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A B S T R A C T

Lipid research is attracting greater attention, as these molecules are key components to understand cell meta-
bolism and the connection between genotype and phenotype. The study of lipids has also been fueled by the 
development of new and powerful technologies, able to identify an increasing number of species in a single run 
and at decreasing concentrations. One of such key developments has been the image techniques that enable the 
visualization of lipid distribution over a tissue with cell resolution. Thanks to the spatial information reported by 
such techniques, it is possible to associate a lipidome trait to individual cells, in fixed metabolic stages, which 
greatly facilitates understanding the metabolic changes associated to diverse pathological conditions, such as 
cancer. Furthermore, the image of lipids is becoming a kind of new molecular histology that has great chances to 
make an impact in the diagnostic units of the hospitals. Here, we examine the current state of the technology and 
analyze what the next steps to bring it into the diagnosis units should be. To illustrate the potential and chal-
lenges of this technology, we present a case study on clear cell renal cell carcinoma, a good model for analyzing 
malignant tumors due to their significant cellular and molecular heterogeneity.

1. Introduction

The study of lipids is a complex subject, due to the enormous number 
of species present in a cell at a given metabolic stage, with very similar 
structure or even with the same atomic composition [1]. Let us take, for 
example, the case of glycerophospholipids (GPLs): identifying a molec-
ular species involves determining the nature of the polar head, the 
length of the fatty acids, the number of insaturations, their position and 
their cis or trans conformation. All these aspects may be relevant to 
understand the role that each lipid species plays in the metabolism of a 
cell [2]. To add to this complexity, the same lipid species may not play 
the same role in two different cells [3]. Furthermore, lipid composition 
is dynamic and continuously changing and remodeling in response to 
the metabolic stage and cell's requirements [4]. What is more amazing, 
this adaptive process is strictly regulated to the point of presenting an 
impressive reproducibility among individuals [5,6].

Therefore, it is of no surprise that analyzing the lipidome of a given 

tissue is a methodological challenge. The development of analytical 
techniques based on mass spectrometry (MS) has helped to solve, at least 
partially, this problem [7]. MS comprises a number of techniques that 
aim at determining the identity of the molecular species in a sample, 
based on their molecular weight. In its most popular variant, mass 
spectrometers are usually coupled to a previous high-performance liquid 
chromatography stage, or HPLC. This HPLC-MS combination constitutes 
a powerful analytical tool, able to identify hundreds or even thousands 
of species in a single run [8]. Thus, it is the technique of choice for the 
analysis of lipids in biological samples: from body fluids to tissue 
homogenates.

The second most popular technique to introduce samples into a mass 
spectrometer is matrix-assisted laser desorption/ionization (MALDI) 
[9–11]. It is specially designed to analyze solid samples and it is based in 
Tanaka's developments around the transfer of thermolabile samples into 
gas phase [10]. However, it lacks the separation stage present in HPLC- 
MS and therefore, its analytical power is significantly reduced. On the 
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other hand, it was the basis for the development of MALDI-imaging mass 
spectrometry (MALDI-IMS) in the '90s [12,13]. Such technical evolution 
has enabled, for the first time, to add spatial information to the molec-
ular analysis of biological samples. The analysis (Fig. 1) starts with a 
sample that has been extracted and frozen in liquid nitrogen, avoiding as 
much as possible the use of chemical substances (cryoprotectant com-
pounds, fixation, optimal cutting temperature compounds –OCT– etc.). 
Then, 6–20 μm-thick sections are obtained with the aid of a microtome- 
cryostat and deposited in either plain or ITO-covered (indium-tin oxide- 
covered) microscope slides. Next step is critical: the sample has to be 
uniformly covered with an organic substance, the matrix, which will 
help extracting the analytes with the aid of a laser in the MALDI source 
of the mass spectrometer. Exploration of the sample is done following a 
pre-defined array of coordinates that will become the pixels in the final 
image. Separation between coordinates will determine the maximum 
spatial resolution of the images, which typical goes from 100 to 10 μm/ 
pixel, although smaller pixel sizes have been occasionally reported [14].

Once the image is acquired, it is possible to reconstruct the distri-
bution of each of the ions detected by representing the integral of each 
mass channel against the acquisition coordinates. Data analysis is usu-
ally done in two ways: examining the individual lipid distribution im-
ages and using segmentation algorithms that permit associating a lipid 
signature to specific histological structures, cell populations or even sub- 
populations.

Identification of lipids directly from the tissue is not an easy task, and 
usually requires of combination with data previously obtained using LC- 
MS/MS. It is possible to run MS/MS experiments directly on the tissue, 
but it is a cumbersome task hampered by ion suppression effects. The 
incorporation in the mass spectrometers of improved ion mobility 
sources may help improving direct lipid identification in LIMS 
experiments.

That was the “traditional” protocol for a standard MALDI-IMS 

experiment and, in general, for other variants that are becoming 
increasingly popular like DESI-IMS (desorption electro-spray ionization- 
IMS) [15] or LAESI-IMS (laser ablation electrospray ionization-IMS) 
[16]. Such variants differ in the method used for scanning the sample 
and introducing the analytes into the mass spectrometer, but they share 
the rest of the protocol. Therefore, in the following we will refer to all of 
them as lipid imaging mass spectrometry (LIMS).The enormous amount 
of information generated at each LIMS experiment and the absence of 
previous information on the lipid composition of the tissues, has high-
lighted the necessity of going one-step beyond this “traditional” meth-
odology, if one wants to extract the most out of an experiment.

The most evident way to understand LIMS images is by direct com-
parison with a post-MALDI stained image. If sample exploration is car-
ried out correctly, the tissue suffers very little damage and, after matrix 
removal using an acetone/methanol solution, it can be properly stained 
for histological analysis and annotation by a pathologist under the mi-
croscope. For example, Fig. 2B (and S1 of the supplemental material) 
shows the microscopic image of a human kidney section, corresponding 
to the transition zone between cortex and medulla, stained with 
hematoxylin-eosin (H&E). Four glomeruli are readily seen in the upper- 
left half of the image and an artery in the lower-right corner. The 
remaining structures in the picture are proximal and distal tubules and 
collecting ducts. It is very difficult for a pathologist to go any further on 
the analysis of that image.

Fig. 2C–G shows the segmentation analysis of the LIMS experiment 
carried out over the section in Fig. 2B. The image can be arbitrarily 
divided into a number of segments to extract the lipid fingerprints cor-
responding to the different cell populations. Thus, as the number of 
segments increases, the tissue histology becomes clearer: glomeruli and 
interstitial tissue are grouped in a segment, while different types of tu-
bules show up. However, there is always a risk of over-interpreting the 
experimental results. There is an extensive literature regarding image 

Fig. 1. Workflow of a typical MALDI-imaging experiment. Samples are collected and immediately frozen. Then 6–20 μm-thick sections are obtained with the aid of a 
cryo-microtome and deposited in glass slides. The sample is covered with matrix and introduced into a mass spectrometer, where it is scanned. Using specialized 
software, the distribution of each of the m/z channels in the spectrum is reconstructed, together with the segmentation image. Then, the matrix is removed and the 
tissue is incubated with different fluorescence-labelled antibodies. In the best cases, the mounting medium can also be removed and perform a final H&E staining.
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segmentation in LIMS [18–21], which remarks that the problem is still 
not solved. Probably the most commonly used algorithm for segmenta-
tion is k-means. It has proven to offer an acceptable ability to identify 
the most relevant features in a LIMS experiment. However, it may lead to 
different results in consecutive runs over the same sample, because k- 
means choses the initial points randomly. An alternative approach 
consists of letting the user to guide the segmentation process, like in 
SILCS software (Bruker Daltonics Inc.), but this procedure, although 
enables solving certain problems encountered during the segmentation 
process, is highly subjective and may lead to creating artificial divisions 
of the images. Certainly, only by comparison with, for example, standard 
immunohistochemistry (IHC) images, it is possible to determine the 
optimal number of segments in which the experiment can be divided. 
Using such methodology, LIMS experiment followed by IHC (or immu-
nofluorescence, IF) over the same tissue section, Martín-Saiz et al. [17] 
were able to identify eight different histologic areas in human kidney, 
each of them with its own lipid signature. Such signature is maintained 
among individuals, as demonstrated in the same work. However, it is 
difficult to really extract all the information from a LIMS experiment 
carried out with cell resolution. Very often, part of the information still 
remains hidden in the LIMS images. At some point, it is necessary to 
isolate the segments, segregate them and re-analyze to capture all the 
lipid heterogeneity (Fig. 2H–L). It is becoming commonly accepted that 
the LIMS segmentation images are able to highlight the existence of 
every single cell population, with a precision far beyond that of the 
traditional histology [22–25].

Thus, it is becoming more common to complement MALDI-IMS ex-
periments with additional IHC, IF or other techniques that facilitate 
understanding of lipid distribution images [8,17,25–28]. Such experi-
ments should be preferably performed in the same section scanned by 
MALDI-IMS, especially if the experiment was recorded at high spatial 

resolution, or if the section corresponds to a complex sample, such as a 
tumor. Otherwise, the overlapping between optical and IMS images 
becomes complicated.

The high level of reproducibility of the lipid fingerprint of a cell 
population obtained by this methodology and its exquisite sensitivity to 
detect early alterations make LIMS a potential candidate for defining a 
new molecular histology, which would enable the analysis of tissues 
based on their molecular composition. This is by no means an easy task: 
it has been demonstrated that the lipid composition of a given cell is 
preserved among individuals, but it is necessary to associate each cell 
type phenotype with its lipidome. This task alone will require of an 
overwhelming number of experiments. But, in addition, it will be 
necessary to identify the changes that each pathology produces in the 
lipidome of the cells.

A step forward in this context would be the application of this 
methodology to cancer samples, to know more about its diverse path-
ophysiology, again, associating specific lipidomic signatures with 2022 
WHO-recognized tumor subtypes [29]. As an example, we will show 
below some cases in which LIMS experiments enable visualization of 
clear cell renal cell carcinoma (ccRCC) tumors in transition samples, 
yielding important information, difficult to capture by other traditional 
techniques. ccRCC is a common and aggressive histological variant of 
renal cancer in Western countries. The molecular hallmark of ccRCC is 
the malfunction of the von Hippel-Lindau (VHL) gene, which is located 
in the short arm of chromosome 3. This genetic defect has been exten-
sively studied and, in brief, induces a false status of intracellular hyp-
oxia, which in turn develops a pro-angiogenic environment via the 
hypoxia-inducible factor (HIF)-vascular endothelial growth factor Re-
ceptor (VGFR) cascade [30]. In fact, ccRCC is a paradigmatic example of 
tumor neo-angiogenesis [29,30]. Despite extensively studied due to its 
important impact in the public health systems worldwide, the exact cell 

Fig. 2. LIMS offers a kind of new histology. A) Sketch of a nephron with the segments identified by LIMS highlighted; B) optical image of an H&E staining of a 
corticomedullary section of healthy human kidney; (C)–(G) segmentation images of a LIMS experiment performed over the same section, with the image divided into 
2, 3, 4, 6 and 20 segments, respectively, based on the similarity of the lipid fingerprint at each pixel; (H)–(L) segments corresponding to glomeruli (G), type I and II 
proximal tubules (PT I and II), cortical distal tubules (CDT) and type II medullary tubules (MT II) that were segregated and re-analyzed, showing further hetero-
geneity in the lipid fingerprint. Experiment carried out in negative polarity at 10 μm/pixel of spatial resolution. The segments were colored using the scale bar in the 
figure the correlation, so the segments that exhibit a more similar lipid fingerprint show colors that are closer in the scale. Adapted from Ref [17]. See also Fig. S1 of 
the supplemental information.
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population from which this tumor originates remains under debate. The 
most accepted theory indicates that it originates in the epithelial cells of 
the proximal tubule of the nephron [31,32], although other alternatives 
have also been proposed [33]. Since LIMS defines a specific lipidomic 
fingerprint in every part of the nephron, this methodology may clarify 
this debated issue if the lipidic signatures of the epithelial cell in the 
proximal tubule are identified. In the following, we present several ex-
amples of experiments carried out over ccRCC sections, which will serve 
us to demonstrate the potential of LIMS as a molecular histology 
technique.

2. LIMS images accurately describe the architecture of human 
kidney

Human kidney is a very well organized tissue. Its functional unit, the 
nephron, starts in the renal cortex. Histologically, the nephron begins 
with the glomerulus, a tuft of capillaries encased in Bowman's capsule, 
followed by the proximal tubule (Fig. 2A). It then continues through the 
Loop of Henle in the medulla, the distal convoluted tubule back in the 
cortex, and ends in the collecting duct [34]. Previous studies demon-
strated that several segments can be identified, based on their lipid 
profile. Certainly, each cell type presents a characteristic lipid finger-
print. Therefore, as the cell composition of the nephron changes, it also 
does the lipid composition of each segment. In the study of Martín-Saiz 
et al. [17], we demonstrated that up to eight segments of the nephron 
could be identified based on their lipid fingerprint (Fig. 2A): the 
glomeruli, two segments of the proximal tubule (PT) called PT I and PT II 
corresponding to the cortical convoluted and the straight part of PTs, 
respectively; two medullary tubules called MT I and MT II and associ-
ated with the thin part of the loop of Henle and the medullary part of 
collecting ducts; corticomedullary tubules (CMT), which likely 

correspond to the thick ascending limb of the loop of Henle; corticodistal 
tubules (CDT), corresponding to the cortical portion of the distal 
nephron (distal tubules, connecting tubules and cortical collecting 
ducts); and interstitial structures.

Fig. 3 shows an example of how the lipid distribution images high-
light the architecture of a human kidney section. The distribution of 
several lipids is shown, each of them presenting different relative 
abundances in the histological areas: while PE p40:6 (m/z = 774.541) is 
mostly localized in glomeruli and connective tissue, PE 34:2 (m/z =
714.506) highlights the position of the PTI. PE e38:5 (m/z = 750.542, 
Fig. 3D), delimits the MT II; SHexCer 42:1(2OH) (m/z = 906.631, 
Fig. 3E) is more abundant in CDT and CMT and SHexCer 42:1 (OH) (m/z 
= 1068.681, Fig. 3F) is more abundant in PTII. An enlarged version of 
the figure and detailed comparison with the histological section may be 
found in Figs. S2 and S3 of the Supplemental material.

The segmentation analysis (Fig. 3G) reproduces the rich architecture 
of the kidney, in which the different segments of the nephron have their 
own and characteristic lipid signature. Once more, it is difficult to 
achieve a complete segmentation of such a complex experiment, espe-
cially because it is not clear how many different lipid signatures the 
experiment contains. There is extensive literature dealing with the 
development of segmentation algorithms to analyze LIMS experiments 
[35–38] and the issue is far from being solved. Complete assignment of 
the lipid fingerprints would require of comparison with multiple IF ex-
periments and in some cases, the required antibodies are not available. 
However, it is possible to identify those segments of the nephron already 
identified in previous works by comparison with the reported lipid 
signatures [17,39]. In this way, the identifiable segments were high-
lighted in Fig. S2 of the supplemental material, following the color 
scheme of the nephron in Fig. 2A. It is worthy to note that the results in 
Fig. 3 were obtained using a time-of-flight (TOF) instrument, while those 

Fig. 3. A) H&E optical image of a human kidney section of the transition from cortex to medulla; (B)–(F) distribution of PE p40:6, PE 34:2, PE e38:5, SHexCer 42:1(2 
OH) and SHexCer 42:1 (OH). Intensity follows the black-blue-orange-yellow-white scale bar in the figure; G) Segmentation analysis of the LIMS experiment. Seg-
mentation was carried out in a supervised way, and the segments were identified by comparison with the lipid fingerprints in refs [17, 39]. Experiment carried out in 
negative polarity at 10 μm/pixel of spatial resolution. Scale bar 1 mm. See also supplemental Figs. S2 and S3. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)
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in ref. 17 were obtained with an orbitrap. Both the ion source and the 
technology behind the analyzer of both instruments are considerably 
different. Furthermore, while in reference 17 the segmentation analysis 
was carried out with an in-house designed, unsupervised segmentation 
algorithm, that in Fig. 3 was performed using commercial software and a 
supervised k-means algorithm. Still, the lipid signatures extracted with 
the later are very similar to those in ref. 17 to the point of being possible 
to associate them to the areas of the nephron previously mapped. This is 
an important observation as it confirms the reproducibility of the lipid 
fingerprint, not only among individuals, but also between different mass 
spectrometers.

The experiment in Fig. 3 contains approx. 300,000 pixels and covers 
a wide area of the kidney from the cortex to the inner medulla. There-
fore, this is the first image in which all the segments obtained in our 
previous works coexist, enabling further confirmation of the identity of 
the segments simply by checking their relative position on the image.

3. Lipidomic connection between tumor cells and their parent 
cells

As stated in the introduction, LIMS does not require of any previous 
labelling. This characteristic confers the technique a great advantage 
respect other “traditional” techniques, which are limited to the avail-
ability of labelled molecules. This is especially true in the study of 
complex samples. Fig. 4 shows a transition between tumor and the 

uninvolved part of a kidney with ccRCC. The non-tumor kidney tissue, is 
mostly formed by cortical distal tubules (CDT), fibrotic tissue and 
glomeruli, the latter highlighted by the distribution of SM d34:1 
(Fig. 4B). A small population of PT I may be found in the upper-left 
corner of the section. The presence of these tubules becomes evident 
in Fig. 4C, where the distribution of PC 36:4 is shown, which is more 
abundant in PT I. On the other hand, PI 36:4 (Fig. 4D) highlights the 
presence of CDT. Fig. 4E is a combination of SM d34:1 (red) and GM3 
42:1 (green), demonstrating the high specificity of the lipid composi-
tion, which enables even distinguishing the Bowman's capsule of the 
glomeruli. The segmentation analysis also shows the presence of tumor 
tissue (Fig. 4F, bright green and purple). Actually, just by representing a 
single lipid species, Fig. 4G in yellow, it is possible to highlight the tumor 
tissue, with cellular resolution.

Analysis of samples with a larger proportion of tumor shows inter-
esting results. ccRCC tumors are particularly rich in lipids. Actually, the 
concentration of some lipid species is strikingly elevated in tumor [40]. 
In a previous paper, Jirásko et al. [41] already reported the existence of 
a higher abundance of glycosylated lipid species in ccRCC, mostly sul-
foglycosphingolipids (sulfohexoxyl2 ceramides, SHex2Cer, according to 
the nomenclature used by the authors) and pointed to several species as 
possible candidates for biomarkers of ccRCC. As demonstrated in pre-
vious publications [42], these lipids play very specialized roles, related 
with regulation of urinary pH. Depending on the kidney area, cortex, 
medulla or papillae, the SHex2Cer species presented differences in acyl 

Fig. 4. A) H&E optical image of a paraffin section of human kidney containing a low grade (G1) ccRCC of solid-cystic structure. The red dotted line delimits the 
tumor; Distribution in a serial section of: B) SM d34:1, which is more abundant in glomeruli; C) PC 36:4, which is more abundant in PT I; D) PI 36:4, which is more 
abundant in CDT; E) SHex2Cer 42:2, which is more abundant in tumor cells; F) GM3 42:1, which is more abundant in Bowman's capsule; G) Combination of SM d34.1 
(red) and GM3 42:1 (green); H) supervised segmentation image: two populations of tumor cells were found (green and purple), encircled with a dashed line; G) all 
tumor cells exhibit a larger abundance of SHex2Cer 42:2 (gold) than the rest of the tissue (purple). Experiment recorded in negative-ion mode with 10 μm/pixel. Scale 
bar 1 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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composition and/or degree of hydroxylation [43], but the spatial reso-
lution achieved in those studies did not enable a fine identification of the 
histological structures where each species was more abundant.

Fig. 5 shows the distribution of the SHex2Cer species detected in a 
section of human kidney containing the tumor-non tumor tissue tran-
sition. Assignment of the species in the figure was done following those 
in ref. [41]. In good agreement with previous publications [41–43], the 
SHex2Cer species present differential distributions, depending on their 
acyl composition or on the degree of hydroxylation.

The healthy tissue of the section in Fig. 5 (right side of the tissue) is 
mostly composed of glomeruli, PT I, PT II and CDT. A fibrotic barrier 
separates the uninvolved tissue areas from the tumor (lower-left part of 
the tissue), which presents a from a lipid composition point of view. 
Most species are present in PT I, PT II and tumor (see also Fig. 6), but the 
hydroxylated species are only found in PT II. Interestingly, such lipids 
present a very low abundance in tumor, as previously reported [44]. 
Conversely, those species present in PT I are also present in tumor, some 
of them with an increased abundance, such as SHex2Cer 40:0, 40:1, 

Fig. 5. Distribution of SHex2Cer species in a section of human kidney containing ccRCC. See text and the H&E staining in Fig. 6 for a histologic description of the 
tissue. Experiment carried out in negative polarity with 10 μm/pixel. Scale bar 1 mm.
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42:1, 42:2 and 42:3. Jirásko et al. [41] also reported the existence of a 
high abundance of SHex2Cer 40:1, 42:1 and 42:2 in ccRCC and identified 
them as possible candidates for biomarkers of ccRCC. The authors did 
not detect such species in healthy tissue, though. The detection of those 
species in this work raises a word of caution regarding the validity of 
SHex2Cer species as tumor biomarkers, but they may still serve to 
identify the origin of the tumor.

As described above, the PT I segment is located in the renal cortex 
and corresponds well with the description of the convoluted part of the 
proximal tubule by classical histology [45]. Single-cell RNA-sequencing 
studies have demonstrated that the cells of this segment of the proximal 
nephron share common transcriptional characteristics with ccRCC 
[46,47]. The presence of common genetic traces and more abundant 
lipid species such as SHex2Cer 36:1, 38:1, 40:1, 42:1, 42:2 and 42:3 add 
further evidence to the theory about the origin of ccRCC [31,32], and 
even points to a specific segment of the proximal tubule: its convoluted 
part [46,47].

The similarity of lipid signatures between PT I and tumor is inter-
esting by itself: the tumor transformation did not silence the metabolic 
machinery required by the cell to produce these lipids. Conversely, their 
relative abundance is increased in tumor cells, indicate the existence of 
an evolutionary advantage. Certainly, previous studies pointed to an 
overexpression of GAL3ST1 (galactose-3-O-sulfotransferase 1, or CST) in 
ccRCC [48]. This enzyme catalyzes the transfer of a sulfate moiety from 
3′-phosphoadenosine-5′-phosphosulfate (PAPS) to the lactose (or to the 
galactose in case of HexCer), as a final step in the synthesis of SHexCer 
and SHex2Cer. Robinson et al. [49] demonstrated that GAL3ST1 is a 
novel HIF-mediated gene that can be upregulated by both HIF1α and 
HIF2α, as a consequence of VHL loss or hypoxia. The expression of this 
gene was associated to poor outcome of ccRCC patients. They also 
showed that GAL3ST1 regulates sulfatide levels and demonstrated that 
the increase of GAL3ST1 in cancer cells facilitates the binding to 
platelets [49], which is a recognized mechanism to evade the action of 

the immune system and disseminate to distant organs [50].
Although further studies are required to clarify the involvement of 

these sulfatides in renal carcinogenetic processes, what is clear so far is 
the increasing abundance of selective SHex2Cer species in ccRCC tu-
mors. These findings raise several additional questions. If the tumor cells 
preserve their original metabolic machinery to produce a variety of 
SHex2Cer species, one may expect that other RCC variants would present 
a differential lipid profile and therefore, LIMS experiments may become 
a powerful tool to help in the diagnosis of kidney tumors. Furthermore, 
it would be interesting to investigate if the same lipid profile is main-
tained in ccRCC metastasis.

4. Lipid signature and tumor heterogeneity

ccRCC is a paradigmatic example of intratumor heterogeneity (ITH) 
[51]. Subpopulations of tumor cells evolving over time interact differ-
ently with their microenvironment, leading some to acquire hallmarks 
that confer invasive properties and resistance to antitumor treatments. 
This phenomenon directly impacts patient prognosis and treatment 
response. The imaging methods and biomarkers available in pathology 
laboratories allow for limited classification of tumors and prognosis 
prediction. Over 30 % of ccRCCs initially diagnosed as non-advanced 
eventually relapse, indicating that the imaging tools currently avail-
able only scratch the surface of what is happening in this complex 
ecosystem [52,53].

Although they have not been adopted in clinical practice yet, the 
advent of multiplex image analysis techniques signifies a transformative 
era in pathological diagnosis and precision medicine for cancer treat-
ment. Methods such as spatial trancriptomics [54,55] and multiplex 
IHC/IF [56] allow for the simultaneous and detailed assessment of 
multiple genomic and proteomic biomarkers, offering researchers a 
comprehensive understanding of spatial interactions within the ccRCC 
ecosystem. LIMS is a complementary method that permits observing 

Fig. 6. A) H&E optical image of a paraffin section of a solid growth pattern ccRCC, composed of low-grade eosinophilic cells (G2), and surrounding non-tumor 
human kidney tissue. The tumor is surrounded by a dashed green line, the capsule by a blue line and the uninvolved tissue by an orange dashed line; (B)–(D) 
distribution(green scale) in a serial section of SHex2Cer 42:2, SHex2Cer 42:1 and SHex2Cer40:1 respectively, which are more abundant in tumor but also present in 
healthy tissue; (E) Segmentation image. Based on their respective lipid fingerprint it was possible to identify segments delineating the glomeruli, PT I, PT II, CDT, the 
capsule of the tumor and several regions of the tumor itself. (F) Zoom over the area in the square in panel (E); (G)–(I) overlay of the PT I, PT II and CDT segments and 
the distribution of SHex2Cer 42:2 in green scale. Clearly, this lipid species is almost exclusively found in PT I, with a smaller abundance in PT II. Experiment 
performed in negative polarity with a 10 μm/pixel. Scale bar 1 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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ccRCC and its ITH from the perspective of lipids [39].
For the future use of LIMS in clinical routine, the initial steps should 

be directed towards its combination with standard methods, such as 
H&E staining and IHC/IF, in the same or in consecutive tissue sections. 
As an example, Fig. 7 shows images of H&E staining, the segmentation 
analysis of LIMS, and IF of ccRCC tissues. In the first case (Fig. 7A–E), the 
segmentation analysis by LIMS clearly distinguishes the lipid fingerprint 
of the tumor (blue-purple), the stromal capsule (yellow-orange), and the 
adjacent non-tumor tissue in red. Alpha Smooth Muscle Actin (α-SMA) 
staining of stromal fibroblasts highlights the tumor capsule (Fig. 7D, in 
red), which is also visible with H&E (Fig. 7A) and has its own lipid 
fingerprint and correlates with the yellow-orange areas of the LIMS 
image (Fig. 7B). In the second ccRCC case (Fig. 7F–N), which is also 
described in Fig. 4, a double staining of CD31 and carbonic anhydrase 9 
(CA9) was performed in the same section scanned by LIMS, to stain 
endothelial and tumor cells, respectively, in the tumor area. Both bio-
markers are highly expressed in ccRCC tissue (Fig. 7H–J and L–N).

In addition to the areas well described in the H&E and IF images, 
LIMS also identifies tumor areas not distinguished by the other two 
techniques. For example, in Fig. 7B, parts of the capsule in close contact 
with tumor cells exhibit a distinct lipid fingerprint (yellow). Considering 
that fibroblasts are the main component of the tumor stroma [57], and 
that alterations in CAF lipid metabolism promote tumor growth [58], 
the presence of distinct lipid fingerprint areas within the capsule may be 
related to changes in the lipidome of these stromal cells based on their 
proximity to tumor cells. There are also internal tumor areas with 

different lipid profiles (green and purple areas) that point to the exis-
tence of tumor subpopulations with different metabolic profiles that 
H&E (Fig. 7A) do not distinguish.

In a previous study [39], we demonstrated that necrotic tissue in 
ccRCC also presents a well-defined lipid fingerprint. Indeed, tumors are 
usually composed of several cell populations with a variety of pheno-
types, contending for resources and intermixed with necrotic and hyp-
oxic areas. Necrosis is a poor prognostic indicator in ccRCC [31] and is 
identifiable by H&E. However, in that study, LIMS also detected that the 
periphery of necrotic tissue also presents a different lipid fingerprint. 
This suggests the presence of metabolic differences that H&E cannot 
detect and which may have biological and clinical relevance in a tumor 
characterized by neoangiogenic processes.

Fig. 8 shows a ccRCC with an eosinophilic phenotype, identifiable in 
the H&E staining (Fig. 8A), and associated with a poorer prognosis [31]. 
Again, what appears in the H&E image as a single population of eosin-
ophilic cells (Fig. 8A and B) is divided in the LIMS image into at least two 
subpopulations of tumor cells with different fingerprints (Fig. 8C, green 
and red areas). The existence of different sub-populations of tumor cells 
is more clearly evidenced in the segmentation image, where, in addition, 
a clear distinction between the tumor areas, the capsule and the small 
portion of non-tumor tissue in the lower-right corner appear in different 
colors. The ability of LIMS to reveal the presence of distinct tumor cell 
populations could form the basis for its use as a diagnostic tool. Iden-
tifying cell populations with varying proliferative capacities or resis-
tance to specific treatments may lead to improved diagnoses and more 

Fig. 7. Combination of LIMS and immunofluorescence (IF) in ccRCC tissue sections. A) H&E optical image of a fresh section of a low grade (G2) ccRCC with a nest 
growth in cords. The purple dotted line surrounds the tumor and capsule and the red one surrounds the uninvolved adjacent kidney tissue. The red box in this panel 
and in the next one marks the area shown in panels (C)—(E). B) Segmentation image of the LIMS experiment carried out over a consecutive section; (C)–(E) IF images 
of DAPI and α-SMA, and the overlay carried out on the same section scanned by LIMS. α-SMA is significantly expressed in the capsule surrounding tumor. (F) 
Segmentation image of the LIMS experiment performed over a human kidney section containing a ccRCC (the same case of Fig. 4); (G)–(J) IF images of DAPI, CD31, 
Carbonic Anhydrase 9 (CA9) and the overlay of both biomarkers. IF was carried out on the same section scanned by LIMS (see workflow on Fig. 1). CD31 is expressed 
in vessels (red) from tumor area (surrounded by dotted lines) but also in glomeruli (yellow arrows) from the uninvolved surrounding kidney tissue. CA9 is expressed 
in tumor cells (green) (K) Segmentation image of the LIMS experiment of a consecutive section (also shown in Fig. 4F); (L)–(N) Overlay of IF images of CD31 and CA9 
on the tumor area of the same section scanned by LIMS. Scale bar 1 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
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targeted therapies.

5. Concluding remarks

LIMS has an enormous potential to become a new kind of molecular 
histology that may open a new era in the diagnosis units of the hospitals. 
The examples shown here, demonstrate the potential of LIMS to reveal 
characteristics and histology areas on tissue sections that the standard 
imaging methods do not see. LIMS identifies the lipid phenotype of ITH, 
characteristic of many malignant tumors. Tumor areas easily identified 
with H&E (such as necrosis, eosinophilia, histological grade, etc.) have 
characteristic lipid fingerprints, because different histologic phenotypes 
are readily translated into different lipid fingerprints. Or in other words, 
there is an indissoluble connection between histologic phenotype and 
lipid fingerprint. Analyzing the tumor ecosystem with immunohisto-
chemical biomarkers enables the detection of areas with subpopulations 
of tumor cells, immune cells, CAFs and endothelial cells. LIMS not only 
identifies such subpopulations but also some others that the “tradi-
tional” methodologies do not, as seen in the above examples. However, 
its application in clinics still requires of the measure of a massive 
number of samples and of the validation with orthogonal techniques. 
Luckily, LIMS is soft enough to enable performing several additional 
experiments over the same sample, facilitating the extraction of multi-
modal information. On the good side, it is possible to build libraries with 
the identified lipid fingerprints, associated to cell populations/pheno-
types, as the fingerprints are preserved among individuals. Creating a 

detailed library of curated lipid fingerprints is the first step for the 
application of LIMS in clinics as a useful diagnosis tool.

The incorporation of new digital molecular histopathology methods, 
such as spatial transcriptomics or multiplex IHC, in combination with 
LIMS, illuminates a horizon of significant changes in tissue imaging 
analysis and in the routine of pathology services of the hospitals. The 
simultaneous detection of thousands of transcripts, proteins and lipid 
species in a tumor section requires advanced software and AI algorithms 
to comprehend all the information. However, it has the potential to 
qualitatively improve tumor classification and the understanding of 
tumor biology, enabling the discovery of better prognostic and treat-
ment response biomarkers, as well as identifying new molecular targets 
for this era of precision medicine we are entering in this century.
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– review & editing, Methodology, Investigation, Formal analysis, Data 
curation. Gorka Larrinaga: Writing – review & editing, Validation, 
Supervision, Resources, Project administration, Methodology, Investi-
gation, Funding acquisition, Data curation, Conceptualization. José A. 
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