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Chapter 1

Introduction



1 INTRODUCTION

Mass spectrometry (MS) is one of the most important tools for the characterisation
and identification of a wide range of biomolecules, including metabolites, lipids and
proteins. The study of such molecules constitutes the major —omics disciplines
studied using MS techniques. In MS, analyte molecules are first ionised in the source
and can be present in solid, liquid or gaseous form, depending upon the type of ion
source employed. The ionised analytes are then separated in the mass analyser
according to their physical properties, with the corresponding electrical signals then
recorded by a detector. These detected signals are correlated with a particular mass-
to-charge ratio (m/z). Results are then displayed in the form of a mass spectrum, with
the relative intensity of each signal presented as a function of its m/z.

The concept of Mass Spectrometry Imaging (MSI) first came to the fore nearly 50
years ago, representing a technique suitable for the analysis of elements and other
small molecules. In first instances, MSI instruments employed secondary ion mass
spectrometry (SIMS) technology, which was then shortly followed by the laser
microprobe analyser. Both of these techniques were capable of performing high
spatial resolution surface analysis of small organic and inorganic molecules.
However, it wasn’t until the late 1990’s when the research of Richard Caprioli and
co-workers led to the introduction of MSI into a clinical setting, employing Matrix
Assisted Laser Desorption lonisation (MALDI) as a means of analysing a wider
range of biomolecules, including proteins, directly on intact tissue?. In this early body
of work, Caprioli et al. were able to demonstrate the ability of MSI to localise the
distribution of biomarkers within tissue, without the need for labelling. This early
research subsequently led to an explosion of MSI based studies, having a substantial

impact on clinical and pharmacological research.

Currently, there are a number of MSI techniques employed in clinical studies,
including SIMS, desorption electrospray ionisation (DESI), laser ablation
electrospray ionisation (LAESI) and rapid evaporative ionisation mass spectrometry
(REIMS) (Table 1). In addition to this, there are a number of newly emerging MSI

techniques that have shown promise for employment in this field of research,



including liquid junction surface sampling and mass cytometry?. However, as a result
of its widespread availability, ability to analyse proteins and numerous other
advantages (Table 2), MALDI remains the most commonly applied MSI technique.
Given that proteins play a significant role in a large number of pathways involved in
defective cellular signalling cascades, the ability to spatially resolve the localisation
of a number of proteins concurrently within the same section of pathological tissue
can enable the detection of pathological processes, and, ultimately, disease
candidates. Additionally, it has also become increasingly common for lipids and
metabolites to be analysed in order to study disease mechanisms, provide
complimentary information that can be integrated with proteomic findings. Since its
inception, MALDI-MSI has been used in a plethora of clinical based studies,
covering the fields of oncology, pathology, diagnostics and surgery®. Furthermore, it
has been regularly used to monitor the distribution of xenobiotics and their
metabolites, establishing itself as an invaluable tool in drug distribution studies®. This
chapter will focus on the methodological aspects underpinning on-tissue MALDI-
MSI and proceed to discuss its application and relevance in clinical-based studies.

Table 1. An overview of the most commonly used ionisation sources for Mass

Spectrometry Imaging experiments.

Source lonisation Pre-treatment Analyte class Mass Range Spatial Resolution
MALDI Laser ablation of the surface Coating of the sample with a Metabolites, lipids, peptides 1Da- 500kDa <5-10pm (commercial
sample and MALDI matrix solution or proteins (matrix dependent) instruments)
desorption/ionisation of
analytes
SIMS The sample surface is Not required. However, a Static SIMS: Elements, fatty 1Da-10kDa Static SIMS: >1pm
sputtered with a primary ion matrix/metal coating can be acids and lipids Dynamic SIMS: <lym
beam, generating secondary used to increase the yield of Dynamic SIMS: Elements
ions generated fons
DESI Droplets are generated via an None Small metabolites (from 1Da-2kDa >100pum
electrospray mechanism and tissue)
directed towards the surface
sample
Nano-DESI A liquid bridge samples the None Metabolites, peptides and 1Da-2kDa <10pm (dependent upon the
surface molecules which are proteins (solvent combination size of liquid bridge)
are then ionised by nanoESI dependent)
LAESI Generation of gas-phase None Metabolites, peptides and 50Da - 100kDa MSI: <200um
particles by laser ablation and proteins Cell-by-cell analysis: <50um
ionised by electrospray
REIMS Rapid evaporation of analyte None Metabolites and lipids 150Da-2kDa <500um
molecules generating gas-
phase ions
Mass Cytometry Functionalised antibodies Addition of functionalised Proteins 50Da to 250 Da <lpm (when coupled witha
i i bound to polymers containing antibodies SIMS instrument)
lanthanide




Table 2. Advantages and disadvantages of MALDI-MSI.

Advantages Disadvantages
High-throughput No intracellular information
Label-free Matrix application can be tissue
dependent, yielding variable
results
Relative quantitation Difficulty in identifying peptides

directly on tissue

Applicable to a wide range of
analytes

Maintains morphological
structure

Maintains spatial localisation of
analytes

Well-established

1.1 MALDI-MSI: General Principles

MALDI-MSI was formally introduced in 1997 by Richard Caprioli and its use has
increased exponentially in recent years to become the most widely employed MSI
technique. This technique relies on the use of a MALDI matrix, which consists of
small organic molecules that are designed to absorb the energy of a pulsed laser
beam. These molecules commonly possess a suitable chromophore, usually in the
form of an aromatic core, and it is this property of the matrix that facilitates the
absorption of the UV laser energy. When this matrix is applied to the surface of a
sample it promotes the formation of a ubiquitous layer of co-crystals, which
incorporates both matrix and analyte molecules in its network. This co-crystallisation
process, which occurs on the surface of the sample, is characterized by significant
variability and is related to a number of different parameters including the choice of
solvent, time of incubation and matrix concentration®. When the laser beam is applied

to the surface of the sample, the absorbed energy leads to rapid desorption of both
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the matrix and analyte crystals and subsequent ionisation (Figure 1). This ionisation
process is similar to electrospray ionisation (ESI) in the aspect that both techniques
are capable of generating large gaseous phase ions without extensive fragmentation
occurring during the procedure. This is termed “soft” ionisation. The most significant
difference between MALDI and ESI is that MALDI produces far fewer multiply
charged ions, leading to less complex spectra, which are, ultimately, easier to

interpret.

UV-adsorbing
co-crystals

Laser
N, (339nm)
Nd-YAG (355nm)

Generation of mass

spectra at discrete [ i |
x,y co-ordinates \ ‘ ll |
L u’t.ll'«\.um....‘,i,. TN (TR BT, / J

Generation of
molecular images

Figure 1. The general principles of MALDI-MS Imaging. Laser ablation leads to the desorption
and ionisation of matrix and analyte ions. The detected ions yield the generation of mass spectra
at discrete spatial co-ordinates and the spatial distribution of any of the ions present in these

spectra can be visualised following the generation of a molecular image.

MALDI sources can be combined with a wide array of mass analysers, including
time-of-flight (TOF) and Fourier transfer ion cyclotron resonance (FT-ICR), which
are commonly employed for the analysis of intact proteins due to the wide mass range
that they cover. Alternatively, multiple stage quadropole time-of-flight and various
forms of ion traps can be used for the analysis of smaller molecules, including

metabolites, lipids and peptides. However, coupling MALDI with TOF mass
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analysers appears to be the most common approach for MALDI-MSI studies. This
combination enables the analysis over a large mass range (50Da to upwards of 150
kDa), spatial resolutions higher than 20um and the possibility of performing MS/MS
experiments directly on tissue when TOF/TOF is employed. The ability to identify
proteins of interest, by utilising MS/MS fragmentation directly on tissue, is of
paramount importance when considering the progression of this MSI technique in
terms of facilitating the translation of these findings into tests that are suitable for use

in a routine clinical setting.

In MALDI-Imaging, a mass spectrum is acquired at each desired X,y co-ordinate
within a defined measurement region, which is usually related to an entire section or
particular regions of interest present within a tissue section. Using the acquired mass
spectra, the spatial distribution of any of the biomolecules present can be visualised
and a molecular image of the tissue reconstructed. These molecular images can then
be correlated with tissue images obtained using histological techniques. The distance
between spectral acquisitions in MALDI-MSI analysis is referred the rastering,
which is inversely proportional to the spatial resolution (ie. the smaller the distance
between the two raster positions, the higher the spatial resolution). MALDI-TOF
instruments are capable of high-throughput MSI analysis with spatial resolutions
higher than 20pum. Although other instruments, such as TOF-SIMS, are capable of
acquiring images with a higher spatial resolution (as high as 1.5um), they are unable
to do so in the same high-throughput manner and the mass range is more limited in

comparison.

Notwithstanding the rapid evolution of MALDI mass spectrometry instrumentation
and sample preparation protocols®, several technical issues related to MALDI-MSI
still need to be improved, such as increased spatial resolution and sensitivity.
However, next generation instruments are beginning to address these limiting factors,
not only improving spatial resolution and sensitivity, but also increasing the spectral
acquisition rate as well as minimising pixel-to-pixel variability, facilitating higher
quality and more robust analysis. Perhaps of greater importance is the imaging and

visualisation of single cells and, in fact, when using the correct cell fixation protocols
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and a laser with a smaller diameter (<7um) this has already been shown to be possible
with currently available MALDI-MSI instrumentation’. Continuing in this vein,
MALDI-MSI will be able to not only analyse single cells, but also potentially delve
deeper and analyse at a subcellular level. Furthermore, it will also be possible to
routinely generate three-dimensional MALDI images in order to obtain a snapshot of
the pathological state of an entire organ by combining MALDI-MS images of
consecutive tissue sections and reconstructing a three-dimensional representation

using the appropriate (and currently available) software®.

1.2 Experimental Procedures in MALDI-MS Imaging

1.2.1 Sample Handling: Storage, Embedding and Sectioning

Sample handling is arguably the most critical aspect for obtaining satisfactory results
from MALDI-MSI experiments, with sample collection, storage, embedding and
sectioning all to be carefully considered. The first challenging aspect is related to
how the sample is treated following collection. At this initial phase, it is imperative
that protein degradation is minimised and the analyte molecules are stabilised in a
consistent manner. This insures that chemical integrity of biomolecules and spatial

organisation of tissue structure is maintained.

Fresh samples represent the primary source of tissue for MALDI-MSI experiments
and are routinely collected for this type of analysis. However, fresh samples need to
be frozen directly after collection in order to stabilise the proteome by inhibiting
enzymatic proteolysis. The major advantage of using fresh-frozen (FF) tissue is that
it closely mimics the native state of the tissue, preserving its morphology and
integrity. The freezing process here must be gentle and homogenous in order to avoid
different parts of the tissue from cooling at different rates, which can lead to the
formation of ice crystals, and, ultimately, tissue cracking. The most common
approach involves loosely wrapping the tissue in aluminium foil and freezing in
liquid nitrogen or cooled alcohol (to approximately -70°C) for approximately one
minute. Alternatively, the tissue can also be cooled in isopentane dry ice. One final

solution to avoid protein degradation can be through the use of conductive heat
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transfer. However, it is important to check the compatibility of each tissue with this
treatment, as, in some cases, tissue morphology can be altered during the process.
Once stabilisation has been performed, the tissue is stored at -80°C prior to MALDI-
MSI analysis.

More recently, and of perhaps greater importance to employing MALDI-MSI in a
clinical setting, protocols have been developed in order to facilitate the analysis of
formalin-fixed paraffin-embedded (FFPE) tissue. FFPE tissue represents a large
percentage of the patient samples collected and stored in hospitals and other medical
centres, thus representing potential gold-mines of information for histopathological
studies involving MALDI-MSI®. Ultimately, the analysis of FFPE tissue enables
retrospective studies with much larger cohorts of patients. This can be of particular
importance when attempting to collect samples of particularly rare diseases, which
would take a considerably longer period of time if attempting to obtain an appropriate
number using FF specimens. In terms of sample storage, FFPE tissue can also be
stored for up to 10 years at room temperature (RT).

Upon treatment with formalin, a reaction occurs between formaldehyde and the
amine groups of the tissue proteins promoting the formation of methylene bridges
between amino acids. This ultimately leads to the formation of inter- and intra-
molecular cross-links in proteins. While at RT, lipids, nucleic acids and molecules
not cross-linked to formaldehyde can degrade, the formed cross-links promote the
stability of the proteins present in the tissue and preserve the morphological
structures present. However, as a result of this extensive cross-linking, specific
sample preparation steps are required in order to facilitate the MALDI-MSI analysis
of FFPE samples. Firstly, the paraffin in which the sample is embedded needs to be
removed as it acts as a strong ion suppressant. Secondly, antigen retrieval is required
in order to unmask the epitopes in order to allow for the enzymatic digestion to occur,
most commonly using trypsin. This protein digestion can be completed in situ using
a number of automated devices, which keep the localisation of the peptides intact and

produce highly reproducible results. The peptides generated from this enzymatic
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digestion can be submitted for MALDI-MSI analysis but also for direct MS/MS

analysis when using a TOF/TOF instrument, facilitating protein identification.

The sectioning of FFPE samples is usually performed at RT, with the thickness of
the sections commonly being 5um. Sections are then transferred into a water bath at
37°C and mounted onto a conductive surface compatible with MALDI-MSI
instruments, such as indium titanium oxide (ITO) glass slides. Once the sections are
mounted, excess water is removed and the slides are gently warmed at 30-37°C for a
few minutes in order to ensure proper adhesion. Following this step, the sections
mounted onto the ITO glasses can be stored at RT for up to ten years prior to the
MALDI-MSI preparation process, however it is preferable to analyse within the first

two years?®,

On the contrary, the sectioning of FF tissue is usually performed in a cryostat set to
approximately -20°C. Additionally, the tissue requires an embedding medium in
order to ensure proper attachment of the tissue to the stage of the cryostat, improve
the ease of cutting and avoid tissue damage. However, embedding the tissue entirely
in this medium should be avoided because it leads to ion suppression. Therefore, it
is recommended to add only a very small amount of the cutting medium to the bottom
of the organ in order for it to adhere correctly to the stage whilst the major proportion
of the tissue remains uncovered for the purpose of sectioning for MALDI-MSI
experiments. Optimal Cutting Temperature (OCT) compound is the most common
polymer used in standard histological applications but, like other polymer-based
embedding media, it has been shown to be a strong ion suppressant*!. Therefore, once
the FF tissue sections have been cut and mounted onto glass slides, any remaining
OCT that surrounds on and around the tissue has to be carefully and efficiently
removed. Alternatively, the sample can also be embedded in gelatin or in 15%
poly[N-(2-hydroxypropyl)methacrylamide] (pHPMA)?, with both of these
compounds being reportedly more compatible with MALDI-MSI analysis. Once the
section has been mounted onto the glass slide it is also recommended to assist the
adhesion of the tissue to the slide by placing a finger on the back of the slide, in the

location where the tissue section is mounted, and this is known as thaw mounting.
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The thickness of the section is often set to between 10 and 12um, representing a
balance between tissue conductivity and robustness. For example, the rate of
moisture evaporation is accelerated when the thickness of the section is reduced. This
can be an important factor that limits proteolysis and other enzymatic activities.
However, thin sections are also more fragile and more difficult to manipulate onto
the slide. Once the section has been mounted onto the slide, it is recommended to dry
it under vacuum in order to remove condensation from the surface of the tissue and
minimise protein diffusion. At this time, if the cutting of the sections is done outside
of the routine clinical workflow (where the following steps are always performed), it
is advised to cut some additional consecutive sections to which immune-histological

staining is applied, in order to combine molecular and histological findings®3.

Prior to MALDI-MSI analysis, it is highly recommended to wash the tissue in order
to remove any molecules that may interfere with the ionisation of proteins (eg. salts,
lipids). Standard protocols recommend washing the tissue sequentially in increasing
concentrations of EtOH, commencing with a short wash (~30 sec) in 70% EtOH in
order to remove cell debris and salts followed by 95 and 100% EtOH in order to fix
the tissue. A solvent such as EtOH is recommended for this step as it does not
promote the diffusion of proteins. However, it has been widely reported that
optimisation of the washing steps, based upon the chemical composition of the tissue,
can lead to enhanced sensitivity of the MALDI-MSI analysis. For example, brain
tissue is often associated with a high content of lipids, a strong protein ion
suppressant, and washing this tissue with chloroform or xylene can improve protein
detection. Conversely, a different washing protocols should be used if the intended
analytes are not proteins, for example, EtOH (70%) with the addition of ammonium
acetate (NH4AcC) is recommended for the desalting of tissue prior to tissue lipidomic

analysis®.

Following these washing steps, it is again recommended to perform an additional
drying step under vacuum. However, the drying time should be selected carefully

based upon the thickness of the tissue and the type/percentage of solvents used in the
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washing procedure. Once this additional drying phase has been performed, the FF

tissue is then ready for matrix application.

1.2.2 Matrix Application

Matrix deposition plays a critical role in MALDI-MSI experiments, being a major
limiting factor in the lateral resolution that can be achieved. The general aim of the
matrix deposition is to achieve an optimal balance between crystal dimension/shape
(homogenous and small) and maximal analyte extraction, whilst at the same time
avoiding diffusion. Thus, matrix deposition represents arguably the most crucial step
in the sample preparation phase. Depending upon the target analyte of choice, a
number of different matrices can be used. For example, sinapinic acid (SA; 3, 5-
dimethoxy-4-hydroxycinnamic acid) and a-CHCA (o-cyano-4-hydroxycinnamic
acid) are most commonly the matrices of choice for the extraction of proteins,
peptides and lipids (1-20kDa). Furthermore, ferulic acid (3-(4-hydroxy-3-methoxy-
phenyl)-prop-2-enoic acid) has also been reported for the extraction of high
molecular weight proteins (up to 140kDa). For MALDI-MSP purposes, DHB (2, 5-
Dihydroxybenzoic acid) is also commonly used for the extraction of low molecular
weight proteins. However, due to the large crystal size, it is unsuitable for modern
imaging applications as this large crystal size severely hampers the spatial resolution
achievable. Additionally, ionic matrices, such as CHCA/aniline (CHCA/ANI) and
CHCAJ/N,N-dimethylaniline (CHCA/DANI), have also been employed alone or in
combination with other matrices in order to improve the homogeneity of the
crystallisation and the detection of protein signals®. It is also important to note the
increased prevalence of metabolomic targeted MSI analysis in clinical studies. In
these instances, the matrix9AA (9-aminoacridine) is often employed and the mass

spectrometer is set in negative-ion mode?®.

It is also important to note that with the increased demand for higher spatial
resolution images and the rapid evolution in instrument technology, new matrices
have been explored. For example, Garate et al'’ demonstrated the use of MBT (2-
mercaptobenzothiazole) and DAN (2, 5-diaminonapthalene) as MALDI matrices that

17



can enable the acquisition of higher spatial resolution images (with pixel sizes as low
as 5um), both in positive and negative? ion mode. Furthermore, it stressed the
importance of the correct choice of matrix and crystal size with regards to the spatial
resolution achievable in MALDI-MSI experiments, suggesting that higher spatial
resolutions can yet be obtained with the instrumentation currently in place in many

research laboratories.

Focusing on the most commonly employed matrices, the matrix concentration for SA
is usually between 10-30 mg/mL and 7-20 mg/mL for CHCA. The choice of
concentration is dependent upon the choice of deposition, ensuring the correct
balance between minimising analyte diffusion and maximising analyte inclusion into
the matrix co-crystal network. For example, low matrix concentration can lead to
analyte diffusion, whereas high matrix concentration induces rapid crystal formation

and prevents proper incorporation of the analyte into the crystals.

Matrices such as SA and CHCA are dissolved in a solution containing organic
solvents, water and trifluoroacetic acid (TFA). TFA is added to the matrix solution
is order to assist in the MALDI ionisation process while the organic solvents facilitate
optimal crystal formation. The balance between the rate of solvent evaporation and
time of incubation of the analytes is highly important in order to achieve the optimal
analyte extraction, and this is directly related to the ratio between the organic solvent
and water. Usually, a good balance between solvent evaporation and crystal
formation can be obtained with the use of a 1:1 ratio between solvent and water. The
choice of organic solvent is dependent upon the physical properties of the analyte
molecule. However, 50% acetonitrile (ACN) and 50% ethanol (EtOH) are most
commonly employed, with a higher ratio of solvents, such as methanol (MeOH) or

isopropanol, been employed to extract more hydrophobic molecules from tissue.

It is also important to note that this crystallisation process can also be affected by the
particular type of tissue used, with the surfaces of some sample types not being
conducive to optimal and homogenous crystal formation. Therefore, it is imperative

that the protocol for matrix deposition is optimised for each type of tissue used.
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Furthermore, the presence of salts, lipids and other compounds (eg. Haemoglobin)
can also impact upon the crystallisation process, thus affecting spectral quality. The
impact of these interfering molecules can be minimised by performing washing steps
prior to matrix deposition. Additionally, other strategies can be used in order to
improve spectral quality, with the addition of detergents to the matrix solution being
a successful method to obtain increased sensitivity of proteins. For example, the
addition of 0.05% Triton X-100 to a SA solution deposited onto brain tissue, a tissue
with a high abundance of lipids, which can often lead to ion suppression of protein
signals, led to an increase in intensity of 42% of the peaks present in the average

spectrum compared with the deposition of SA without the detergent®®.

The choice of method for matrix deposition is dependent upon the spatial resolution
desired in the MALDI-MSI experiment. However, there are a number of methods,
both manual and automated, that can be employed for various purposes. For tissue
profiling, manual spotting can be performed by pipetting the matrix solution directly
onto the tissue region of interest. This approach deposits large droplets onto the
surface of the sample (a few pL), extracting analytes from a region which is a few
millimetres in diameter. However, there are devices that can be used to spot matrix
in an automated fashion across the entire surface of the sample or in specific regions
of the tissue. Quite commonly, the droplet area is reduced to below 200um in
diameter, thus leading to less efficient analyte extraction but enabling higher spatial
resolution images (Figure 2). Deposition using an automated spotter offers the
advantage of the droplets generally being deposited in discrete positions. Thus, if any
diffusion of the analyte occurs then it is limited to a relatively small region and the
spatial localisation of the analyte is maintained. However, the disadvantage of this
approach means that it can be quite difficult to obtain a completely homogenous layer
of matrix. Automated matrix spotters are often associated with piezoelectric nozzles
and acoustic wave transfer. In these instances, the dimension of the droplets depends
on the following factors: solvent composition and surface tension, the number of

layers deposited, tissue structure and the chemical composition of the analytes.
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Figure 2. The different approaches in matrix deposition for MALDI-MS Profiling and
MALDI-MS Imaging.

In order to achieve a more homogenous coating of matrix, automated spraying of the
matrix solution onto the surface of the sample is performed. In these instances, the
spraying devices produce very small droplets which, after drying, produce a very
homogenous and thin layer of solid matrix crystals which are less than 20pum in
diameter. A homogenous layer of small matrix crystals offers the possibility for
higher spatial resolution MALDI-MS images (<100um) compared to automated
spotting. Additionally, spraying of the matrix is faster than automated spotting, thus
reducing the sample preparation time and increasing sample throughput. In contrast
to spotting, matrix spraying forms a layer of liquid on the tissue. Thus, the method
must be optimized in order to avoid analyte diffusion. Automated spraying devices
are commonly based upon vibrational, pneumatic or electrospray mechanisms,
providing depositions in a highly controlled and reproducible manner. More recently,
Gou et al. introduced the concept of Electric Field-Assisted Matrix Coating, which
employs the use of a uniform static electric field can enhance the detection of
positively or negatively charged small molecule metabolites in the MALDI matrix
layer'®. Manual spraying of matrix can also be accomplished using a TLC (Thin
Layer Chromatography) sprayer, airbrush or pneumatic sprayer. However, these
approaches are certainly less reproducible, with the crystallisation being dependent

upon the surrounding environment (ie. temperature and humidity)?°.
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A sublimation-based approach can also be employed in order to generate the smallest
matrix crystal size possible, and ultimately acquire higher spatial resolution images
when using the appropriate instrumentation. Generally, this approach involves
two steps; 1) the sublimation of matrix onto the surface of the sample and 2) a

rehydration/recrystallization step?..

Depending upon the properties of the particular matrix used, the slide is heated under
vacuum (approximately 145°C at 25mTorr for SA), which promotes sublimation onto
the surface of the tissue. Then, the slide containing the tissue is placed in a petri dish
containing a piece of filter paper soaked in aqueous TFA (commonly a 5% TFA
solution) and the petri dish is sealed in order to create a hydration chamber. In order
to achieve tissue rehydration, the petri dish is placed in an oven at 85°C for 3.5
minutes. However, in the case of sublimation, protein extraction is not as efficient
compared to other matrix deposition techniques. An additional rehydration phase can
increase analyte extraction. It is challenging to optimize sublimation protocols in
order to obtain a good balance between matrix crystal size and analyte extraction.

Finally, the same automated devices that are used for matrix deposition can also be
used for the deposition of other solutions and derivatizing agents employed for some
specific MALDI-MSI experiments?. Most importantly, they can also be used for the
application of enzymes for on-tissue digestion in a highly homogenous manner and
in some instances, the enzyme application and sample incubation can also be

performed using the same device.

Following MALDI-MSI analysis, the matrix can be removed from the tissue by
washing sequentially in increasing concentrations of EtOH (70, 95 and 100%) for
short periods of time. Once the washes have been performed, the tissue can be
observed under a microscope in order to ascertain if the matrix has been entirely
removed. Following this step, the tissue sections can be subjected to histological

staining if desired.
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1.3 Spectral Processing

A MALDI-MSI dataset can be visualized as a Data Cube in which the three
dimensions are represented by: m/z values, signal intensity and spatial co-ordinates.
Since a single MALDI-MSI analysis is composed from thousands of spectra
topologically positioned in a 2D array, the output file of an MSI analysis can range
from several gigabytes in size to up to more than one terabyte. This high
dimensionality of the data is a challenge since it makes data management and
elaboration time-consuming. Data processing requires significant computer

resources.

Pre-processing steps, applied to raw data, are employed in order to remove sources
of variation or noise that could lead to artefacts in the data elaboration phase and to
enhance the biologically relevant information in the MALDI Spectra. Pre-processing
steps include Baseline Correction, Smoothing, Normalisation, Alignment and

Calibration, Smoothing and Peak detection.

1.3.1 Baseline Removal

The baseline of a spectrum is the connecting line between the data points with the
lowest intensity values, on which the entire spectrum lays. Shin proposed that
MALDI analyses may contain three discrete sources of noise?:

Electrical noise from the MS components
Shot noise due to the discrete nature of ion detection
Chemical background generated by impurities (matrix clusters, fragments)

Since the baseline originates from fluctuations in the background signal of the
instrument it has no biological meaning and needs to be removed. Many algorithms
are employed in order to remove this contribution; the most widely used being
Iterative Convolution and TopHat.
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Iterative Convolution:

Baseline Removal through Iterative Convolution applies a Gaussian filter multiple
times, removing spectral features (ie. the peaks). The algorithm requires the Sigma
parameter, o, in order to control the width of this Gaussian filter. The filtering
iteration yields a spectrum without peaks, i.e. just the baseline. The next step is to
take the pointwise minimum of the trend as an estimation of the baseline, subtracting
it to the spectrum. The method converges very quickly, meaning that after 15-30

iterations the output does not change.
TopHat operation:

The TopHat operator was derived from the theory of Mathematical Morphology and
allows the “extraction” of peaks from an image. Itis based on the principle that
features of interest should stand out in a complex environment (i.e. the noise). This
algorithm computes the so-called morphological opening, which in this instance are
the background signals, of the spectrum and then subtracts the result from the original

spectrum.

1.3.2 Smoothing
Signal smoothing aims to alleviate the spectral noise. It aids interpretation and the
visualization of the single spectrum and can be performed using two common

algorithms; Savitzky Golay and Gaussian smoothing.
Savitzky Golay:

Savitzky-Golay is a digital filter that can be applied to a set of data points. It is known
to be an almost universal method to improve the signal-to-noise ratio. It achieves
smoothing by fitting adjacent data points with a low-degree polynomial taking the
central point of the fitted polynomial curve as output. Since it does not distort the
essential features in the spectrum this filter tends to preserve the peak waveform and

does not shift the peak positions.

23



Savitzky-Golay filter is very slow but intensity loss is much lower; and should be

preferentially used to smooth low-mass spectra where peaks are sharp.
Gaussian Smoothing:

The degree of smoothing is again determined by the standard deviation, o, of the
spread parameter, with a larger o implying a wider Gaussian filter, and thus a greater
degree of smoothing. It is a fast method but it may cause significant intensity loss
for sharp peaks. Due to these characteristics, it is usually employed to smooth high-

mass spectra where peaks are broader.

1.3.3 Spectral Normalisation

A MALDI imaging data set can be considered as a collection of independently
measured spectra; for this reason, a normalisation step is a crucial task in the pre-
processing phase in order to compensate for the chemical and analytical differences,
facilitating a fair comparison between spectra. It is an indispensable step if several
sets of spectra have to be compared with each other, not only intra-analysis but, and

more importantly, inter-analysis.

Normalisation is the process of multiplying a mass spectrum with an intensity-scaling
factor, f, in order to expand or reduce the range of the intensity axis. It is able to
project spectra of varying intensity onto a common intensity scale, removing
variations in pixel-to-pixel intensity due to uneven matrix deposition, ion suppression
or other factors that can alter the intensity of peaks not strictly due to the actual

analyte composition present at a specific spot.

Each normalisation method is based on certain assumptions regarding the data and it
is necessary to carefully choose the most appropriate algorithm for a particular
dataset in order to avoid generation of artefacts that do not correspond to significant
biologial information. There are many algorithms employed for spectra
normalisation, such as Total lon Current (TIC), Root Mean Square (RMS) and
Median.
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Total lon Current (TIC):

The TIC normalisation method divides all spectra by their total ion current (i.e. the
sum of the intensities of all the peaks), yielding spectra with a common area under
the curve. The assumption on which this normalisation is based on is that all spectra
have a similar area, defined largely by the chemical noise and only to a small extent
by the peak intensities. This normalisation is the most widely used and can be applied
to the majority of MALDI-MSI datasets.

It is important to stress that artefacts may be created in spectra containing a single
high intensity ion (e.g. Insulin or haemoglobin). This peak would significantly
suppress the intensity of every other peak in the spectrum after normalisation. It is
possible, however, to exclude such peaks from the normalisation calculation,

potentially solving this problem.
Root Mean Square (RMS):

The RMS normalisation method divides all spectra by the root mean square of all
data points. This method is most appropriate for use with datasets containing spectra
that are expected to have small variations in the peak intensities. The RMS

normalisation method usually leads to a very uniform distribution of intense signals.
Median:

This normalisation method divides all spectra in the data set by the median of all data
points. Median normalisation is not significantly affected by the intensity or area of
signals in the spectra, and can therefore be used if the RMS or TIC normalisation

methods lead to artefacts.

Median normalisation results depend on the type of noise in the spectra. If spectra do
not contain a fully symmetrical noise profile, this method will generate significant

artefacts.
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1.3.4 Spectral Realignment

Spectral alignment is an optional step during the pre-processing phase of mass
spectra. It is used to account for the slight shifts in the output m/z of peaks as a result
of chemical noise and instrument accuracy. Spectral realignment ensures that all of
these peaks are realigned to a common mass, and thus enable correct spectral
comparisons. Most commonly, spectra are realigned by considering the peaks of the
mean spectrum as a reference, covering the entire mass range of the analysis, and by

then adjusting the spectra by linear or non-linear interpolation.

1.3.5 Generating an overview spectrum

It is useful to evaluate peaks obtained in the entire section or in specific areas. The
generation of a single spectrum that efficiently represents the molecular composition
of the region of interest helps in achieving this goal. There are two main types of

overview spectra that can be generated, Average and Skyline:
Average Spectrum:

The average spectrum is obtained simply by averaging all the intensities for each data
point. This is the most used approach in the data mining performed after MALDI-
MSI analyses, but it can potentially yield artefacts since it can reduce the contribution

of ions that are present only in small and specific regions of the tissue.
Skyline Spectrum:

The Skyline spectrum is obtained by picking the highest value of intensity for each
data point: regiospecific peaks are well represented in the total spectrum and are not

eliminated as in the case of the average spectrum approach.
This method should be applied only to well-calibrated, aligned, low-noise spectra in

order to avoid peak broadening and a loss of accuracy.

1.3.6 Peak Picking
This process detects a representative set of m/z values in a group of mass spectra that
significantly rise above the noise level (i.e. above a certain S/N threshold). The aim
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of the peak picking is to reduce the number of m/z values by discarding those values
corresponding to noise signals or to non-specific baseline. Various peak picking
methods for MALDI mass spectra are available and are implemented in mass
spectrometry software packages: the most used algorithms are Orthogonal Matching

Pursuit and Local Maximum.

Applying this process in MSI spectra containing large amounts of data takes a lot of
time and uses significant computing resources. The simplest approach would be to
apply the algorithm on the single mean spectrum. However, this approach results in

elimination of peaks with high intensity in very discrete areas of tissue.
Orthogonal Matching Pursuit:

OMP is a signal processing application that models each spectrum as a sum of
Gaussian-shaped functions (peaks). The parameter, Sigma, determines the width of
the Gaussian peaks (can also be estimated automatically based on the mean
spectrum). For each single spectra, OMP selects m/z peaks that fit the Gaussian
shape. This algorithm allows the user to manually set a maximum number of possible
peaks.

Local Maxima:

This approach identifies all the local maxima in the spectra and marks them as peak
positions (it assumes that a peak should differentiate itself from the background
noise). It is the simplest approach but the most prone to yield false positive peaks

positions that are in fact correlated with the background noise.

1.4 Data elaboration

On order to analyse MALDI-MSI data, conventional statistical tests can be applied
(such as ANOVA, t-test and z-test). For example, ANOVA is commonly used to
detect differences between groups (ie. Peaks, and therefore proteins), a typical task
in research and clinical diagnosis. However, the inherent variability in MALDI
spectra due to anatomically and biologically distinct regions may hinder significant

conclusions. In order to improve the reliability of the statistical analysis, regions of
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interest (ROI) in spectra, which correlate with histopathological features, can be
defined. Following this, both unsupervised and supervised data mining approaches
can be undertaken as a means of finding biologically significant information within
the dataset.

1.4.1 Unsupervised Data Mining
Unsupervised methods aim at revealing hidden structures in unlabelled data and can

be applied without any prior knowledge of the data structure?®*.

Examples of unsupervised analysis are Hierarchical Clustering, Principal Component
Analysis and Bisecting K-Mean.

Hierarchical Clustering:

Hierarchical clustering is a data mining method which consists in grouping several
data subsets into clusters based on their similarity and then building a hierarchy,
exploiting intra-cluster differences. The algorithm is able to evaluate dissimilarities
by calculating the actual distance between two spectra according to different metrics

(Euclidian distance, Manhattan distance)

The output is a dendrogram representing a hierarchical tree in which similar spectra
are clustered under a single node. In a MALDI-MSI dataset, it is possible to plot the
spatial distribution of the clusters identified by this analysis which can then be

correlated with the histological image.

It can be performed in a bottom-up approach (each observation starts in its own
cluster) or top-down (all observations start in one cluster). The only downside is that
this approach may use significant computer resources since it requires the creation

of a distance matrix of size n? (where n is the number of spectra).
Bisecting K-Means:

Bisecting k-Means is a divisive clustering algorithm that combines k-Means and
Hierarchical Clustering: it iteratively splits the data into two maximally different

clusters (bi-sectioning) which are then further separated into sub-clusters according
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to similarities in their data points (k-mean). The sub-clustering is achieved by
selecting K points as the initial centroids, assigning spectra to the closest centroid

and then computing the centroid of each cluster again until a convergence is reached.
Principal Component Analysis (PCA):

Principal Component Analysis (PCA) is the most commonly used component
analysis method for MALDI Imaging data representation. Due to the complexity of
the information (i.e. the number of variables) enclosed in a single mass spectrum it

is impossible to visualize the entire dataset in an N-dimensional space.

PCA is capable of reducing the dimensionality of a dataset whilst retaining the
majority of the information contained in the data. Since many variables often contain
redundant information it is possible to replace a group of variables with a single,
more informative, variable (Component) by a linear combination of the single
variables. PCA differs from the other variable transformations employed in statistics

since the data itself determines the transformation vectors.

From a technical standpoint this analysis employs an orthogonal transformation to
convert a set of observations into a set of values of linearly uncorrelated variables
(Principal Component). Orthogonal means that every component is uncorrelated with
the preceding components and these new variables are used to plot the data
distribution. The variables are ordered by their variance (with the first component

accounting for the highest possible variance).

Using PCA, one can represent the full dataset with a few score images corresponding
to first principal components. These score images reveal spatial structures hidden in

the dataset by showing prominent spatial patterns (high intensity regions)?>.
1.4.2 Supervised Data Mining
Receiver operating characteristic (ROC):

A receiver operating characteristic (ROC) curve illustrates the performance of a

binary classifier system as its discrimination threshold is varied. The curve is created
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by plotting the true positive rate (sensitivity) against the false positive rate (1-

specificity) at various threshold settings.

It is a univariate measurement used to assess the ability of a single peak or of a

classifier based on several peaks to differentiate between two populations.

The area under the ROC curve (AUC) measures the discrimination quality in the
interval between 0.5 and 1.0. A perfect discrimination would yield an AUC equal to
1 or 0. The closer the AUC to 0.5, the less useful the m/z value, and the closer it is to

1.0, the more suitable the m/z value is to be used as a univariate criterion?.

1.5 Correlating MALDI-MS images with pathology

Particular pathological regions of interest (ROI) present within the tissue can be well
defined using traditional histopathology stains, with the most widely used being
hematoxylin & eosin (H & E), cresyl violet, methylene blue, toluidine blue, DAPI
and/or immunohistochemistry, directing the analysis towards obtaining region-
specific molecular signatures. There are two different staining approaches which can
be currently used: staining on the same section of tissue used for MALDI-MSI
analysis, both pre and post-analysis, or staining on consecutive tissue sections. While
performing staining on the same tissue used for MALDI-MSI analysis enables
unambiguous correlation of MALDI-MS images with histological images, it can be
potentially hampered by a loss in integrity of the tissue following analysis and/or
removal of the MALDI matrix. Conversely, correlating with consecutive tissue
sections can avoid the aforementioned issue; however, it is not always certain that
the adjacent tissue sections will be identical. If histological staining is to be
performed prior to MALDI-MSI analysis, dyes such as cresyl violet or methylene
blue are preferable since HE dyes interfere with the analysis and affect spectral
quality?’. The resulting histological images can then later be scanned with an optical
scanner and stored in a database. Optimal results can be achieved in microscopic
resolution with an MSI compatible MIRAX SCAN instrument (Carl Zeiss); however,
other scanners that achieve image resolutions greater than 10,000 dpi can also be

used. It is also important to note that using the appropriate digital platforms, such as
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Aperio Spectrum, which are now becoming commonplace in clinical centres in order
to facilitate the sharing of digital slides, a pathologist can annotate these scanned
images electronically in order to highlight regions of interest?®. This can enable the
correct interpretation of the slides by individuals who are not experts in the field of

histopathology and, ultimately, increase the throughput of the analysis.

Various software packages are currently available and can be used to exploit the
unique capability to correlate molecular and histological images. SCils Lab 2014
software enables the importation of histological images and can automatically search
for particular m/z markers that are co-localised with the histopathological
annotations. Furthermore, recent developments in instrumentation have further
facilitated the correlation of MALDI-MS images with histology. For example,
Shimadzu Corporation has recently introduced a novel imaging mass microscope
(iMScope) that combines an optical microscope for the visualisation of high-
resolution images with a hybrid ion trap TOF-mass spectrometer with a MALDI
source. This novel instrument visualises the distribution of molecules in a scanned

tissue sample at atmospheric pressure.

1.6 Applications of MALDI-MS Imaging in Clinical Research

MALDI-MSI is a highly flexible platform and has been successfully employed in
numerous studies, ranging all the way from the study of human diseases to forensic
science. Furthermore, there has been an emerging trend towards combining MALDI-
MSI with clinical imaging techniques, such as Magnetic Resonance Imaging
(MRD?, in a multi-modal manner, highlighting the rapidly evolving nature of this
approach. However, perhaps of greatest clinical relevance is the role of MALDI-MSI
in the study of cancer biology, with studies targeting breast®’, colon®! lung, ovarian®?,
prostate®® and thyroid cancer®* being widely published. Furthermore, MALDI-MSI
approaches in cancer biology have also been applied to novel sample types, such as
cytological smears taken from thyroid via fine-needle aspiration biopsy (FNAB)342®,
further highlighting the flexibility of this technique. In all of these studies, the

primary objective has been to discriminate cancer tissue from the normal and/or
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tumour margin regions and to classify different grades of cancer at a molecular level.
Of particular note, Balluff and colleagues studied tissue taken from gastric and breast
carcinoma patients. They were able to study phenotypic intratumour heterogeneity,
identifying different regions within tumour tissue that appeared homogenous using
traditional histological techniques. Using elegant spatial segmentation and
multivariate analysis methods, they were able to identify tumour sub-populations,
within histologically homogenous regions, that were associated with changes in the
levels of DEFA-1 and Histone H2A. Moreover, by combining this information with
clinical data obtained from the patients studied, they were able to predict the survival
rate of patients based upon the number of observed phenotypic tumour sub-
populations. This is a powerful example of how MALDI-MSI can not only support
traditional histological analyses, but also potentially provide additional, and

clinically significant, information that was previously not possible.

The combination of MSI and histology is now extensively used for pharmacological
research, due to the capability of this technique to simultaneously monitor the
distribution of a drug and its metabolites®®. In addition, with suitable calibration
curves, it is possible to obtain semi-quantitative measurements of drug compound
concentrations®’. Such studies can be used in the pre-clinical phase, filtering out lead
compounds that are shown to accumulate in non-specific regions of tissue and/or
generate toxic metabolites®®. Furthermore, MALDI-MSI techniques are now being
applied in order to image the spatial localisation of drugs and their metabolites within

3D cell-cultures, enabling more detailed information related to the site of action®.

As with proteomic applications, studies are increasingly correlating MALDI-MSI
with traditional histology, focusing on the accumulation of cancer drugs in
heterogeneous tumour tissue environments. One example of this approach was the
study of microvascularization effects of numerous anti-cancer drugs in tumour
tissue®. In another example, MALDI-MSI was used to monitor the distribution of a
targeted medicine, vemurafenib, for malignant melanoma to metastatic lymph nodes
tumours. The study provided evidence that the drug specifically targeted proto-

oncogene BRAF sites, a gene that promotes an expression of the serine/threonine-
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protein kinase B-Raf, that is ultimately responsible for sending signals that are related
to cell growth, and mutations of this gene have been shown to be implicated in cancer.
The ability to monitor the distribution of a drug to histologically specific regions
provides a greater understanding of the mode of action of drugs within particular
disease environments whilst highlighting whether or not a drug targets the intended
site. This can provide an insight into the potential success, or failure, of a developing
drug and help drive the pharmaceutical industry towards the development of

personalised drug therapies.

1.7 Chronic Kidney Disease

The main function of the kidneys is to remove excess fluids and various types of
waste products from the body (e.g. protein degradation products - urea, creatinine
and other metabolites) by naturally filtering the blood. They also help to maintain
homeostasis and regulate blood pressure, electrolytes and pH. Chronic Kidney
Disease (CKD) is a progressive loss in renal function that occurs over a period of
time and develops as a result of organ damage. This damage leads to subsequent
reduction in the number of nephrons, the functional units of the kidney, during the
course of various renal diseases. Clinical guidelines classify the severity of CKD in
five stages, based upon the Glomerular Filtration Rate (GFR), with Stage 1 being the
mildest and stage 5, also called End-Stage Renal Disease (ESRD), being the most

Severe.
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Table 3. The five stages of Chronic Kidney Disease, as classified based upon the Glomerular

Filtration Rate.

Stage Description GFR(mL/min/1.73)

I Kidney damage with a normal/increased GFR | >90

Il | Kidney damage with a mild reduction of GFR | 60-89

"I Moderate reduction in GFR 30-59
IV | Severe reduction of GFR 15-29
V | Full-blown Kidney Insufficiency (ESRD) <15 or Dialysis

CKD is a worldwide public health problem. In the United States alone, the number
of patients enrolled in the ESRD Medicare-funded program has increased from 10
000 beneficiaries in 1973 to 616 000 as of December 2011%; this increase in the
incidence is due to the exposure to many risk factors, coupled with expansion in life
expectancy. Furthermore, CKD is characterized by a high probability of
comorbidities (e.g. cardiovascular disease, obesity, diabetes, and hypertension) and

many of these conditions can be both a cause, or consequence, of the renal disease.

1.8 Proteomics and Glomerulonephritis

Glomerulonephritis (GNs), or Glomerular Kidney Diseases (GKDs) are one of the
most frequent causes of chronic kidney disease (CKD) and a careful assessment of
these diseases is essential for prognostic and therapeutic purposes*. The renal biopsy
is still playing a crucial role for the distinction among the various types of glomerular
diseases (Table 1)*>*%, However, it is an invasive procedure affected by
complications**#°, Therefore, in recent decades, many efforts have been made in
order to identify biomarkers able to discriminate among CKDs using less invasive
and easy-to-collect samples, such as urine and blood. In this context, various
proteomic techniques have played a crucial role in determining the molecular

changes related to disease progression and early pathological glomerular
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modifications*®*’. Moreover, the direct analysis of renal tissue aimed at highlighting

differences in protein expression among a wide range of glomerular conditions,

entirely in situ, represents a new stimulating perspective. The very recent
introduction of MALDI-MS Imaging (MALDI-MSI) of fresh frozen tissue and also

of Formalin Fixed Paraffin Embedded (FFPE) renal biopsies unlocks new technical

opportunities in biomarker discovery.

Table 4. Most relevant types of glomerulonephritis with clinico-pathological features and

treatment options.

Type of GN Clinical picture Laboratory tests Paft_holp 2zl Therapy
indings
- Light microscopy
- Urinalysis - shows mesangial
Nephrotic proteinuria_and expan_sion, B
syndrome hematuria me_sanglgl cell - No specific
- U+Es - renal proliferation and treatment
IgA Nephropathy Hematuria 1 or i_mpairment also thickening of - Statins
2 days aftera | - _Ralsed serum IgA the glomerular - ACE
sore throat is prese_znt |n_50% basement inhibitors
- Confirmational membrane
renal biopsy needed -lgAand C3
deposition
- Urinalysis - - Light microscopy
proteinuria and shows diffuse
Nephrotic hematuria thickening of the - No specific
syndrome - U+Es, lipid glomerular treatment
Membranous . profile_and a'b”m‘.“ basement - Diuretics
Nephropathy Hypertension | - Consider hepatitis membrane and - Statins
and chronic screen and subepitelial _ACE
renal autoantibodies deposits inhibitors
impairment - Renal biopsy - Diffuse
needed for deposition of IgM
definitive diagnosis and C3
- Light microscopy
proteinuria +/- glomerular
Foamy urine hematur_|a_ sclerosis - Steroids
Focal Segmental due to high '.U+ES’ lipid . - Electron - Diuretics
Glomerulosclerosis levels of proflle.and albt_m_un microscopy shows - Statins
(FSGS) protein - Protein/Creatinine | "¢ o of the - ACE
’ ratio L L L
hypertenspn - Renal biopsy ep:‘thellal podocyte inhibitors
moowne | meseitor | fotprocsse
Lo definitive diagnosis
impairment segmental
distribution
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1.8.1 IgA Nephropathy

IgA nephropathy (IgAN) is the most common GN worldwide*® and may present in
an isolated manner or in the context of other clinical conditions (e.g. Henoch-
Schoenlein purpura-HSPN- and HCV infection®®!. Studies investigating the
molecular and cellular interactions involved in the pathogenesis of IgA nephropathy
have highlighted the abnormal production, and consequent handling, of IgAl. The
pathogenesis of this disease has been further reviewed by Wyatt et al and noted an
unusual secretion of a particular polymeric form of IgA1 (plgAl) with a structural
alteration related to the O-glycosilation process®’.. As a result, circulating
nephritogenic immune complexes form and are deposited in the glomerular
mesangium. These deposits of immune complexes promote the proliferation of
resident mesangial cells, which ultimately leads to an increased production of
extracellular matrix proteins. Additionally, a number of inflammatory cytokines that
are produced by the mesangial cells damage the filtration barrier, which results in
hematuria, proteinuria, and, ultimately, progressive renal damage.Although the
levels of galactose-lacking plgAl are often high in the sera of IgAN patients®, and
could be used to detect individuals affected by IgA Nephropathy, the low
sensitivity/specificity of this test does not enable the replacement of the more
invasive renal biopsy in the assessment of these cases®*. However, many proteomic
techniques have been employed for detecting alternative diagnostic biomarkers both
in urine and serum samples. Those proteins found to be differentially expressed in
IgAN patients, detected by using MS-based proteomic approaches, are summarised
in Table 5.
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Table 5. Summary of the differentially expressed proteins detected in 1gA Nephropathy through

the use of MS-based proteomics.

Study Disease Marker Sample
Type
Park (2005) | IgAN Thirty-five polypeptides including those derived from: Urine

zinc finger proteins 324 and 155, GRFB2-related protein 2,
phosphatidylinositol 3-kinase

Park (2005) | IgAN | Twenty-seven polypeptides including those derived from: Urine
signal-induced proliferation-associated protein 1, insulin

receptor precursor, NADH-ubiquinone oxidoreductase

Julian IgAN Ninety-five polypeptides including those derived from: Urine
(2007) collagen alpha-1 (1) and (1), alpha-1-antitrypsin,
uromodulin, membrane-associated progesterone receptor

component, apolipoprotein A-I

Julian IgAN Twenty-five polypeptides including those derived from: Urine
(2007) collagen alpha-1 (1)

Kaneshiro IgAN 92 peptides, among which: fragments of fibrinogen alpha Serum
(2009) chain, complement C3f and kininogen-1 light chain

Kalantari IgAN | afamin, leucine-rich alpha-2-glycoprotein, ceruloplasmin, Urine
(2013) alpha-1-microgolbulin, hemopexin, apolipoprotein A-I,

complement C3, vitamin D-binding protein, beta-2-

microglobulin, and retinol-binding protein 4

Graterol IgAN Bradykinin, uromodulin, Urine
(2013) and alpha-1-antitrypsin Serum
Sui (2014) IgAN B-2-microglobulin, annexin A1, complement C5, retinol- Tissue

binding protein 4 (RBP4) and argininosuccinate synthase

1.8.2 Membranous Nephropathy

Membranous Nephropathy (MN) is an immunocomplex mediated renal disease that
represents the leading cause of nephrotic syndrome in adults and is one of the most
frequent glomerulopathies worldwide®>®. Notwithstanding its relatively low
incidence rate, many cases of MN progress to end-stage renal disease (ESRD),
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having a clear negative impact upon the patients' quality of life and healthcare costs®”
59, This glomerular disease can manifest as primary (idiopathic)®® or secondary®'-%4
and in the latter occurs as a result of underlying systemic conditions which can be
brought about due to treatment with therapeutic agents (eg. NSAIDs), malignancies
or autoimmune rheumatologic conditions. This distinction is crucial when choosing
the most appropriate approach for MN patients. In secondary cases, the best strategy
consists in treating the underlying disease®®®, which results in a consequent
improvement of the patient's renal condition. On the contrary, in primary forms
clinicians would desire a final confirmation of the idiopathic origin of the disease to
avoid improper medical investigations and to manage the more correct protocols®>
", For these reasons, the discovery of useful biomarkers seems mandatory’>"3. An
important step in this field has been reached by Beck et al. with the identification of
circulating auto-antibodies directed against a normally expressed podocyte
membrane antigen, the M-type phospholipase A2 receptor (PLA2R), which is present
in at least 70% of patients with idiopathic (iMN)"*. Recently, a further contribution
to this field was provided by Tomas et al. with the description of another podocyte
membrane antigen, termed thrombospondin type-1 domain-containing 7A
(TSHD7A), which was able to account for a further 5% of iIMN cases’.
Alternatively, the evidence of restriction to a particular subtype of immunoglobulins
(1gG4) in the context of iIMN immunocomplexes and the relative absence of these
antibodies in secondary forms may represent another crucial element for the

discrimination of iMN subtypes’.

1.8.3 Focal Segmental Glomerulosclerosis

Focal segmental glomerulosclerosis (FSGS) is characterized by sclerotic processes
that affect a partial number of glomeruli (focal) with a limited extension among the
glomerular structures (segmental)’®. These sclerotic processes lead to the destruction
of glomerular capillary tufts and increased matrix. Primary, or idiopathic, FSGS is
considered to be associated with podocyte injury and the mechanisms underlying this
podocyte damage have been extensively investigated. A number of circulating

factors that could affect the permeability barrier of the podocyte have been proposed,
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but not proven to cause FSGS. Furthermore, FSGS may also be caused by genetic

alterations that affect those genes that are responsible for regulating and maintaining

the actin cytoskeleton of podocytes, as well as the foot process structure. A wide

range of MS-based proteomic approaches have been employed in order to detect

diagnostic markers of FSGS, and are summarised in Table 6.

Table 6. Summary of the differentially expressed proteins detected in 1gA Nephropathy through

the use of MS-based proteomics.

Study Disease Marker Sample Type
Shui FSGS Extracellular matrix protein 1, cerberus, ADAM 32, Urine
(2008) kininogen-1 precursor, GST, apoptosis-inducing
factor-2, annexin A1, albumin, serotransferrin,
carboxylesterase N, cysteine sulfinic acid
decarboxylase, tropomodulin-4, sorbitol
dehydrogenase 1, protein-b-aspartate
methyltransferase, and Rab GDP dissociation
inhibitor
Hellin FSGS Fragments of albumin, 2 of them apparently Serum
(2009) containing peptides from both C- and N-terminal
parts of the whole protein.
Kalantari FSGS Apolipoprotein A-1, Matrix-remodeling protein 8, Urine
(2014) Ribonuclease 2 and haptoglobin
Nafar FSGS CDb59, CD44, IBP7, Robo4, and DPEP1 Urine
(2014)

1.9 MALDI-MS Imaging and Glomerulonephritis

MALDI-MSI has also become an important tool in the investigation of renal diseases,

studying proteins/peptides, lipids and drugs in both animals and humans. One

approach involved the isolation of glomeruli from rats with focal segmental

glomerulosclerosis (FSGS) via laser capture microdissection (LCM) and analysed

using MALDI-MSP®. The authors demonstrated that they were able to generate

proteomic patterns of sclerotic and nonscleoritc gomeurli within FSGS. However,
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they also noted that the proteomic patterns of nonsclerotic glomeruli were more
similar to sclerotic glomeruli than to completely healthy glomeruli, postulating that

that there is an early activation of sclerotic processes occurring at the molecular level.

Furthermore, the pathogenesis of IgA nephropathy (IgAN) was investigated in a
mouse model that spontaneously develops mesangioproliferative lesions with IgA
deposition, comparable to the human disease’’. The molecular distribution of a
number of lipids was mapped in the hyper-IgA (HIGA) murine kidneys using
MALDI-MSI. Interestingly, a number of lipids were found to be over-expressed in
the cortical region of the HIGA kidney, with respect to controls; for example O-
phosphatidylcholine, PC(0O-16:0/22:6) and PC(0-18:1/22:6).

The application of MALDI-MSI directly on bioptic renal tissue in order to highlight
differences in protein expression among a wide range of glomerular conditions
represents a new stimulating perspective®. Through the correlation of molecular with
histological information, along with the direct collaboration with nephropathologists,
facilitates the detection of specific proteomic indicators that are directly correlated
with the pathological alterations that occur within the glomeruli, or tubules, during
the development of glomerulonephritis. Given the small amount of tissue made
available through the bioptic procedure (renal biopsies are commonly ~10mm in
length and ~3mm in diameter), correlation with the histological features represents a

crucial step in the study of glomerular diseases.

Mainini et al. first applied MALDI-MSI to human renal tissue obtained by biopsy in
order to evaluate the feasibility of this modern proteomic approach, analysing renal
biopsies from patients with MN (Stages | and Il, n=12), Minimal Change Disease
(MCD, n=3) and normal cortical biopsies (Controls, n=3)%. Interestingly, it was
determined that the glomeruli and tubules of healthy tissue presented similar
proteomic profiles. However, in the case of primary glomerulonephritis, glomeruli
and tubules presented different protein profiles. Furthermore, altered protein
expression compared to controls was evident between different types of primary

glomerulonephritis, such as MN and MCD. Finally, tubules affected by GN, even
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without morphological evidence of the disease, showed a different protein profile
compared to controls. Thus, it is possible to detect early molecular alterations of the
disease that are not accessible by traditional histological methods. This feasibility
study highlighted the potential role that MALDI-MSI could play in the detection of

diagnostic biomarkers associated with primary glomerulonephritis®.
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2 SCOPE OF THE THESIS

The body of work enclosed in this thesis follows the application of MALDI-MS
Imaging to fresh-frozen and formalin-fixed paraffin-embedded renal biopsies in
order to detect diagnostic and prognostic molecular markers associated with the most

common forms of glomerulonephritis.

Chapter two: development and optimisation of a protocol for the analysis of
formalin-fixed paraffin-embedded tissue samples that is compatible with the routine

clinical workflow.

Chapter three: analysis of fresh-frozen renal biopsies in order to detect proteomic
signatures of the most common forms of glomerulonephritis as well as potential

markers associated with chronic kidney disease progression.

Chapter four: analysis of formalin-fixed paraffin-embedded renal biopsies in order
to generate proteomic signatures of primary and secondary Membranous
Nephropathy from which potential molecular markers that can discriminate between

these two forms of Membranous Nephropathy can be obtained.
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ABSTRACT

Recent advancements in Matrix Assisted Laser Desorption/lonisation (MALDI)
Mass Spectrometry Imaging (MSI) technology have enabled the analysis of formalin-
fixed paraffin-embedded (FFPE) tissue samples, unlocking a wealth of new
proteomic information and facilitating the possibility of performing studies with
higher statistical power as well as multi-centric collaborations within the field of
proteomics research. However, current methods used to analyse these specimens are
often time-consuming and they need to be modified when applied to human tissue of
different origin. Here we present a reproducible and time-effective method that could
address these aforementioned issues and widen the applicability of this technology
to a number of challenging tissue types. Additionally, tissue molecular images show
high spatial resolution and a strong correlation with the morphological features,
enabling the identification of tissue morphology using statistically derived

visualisation, without any prior knowledge.

Keywords: Proteomics; MALDI-MSI, Imaging Mass Spectrometry; FFPE
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1 INTRODUCTION

Matrix Assisted Laser Desorption/lonisation Mass Spectrometry Imaging (MALDI-
MSI) has high potential in providing clinical translational applications for disease-
related protein identification, especially in histopathology. Indeed, MALDI-MSI is
commonly used to visualise the spatial distribution of proteins and peptides in
pathological tissue sections directly in situ, matching specific morphological criteria
with exact localisation. It can also target a number of other analytes including lipids,

metabolites and xenobiotics.

This proteomic technique was traditionally developed for the analysis of fresh-frozen
tissue sections? and it has been successfully used in preclinical and clinical
investigations showing a variety of applications in several fields such as oncology,®
degenerative disorders* and immunological diseases.>® Different types of tissues
have been used in these studies, including brain, breast, ovarian, prostate,
gastrointestinal and kidney tissues. Interestingly, recent pilot studies have also
applied this methodology to samples different from fresh-frozen tissues, such as
cytological smears,”® widening the scope of this type of analysis. However, since all
these specimens require fresh material, MALDI-MSI has been limited to centres
containing both MALDI mass spectrometers as well as their own pathology
department, which are required in order to avoid the sample degradation that may
occur during shipment unless very stringent and expensive methods are followed.
Consequently, the recruitment of a number of patients sufficient to increase the
robustness of the outcome has become a challenging aspect of clinical studies
focused on MALDI MSI.°

The most promising strategy for overcoming these limitations for proteomic analyses
could be represented by formalin-fixed paraffin-embedded (FFPE) tissues, allowing
access to large collections of clinically annotated samples and enabling the tissue
preservation of samples when stored at room temperature for long periods. Despite
these advantages, the application of MALDI-MSI is much more troublesome than

with fresh-frozen tissues. More specifically, the analysis of FFPE tissues requires a
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more complex and time-consuming sample preparation, limiting the widespread use
of this methodology in proteomic research, with deparaffinisation, rehydration,
antigen retrieval and enzymatic digestion representing the most important FFPE
tissue-specific issues.® Although general methods applicable to different tissue types
have been suggested,'! several parameters should often be optimised specifically for

each different tissue in order to achieve usable results.1>14

Therefore, we propose a reproducible and easy-to-perform strategy that fulfils the
requirement of a generic method for the MALDI-MSI analysis of human FFPE

specimens and performs optimally with tissues of different origin.

2 MATERIALS AND METHODS

The study was conducted on the left-over material according to the local Ethics Board
rules; FFPE blocks of different human tissues were taken from the archive of the
Department of Pathology, San Gerardo Hospital, Monza, Italy. The tissues were
fixed according to standard routine methods, with a timing of 24 to 48 hours for
surgical specimens. For autoptic samples, no rigorous standardisation was applied
and the fixation time ranged between 24 hours and 5 days. After the fixation phase,
inclusion was performed using an automatic Tissue Processing Centre (TPC 15
Duo/Trio, Medite, MeBurgdorf, Germany). Different human tissue specimens were
chosen to evaluate the analytical method. The specimens selected included the human
brain, cerebellum and cerebral cortex, from autopsy; normal Kkidney from
nephrectomy specimens performed for neoplasia; normal thyroid residual from
multinodular goiter and normal small bowel from pancreatectomy for ductal
adenocarcinoma. For each block, 5 micron thick sections were cut and mounted on
conductive Indium Tin Oxide (ITO)-glass. The slides were stocked at room
temperature until the day of the analysis. Each slide was treated using method (A)
derived from published studies'>*® and with our method (B).

Method A: the slides were washed twice for 5 min with high performance liquid
chromatography (HPLC) grade xylene; then for 5 min with EtOH (90-70-50-30%)
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followed by 10 mM ammonium bicarbonate buffer (twice for 3 min); the antigen
retrieval was performed in a bath of 20 mM Tris-HCI buffer, pH 9 at 97 °C for 30

min.

Method B: the slides were first left in the oven for 1 hour at 65 °C then washed three
times for 2 min with high performance liquid chromatography (HPLC) grade xylene;
then with 100% EtOH (twice for 3 min); with 70% EtOH (once for 3 min); and with
HPLC grade H20 (twice for 2 min); the antigen retrieval was performed in a bath of
10 mM citric acid buffer at 97 °C for 30 min followed by 2 min in a histology glass
container with HPLC grade H20.

Afterwards, trypsin deposition (Sigma-Aldrich, Chemie Gmbh, Steinheim,
Germany, 100 ng ul™!) was performed using the ImagePrep (Bruker Daltonics,
Bremen, Germany) automated spraying system and then left in a humid chamber for
2 hours at 45 °C for method B instead of the approximate 3 hours at 37 °C used for
method A. Finally, matrix deposition for MALDI analysis was performed by
spraying cyano-4-hydroxycinnamic acid (7 mg ml™t) using the ImagePrep (Bruker

Daltonics, Bremen, Germany).

All the mass spectra were acquired in reflectron positive mode in the mass range of
m/z 800 to 4000 (approximately 9000 spectra per tissue section) using an
UltrafleXtreme mass spectrometer (Bruker Daltonics, Bremen, Germany). The
spectra were collected with a laser diameter of 50 microns and 80 micron raster. After
MALDI analysis, the matrix was removed with increasing concentrations of EtOH
(70% and 100%) and the slides were stained using haematoxylin & eosin. The slides
were converted to digital format by scanning using a ScanScope CS digital scanner
(Aperio, Park Center Dr., Vista, CA, USA), thus allowing the direct overlap of
images and the integration of proteomic and morphologic data. FlexImaging 3.0
(Bruker Daltonics, Bremen, Germany) data, containing spectra of each entire
measurement region, were imported into SCILS Lab 2014 software (http://scils.de/;
Bremen, Germany) after the acquisition. SCILS was used to perform a series of pre-

processing steps on the loaded spectra: baseline subtraction (TopHat algorithm'’) and
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normalisation (total ion current algorithm*®). A series of further steps were performed
in order to generate an average (avg.) spectrum representative of the whole
measurement region: peak picking (orthogonal matching pursuit algorithm?®), peak
alignment (to align the detected ions with peak maxima?®2') and spatial denoising
(http://scils.de/; SCILS Lab; 8.8 Spatial Denoising). Reproducibility of methods was
evaluated based on the number of ions, variance and standard deviation of their
intensity. Moreover, Principal Component Analysis (PCA) and Hierarchical
Clustering (HC), in particular using the bisecting K-means algorithm, were also
performed. The spectra showing comparable features were grouped under the same
node and then selected and assigned a specific colour based upon their similarity.
Each colour was assigned to a group of pixels and used to generate an image
representative of the tissue sections.

3 RESULTS

The main aim of the study was to set up a reproducible and easy-to-perform method
useable with different human tissues of different origin, process (autopsy and
surgery) and fixation time. Firstly, the proposed method (B) was compared to the one
derived from the literature (method A) using human brain and thyroid specimens.
Then, the analytical features of the proposed method were evaluated in order to
ensure the robustness of the method with other human tissues: kidney and small

bowel.
3.1 Comparison of methods

The method derived from published studies (method A) and the modified version
(method B) were initially compared using human brain sections, one of the most
heterogeneous and challenging samples, and then using thyroid tissues. The average
spectra of the two different areas of human brain, cerebellum and cortex, showed a
remarkable difference between the two methods, as visualised in Fig. 1 (left and

middle panels).
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Figure 1. Comparison of method A (blue) and method B (red) using average spectra obtained
from the brain cortex (top) and cerebellum (bottom). The differences are highlighted using the
overview spectra (left panel), the zoomed spectra (central panel) and ions with a particular spatial
localisation in the cerebral cortex (m/z 1516, m/z 1744) and cerebellum (m/z 872, m/z 1421),

respectively (right panel).

The majority of the ions (m/z) had an enhanced intensity when using method B in
comparison with method A. These differences can be better evaluated in the zoomed
spectra (Fig. 1; middle panels). For most of the signals (m/z), such as those shown in
Fig. 1 (right panels), the low intensity observed in samples prepared with method A
could hamper the acquisition of the MS/MS spectra. The number of signals in the
average mass spectrum of the whole sections and different histological areas within
the cerebral cortex and cerebellum (inner glia, granular layer, molecular layer, white
and grey matter and meninges) was always higher with method B than with method
A (Table 1), independently from the considered mass range (Fig. 2).

Table 1. Overview of the number of ions (peaks; m/z) detected in the average spectrum of the
cerebellum, brain cortex and their sub-regions and thyroid using method A (A) and method B (B)
along with the signal-to-noise ratio and intensity (expressed as arbitrary intensity, a.i.) ranges of

the five most intense ions detected in the average spectrum of the cerebellum, brain cortex and

thyroid
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n° of peaks in the S/N range of the Intensity range of the

Tissue Avg. Spectrum five most intense peaks  five most intense peaks
A B A B A B

Cerebellum 155 292
i 128 286

Inner glia 23-33  32-60 1.8-49 42-86
Granular layer 136 291
Molecular layer 129 282
Brain Cortex 160 289
Whit tt 185 316

e 15-29 45-62 27-39 49-75
Grey matter 171 301
Meninges 0 310

Thyroid 256 570 20—26 30-69 3.7-5.1 7.4-92

Peak Distribution
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Figure 2. Distribution of the number of ions detected in different mass ranges across the average
mass spectra obtained from the cerebral cortex and cerebellum, comparing method A with
method B.

Indeed, not only was the signal intensity higher with method B than with method A
but also the signal-to-noise ratios were better, as shown by using the five most intense
signals (Table 1).
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Similarly, in thyroid specimens, we detected more than 500 signals with method B
and approximately 250 with method A. Additionally, the signals detected with

method B also had a higher intensity and signal-to-noise ratio (Table 1).
3.2 Spatial distribution

To investigate whether method B does not promote protein/peptide delocalisation,
molecular images of the human cerebellum were generated using peptides with
different localisation, but specific for particular morphological regions, and
compared with those derived from method A, as shown in Fig. 3 (MALDI-MS
molecular images). The spatial distribution of peptides at m/z 872, 1051, 1421 and
1744 in the cerebellum and cerebral cortex enables the generation of well-defined
molecular images that correlate with areas of specific morphology using method B
but not with method A, as highlighted in Fig. 3.

HAEMATOXYLIN | MALDI-MS MOLECULAR IMAGES | HIERARCHICAL CLUSTERING ANALYSIS (HCA)
EOSIN Method A Method B Method A Method B

y ¥ 8 0 ® Meninges  Grey Matter
% White Matter

Cerebral Cortex

Fig. 3. MALDI-MSI analysis of human brain FFPE tissues. Hematoxylin & eosin stained images
of tissue sections taken from human cerebellum and cerebral cortex (left). Examples of MALDI-
MS images of peptides localised to distinct morphological regions of the brain, shown as an
overlay, and used to visualise the entire section (centre). Visualisation of the hierarchical
clustering analysis, indicating the spectral similarities (represented as colour-coded pixels) are
correlated with morphological regions of the brain (right): the molecular layer, cortex (blue), the

granular layer (green) and the inner glia (red) for the cerebellum and grey matter (blue) and
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white matter (green) for the cerebral cortex. In the specimens taken from the cerebral cortex, a

cluster of spectra is associated with the meninges (yellow).

To further investigate the potentiality of method B, we submitted the entire dataset
of mass spectra of these two tissues to Hierarchical Cluster Analysis (HCA) in blind
mode. The HCA classified spectra are based upon their similarities, under specific
nodes, and generated a colour-coded image correlating with these nodes (Fig. 3, right
column, HCA). The generated clusters of spectra successfully classified regions of
the external molecular layer of the cerebellum cortex, the granular layer and the inner
glia with a notable improvement in image resolution using data belonging to method
B compared with method A. These findings were also confirmed in the cerebral
cortex. Additionally, in specimens analysed with the proposed method, a cluster of

spectra that could be associated with the meninges was also observed.
3.3 MALDI-Imaging with different human tissues

Based on the encouraging results obtained with brain (cerebellum and cortex) and
thyroid tissues using the modified method (B), we investigated its performance with
other tissues with different cellular composition: normal kidney and duodenum. For
this purpose, three sections of each specimen were prepared using method B and
analysed. Average spectra obtained from each of the different tissue types by the
application of this method are shown in Fig. 4. A high number of signals
(approximately 300 per each specimen, similar to brain tissue) of high relative
intensity were also obtained for these tissues (Table 2). Additionally, almost all of
the ions present in the spectra were within the m/z 800—2500 range with only a few
signals above m/z 3000, thus suggesting that complete digestion had occurred within
the 2-hour incubation period. Finally, different proteomic profiles were observed for

each tissue type.
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Ducdenum

Kidney

Thyroid

Thyroid

Figure 4. Comparison of the average spectra of human brain, duodenum, kidney and thyroid
samples. On the left, hematoxylin & eosin staining of the aforementioned tissue sections derived
from FFPE blocks is shown. On the right, average spectra obtained from each tissue type are
shown in the mass range of m/z 800 to 3500. The intensity of the signals is expressed in arbitrary

units (a.u.).

Table 2. The number of ions (peaks; m/z) detected, the average number and the standard
deviation of their intensity in different sections of human FFPE tissues obtained from the three

different analytical assays.

Experiment1 Experiment2 Experiment3 Avg StDev
Tissue n° of Peaks n° of Peaks n° of Peaks n° of Peaks (% peak intensity)

Cerebellum 314 299 295 303 <7%
Cerebral Cortex 315 282 296 298 <10%
Thyroid 577 552 596 575 <8%
Kidney 283 264 268 272 <3%
Cortex 344 360 317 340 <9%
Medulla 328 349 356 344 <3%
Duodenum 320 296 286 301 <4%
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3.4 Reproducibility

The analytical variability of method B was evaluated by analysing three consecutive
sections of each tissue type in three different days and by three different operators.
The results showed a reproducible number of ions detected for all specimens in the
three analytical sections with an average number of approximately 300 signals for all
specimens, and with a standard deviation of the intensity for all ions present in the
mass spectra always below 10%. (Table 2). A particularly higher number (more than

500 ions) was obtained for the thyroid tissues.

An example of results obtained in the three consecutive days of analysis of normal
human cerebellum is shown in Fig. 5. The average number of signals present in the
three spectra was 303 + 10, with all the standard deviations of their intensity below
7%, underlining a good level of reproducibility (Fig. 5a). To further strengthen these
findings, PCA was performed on the entire dataset (~25 000 spectra), with each point
on the PCA score chart representing an individual spectrum (Fig. 5b). The
homogeneous and concentric distribution, along with the absence of isolated clusters

within the dataset emphasises the low variability between the three experiments.
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Figure 5. Average mass spectra obtained by analysing three consecutive sections of the human

cerebellum independently. (a) Zoomed regions of spectra in the mass range of m/z 800 to 1800

(top) and m/z 1800 to 3500 (bottom). (b) Variability present within the data as represented by a
three-dimensional PCA score chart incorporating the entire dataset, with each pixel representing

an individual spectrum (green: experiment 1; orange experiment 2, blue: experiment 3).

4 DISCUSSION

Recently, numerous groups have published successful methods for the management
of FFPE tissues for MALDI-MSI analysist*-1’ and several reviews have outlined the
challenging points of these procedures.®?2 However, these methods are generally
evaluated using only one type of tissue sample, with no comparison between different
biological specimens, and they usually require further specific optimisation
depending upon the tissue type. The method described here is easy-to-perform,
reproducible and could be useful in the analysis of different FFPE tissues. Moreover,
the method is more time-effective, taking on average no longer than 4-5 hours to
prepare a tissue section for MALDI-MSI. The performance of this method was

evaluated, using features such as the number of signals, the signal-to-noise ratio, the

64



intensity of the five most abundant ions and molecular images, and was shown to be

enhanced when compared to the method derived from previous studies (Table 1).

Some modifications to the recently published methods*® seem to be relevant in order
to widen its application. Three critical steps were addressed in this method: paraffin
removal, antigen retrieval and on-tissue digestion with trypsin. Firstly, more efficient
deparaffinisation and tissue adhesion could be achieved by placing the glass slides in
an oven at 65 °C for an hour prior to washing with xylene. As a result, the total
washing time with xylene is greatly diminished and the efficacy enhanced, also
preventing tissue distortion due to long-term xylene immersion. The second crucial
step regards the fixation. Although the reaction of formaldehyde with basic amino
acid residues, such as arginine or lysine, preserves tissue integrity and cellular
constituents, the formation of these methylene bridges alters the three-dimensional
configuration of the proteins and leads to inefficient protein recovery.!! This protein
cross-linking can be overcome by the process of antigen retrieval, resulting in the
unmasking of epitopes and partial unfolding of proteins. During the antigen retrieval
phase, the combination of citric acid buffer with a gradual increase and decrease in
temperature at the start and end of the phase avoids thermal shock and damage to the
tissue structure. Moreover, we examined tissues of different origin using our method
(both autoptic and bioptic specimens). The results obtained with all the investigated
specimens highlighted that the proposed method is reproducible, irrespective of the
origin of the tissue (Table 2). In order to be detectable via MALDI-MSI, proteins
present in FFPE tissues must be digested, most commonly enzymatically using
trypsin. Our incubation step during tryptic digestion has been reduced to only 2 hours
and was shown to be sufficient for use with tissues of varying origin and fixation
time (Fig. 4). Moreover, one of the major problems attributed to trypsin deposition
is the delocalisation of peptides, being a strong aqueous based step. The results
highlighted that our protocol well preserved the spatial distribution of the analytes,
enabling the visualisation of different peptides with localisation related to different
morphological features (Fig. 3). This could potentially be a result of the reduced

incubation time for tryptic digestion, ensuring that the tissue remains in a humid
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atmosphere for the minimum amount of time possible, along with a successful
enzymatic process. Generally, the proposed method is both time- (4 hours for a
complete experiment) and cost-effective as well as being able to provide mass spectra
of high quality with different specimens prepared with different fixation times (Fig.
4). In particular, we chose tissue types that are particularly challenging for proteomic
analysis, such as lipid-rich nervous tissues of cerebellum and cerebral cortex, highly
hemoglobin-rich kidney sections, colloid-embedded thyroid follicles and visceral
organs with a succession of overlapping layers such as mucosa, submucosa,

muscularis and peritoneum.

In each of these cases, the mass spectra were of the same high quality (high number
of ions with a higher relative intensity) and displayed significantly different
proteomic profiles which could potentially be used to classify sub-areas of tissue of
pathological interest. Additionally, we have also highlighted that our protocol is
highly reproducible, even when performed by different operators (Fig. 5). More
interestingly, by submitting the raw data on the entire dataset in blind mode to HCA,
it was possible to successfully distinguish regions of tissue based upon their spectral
differences, even in instances where these regions are very small but also potentially
significant (Fig. 4, yellow spots on the meninx vessels). Additionally, great benefits
could be derived from the application of our method to other proteomic strategies
such as on-tissue MS/MS, due to the higher ion intensity (Fig. 1, right panel), and
nanoLC-ESI-MS/MS with a micro-extraction strategy?® due to the peptide
localisation within the tissue being preserved. These techniques could enable the
attainment of information regarding the identity of proteins detected in FFPE tissues
which can act as biological markers of disease, providing diagnostic, prognostic and

potentially therapeutic significance.
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ABSTRACT

Idiopathic glomerulonephritis (GN), such as membranous glomerulonephritis
(MGN), focal segmental glomerulosclerosis (FSGS) and IgA nephropathy (IgAN),
represent the most frequent primary Glomerular Kidney Diseases (GKDs)
worldwide. Although the renal biopsy currently remains the gold standard for the
routine diagnosis of idiopathic GN, the invasiveness and diagnostic difficulty related
with this procedure highlight the strong need for new diagnostic and prognostic
biomarkers to be translated into less invasive diagnostic tools. Matrix Assisted Laser
Desorption/lonisation Mass Spectrometry Imaging (MALDI-MSI) was applied to
fresh frozen bioptic renal tissue from patients with a histological diagnosis of FSGS
(n=6), IgAN, (n=6) and MGN (n=7), and from controls (n=4) in order to detect
specific molecular signatures of primary glomerulonephritis. MALDI-MSI was able
to generate molecular signatures capable to distinguish between normal kidney and
pathological GN, with specific signals (m/z 4025, 4048 and 4963) representing
potential indicators of CKD development. Moreover, specific disease-related
signatures (m/z 4025 and 4048 for FSGS, m/z 4963 and 5072 for IgAN) were
detected. Of these signals, m/z 4048 was identified as a-1-antitrypsin (A1AT) and
was shown to be localised to the podocytes within sclerotic glomeruli by
immunohistochemistry. A1AT could be one of the markers of podocyte stress that is
correlated with the development of FSGS due to both an excessive loss and a

hypertrophy of podocytes.

ABBREVIATIONS

AlAT — o-1-antitrypsin, CKD — Chronic kidney disease, eGFR — Estimated
glomerular filtration rate, FFPE — Formalin-fixed paraffin-embedded, FSGS — Focal
segmental glomerulosclerosis, GKD — Glomerular kidney disease, GN — Idiopathic
glomerulonephritis, IgAN — IgA nephropathy, MCD — Minimal change disease,

MGN — Membranous glomerulonephritis, SA — Sinapinic acid
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STATEMENT OF SIGNIFICANCE

The body of work enclosed in this manuscript presents MALDI-imaging as tool
useful for detecting molecular signatures of glomerulonephritis and highlights the
added value of correlating in situ proteomic information with urinary proteomics
when attempting to identify translatable disease markers. Such molecular signatures
could potentially assist in the routine diagnosis of idiopathic glomerulonephritis,
where there is a need for less-invasive markers due to the potential complications and
diagnostic difficulty associated with the renal biopsy. Specifically, the study employs
MS-Imaging and immunohistochemistry to identify and validate one particular
protein, a-1-antitrypsin, that was found to be localised in the podocytes of sclerotic
glomeruli. This finding suggests that a-1-antitrypsin may be implicated in the
development of sclerotic lesions and could represent a marker of podocyte stress, an
early sign of glomerulonephritis progression. Several fragments of this protein were
also detected in urine and were shown to be over-expressed in the urine of patients
who progressed to the latter stages of Chronic Kidney Disease. Therefore, a-1-
antitrypsin may represent a potential non-invasive proteomic indicator of the

progression of glomerulonephritis.
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1 INTRODUCTION

Glomerular kidney disease (GKD) represents the third leading cause of end-stage
renal disease (ESRD) in Western countries. Clinicians classify GKD in primary and
secondary forms based on etiopathogenetic criteria. The former includes idiopathic
glomerulonephritis (GN), such as membranous glomerulonephritis (MGN), focal
segmental glomerulosclerosis (FSGS) and IgA nephropathy (IgAN), that represent
the most frequent primary GKDs worldwide?3. Currently, the renal biopsy remains
the gold standard for routine diagnosis *. However, the availability of pathological
renal tissue also provides a great opportunity for the research of new diagnostic and
prognostic markers that are potentially transferable into less invasive diagnostic tools
if they are also detectable in biological fluids such as urine or serum. For this purpose,
proteomic approaches are currently very promising and, among them, Matrix-
Assisted Laser Desorption/lonisation Mass Spectrometry Imaging (MALDI-MSI)
represents a potential technology that can be employed for biomarker discovery,
providing the capability to match traditional morphological data related with
pathology to proteomic information. Recent feasibility studies showed the possible
application of MALDI-MSI in this field, showing the existence of alterations in the
tissue protein profiles of MGN and minimal change disease (MCD) patients®.
Interestingly, these modifications were observed not only in tissue areas with evident
pathological alterations, but also in regions with morphologically normal appearance,
thus highlighting the potentiality of MALDI-MSI in nephropathology. In this
complex background, we analyzed fresh-frozen tissue from heterogeneous forms of
primary GN (FSGS, IgA and MGN) by MALDI-MSI in order to investigate the
potential application of this technique in GNs more deeply and explore the

identification of possible new indicators of CKD progression.
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2 MATERIALS AND METHODS
2.1 Materials

Conductive indium tin oxide (ITO) glass slides, Protein Calibration Standard | and
Peptide Calibration Standard | were purchased from Bruker Daltonik (Bremen,
Germany). Sinapinic Acid (SA), a-cyano-4-hydroxycinnamic acid (CHCA), HPLC
grade acetonitrile, ethanol and trifluoroacetic acid (TFA) were purchased from
Sigma-Aldrich Chemie (Buchs, Switzerland). Tissue-Tek® O.C.T. Compound was
obtained from Sakura® Finetek (Alphen aan den Rijn, Netherlands). Alpha-1
antitrypsin (A1AT) polyclonal rabbit Ab was purchased from Dako (Glostrup,

Denmark).
2.2 Tissue samples

The study included only primary GNs classified as idiopathic according to the strong
clinical criteria presented in Table 1. Fresh-frozen biopsies taken from patients, who
underwent renal biopsy with a histological diagnosis of FSGS (n=6), IgAN, (n=6)
and MGN (n=7), were collected. Normal cortical biopsies (controls, n=4)
corresponded to regions of kidney obtained from radical nephrectomy during tumour
treatment. Control patients had no history of functional renal disease. The study was
approved by the local Ethical Boards. Renal specimens were embedded in Tissue-
Tek Optimal Cutting Temperature within 30 min of biopsy execution or surgical

procedure.
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Table 1. Clinical criteria used to determine the primitivity of MGN, FSGS and IgAN patients.

Criteria

MGN | - Antinuclear antibodies (ANA) below a titer of 1:80

- Negativity for Anti-double stranded DNA antibodies

- Absence of histological signs of lupus membranous nephritis (type V lupus
nephritis)
- Negative HBV and HCV serology

- Negativity for malignancy

FSGS |- Serological negativity to HIV1, SV40, CMV, EBV, parvovirus B19
- No history of systemic hypertension
- No renal dysgenesia/abnormalities

- No history of drug abuse

IgAN | - Clinical presentation inconsistent for Henoch-Schoenlein purpura

- Negative serology for HCV infection

2.3 Sample preparation

For each specimen, two 4 pum thick sections were cut and thaw-mounted on the same
conductive Indium Tin Oxide (ITO) glass slide (Bruker Daltonik GmbH, Germany)
and stabilised for 30 minutes in a conventional dry oven at 85°C (Tecnovetro s.r.l.,
Monza, Italy). The slides were then stored at -80°C until the day of analysis. Glass
slides were thawed by desiccation for 30 minutes and then washed in a graded series
of ethanol (70, 90 and 95%). Following the washes, they were again dried for 10
minutes via desiccation. Sinapinic acid (SA) was deposited on the slide through a
sublimation apparatus (plate diameter 10 cm, S.B.L. Apparecchi Scientifici,
Vimodrone, Italy) with 500 mg of SA at 145°C and 90 mTorr for 30 minutes®.
Sublimation was followed by automated spraying of the SA (10 mg/mL in 60%/0.2%
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v/v acetonitrile/TFA) using the Imageprep (Bruker Daltonik GmbH) to attain the
desired matrix thickness. For the identification process, a-cyano-4-hydroxycinnamic
acid (7mg/mL in 50%/0.1% v/v acetonitrile/TFA) was deposited onto consecutive
sections sectioned from the previously used renal specimens using the ImagePrep
automated sprayer. The matrix was removed from the tissue by washing with a
50%/0.1% v/v acetonitrile/TFA solution. The resulting solution was concentrated
using a HETO vacuum concentrator (Thermo Scientific, A. De Mou, Milano, Italy)
for 30 minutes, to a final volume of 20 pL. A volume of 0.8 puL was spotted onto a
Ground Steel MALDI Target Plate (Bruker Daltonik GmbH, Germany), allowed to
dry, and then followed by an equal volume of 7 mg/ml a-cyano-4-hydroxycinnamic

acid.
2.4 Mass spectrometric analysis

For MALDI- MSI analysis, all mass spectra were acquired in linear positive mode in
the mass range of m/z 3000 to 20000 using an UltrafleXtreme (Bruker Daltonik
GmbH) MALDI-TOF/TOF MS equipped with a Smartbeam laser operating at 2kHz
frequency. External calibration was performed using a mixture of standard proteins
within the mass range of m/z 5500 to 17000 (ProtMix I, Bruker Daltonics). Images
were acquired with a laser diameter of 50 um and a rastering of 50 pm. For MALDI-
MS/MS, representative mass spectra were acquired in reflectron positive mode in the
mass range of m/z 700 to 4500. Precursor ions were selected and fragmented using

the laser-induced dissociation (LID) and LIFT™ technology and an MS/MS spectra

obtained from the accumulation of ~100000 laser shots. External calibration was

performed using a mixture of standard peptides within the mass range of m/z 750 to
3500 (PepMix I, Bruker Daltonics).

2.5 Histological evaluation

Following MALDI-MSI analysis, the matrix was removed with increasing
concentrations of ethanol (70% and 100%) and the slides were stained using

Trichrome. The slides were then converted to digital format using a ScanScope CS
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digital scanner (Aperio, Park Center Dr., Vista, CA, USA) and pathological
glomerular areas of interest (Regions of Interest, ROI) were highlighted by a
pathologist, which included all of the glomeruli and regions manifesting in
pathological alterations related to the disease. This allowed for the direct overlap of
images and the integration of proteomic and pathological information. The study only
compared the profiles glomerular tufts while tubulointerstitial features were not
considered for the purpose of the current investigation; specific segmental glomerular
areas of fibrosis were included. Globally sclerotic areas were excluded.

2.6 Data analysis

FlexImaging 3.0 (Bruker Daltonics, Bremen, Germany) data, containing spectra of
each entire measurement region, were imported into SCiLS Lab 2014 software
(http://scils.de/; Bremen, Germany) after the acquisition. SCIiLS was used to perform
a series of pre-processing steps on the loaded spectra: baseline subtraction (TopHat
algorithm) and normalisation (total ion current algorithm). A series of further steps
were performed in order to generate an average (avg.) spectrum representative of the
whole measurement region and of the primary GN sub-classes: peak picking
(orthogonal matching pursuit algorithm), peak alignment (to align the detected ions
with peak maxima) and spatial denoising (http://scils.de/; SCILS Lab; 8.8 Spatial
Denoising). Principal Component Analysis (PCA) was also performed to reduce the
high complexity of the data. Finally, Receiver Operative Characteristic (ROC)
analysis was performed, with an AUC of >0.8 being required, as an additional
criterion to the p<0.05, for a peak to be considered as statistically significant. For
MALDI-MS/MS spectra, baseline subtraction and smoothing were performed using
FlexAnalysis3.4 (Bruker Daltonics, Bremen, Germany). All MS/MS spectra were
searched against the Swiss-Prot database (Release 2015 _05 of 29-Apr-15) with the
Mascot 2.4 search engine (Matrix Science, London, UK). Mass tolerances were set
at 2.5-3 Da for MS and 1.4 Da for MS/MS. No enzymes or any fixed post-

translational modifications were set in the search parameters.

2.7 Immunohistochemistry with alpha-1-antitrypsin (A1AT) antibody
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In order to confirm the proteomic identification data, a further series of formalin-
fixed paraffin-embedded (FFPE) renal biopsies taken from patients with IgAN and
FSGS were tested for IHC analysis. This validation group included IgAN with wide
sclerosis (n=4), IgAN with a prevalent mesangioproliferative pattern without
sclerosis (n=4) and FSGS (n=6). For each specimen, 3um thick sections were cut
from FFPE blocks. After deparaffinization and rehydration, slides underwent
endogenous peroxidase blockage and an antigen retrieval process via EnVision Flex
(DAKO). Finally, Autostainer Link 48 (Dako, Glostrup, Denmark) was used to apply
the primary antibody directed against ALAT (polyclonal rabbit, Dako).

3 RESULTS
3.1 Proteomic signatures of primary GN

Initially, the average mass spectra of the entire cohort of patients affected by GN was
built within the m/z 3,000 to 15 000 mass range. Several of the signals (m/z) present
in the spectra had a statistically significant higher intensity (p<0.05 and AUC>0.8)
in primary GN, most specifically signals at m/z 4025, 4048 and 4963, compared with
controls (Figure 1). Moreover, when the specific protein profiles of FSGS, IgAN and
MGN were compared, several signals showed different intensity (Figure 2; A-C).
Among them, the intensity of the two signals at m/z 4025 and 4048 was significantly
higher in FSGS in comparison to IgAN and MGN (AUC values of 0.84 and 0.82,
respectively, Figure 2; A-C). Additionally, the specific protein profile of IgAN
showed two signals at m/z 4963 and 5072 with a higher intensity when compared to
FSGS, and a higher intensity of signals at m/z 5072 and 6180 when compared to
MGN (Figure 2; A-C). Unsupervised PCA was performed on the entire dataset in
order to further highlight any proteomic differences between FSGS, MGN and IgAN,
(Figure 3a). In general, the spectra related to FSGS and IgAN presented distinct
distributions, except for one IgAN case (Figure 3a). The co-registration of the
proteomic findings with the histological image highlighted that the group of spectra

present in this IgAN patient, that were in common with the spectra from the FSGS
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cohort, were localised to a distinct group of three sclerotic glomeruli. Therefore, we
proceeded with virtual micro dissection in order to export spectra from these
particular glomeruli and PCA was again performed (Figure 3b). The spectra exported
from these sclerotic glomeruli found within this IgAN patient showed a similar
distribution to the entire FSGS cohort in the PCA score chart. In fact, they also
showed similar protein profiles, thus strengthening the initial observation that
MALDI-MSI has the capability to distinguish individual lesions or sub-regions of
tissue even within an individual form of the studied primary GN. Interestingly, the
same IgAN patient identified as more comparable with the FSGS cohort following
the PCA presented a similar level of intensity of the two target signals (m/z 4025 and
4048) previously detected as up-regulated in FSGS patients (Figure 2, E). Upon
viewing the spatial localisation of these two signals, they were again correlated with
the previously histologically identified sclerotic regions (Figure 4). Furthermore,
these ions also shared a specific sclerosis-related localisation within FSGS biopsies
(Figure 4). More interestingly, there was also an individual patient within the MGN
group that showed a higher intensity of these signals when compared to the other
MGN patients (Figure 2, F). These signals were again well correlated with sclerotic

areas within the tissue of this patient.
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Figure 1. Average protein profiles of healthy renal tissue (top) and from patients with primary

glomerulonephritis (bottom) in the m/z 3-15 000 mass range.
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Figure 2. (A-C): Average protein profiles of patients with FSGS (A), IgAN (B) and MGN (C) in
the m/ z 3-15 000 mass range with differentiating peaks (AUC>0.8) denoted by an *. (D-F):
Relative intensity of m/z 4048 (A1AT) in FSGS (D), IgAN and IgAN with sclerotic glomeruli (E;
green and blue, respectively) and MGN and MGN with sclerotic glomeruli (F; fuchsia and black,
respectively). G: The average relative intensity for the three further differentiating peaks (m/z

4963, m/z 5072 and m/z 6180) in FSGS, IgAN and MGN.
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Principal Component Analysis

b)

a)

Component 2

IgAN

Figure 3. (a) Three-dimensional principal component analysis score chart presenting the
distribution of spectra from FSGS (red), MGN (fuchsia) and IgAN (green) patients. (b) Two-
dimensional principal component analysis score chart presenting the distribution of spectra from
FSGS (red) and IgAN (green) patients along with the distribution of spectra virtually micro

dissected from sclerotic glomeruli within an IgAN patient (blue).
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MALDI-MS Imaging
A1AT (m/z 4048) Trichrome stained Anti-A1AT antibody
1 A‘n T2 78 !
FSGS
IgAN
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glomeruli

Figure 4. (Left) The molecular distribution of m/z 4048 (A1AT) in sections of bioptic renal tissue,
obtained using MALDI-MSI, (centre) Trichrome stained image of the identical sections used for
MALDI-MS Imaging and (right) immuno-histochemical staining with the anti-A1AT antibody
from a validation set of patients. The collection of images is derived from patients with FSGS

(top), IgAN (middle) and IgAN with sclerotic glomeruli (bottom).

3.2 Identification of A1AT

The two signals at m/z 4025 and 4048 had the capability to discriminate sclerotic
glomeruli within different forms of primary GN. Therefore, their identity was
investigated by acquiring MS/MS spectra by MALDI-TOF/TOF. The peptide
fragments in the resulting spectrum were searched against the Swiss-Prot database
with the Mascot 2.4 search engine. The signal at m/z 4048 was identified as a peptide
fragment of a-1-antitrypsin (A1AT)
(IPPEVKFNKPFVFLMIEQNTKSPLFMGKVVNPTQK) with a Mascot score of
77. The IHC staining for ALAT on renal biopsies showed a diffuse positivity among
sclerotic areas of FSGS and IgAN and scant-positivity/negativity among IgAN with

a prevalent mesangioproliferative pattern and controls. Interestingly, in renal
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biopsies classified as “sclerotic”, there was also a strong positivity to ALAT in the
cytoplasm of podocytes (Figure 4). On the contrary, the podocytes present in the
renal biopsies with a mesangioproliferative pattern of IgAN and normal glomeruli
were completely negative, suggesting that intraepithelial deposits of ALAT are

consistent with a dysfunction of podocytes.

4 DISCUSSION

MALDI-MSI could be the ideal tool for a new approach in investigating GN, both
for diagnostic and prognostic purposes. This technique has been reported to be
capable of providing specific proteomic profiles for the physiological counterpart
and for pathological glomeruli®. It can define nosological entities, such as IgAN and
FSGS, through their distinctive signatures and could be potentially useful in the
biological comprehension of these lesions, supporting the existence of specific
molecular alterations. The characterization of the proteomic phenotype of glomeruli
is mainly related to the possible clinical development of biomarkers for the
prognostic stratification of patients with CKD progression. MALDI-MSI is the
newest and most promising imaging method for combining protein/peptide
expression with distinct localisation inside tissue. In this study, we provide additional
evidence of the capability of this technology to discriminate normal kidney from
pathological GN, based on specific signals (m/z 4025, 4048 and 4963) (Figure 1) that
may represent indicators of CKD development. Moreover, specific disease-related
signatures (m/z 4025 and 4048 for FSGS, m/z 4963 and 5072 for IgAN, Figure 2)
were also found. MALDI-MSI showed a common proteomic profile overlap between
IgAN and FSGS in sclerotic glomerular regions (Figures 3). In particular, two
specific ions at m/z 4025 and at m/z 4048 were of higher intensity in the sclerotic
areas of all FSGS patients as well as in the single IgA patient that presented sclerotic

lesions (Figure 4).

The signal at m/z 4048 was identified by MALDI-TOF/TOF as the resulting peptide
fragments belonged to the ALAT protein. ALAT is a major serine proteinase inhibitor
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(serpin) found in human plasma. It is a glycoprotein with a broad range of activities,
including the down-regulation of neutrophil elastase during the inflammatory
processes. Kwak et al. recently evaluated this protein expression in renal biopsies®
while other authors independently described its over-excretion in the urine of some
patients with primary GNs, most specifically FSGS, IgAN and MCD’"°. The IHC
staining against A1AT demonstrated its localisation in the cytoplasm of podocytes
present in sclerotic glomeruli. This represented an intriguing finding related with
possible epithelial dysfunction and consequent insufficient degradation of the
extracellular matrix. In this setting, many studies correlated the development of
FSGS both with an excessive loss*® and a hypertrophy of podocytes* and ALAT
could be one of the markers of podocyte stress, in addition to nephrin, Wilms tumor
antigen 1 (WT1), the glomerular epithelial protein 1 (GLEPP1) and thymosin beta-
412,

Additionally, the identification of A1AT fragment(s) in urine samples taken from
GN patients have been reported!®!4, Smaller fragments of the peptide derived from
the A1AT protein that we have identified in tissue were also previously detected in
urine samples taken from CKD patients. In 2010, Good et. al investigated the urinary
peptidome of 230 patients with renal disease and compared them to 379 healthy
controls. The authors detected 273 urinary peptides found to be significantly different
between cases and controls. Using support vector machines, those potential
biomarkers were integrated into a single classifier, called “the CKD 273 classifier”,
which was validated in several studies for the diagnosis and prognosis of CKD. For
three of the detected differentiating ions (m/z 4963, 5072 and 6180), peaks of similar
molecular weight were detected in the CKD 273 classifier (personal communication).
However, focusing on A1AT, 18 different fragments of this protein were present in
the CKD 273 classifier. All of them were up-regulated in CKD patients in
comparison to the control groups. Five of these fragments partially overlapped with
the A1AT fragment we identified in tissue samples. Moreover, urinary A1AT
fragments were also found to be correlated with CKD progression in Schanstra et al.

The authors of this study performed de novo correlation analysis to investigate which
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urinary peptides were highly associated with CKD progression (high progression
patients were defined on the basis of a decline in % eGFR slope/ year >-5%). Thirty-
five urinary fragments of ALAT were found to be correlated with baseline eGFR and
% eGFR slope/ year. Among them, four fragments partially overlapped with the
A1AT fragment that we identified in tissue. Moreover, the same A1AT fragment was
found to be up-represented in the urine of another cohort of patients classified as
CKD progressors with respect to non-progressors (data not shown). In this setting,
the combined findings from tissue MALDI-MSI and urinary peptidomics provide
further agreement with studies that describe the presence of glomerulosclerosis and
the aforementioned podocyte changes'®!! as early signs of disease progression®®?®,
Thus, the consistency between tissue and urinary results suggests that ALAT should
be further investigated as a putative non-invasive biomarker of CKD progression by
studying both bioptic renal tissue and urine from the same patients within a very well

defined cohort that is based upon carefully selected etiologies (FSGN, IgAN, etc.).

In conclusion, this study shows a promising application of MALDI-MSI in the
discovery of biomarkers for the assessment of CKD progression. MALDI-MSI not
only facilitates the analysis of fresh frozen specimens but also FFPE tissue, making
retrospective studies possible?’. More specifically, this technology could translate
molecular knowledge obtained directly in tissue into routine clinical practice, such
as the successful application of the CKD 273 classifier that is based on CE-MS tools.

Furthermore, the localisation of A1AT within the sclerotic glomeruli, as highlighted
by IHC, reveals that this protein could be related with the so-called “podocyte stress
theory”!*® and the emerging fibrogenic role of different biomarkers in
glomerulosclerosisi*'*?l, Due to some limitations of our study related with the small
number of cases analysed, further similar studies are needed for a definitive

confirmation of this hypothesis and to validate the role of ALAT in GKDs.
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ABSTRACT

Membranous Nephropathy (MN) is an immunocomplex mediated renal disease that
represents the leading cause of nephrotic syndrome in adults and is one of the most
frequent glomerulopathies worldwide. This glomerular disease can manifest as
primary (idiopathic) or secondary and this distinction is crucial when choosing the
most appropriate management of patients. In secondary cases, the best strategy
consists in treating the underlying disease whereas in primary forms, the possible
identification of confirmatory markers of the idiopathic etiology underlining the
process is requested by clinicians. Among those currently reported, the positivity to
circulating antigens (PLA2R, 1gG4 and THSD7A) was demonstrated in
approximately 75% of iMN patients, while approximately 1 in 4 patients with iMN
still lack a putative diagnostic marker. Ultimately, the discovery of useful biomarkers

to help further stratify these two different forms of glomerulopathy seems mandatory.

Here, MALDI-MSI was applied to formalin-fixed paraffin-embedded (FFPE) renal
biopsies from histologically diagnosed primary and secondary MN patients (n=20)
in order to evaluate the capability of this technology to detect alterations in their
tissue proteome. MALDI-MSI was able to generate molecular signatures of primary
and secondary MN, with one particular signal (m/z 1459), identified as
Serine/threonine-protein  kinase MRCK gamma, being over-expressed in the
glomeruli of primary MN patients with respect to secondary MN. Furthermore, this
proteomic approach detected a number of signals that could differentiate the different
forms of iMN that were positive to PLA2R or 1gG4 as well as a further set of signals
(m/z 1094, 1116, 1381 and 1459) that distinguish these patients from those who were
negative to both. These signals could potentially represent future targets to be

investigated as proteomic markers for the further stratification of iMN patients.

ABBREVIATIONS
CSV - Comma separated value, CV — Coefficient of Variation, ESRD — End-stage
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renal disease, FFPE — Formalin-fixed paraffin-embedded, FSGS — Focal Segmental
Glomerulosclerosis, GN — Glomerulonephritis, IgAN — IgA Nephropathy, 1gG4 —
Immunoglobulin G4, iIMN — Idiopathic Membranous Nephropathy, MCD — Minimal
Change Disease, MN —Membranous Nephropathy, PCA — Principal Component
Analysis, PLA2R — M-type phospholipase A2 receptor, PLS — Partial Least Square,
ROC - Receiver Operative Curve, RFE — Recursive Feature Elimination, SVM —

Sample Vector Machine, THSD7A — Thrombospondin type-1 domain-containing 7A
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1 INTRODUCTION

Membranous Nephropathy (MN) is an immunocomplex mediated renal disease that
represents the leading cause of nephrotic syndrome in adults and is one of the most
frequent glomerulopathies worldwide!?. Notwithstanding its relatively low
incidence rate, many cases of MN progress to end-stage renal disease (ESRD),
having a clear negative impact upon the patients' quality of life and healthcare costs®
®. This glomerular disease can manifest as primary (idiopathic)® or secondary’*° and
in the latter occurs as a result of underlying systemic conditions which can be brought
about due to treatment with therapeutic agents (eg. NSAIDs), malignancies or
autoimmune rheumatologic conditions. This distinction is crucial when choosing the
most appropriate approach for MN patients. In secondary cases, the best strategy
consists in treating the underlying disease'*!2, which results in a consequent
improvement of the patient's renal condition. On the contrary, in primary forms
clinicians would desire a final confirmation of the idiopathic origin of the disease to
avoid improper medical investigations and to manage the more correct protocols -
17 For these reasons, the discovery of useful biomarkers seems mandatory!®-2%, An
important step in this field has been reached by Beck et al. with the identification of
circulating auto-antibodies directed against a normally expressed podocyte
membrane antigen, the M-type phospholipase A2 receptor (PLA2R), which is present
in at least 70% of patients with idiopathic (iMN)*®. Recently, a further contribution
to this field was provided by Tomas et al. with the description of another podocyte
membrane antigen, termed thrombospondin type-1 domain-containing 7A
(TSHD7A), which was able to account for a further 5% of iIMN cases'®.
Alternatively, the evidence of restriction to a particular subtype of immunoglobulins
(1gG4) in the context of IMN immunocomplexes and the relative absence of these
antibodies in secondary forms may represent another crucial element for the
discrimination of iMN subtypes?. Such multidisciplinary investigations into MN
were traditionally based on immunological, serological and histological tools while
proteomic approaches, involving LC-MS, were more recently employed.

Furthermore, Matrix Assisted Laser Desorption/lonisation Mass Spectrometry
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Imaging (MALDI-MSI) has been demonstrated on renal biopsies to represent a
technique capable of detecting changes within the proteome of glomeruli and tubules
affected by different types of glomerulonephritis (GN) such as MN and minimal
change disease (MCD) or IgA nephropathy (IgAN) 212223 This technique is now
feasible with formalin-fixed paraffin-embedded (FFPE) renal tissue?*, making the

collection of a greater number of patients possible.

In this preliminary study, we analysed FFPE bioptic renal tissue of MN patients
aimed at investigating the potentiality of this technique to explore the proteomic
alterations that may occur within the glomeruli of primary and secondary forms and
to detect preliminary proteomic signatures of this frequently occurring

glomerulopathy.

2 MATERIALS AND METHODS
2.1 Patient selection

Twenty patients with a biopsy proven diagnosis of MN, provided between February
2011 and February 2015 at University Milano-Bicocca, San Gerardo Hospital,
Monza, Italy, were included in the study that was approved by the ethical board. MN
diagnosis was performed after careful histopathological evaluation of renal biopsies.
For adequacy purposes, at least 2 core biopsies were taken from each patient,
containing an average of at least 10 glomeruli. The routine histological staining
procedures were performed, including immunofluorescence and electron
microscopy, with all these techniques being considered for the diagnosis. As
inclusion criteria for the study, a strong granular parietal staining for 1gG and c¢3 was
needed as the ultrastructural confirmation of subepithelial deposits. Cases were
staged in a 4-tiered scheme according to the current guidelines??. Patients were
classified as secondary according to clinical characteristics. The remaining cases
were considered to be idiopathic. Moreover, for comparative purposes, one case of
focal segmental glomerulosclerosis (FSGS), one case of IgA nephropathy (IgAN),

one case of Minimal Change Disease (MCD) and one normal control taken from a
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region of normal kidney following total nephrectomy for renal cell carcinoma were
enrolled in the study for the MALDI-MSI analysis.

2.2 Materials

Renal biopsies collected for the study underwent standard histological protocols; in
particular, core biopsies were fixed for an average time of 12 hours. After the fixation
phase, inclusion was performed using an automatic Tissue Processing Centre (TPC
15 Duo/Trio, Medite, MeBurgdorf, German). For every patient of the study, a 4-
micron thick section from the corresponding FFPE block was mounted onto an ITO
slide (Bruker Daltonik, Bremen, Germany) for MALDI-MSI analysis. 3-micron thick

sections were also recruited on polarized slides for immunohistochemistry (IHC).
2.3 Immunohistochemistry

Blank sections were deparaffinised, rehydrated and then stained by the polyclonal
mouse antibodies against PLA2R (0.4 mg/ml, dilution 1:300, Atlas Antibodies,
AlbaNova University Center, Stockholm, Sweden) and 1gG4 (0.4 mg/ml, dilution
1:300, AbNova) on a Dako Autostainer (DAKO, Glostrup, Denmark) using a 3,3'-
diaminobenzidine (DAB) for PLA2R and 3-amino 9-ethyl carbazole (3AC, Vector
Labs, DBA ITALIA S.R.L. Segrate, Italy) for 1gG4 as previously described?3. The
incubation with the primary antibody in the Autostainer Link 48 (DAKOQO) was
performed after endogenous peroxidase blockage and antigen retrieval. Cases were
analysed in blind by three different nephropathologists and scored for the
positivity/negativity according to the interpretation criteria shown in Figure 1. IHC

results are recorded in Table 1.
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PLA2R

itive

Pos

Figure 1: The positivity (top) to PLA2R (left) and 1gG4 (right) was marked by the presence of
coarse granular staining in a sub-epithelial fashion. On the contrary, in cases where this criterion

was absent, the sample was assessed as negative (bottom).
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Table 1. IHC results for each case with the relative etiology based on clinical features.

Number of PLAZ2R 1gG4
patients Pathology Etiology Positivity Positivity
5 MN Primary + -
1 MN Primary - +
7 MN Primary + +
2 MN Primary - -
5 MN Secondary (LES) - -
. Normal N/A
Control
1 FSGS N/A
1 IgAN N/A
1 MCD N/A

2.4 MALDI-MSI sample preparation

The slides were stocked at room temperature until the day of the analysis. Paraffin
removal and antigen retrieval was performed as previously described?:. Then, trypsin
deposition (Sigma-Aldrich, Chemie Gmbh, Steinheim, Germany, 100 ng/pl) was
performed using the iMatrix Spray (Tardo Gmbh, Subingen, Switzerland) automated
spraying system and then left in a humid chamber overnight at 40°C. Finally, matrix
deposition for MALDI analysis was performed by spraying o-Cyano-4-
hydroxycinnamic acid (10 mg/ml in 50:50 ACN:H20 w/0.4% TFA) using the iMatrix
Spray (Tardo Gmbh, Subingen, Switzerland) and an optimised method.

2.5 Mass spectrometric analysis

All the mass spectra were acquired in reflectron positive mode in the mass range of
m/z 750 to 3500 with the UltrafleXtreme (Bruker Daltonik GmbH) MALDI-
TOF/TOF MS equipped with a Smartbeam laser operating at 2kHz frequency.

External calibration was performed using a mixture of standard peptides within the
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mass range of m/z 750 to 3500 (PepMix I, Bruker Daltonics). Images were acquired
with a laser diameter of 50 um and a rastering of 50 pm. For MALDI-MS/MS,
representative mass spectra were acquired in reflectron positive mode in the mass
range of m/z 750 to 3500, using the “Random Walk” feature. This was performed in
order to confirm whether the ion of interest was still present and of sufficient
abundance and in order to obtain the correct mass value to be selected for
dissociation. A single precursor ion was selected by using the smallest PCIS
(Precursor lon Selector) window possible and dissociated using laser-induced
dissociation (LID) and LIFT™ technology, with the laser energy being set within a
range of 40-70%. This process was performed until an MS/MS spectra was obtained
from the accumulation of ~100000 laser shots.

After MALDI analysis, the matrix was removed by washing the tissue sections with
increasing concentrations of EtOH (70% and 100%) and the slides stained with
Periodic Acid-Schiff. The slides were converted to digital format using a ScanScope
CS digital scanner (Aperio, Park Center Dr., Vista, CA, USA), thus allowing the
direct overlap of images and the integration of proteomic and morphologic data.

2.6 Data analysis

The raw MALDI-MSI data were elaborated as previously described?®. Briefly,
FlexImaging 3.0 (Bruker Daltonics, Bremen, Germany) data, containing spectra of
each entire measurement region, were imported into SCiLS Lab 2014 software
(http://scils.de/; Bremen, Germany) to perform pre-processing: baseline subtraction
(TopHat algorithm), normalisation (Total lon Current algorithm). Average (avg)
spectrum representative of the whole measurement region was obtained by peak
picking, alignment and spatial denoising. Reproducibility of our method was
evaluated based on number of peaks and Coefficient of Variation (CV) of their
intensity. Principal Component Analysis (PCA) was also performed to reduce the
high complexity of the data. Finally, Receiver Operative Characteristic (ROC)
analysis was performed, with an AUC of >0.7 being required, as an additional

criterion to the p<0.05, for a peak to be considered as statistically significant.

100



In order to perform further statistical analysis, the peak list for each MN patient was
exported in comma separated value (CSV) format and imported into R
(https://www.r-project.org/). Feature selection was performed using Recursive
Feature Elimination (RFE), fixing the selection to a maximum number of 20 features.
The algorithm recursively chooses a subset of features and evaluates the
classification performances of a Partial Least Squares (PLS) classifier, which is
subjected to a 5-time 10-fold cross-validation. At the end, the RFE algorithm
calculates a weight (variable importance) for each feature, computed by averaging
the weights for the models across all resamples, which is directly correlated with the
impact that each feature has onto the classification. Finally, the best 20-feature subset
is used to build a classification model using a Support Vector Machine (SVM)
algorithm with Radial Basis Kernel function, which performances are evaluated by a

5-time 10-fold cross-validation.

For MALDI-MS/MS spectra, baseline subtraction and smoothing were performed
using FlexAnalysis 3.4 (Bruker Daltonics, Bremen, Germany). All MS/MS spectra
were searched against the Swiss-Prot database (Release 2015 05 of 29-Apr-15) with
the Mascot 2.4 search engine (Matrix Science, London, UK). Mass tolerances were
set at 0.2 Da for MS and 1.3 Da for MS/MS Trypsin was set as the enzyme, allowing
for one partial cleavage. No fixed post-translational modifications were set in the

search parameters.

3 RESULTS
3.1 MALDI-MSI reproducibility

Initially, the analytical reproducibility of the protocol applied to FFPE renal biopsies
was evaluated. Three bioptic specimens from the same MN patient were analysed on
three different days (Figure 2). Average mass spectra for each replicate were
generated within the m/z 1000 to 2500 mass range. The number of signals detected,

with a signal-to-noise ratio (S/N) of 5, in each replicate were similar, being 477, 510
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and 473, respectively. Furthermore, the mean CV of every signal intensity present in

the spectra were 30, 28 and 29%, respectively.

Method Reproducibility
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Figure 2: (A-C) Average mass spectra generated in the m/z 1000 to 2500 mass range from three
bioptic specimens taken from the same patient. Relative intensity is expressed in arbitrary units
(a.i.). The number of signals (S/N = 5) and Coefficient of Variation (CV) of the peak intensities

for each specimen is listed on each individual spectrum.
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Then, average tryptic peptide profiles from a normal control, MN and other GN
(FSGS, IgAN and MCD) patients were generated within the m/z 1000 to 2000 mass
range (Figure 3). The tryptic peptide profiles from the normal control, MN and other
GN patients (Figure 3; a, b & c) were distinctly different, with several ions of
differing intensity, indicating that alterations to the tissue proteome related with the
presence of the disease could be easily detected even in average spectra obtained
from the whole tissue section. On the contrary, the spectral diversity between MN
and other forms of GN was not so evident (Figure 3; b & c).

Average Tryptic Peptide Profiles
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Figure 3. Average tryptic peptide profiles for (A) normal controls, (B) MN and (C) Other GN
(FSGS, IgAN and MCD. in the m/z 1000 to 2000 mass range. Relative intensity is expressed in

arbitrary units (a.i.).
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3.2 Proteomic signatures of primary MN: Positivity to currently known antigens

15 cases were considered to be primary (idiopathic) on the base of clinical features
(Table 1). Moreover, through the application of IHC, 7 were positive to both 1gG4
and PLAZ2R, 6 were positive to either PLA2R or 1gG4 and the remaining 2 cases were

negative to both (double-negative).

In order to evaluate whether the tissue proteome of iMN patients was altered in
correspondence with their positivity to the currently known antigens (PLA2R and
IgG4), average tryptic peptide profiles were generated in the m/z 1000 to 2000 mass
range for patients who were determined to be positive only to PLA2R and those
positive to both PLA2R and 1gG4 (Figure 4; a and b). Following ROC analysis
performed within SCILS Lab, three statistically significant signals were detected, m/z
1303, 1459 and 1923 (Figure 4 and Table 2).
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Figure 4. (A and B) Average tryptic peptide profiles for primary MN patients positive only to
PLAZ2R (A) and primary MN patients positive to PLA2R and 1gG4 (B) in the m/z 1000 to 2000
mass range. Relative intensity is expressed in arbitrary units (a.i.). Differentiating peaks

(AUC=0.7) are denoted by numbers in parentheses.

104



Table 2. Discriminatory ions highlighted by ROC analysis between primary MN patients positive
to currently known antigens (PLA2R v PLA2R/IgG4). Numbers in parentheses denote the

corresponding signals marked in Figure 4.

m/z AUC Value | Relative Intensity Levels
(1) 1303 0.76 Up +Ve PLAZ2R Only
(2) 1459 0.70 Up +Ve PLA2R Only
(3) 1923 0.71 Up +Ve PLA2R Only

In order to highlight further possible proteomic indicators of iMN and to verify the
discriminative power of the signals detected using ROC analysis, the peak lists from
these patients were used to build a cluster of peptides with the best capability to
distinguish these two groups. RFE feature selection was performed on the entire
dataset and the top-ten ranked features, along with their relative weight, are listed in
Table 3. Interestingly, the two top ranked features (m/z 1303 and 1459) were also
among the three most statistically significant ions detected by ROC analysis (Table
2). Cross-validation of these features in a training model that employed a SVM

algorithm with Radial Basis Kernel led to a classification accuracy of 85%.
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Table 3. Top-ten weighted ions highlighted by Recursive Feature Elimination (RFE) between

primary MN patients positive to currently known antigens (PLA2R v PLA2R/1gG4).

Feature (m/z) | Relative Weight Rank
1303 100.00 1
1459 78.08 2
1045 45.98 3
1268 32.95 4
1111 31.46 5
1198 28.15 6
1155 25.24 7
1033 18.72 8
1277 18.16 9
1102 16.81 10

3.3 Proteomic signatures of primary MN: Negativity to currently known antigens

A preliminary investigation was also performed in order to evaluate whether further
tissue proteome alterations could be observed in those patients who were negative to
the currently known antigens (PLA2R and IgG4). Average tryptic peptide profiles
were generated in the m/z 1000 to 2000 mass range for patients who were determined
to be positive to one of either, or both, PLA2R and 1gG4 and those who were negative
to both (double negative) (Figure 5; a & b). Following ROC analysis, four
statistically significant signals were detected, m/z 1094, 1116, 1381 and 1459 with
an AUC value >0.7 (Figure 5 and Table 4). Interestingly, the ion at m/z 1459 was
again statistically significant and presented a higher intensity in the group of patients
who were double negative, with an AUC value of 0.70 than in those positive to
PLA2R/1gGA4.
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Average Tryptic Peptide Profiles
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Figure 5. (A and B) Average tryptic peptide profiles for primary MN patients positive to
PLA2R/1gG4 (A) and primary MN patients negative to PLA2R/1gG4 (double-negative) (B) in the
m/z 1000 to 2000 mass range. Relative intensity is expressed in arbitrary units (a.i.).

Differentiating peaks (AUC>0.7) are denoted by numbers in parentheses.

Table 4. Discriminatory ions highlighted by ROC analysis when comparing primary MN patients
positive to currently known antigens (PLA2R/1gG4) with those negative to currently known

antigens (double-negative). Numbers in parentheses denote the corresponding signals marked in

Figure 5.

m/z AUC Value | Relative Intensity Levels
(1) 1094 0.79 Up +Ve PLA2R/IgG4
(2) 1116 0.75 Up +Ve PLA2R/IgG4
(3) 1381 0.71 Up +Ve PLA2R/IgG4
(4) 1459 0.70 Up -Ve PLA2R/IgG4

(double-negative)
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The peak lists from these patients were again imported into R and RFE feature
selection was performed on the entire dataset. The top-ten ranked features, along with
their relative weight, are listed in Table 5. Cross-validation of these features within
a training model could not be performed due to the limited number of patients within

the double negative group.

Table 5. Top-ten weighted ions highlighted by Recursive Feature Elimination (RFE) when
comparing primary MN patients positive to currently known antigens (PLA2R/1gG4) with those

negative to currently known antigens (double-negative).

Feature (m/z) Relative Weight Rank
1459 100.00 1
1303 66.36 2
1154 29.17 3
1095 29.01 4
1240 29.00 5
1198 28.18 6
1465 27.44 7
1111 26.38 8
1105 25.54 9
1268 23.16 10

3.4 Proteomic signatures of primary and secondary MN

Firstly, unsupervised PCA was performed on the entire MN dataset in order to
highlight any proteomic differences between primary and secondary forms. The
Scores Plot clearly showed that spectra related to primary and secondary MGN
presented distinctly different distributions (Figure 6¢). Then, average tryptic peptide
profiles of the entire cohort of patients affected by primary and secondary MN,

respectively, were built within the m/z 1000 to 2000 mass range (Figure 6; a & b).
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Several signals (m/z) had a statistically significant intensity (p<0.05 and AUC>0.8)
when the average spectrum of primary MN was compared to that of secondary MN.
Among them, the ion at m/z 1459 had the greatest discriminatory power between the
two groups, with an AUC value >0.85. Its relative intensity was significantly higher
in primary MN than in secondary MN (Figure 6d).
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Figure 6. (A and B) Average tryptic peptide profiles for primary (A) and secondary MN (B) in the
m/z 1000 to 2000 mass range. Relative intensity is expressed in arbitrary units (a.i.). The peak at
m/z 1459 is denoted by an asterik. (C) Two-dimensional principal component analysis scores plot
presenting the distribution of spectra from primary (Red) and secondary MN (Blue). (D)
Intensity box plot indicating the relative intensity levels of m/z 1459 in primary (left bar) and

secondary MN (right bar).

Given this discriminatory power, the identity of this ion was investigated by
acquiring MS/MS spectra by MALDI-TOF/TOF. The signal at m/z 1459 was
identified as a tryptic peptide fragment of Serine/threonine-protein kinase MRCK
gamma (K.VIGRGAFGEVTVVR.Q) with a Mascot score of 31. Co-registration of
the proteomic MALD-MSI information with the histological image highlighted that

the higher relative intensity of this ion was localised to the glomeruli of iMN patients
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that were affected by the disease (Figure 7a). In the secondary form, the relative
intensity of the ion was far lower in glomeruli that were affected by the disease
(Figure 7b). The relative intensity and isolation of the other discriminatory signals
was not sufficient to obtain MS/MS spectra that could provide a positive

identification.

Secondary MN
MALDI-MS Image

Histological Image

D)

1000um

Figure 7. The molecular distribution of m/z 1459 (Serine/threonine-protein kinase MRCK
gamma) obtained using MALDI-MSI in primary (A) and secondary MN (C) along with their

corresponding histological image following staining with Periodic Acid-schiff (B and D).

DISCUSSION

MALDI-MSI may represent an ideal tool useful for determining proteomic indicators
of MN in FFPE tissue. These indicators could then be used to more easily distinguish
the primary and secondary forms of this glomerulopathy, as well as further stratify
those iIMN patients that are negative to the currently known antigens. This technique
has already been reported to be capable of providing specific proteomic profiles for
pathological glomeruli and tubules that have been affected by GN?2, as well being
able to characterise particular glomerular lesions that may be associated with disease
progression?. It is by combining this approach with the potential to analyse FFPE

tissue* that we focused our attention on MN, investigating the potentiality of this
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technique to explore the proteomic alterations that may occur within the kidney of

primary and secondary MN patients with this pilot study.

Therefore, we employed a MALDI-MSI approach to analyse FFPE renal biopsies of
a small cohort of patients. Initially, the analytical features of the protocol were
evaluated prior to the analysis of the entire sample cohort. Three bioptic specimens
from the same MN patient were analysed on three different days. Results showed a
good level of reproducibility, both in terms of the number of signals as well as their
intensity, in particular considering that these bioptic specimens were heterogeneous
(incorporating glomerular and tubulointerstitial regions) and, thus, varying signal
intensities are to be expected (Figure 2). Furthermore, the comparison of a normal
subject with MN and other GN (FSGS, IgAN and MCD) patients (Figure 3)
highlighted that proteomic alterations due to the presence of GN could also be
detected, indicating that this approach was both robust as well as capable of
extracting pathologically significant information that could be used to further
categorise MN patients.

From a proteomic standpoint, those patients who were positive only to PLA2R and
those who were also positive to IgG4 were distinguishable, with statistically
significant signals at m/z 1303, 1459 (Serine/threonine-protein kinase MRCK
gamma) and 1923 being of a higher intensity in those patients who were only positive
to PLA2R (Figure 4 & Table 2). Employing these signals, in addition to a number of
further features (m/z) that were selected using RFE (Table 3), a model was built using
SVM with Radial Basis Kernel in a training phase. Encouraging results were
observed when cross-validation was performed on this small cohort of patients
(classification accuracy of 85%), thus suggesting the possibility that this technology
can provide clinical information for this disease. Primarily, these findings further
highlighted the reliability of our approach, given that the proteomic information
obtained reflected the IHC findings. More speculatively, however, these results may
indicate that the immunocomplexes implicated in iIMN may be driven by, or may

lead to, renal tissue alterations at the molecular level.
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It is on this basis of this approach that we aimed to investigate the potential of
detecting proteomic alterations in those iIMN patients who were negative to the
currently known antigens. There were a number of statistically significant signals,
m/z 1094, 1116, 1381 and 1459 (Serine/threonine-protein kinase MRCK gamma),
that presented differing levels of intensity in patients positive to PLA2R/IgG4 and
double-negative patients (Figure 5 & Table 4). Two of these signals (m/z 1459 and
1094) were again highlighted by RFE feature selection, further demonstrating their
reliability. In this particular cohort of iMN patients, only two were double-negative,
which reflects the natural occurrence of this iMN form with respect to the number of
iIMN patients enrolled in this study. Therefore, a greater number of double-negative
IMN patients needs to be analysed before these findings could be translated in a more
reliable and definitive manner. It is important to consider, however, that the tissue
samples employed for the MALDI-MSI analysis were derived from the same FFPE
blocks used within the diagnostic workflow and, thus, they represent scant and
precious material. Notwithstanding this information, however, these findings provide
a preliminary platform for more in-depth MALDI-MSI investigations and the signals
detected here may represent possible proteomic signatures that could be used to
further stratify this frequently occurring and difficult to correctly diagnose

glomerulopathy.

Comparing primary with secondary MN, both through the means of spectral
comparison and unsupervised PCA, highlighted that these forms of MN presented
distinct protein signatures. The PCA score chart (Figure 6¢) containing spectra from
the entire cohort of primary and secondary MN patients presented distinct spectral
distributions that were associated with each form. These proteomic differences were
further evident in the generated average spectra (Figure 6; a & b). There were a
number of signals whose relative intensity varied significantly between the two forms
of MN. In particular, one ion, m/z 1459, provided the highest AUC value (0.853)
when attempting to compare these two groups of patients using ROC analysis and
had a much higher relative intensity in the primary MN group (Figure 6d). This signal
at m/z 1459 was later identified by MALDI/TOF/TOF as a tryptic peptide fragment
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of Serine/threonine-protein kinase MRCK gamma. Through the correlation of the
MALDI-MSI image with its histological counter-part we were able to visualise that
the highest relative intensity of this signal correlated with glomeruli that were
affected by the glomerulopathy in primary MN, whereas these increased levels of
intensity were not noted in the effected glomeruli in secondary MN patients (Figure
7)

Serine/threonine kinase MRCK gamma belongs to the Cell division control protein
42 binding protein (CDC42BP) family, a kinase group of proteins that has been
previously studied®. In particular, they seem responsible for cytoskeleton re-
organization, especially in the heart and skeletal muscle, since they are downstream
to the Rho/Rac/Cdc42 group of kinases that are crucially involved in actin filament
phosphorylation and assembly 227, Although their role in glomerular cells has not
been previously fully investigated, it seems that their over expression can lead to the
phosphorylation of downstream proteins, altering actin dynamics with a consequent
effacement of podocyte foot processes, disruption of the glomerular filtration barrier
and development of nephrotic syndrome?. In this study, the over expression of this
antigen in primary cases can be mainly related to the pathophysiology of the podocyte
damage, representing the epiphenomenon of the clinical syndrome of these patients.
In particular, the relatively higher presence of this antigen in idiopathic forms, as
compared with secondary ones, might be explained by the presence of different
pathways of glomerular dysfunction. However, a more consistent case series,
including secondary cases other than lupus nephritis related MN, is required in order
to investigate the role of the antigen and its relative pathogenetic meaning, as well as

the reason for its different expression in the groups of MN considered.

In terms of prospective work, the primary objective should be to increase the number
of samples, in particular double-negative iMN patients, in order to further investigate
the preliminary proteomic signatures obtained in this initial body of work with
greater statistical power. Furthermore, the identity of the ions with discriminatory
capabilities, once proved, could be obtained. This would enable a greater

understanding of the molecular alterations at play during the development of MN
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and, potentially, provide complementary information to that already available
regarding the stratification of iMN patients'®*°. Finally, secondary cases of MN
different from those related to lupus nephritis need to be analysed with this technique
in order to further demonstrate the different expression of the putative ion identified
here and, eventually, to find further differences that may help in the diagnostic

workup.

CONCLUSION

In conclusion, MALDI-MSI was able to generate molecular signatures of primary
and secondary MN, with reliable technical performances, using FFPE specimens.
The positive results obtained with this proteomic approach facilitated the detection
of a number of signals that could differentiate the different forms of iMN that were
positive to PLA2R or 1gG4 and to distinguish these patients from those who were
negative to both, encouraging the prosecution of further investigations. These signals
could potentially represent future targets to be investigated as proteomic markers for
the further stratification of iMN patients once verified on a larger cohort of patients.
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1 SUMMARY

Glomerulonephritis (GN), such as membranous glomerulonephritis (MGN), focal
segmental glomerulosclerosis (FSGS) and IgA nephropathy (IgAN) represent the
most frequent primary Glomerular Kidney Diseases (GKDs) worldwide and are a
common cause of end-stage renal disease (ESRD). Without the correct diagnosis and,
ultimately, the correct selection of therapeutic treatment, the patient has a higher
probability of progressing to ESRD and requiring dialysis or transplantation.
Although the renal biopsy currently remains the gold standard for the routine
diagnosis of idiopathic GN, the invasiveness and difficulty of diagnoses related with
this procedure means that there is a strong need for the detection of diagnostic and
prognostic biomarkers that can be translated into less invasive diagnostic tools. In
this context, various proteomic techniques have played a crucial role in determining
the molecular changes related to disease progression and early pathological

glomerular modifications2,

Matrix-Assisted Laser Desorption/lonisation-Mass Spectrometry is a modern
proteomic technology that is capable of detecting several different classes of
compounds (proteins, lipids, drugs, etc.) directly in situ. In profiling mode (MALDI-
MSP), various macro areas of tissue (e.g. tumour and normal tissue) are analysed to
obtain their specific protein profiles. These protein profiles can be then compared to
highlight differences. In Imaging mode (MALDI-MSI), the spatial distribution of
proteins can be used to build a molecular image of the tissue. MALDI-MSI enables
one to rebuild the image of the tissue, based upon the intensity of the ions and their
localisation, that can be correlated with pathological alterations in patient tissue.
Therefore, MALDI-MSI represents a unique tool that combines the analytical power
of mass spectrometry with traditional optical microscopy. The majority of clinical
MSI investigations have been performed on numerous forms of cancers; i.e. brain
gliomas, breast, colon, lung, ovarian, prostate, as well as in the case of neurological
disorders; i.e. Parkinson’s and Alzheimer’s disease®. Consequently, MALDI-MSI
could also be the ideal tool for detecting new, specific, diagnostic markers of

glomerular diseases.
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The application of MALDI-MSI directly on bioptic renal tissue in order to highlight
differences in protein expression among a wide range of glomerular conditions
represents a new stimulating perspective in the field of nephropathology*. Through
the correlation of molecular with histological information, along with the direct
collaboration with nephropathologists, facilitates the detection of specific proteomic
indicators that are directly correlated with the pathological alterations that occur
within the glomeruli, or tubules, during the development of glomerulonephritis.
Given the small amount of tissue made available through the bioptic procedure (renal
biopsies are commonly ~10mm in length and ~3mm in diameter), correlation with

the histological features represents a crucial step in the study of glomerular diseases.

The initial line of work presented in this thesis focused on the development and
optimisation of a protocol that would facilitate the routine MALDI-MSI analysis of
formalin-fixed paraffin-embedded (FFPE) tissue. The ultimate aim of this initial
phase was to enable the utilisation of large collections of clinically annotated samples
and permit the preservation of tissue specimens that were stored at room temperature
for long periods of time, capabilities that are imperative in multi-centric studies
where the sharing of samples between centres with different expertise is
commonplace. Following in this vein, the main body of work encompassed in this
thesis involved the application of MALDI-MSI to renal biopsies, both fresh-frozen
and FFPE, in order to generate proteomic signatures of the most common forms of
GN and to detect potential molecular markers associated with Chronic Kidney
Disease (CKD) progression. The positive results obtained with this proteomic
approach facilitated the detection of a number of protein signals that could
differentiate the different forms of GN, both in fresh-frozen and FFPE tissue, and
such signals could potentially represent future targets to be investigated as diagnostic

or prognostic markers of the most common glomerular diseases.
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2 CONCLUSIONS

2.1 MALDI-Mass Spectrometry Imaging method applicable to different
formalin-fixed paraffin-embedded human tissues

The results presented in this work highlight that the MALDI-MSI analysis of clinical
FFPE tissue specimens is feasible. Not only this, the presented protocol is highly
reproducible and applicable to a wide variety of different tissue types, thus making
it highly appropriate for clinically relevant studies that require the comparison
between large numbers of patients. Furthermore, the maintenance of analyte
localisation during the procedure is of paramount importance and indicates that when
in performed in combination with next-generation MALDI-MSI instruments, high

spatial resolutions (<20um) would be achievable.

Notwithstanding the fact that the findings presented in this work would not be
directly translated into direct use within the clinics, the potential to analyse FFPE
samples opens up numerous doors for clinically-relevant studies. Given that FFPE is
the routine fixation method within clinical centres, the potential to analyse these
samples means that much larger sample cohorts can be obtained and the easy transfer
of samples between multinational partners becomes feasible. This is of paramount
importance when attempting to obtain statistically robust findings that can be reliable
and ultimately translated into information that can be exploited within the clinics for

diagnostic or prognostic purposes.

2.2 a-1-antitrypsin detected by MALDI-Imaging in the study of
glomerulonephritis: its relevance in chronic kidney disease progression

In conclusion, this study shows a promising application of MALDI-MSI in the
discovery of biomarkers for the assessment of CKD progression. Furthermore, it
highlights the potential to correlate tissue findings with those obtained from urine
using complimentary mass spectrometric techniques. This overcomes a significant
obstacle with regards to obtaining results that could be translated into the clinic, as it
indicates that the highly specific markers obtained through MALDI-MSI can then be

detected in lowly-invasive, and inherently variable, biological samples such as urine.
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More specifically, this technology could translate molecular knowledge obtained
directly in tissue into routine clinical practice, such as the successful application of
the CKD 273 classifier that is based on CE-MS tools®.

Additionally, the localisation of A1AT within the sclerotic glomeruli, as highlighted
by IHC, reveals that this protein could be related with the so-called “podocyte stress
theory"®® and the emerging fibrogenic role of different biomarkers in
glomerulosclerosi®!®. Due to some limitations of our study related with the small
number of cases analysed, further similar studies are needed for a definitive
confirmation of this hypothesis and to validate the role of A1AT in GKDs.
Notwithstanding this, A1AT represents a promising potential marker of GKD
progression.

2.3 The putative role of MALDI-MSI in the study of Membranous
Nephropathy

The application of MALDI-MSI to FFPE renal biopsies showed a good level of
analytical reproducibility, both in terms of the number of signals as well as their
intensity, when analytical reproducibility was evaluated. This was an important
finding when regarding this particular approach, especially given the various
potential sources of specimen variability, including homogeneity of the trypsin and
matrix deposition as well as the length of storage following formalin-fixation and
paraffin-embedding. This aspect becomes even more imperative when considering
the nature of the tissue being analysed, as the limited amount of tissue provided by
renal biopsy and the small dimensions of the morphological features being
investigated (< 150pum) means that analyte localisation and extraction is of utmost

importance.

MALDI-MSI was able to generate molecular signatures of primary and secondary
MN, with one particular signal (m/z 1459), identified as Serine/threonine-protein
kinase MRCK gamma, being over-expressed in the glomeruli of primary MN patients
with respect to secondary MN. Furthermore, this proteomic approach detected a
number of signals that could differentiate the different forms of iMN that were
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positive to PLAZ2R or 1gG4 as well as a further set of signals (m/z 1094, 1116, 1381
and 1459) that distinguish these patients from those who were negative to both. These
signals could potentially represent future targets to be investigated as proteomic
markers for the further stratification of iMN patients.

This preliminary study represents the first example of MALDI-MSI being applied to
FFPE renal biopsies in order to study the tissue proteome of MN. The positive results
obtained with this proteomic approach facilitated the detection of a number of signals
that could differentiate the different forms of iMN that were positive to PLA2R or

IgG4 as well as distinguish primary from secondary MN.

The work of Beck et al.*? presented a large step forward in the diagnosis of MN,
however, there is still the strong need for further markers that can be used to stratify
primary MN patients. Detecting such molecular markers would represent a large step
forward in the field of nephropathology and have a direct impact upon patient
prognosis and the selection of therapeutic treatment. Although this study is in the
initial phase, the preliminary results are encouraging and the line of work holds a fair
degree of promise. The signals detected here could potentially represent future targets
to be investigated as proteomic markers for the further stratification of iMN patients

once verified on a larger cohort of patients.

3 FUTURE PERSPECTIVES

The potential of MALDI-MSI to detect disease biomarkers directly in situ is
undoubted and the study of glomerular diseases using this modern proteomic
technology may eventually herald an era where these findings are translated for use
within a clinical context, either for diagnostic or prognostic purposes. This would be
a result not only of the ability to correlate proteomic findings with morphological
alterations, but also as a result of the capability to detect molecular alterations that
occur before any visible morphological alterations can be noted by the pathologist*®.
However, one of the biggest limiting factors in this line of work is represented by the
number of samples that can be obtained, which is particularly true for fresh-frozen

samples. Without sufficiently large sample cohorts, the translation of these findings
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into clinical use would be largely unrealistic and needs to be addressed as the body
of work presented here begins to progress. The use of FFPE tissue begins to
overcome this obstacle somewhat, and, ultimately, FFPE renal biopsies will be used
in future studies in order to obtain the largest sample cohort possible and, in turn, the

most statistically robust findings.

Furthermore, next generation MALDI-MSI instruments are beginning to push the
boundaries related to the spatial resolution of the imaging acquisition. With such
instruments, spatial resolutions of 5um are routinely obtainable, meaning that
MALDI-MSI will be able to not only analyse single cells, but also potentially delve
deeper and analyse at a sub-cellular level. With regards to the study of glomerular
diseases, this would mean that proteomic information from the sub-glomerular
compartments could be resolved and would enable the monitoring of protein

translocation throughout the glomerulus as a result of a different pathogenic state.

Further work related to the study of iMN is planned, given that the final aim of being
able to correctly discriminate all primary from secondary MN patients would
represent a large step forward in the field of nephropathology. Primarily, a larger
sample cohort with a minimum of fifty patients, that is also better representative of
the disease, will be employed. Serological information related to THSD7A positivity
will also be present. Furthermore, in this planned study, a cutting-edge MALDI-MS
Imaging instrument (Bruker RapifleX MALDI Tissue Typer) will be used to perform
high-spatial resolution (<20um) molecular imaging in order to build upon the
findings presented in this thesis and generate more extensive proteomic classifiers of
MN and its sub-classes. Additionally, an approach which involves the removal of the
MALDI matrix, incorporating the analytes of interest detected in the imaging
acquisition, and subsequent analysis using nanoESI-LC-MS/MS will be employed in
order to obtain the identities of those proteins that are able to discriminate the
different MN sub-classes'*. These protein clusters will be used to further enhance the
comprehension of the pathogenesis of MN and to, ultimately, further stratify those

primary MN patients who are currently unclassifiable using traditional IHC.
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These proteomic signatures will be integrated in an easy-to-use software that will
provide a pixel-by-pixel classification of the renal biopsy. The final output will be a
visual representation of the renal biopsy, indicating the glomeruli affected by the
presence of MN, along with a final diagnosis This would represent a large step
forward in terms of the diagnosis of MN and have a significant impact upon the

treatment and prognosis of patients with this common glomerular disease.
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