. Differences can be observed by loss of less abundant
proteins in old samples (38) as well as degradation of certain
classes of lipid species on FF (39). Recendy, high-
performance LC-MS was performed on archived hospital
samples and lipid standards to investigate lipid profiles after
FF (15). Phospholipids (PLs) were shown to undergo hy-
drolysis or modifications (N-methylation and N-formylation
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Fig. 4. Acquired spectra of the formalin-fixed paraffin-embedded

(FFPE) and fresh-frozen (FF) lipoma tissue in positive ion

mode. The FFPE tissue sections of lipoma (A), without sample preparation and with (B), 10's glycerol/isopropyl alcohol (IPA)
spray. FFPE lipoma molecular profile was compared with (C), fresh-frozen lipoma molecular profile without sample preparation.
(D) and (E) correspond to zoom in the m/z region (700-1000) of mass spectra presented in (C) and (D), respectively, as well as
hematoxylin-phloxine-saffron stained optical scans of the analyzed tissue sections. The yellow bars indicate the depleted phos-
phatidylcholines and phosphatidylethanolamine species in FFPE sarcoma compared to fresh-frozen tissue.
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Fig. 5. Effects of conservation on the mass spectra acquired from leiomyosarcoma samples. (A), SpiderMass representation spec-
tra (of 10 laser shots) acquired from the samples preserved since 2014, 2015, and 2016. The spectra have been scaled to
5.87¢* intensity. There was an intensity drop in the mass range between 600-1000 m/z for the years 2014 and 2015 compared
to 2019. (B), Six-class principal component analysis visualization model built from different time points of leiomyosarcoma sam-
ples (from 2014 to 2019). The PC 1 describes 62.27% variance; PC 2 describes 12.47% and PC 3 11.29%. There is a very clear
separation by PC 1 between the 2019 and bundle at 2014, 2015, and 2016. (C), Relative intensity boxplots of the selected
peaks showing the highest contribution to the variance of PC1. The intensities were normalized to the total ion chromatogram
and represented as boxplots for each year with Tukey method whisker definition. There was a significant difference for m/z
853.76 (**P=0.0059), m/z 879.75(**P=0.0069), m/z 881.75 (*P=0.0126) between the year 2016 and 2019 and m/z

for phospholipids bearing an amine) while the sphingolipids
remained unmodified. PL concentrations were also found
decreased by MALDI-MS in FF rat brain dssues (40) and
in FF mouse kidney (16). We also observed similar effects
in our study. While PLs in rat brain remained unchanged, a
drop in absolute lipid signal intensity was observed when
comparing fresh-frozen to FFPE lipoma tissue. Particularly,
PE signals are depleted in FFPE lipoma, in line with these
species being crosslinked by the primary amine group.
However, the rate of lipid crosslinking has never been quan-

tified. TGs showed no observable difference. Hydrolysis of

PLs was also observed in our data as previously reported
(15). However, hydrolysis is not expected to increase with
the conservation time. Thus, we hypothesize the decrease of
intensities arises from the increase of crosslinking in the
older samples. However, no time dependent study was pre-
viously performed from FFPE tissues to systematically inves-
tigate the effect of conservation time. In our study, despite
the decrease of certain lipid signals, statistical tests indicated
that only 3 ions show a significant difference.

To conclude, by demonstrating the analysis of non-
dewaxed FFPE samples, we have laid the groundwork
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for the creation of a rapid WALDI-MS platform to
screen and classify sarcoma tissues. The sarcoma data-
banks are just one of the examples where the platform
could be used for consolidation of histopathological di-
agnosis. Tissue banks with different types of cancer
FFPE tissue could use this platform. However, imple-
mentation into the clinics will require further expansion
of the database and analysis of different FFPE clinical
tissues, as well as on-site validation of larger sample
cohorts. Moreover, we determined that human sarcoma
samples up to Gyears of age could be used to create the
databank. Future automation would provide a new, fast,
and robust tool to help with patient stratification.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.
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