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Mass spectrometric (MS) techniques are applied in various areas of medical diagnostics. For the detection of
microbiological germs and genetic mutations, MS is a method used in routine. Since MS also allows the analysis
of proteins and peptides, it seems an ideal candidate to supplement histopatholological diagnostics. Matrix-
assisted laser desorption/ionization time-of-flight Imaging MS links molecular analysis of numerous analytes
with morphological information about their spatial distribution in cells or tissues. Herein, we review principle

MS techniques as well as potential applications in pathology and discuss our vision for a future workflow.

1. Introduction

Mass spectrometric (MS) techniques are applied in various areas of
medical diagnostics.

In microbiological germ detection, MS is a routine diagnostic
method since the last years [17,58]. Similarly, this technique has been
introduced into toxicology [51], as well as in forensic medicine [6,28].
For the analysis of DNA, this technique allows the detection of several
hunrdred different mutations and is therefore applied in molecular
pathology already today [41,45]. However, as the identification of
mutations by MS is based on prior PCR amplification, the method is
most suitable for the detection of hotspot mutations and there are
limitations when it comes to the identification of complex mutations or
genetic aberrations.

As MS also allows the analysis of proteins [68] and peptides
[40,48], it seems an ideal candidate for histopatholological diagnostics
which strongly relies on the detection of proteins and peptides by im-
munohistochemical (IHC) methods [71]. An advantage of MS as com-
pared to IHC, is the detection of numerous proteins or peptides without
the need for target-specific antibodies [56]. On the other hand, the
identification of the detected ion peaks might be a challenge. MS can be
applied in the profiling mode where a region of a tissue section has been
chosen for application of the laser which ionizes the proteins or pep-
tides or in the imaging mode, where numerous proteins or peptides can

be localized in a given tissue section [2].

Furthermore, other chemical classes can be detected in tissue such
as lipids or phospholopids [14,31,39,70], carbohydrates and glyco-
conjugates [37], exogenous or endogenous small molecules, especially
molecules playing a role in drug metabolism [34,50,65] and nucleic
acids [38,571].

Matrix-assisted laser desorption/ionization (MALDI) time-of-flight
(TOF) Imaging MS (MALDI-IMS), first described by Caprioli et al. in
1997 [9], links molecular analysis of numerous analytes with mor-
phological information about their spatial distribution in cells or tissues
[7,12,22,63] and provides unbiased visualization of the arrangement of
biomolecules [29].

The information contained in tissues cannot be replaced by in-
vestigation of serum or blood [67]. Therefore, pathology is not only a
large field of medical research but also a basis for diagnostics of various
diseases and treatment decisions.

2. General principle of mass spectrometry

MS is a wide field with various different specialized methods ap-
plied. However, all are based on the fact that molecules from a target
e.g a tissue section are ionized and subsequently measured. MALDI is
the most common method applied for ionization. In MALDI experi-
ments, the time-of-flight of the respective analyte is measured by a
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Fig. 1. Workflow of a MALDI-IMS experiment.

A typical workflow of a MALDI-IMS experiment is illustrated. Tissue sections are mounted on an indium-tin-oxide covered glass slide, the sample is prepared for the
MALDI analysis and mass spectra are acquired in a rastered fashion at a resolution of 10-50 pm. For each peak, the distribution throughout the tissue can be

visualized.

detector and the ions are categorized based on their mass-to-charge
ratio (m/z value). Matrix is applied to a sample in order to prepare the
sample for analysis and a laser subsequently irradiates the solid pre-
paration. This leads to the ionization and desorption of the molecules
(Fig. 1). Various substances such as proteins, peptides, carbohydrates or
lipids can be detected by MALDI. IMS allows to localize specific mo-
lecules throughout a tissue section. Other common ionization methods
applied in IMS are summarized in Table 1. An example of a pancreatic
cancer specimen analyzed by MALDI-IMS is shown in Fig. 2. The de-
tection of genetic mutations is based on DNA isolation followed by PCR-
amplification of the respective DNA sequence. If a genetic mutation is
present, a mass peak of the wild-type allel and a second mass of the
mutated allel are detected at specific locations in the mass spectrum.

3. Detection of different molecules

The following paragraph illustrates examples for the detection of
various molecules. With regard to proteins, Meding et al. analyzed 171
fresh frozen samples from adenocarcinomas of esophagus, breast, colon,
liver stromach and thyroid. A primary set was used for training and a
secondary set was utilized for confirmation. In the confirmation set, an
accuracy of > 80% for the classification of the six different tumor
origins was achieved [53]. Concerning peptides, most studies have
analyzed formalin-fixed paraffin-embedded tissue samples from routine
diagnostic archives [44,72,74]. In a recent study, we show that ade-
nocarcinoma and squamous cell carcinoma of the lung could be reliably
differentiated by MALDI-IMS. Out of 118 samples, 117 could be cor-
rectly classified, which surpasses the accuracy of a single IHC marker
[42]. Among the 339 m/z values that were used for classification in this
study, some were subsequently identified by tandem MS and validated
by IHC. Interestingly, we found known immunohistochemical

discriminative markers such as cytoceratin 5, but also potential new
markers such as cytokeratin 15 or Heat-shock-protein-beta 1. Although
these results should be validated in a larger dataset, they highlight the
potential of MALDI-IMS on routine paraffin material.

Also carbohydrates and glycoconjugates may be dectected for clas-
sification purposes [20] and it is well documented that alterations and
changes in cell surface glycosylation occur during tumorigenesis [16].
Thus, it is not surprising that tumor and stroma show distinct N-glycan
distributions, which has recently been demonstrated in high-grade
serous ovarian cancer and hepatocellular carcinoma [25,62].

Lipids are another molecule class that can be detected by MS. In a
prove of concept study including 36 gliomas, a correct classification
(subtype and grade) on an independent test set could be made in 79%,
based purely on lipids [24]. Naturally, pathologists do have a sound
understanding of proteins and peptides, as the application of his-
tochemistry and IHC targets these molecules. However, other molecule
classes might very well contribute to a more detailed understanding and
ultimately to a better classification of diseases.

Besides proteins, carbohydrates, glycoconjugates and lipids, nucleic
acids can be detected. This application of MS is already well established
in many laboratories; either for the detection of e.g. viruses such as
human papilloma virus, bacteria including their resistances to anti-
biotics and parasites [13,45,55,76,78], or for the detection of genetic
mutations in various genes including KRAS, NRAS, EGFR and others
[30,41,49,75].

4. Perspective workflow in pathology including mass
spectrometry

The regular workflow in pathology includes as a first step diagnosis
on hematoxylin and eosin (H&E)-stained tissue sections [33]. Adjunct
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Fig. 2. Example of a pancreatic adenocarci-
noma MALDI Image.

A typical example of a pancreatic adenocarci-
noma is shown. Illustrated are (A): the duo-
denal mucosa (green), regions with high
smooth muscle content (duodenal wall and
vessels), pancreatic parenchyma (blue), pan-
creatic ducts (orange) and tumor (yellow) (HE,
2x). Immunohistochemistry with antibodies
against actin highlights smooth muscles (B).
Actin positive areas show brown im-
munreactivity. The MALDI Image with a pre-
dictive peptide of actin demonstrates an m/z
signal in the same areas that are positive by
immunohistology (D). A color-encoded overlay
of six different peaks highlights specific mor-
phological structures (C).

Fig. 3. Current panel of methods in pathology.
The current workflow on the basis of a con-
ventional H&E stained tissue section is de-
picted. Adjunct methods to secure diagnoses
and/or to provide prognostic and/or predictive
information include histochemistry, im-
munohistochemistry and molecular patholo-
gical methods such as sequencing techniques
and in-situ hybridization assays among others.

Histochemistry Immunohistology

methods are histochemistry and IHC as well as molecular pathology to
classify various diseases and tumors [27] (Fig. 3).

MS has the potential to replace histochemistry since histochemical
methods allow detecting mainly various peptides, proteins or sugars
[43]. We have shown, that for example hemosiderin can be identified
by MS, visualized by the Prussian blue reaction, by measuring m/z
values of ferritin light or heavy chains [43]. The m/z values of these
molecules were localized in the same tissue regions as the reaction
product of the Prussian-blue reaction. Tumor typing has been shown to
be possible by various groups [8,11,42,44]. Numerous antibodies are
often needed for the classification of tumors [46]. Since classification of
a tumor when applying MALDI-IMS requires only one tissue section,
this technique is superior to IHC especilly if only very small tissue
samples are available because of minimal invasive methods introduced
in the past [42] (Fig. 4). For this reason, MALDI-IMS saves tissue for
further molecular classification of the tumor or screening for mutations
e.g. in lung tumors [61]. The combination of MALDI-IMS for the clas-
sification of the tumor with typing and grading and subsequent appli-
cation of MALDI-TOF-techniques for screening of mutations could be a
future sensitive and cost-effective workflow and would reduce the bias
of a subjective evaluation of a pathologist. Moreover, the tournaround
time for sample preparation and MS analyses (both for the analysis of
peptides and genes) does not exceed one working day and therefore
seems suited for routine applications. In this regard, published results

Molecular Pathology

indicate that MALDI-IMS has a great potential to develop into a valu-
able diagnostic technique that can complement established methods.
Especially, as the biomarkers or classifiers can be robustly reproduced
in different biomedical centers [18]. Meding et al. reported in 2006 that
six common tumor entities could be reliably distinguished by MS [53].
Other groups have shown subtyping of non-small cell lung cancers
[35,42], renal cell carcinoma [73] and gastric carcinoma [54].

In the future, MALDI-IMS could strongly assist histopathological
diagnosis of pathologist by giving objective measures of various con-
ditions. In routine histopathological diagnostics, gastric biopsies play a
major role in daily work of pathologists allover the world. Classification
of gastritis into A- B- and C- gastritis is not challenging for experienced
histopathologists, but time consuming. A future workflow could include
the following procedure: MALDI-IMS might be integrated in the histo-
pathological workflow. Special proteomic patterns would be able to
discern the three main types of gastritis and could make a proposal for a
diagnosis of A-, B-, or C-gastritis. At the same time, slides could be
scanned for digital microscopy. As soon as both, result of MS and
scanned images merge at the workplace of a pathologist, on one screen
histopathological diagnosis produced by MS would be provided, while
on the other screen H&E images would be visible for pathological re-
view. If both would be in good concordance, the pathologist could fi-
nalize the report by sealing the diagnosis and signing out the report,
which was prepared based on the MS result (Fig. 5). Only in case of any
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Fig. 4. Perspective panel of methods in pa-
thology.

A perspective panel of methods in pathology
will certainly integrate digital software solu-
tions, but will still be based on H&E-stained
histpathological slides. Single im-
munohistochemical stains will probably be re-

placed by techniques that integrate multi-di-
mensional data. In our point of view, MALDI

techniques have the potential to supersede
histochemical methods and possibly also im-
munohistochemistry in the future. Together
with massive parallel sequencing, MS-based
techniques allow already today a sensitive and

MALDI Molecular Pathology
\ Is ’ / \
Proteins Carbohydrates Small Molecules Massive parallel
Peptides Glycoconjugates Metabolites Sequencin

robust detection of DNA. In blue, techniques

MALDI
that are implemented in the pathology work-

may enter the pathology workflow.

Sample Processing

MALDI Analysis

Standardized Report
Proposal

Digital MALDI IMS
Review

Digital H&E Slide
Review

Concordance

Sign out

Fig. 5. Possible future workflow in pathology - a vision.

Many laboratory steps can be automated and also reporting may be based on
standardized texts. In a possible future workflow the degree of standardization
may allow the pathologist to focus on the review of the automatically re-
generated results. Only, in case of any doubt, based on the digital review of the
available methods, microscopical assessment of the glass slides is necessary.

doubt, the pathologist would have to go deeper into the image of the
digital scan or request the slide to clarify the diagnosis. Furthermore,
especially in gastric biopsies a few signet ring cells can be "missed" by
the pathologist. If mass spectra of various tumors including signet ring
cell carcinoma would be in a MS-library, they would unlikely be missed,
applying this diagnotic procedure. In this regard, precision of diagnoses
and prevention of failures would be one of the advantages using this
perspective workflow.

5. Applications of mass spectrometry

In the past, MS has been used to analyse tumor- and non-tumor
tissue. In the literature, MS has been applied for tumor typing, grading,
to determine molecular margins, and to identify prognostic biomarkers.
An objective technique for tumor classification would be highly desir-
able and some examples for tumor typing have already been mentioned
above (for a comprehensive review see also [40]). The tumor grading is
an important pathological variable to determine prognosis. In this re-
gard, MS revealed signals specific to poorly differentiated gastric cancer
[54] and high-grade myxoid sarcomas could be separated from low

flow today, in yellow novel techniques that

grade tumors [77]. A potential advantage of MS for the evaluation of
tumor margins is the ability to identify molecular changes that are not
yet detectable from histopathological evaluation alone [5]. Further-
more, the detection of new prognostic biomarkers by multidimensional
methods such as MALDI-IMS is certainly beneficial and proteins related
to prognosis have been identified [15]. Also, hypoxia related proteins
that are present in necrotic tumors and clinically associated with in-
creased potential for metastases have been detected by MS [19]. Ad-
ditionally, MALDI-IMS seems to be ideal to study intratumoral hetero-
geneidity [1,4]. Finally, the distribution of drugs and metabolites can
be examined, which might explain why some patients respond well to
chemotherapeutic agents and others do not [7,26].

MS cannot be applied only to tumor samples, but is also able to
support classification of other diseases. A good example for this, is
typing of amyloid in amyloidosis. A group from the Mayo Clinic have
implemented a liquid-chromatography (LC) tandem mass spectrometry
(MS/MS) method for amyloid subtyping and were able to determine the
amyloid subtype in > 97% of cases in a large investigation including
474 patients [66,69]. For the purpose of amyloid subtyping, MS became
the method of choise, especially as some types of amyloidosis are dif-
ficult to be diagnosed by IHC assays, e.g. Leukocyte chemotactic factor
2 amyloidosis [10,59].

Furthermore, the classification of meniscal lesions in acute or
chronic, low-grade and high-grade may be objectived by MS [60]. The
diagnosis of periprosthetic joint infections relies on multiple parameters
including clinical investigation, laboratory tests, radiological methods
and tissue sampling for histological investigation. The latter is mainly
based on the amount of neutrophils identified. However, the threshold
of neutrophils per defined area of tissue among various studies is very
inconsistent. Thus, the detection of neutrophilic peptides in peripros-
thetic tissues might well be a surrogate for counting neutrophils and
ultimately may assist in the diagnosis of periprosthetic joint infection
[32].

6. Methods in mass spectrometry

Various different methods of MS including, but not limited to the
following exist: MALDI profiling, MALDI-IMS, MALDI-IMS in profiling
mode, MALDI MS/MS directly from tissue, LC-MS/MS and laser mi-
crodissection based LC-MS/MS [52]. In MALDI profiling, a specific
region of interest is targeted and only few mass spectra are acquired.
The major advantage of this approach is the speed of data acquisition.
In MALDI-IMS, the whole tissue section is usually analyzed. Using this
method, a comprehensive analysis of the spatial distribution of mole-
cules is possible, but much data is acquired that might not all be re-
levant to the scientific question. In MALDI-IMS in profiling mode,
whole tissue sections are analyzed, as by MALDI-IMS, but only specific
regions of interest are selected for data analysis. This approach
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increases the speed of data acquisition and reduces the amount of data
for analysis. For classification purposes, this method is usually re-
commended. Spectra acquired by MALDI methods are composed of
peaks representing m/z values. In order to identify these m/z species
and to assign peptides to these values, subsequent analyses have to be
performed. In brief, either direct identification on the respective tissue
section (MALDI MS/MS), or analysis by liquid based MS (LC-MS/MS)
can be done. Laser microdissection followed by LC-MS/MS is an ad-
vanced technique with the ability to detect > 1000 proteins from
samples containing < 3000 cells. However, using this technique, in-
formation on spatial distribution of molecules is reduced. Based on the
scientific or diagnostic question, the appropriate method has to be se-
lected. For a more detailed description of the methologies, various re-
views are available in the literature [3,12,21,23,36,47,48].
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