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Abstract

Historically, studies of drug biodistribution are traditionally carried out in the later
stages of pre-clinical pharmaceutical research and development (R&D) using radio-
labelled techniques. Such studies are often slow, expensive and unselective, meaning
resulting data can be complicated to deconvolute and too late in the development

pipeline to change the medicine under investigation.

Mass spectrometry imaging (MSI) has the potential to provide an unlabelled, multiplex
method of mapping and quantifying molecular distributions within tissues at a much
earlier stage in the R&D timeline, informing researchers of exposure in target tissue or
providing evidence of localised and accumulated drug concentration in tissues

exhibiting symptoms of toxicity.

The research presented in this thesis begins by exploring the use of MALDI, DESI and
LESA-MSI in early pharmacokinetic cassette dosing studies. Furthermore, MSI
techniques were applied to blood brain barrier penetration studies to assess
compound penetration profiles. Quantitative MSI (qMSI) methods were studied using
tissue mimetics to generate accurate calibration lines and produce in situ
concentration data. Finally, region specific gMSI was used to quantify endogenous
metabolite concentrations and evaluate tumour heterogeneity in several different

tumour models, identifying a model that would be used in pre-clinical efficacy studies.

The results indicate that MSI drug distribution studies can be performed much earlier
in the lead optimisation stage of the drug discovery process. This was done using a
range of MSI platforms with different sensitivity, spatial resolution and chemical scope.

The use of LESA-MSI to assess drug blood brain barrier penetration revealed benefits



over non-spatially resolved analytical methods. The multiplex nature of MSI analysis
was shown to mitigate residual blood contamination in brain tissue sections giving
greater differentiation of poorly BBB permeable drugs. Development of quantitative
LESA and DESI-MSI methods were used in conjunction with tissue mimetics to show
that gMSI is a reliable way of generating in-tissue concentration data. gMSI results
compared favourably with ‘gold standard’ LC-MS approaches. Finally, MALDI-gMSI
was shown to be capable of generating region-specific concentration data of
endogenous metabolites in heterogeneous tumour tissues. This culminated in drug
project selection of a tumour model with a less heterogeneous lactate distribution, less
intra-tumour lactate variability and a better platform to discriminate lactate modulation

in drug dosed animals versus control in efficacy studies.

The research presented in this thesis has shown that the MSI methodology developed
can be successfully applied to pharmaceutical R&D. The validated protocols can be
employed earlier in the development timeline allowing researchers time to evaluate
and react to any data produced. Furthermore, MSI has been shown to be applicable
in pharmacokinetic, pharmacodynamic and toxicity studies, offering spatially
enhanced results that complement the data generated using existing analytical
techniques and hence can make a contribution to safer, more efficacious medicines

being brought to patients.
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1. INTRODUCTION
1.1 Introduction to mass spectrometry imaging and its application in

pharmaceutical research and development

During pharmaceutical research and development (R&D) it is essential to have a
detailed understanding of drug pharmacology, toxicity and distribution. In order to exert
an effect drug molecules must reach target receptors at the site of action at a
sufficiently high unbound concentration to deliver efficacy whilst it should not be so
high that they instigate a toxic response. Plasma concentration measurements have
traditionally been used as a surrogate for the concentration of drug in tissues but this
does not always accurately represent the levels within specific organs or sub-
compartments and therefore additional assays are required in the development of an
understanding of the efficacy or toxicology of a new chemical entity in vivo. Drug
distribution studies are typically performed in later stages of the development pipeline
using radio-labelled compounds in techniques such as quantitative Whole Body
Autoradiography (qWBA)Y? or by using tissue homogenisation followed by LC-MS34.
Whilst these analytical techniques still have relevance in the progression of a new
chemical entity, they are often time consuming, costly and misleading due to the non-
specific method of detection being used. Radiolabelled drugs have the potential to
undergo metabolism, often their primary metabolites can contain the radiolabel and

this can misrepresent the distribution profile of the drug rendering the data ambiguous.

In a rapid moving R&D environment it is beneficial to have this drug distribution
information at an early stage to confirm drug delivery at the active site or to highlight
drug accumulation in an organ where toxicity may have been encountered.
Furthermore, it is essential to have an indication of efficacy in target tissues to limit
attrition further down the R&D process.

14



Mass Spectrometry Imaging (MSI) is a technique that is used to visualise the two-
dimensional (and 3D) molecular distribution of endogenous compounds®, drugs®,
lipids’, proteins® and peptides?® in biological tissue. It encompasses a range of mass
spectrometry based platforms all based on different surface sampling ion sources,
each variation offering similar but slightly different properties in terms of speed,
sensitivity, chemical scope and spatial resolution. Essentially, each technique rasters
or continuously scans across tissue sections acquiring a constant full mass spectrum
at each pixel or coordinate, each mass peak within the spectrum is assigned an
arbitrary intensity that can be colour coded into a heat map image describing the

relative abundance of an analyte within the tissue.

Matrix Assisted Laser Desorption/lonisation (MALDI) is arguably the most
predominant MSI technique used in research. MALDI is a ‘soft’ ionisation technique
allowing the detection of large, non-volatilie and labile molecules by mass
spectrometry. It was introduced in the early 1980’s1, but the first reported use of
MALDI for imaging was made in 1984, it did not however gain widespread attention
until the seminal paper from the Caprioli group in 1997, MALDI uses a pulsed, high
repetition rate laser beam focused at the required spatial resolution making it ideal for
microscopic interrogation of chemical entities from tissue sections. MALDI initially
suffered from poor reproducibility which cast a cloud over its application within the
imaging field but the technique has been developed significantly over the intervening
years with changes in instrumentation and improved sample preparation overcoming
these initial concerns and constituting a reliable, robust and widely applicable MSI

platform capable of qualitative and quantitative analysis.

Since its inception MALDI-MSI has been joined by various complementary imaging
capable ion sources. Desorption Electrospray lonisation (DESI) is being increasingly

15



employed in various academic and industrial laboratories. As its name suggests, DESI
is an ambient ionisation technique based on traditional electrospray ionisation'? and
as such has a wide and varied chemical applicability. Its use was once viewed by
researchers as being something of a ‘dark art’ but recent years have seen it being
developed by instrument manufacturers and researchers into a robust analytical
technique capable of molecular imaging at spatial resolutions of ~50-100 um?*3. The
technique was first reported in 200414 and has grown to become a primary method of
MSI. DESI has been widely applied to areas such as lipid profiling’, neurotransmitter
analysis'®, metabolic phenotyping of tumours!® and xenobiotic drug distribution
studies!’. NanoDESI*® is a further development of the technique, it is also
fundamentally related to Liquid Extraction Surface Analysis (LESA) discussed further
below. NanoDESI has been used in quantitative drug analysis!® as well as a variety of

other applications??21, Spatial resolution is higher than DESI at around 12um?2,

LESA is an MSI technique that has been successfully shown to be applicable in the
areas of metabolic profiling?3, identification of proteins?* and drug imaging®. Like DESI
it is based upon traditional ESI, giving the technique wide applicability. LESA is
sometimes referred to as liquid micro-junction surface sampling®® and essentially uses
a robotic pipette tip to introduce an extraction solvent to predefined areas on a tissue
section. The extraction liquid is dispensed onto the tissue whilst maintaining a liquid
junction with the pipette tip, it is then aspirated and sprayed into the mass spectrometer
usually via a nanoelectrospray chip?®. The main drawback of the LESA technique is
its low spatial resolution, effectively restricted by the diameter of the pipette tip/syringe
needle (typically 1000um) being used to transfer the liquid extraction solvent. A
fundamental benefit of this low spatial resolution is the introduction of high amounts of

analyte into the mass spectrometer rendering the technique as a high sensitivity

16



alternative to MALDI and DESI which are both limited by inherent limit of detection

thresholds for different chemical classes.

Many other MSI platforms have been developed to perform similar analyses,
secondary ion mass spectrometry?’ (SIMS), which pre-dates MALDI as an MSI tool,
laser ablation electrospray ionisation?® (LAESI) and laser desorption ionisation?® (LDI)
are but a few that are being used but have yet to find widespread implementation,
usually due to high costs or limited applicability. There are far too many other
techniques to discuss in this thesis so this introduction will focus on the primary
techniques used in this research project. For a full description of all MS imaging

modalities see the recent review by Paine et al.*.

An important factor in any MSI platform is the mass analyser that is used in conjunction
with the ion source. Various different mass analysers are used including time of flight3?,
triple quadrupole®?, ion trap®® and ion cyclotron resonance®* instruments. Each offer
differences in sensitivity, mass resolution, mass accuracy and scan rate and care must
be taken when choosing which instrument to purchase, tailor making an MSI platform

to the research being undertaken.

Sample pre-treatment is another fundamental part any MSI workflow (a typical MSI
workflow can be seen in figure 1). As mentioned earlier most of the techniques
employed have benefitted from development of robust sample preparation methods
including normalisation of the mass spectrometer response by applying internal
standards to the tissue®®, stabilisation of endogenous compounds3637, tissue
thickness® and sample storage®®. This has helped MSI gain a good reputation as a
viable alternative to traditional methods of analysis within industry, with the main

pharmaceutical companies now establishing MSI groups to facilitate drug discovery.

17
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1.2 lonisation mechanisms and interfaces

1.2.1 Matrix assisted laser desorption ionisation (MALDI)

The MALDI ionisation interface is described in figure 2a. The ionisation process
requires the application of large concentrations of an energy absorbent organic
compound, called the MALDI matrix, which is coated across the surface of the sample
to be analysed (in the case of MSI a tissue section). The MALDI matrix is applied as
a solution that promotes extraction of the analytes from the tissue, subsequent
evaporation of the solvent causes the matrix and analytes to co-crystallise in a spatially
representative way. A pulsed UV laser beam (usually 337 or 355 nm) is used to strike
the surface of the matrix in an evacuated chamber. The matrix crystals absorb the
ultraviolet light and convert it to heat energy, heating rapidly and vaporising, ionisation
occurs in the resulting vaporisation plume, effectively ablating the sample into the
mass spectrometer?®, In the case of MSI the laser pulse is repeated in a raster pattern

at spatially distinct intervals across the tissue.

1.2.2 Desorption Electrospray lonisation (DESI)

The DESI interface is described in figure 2b. The technique is referred to as an ambient
ionisation source in contrast to MALDI which is performed under high vacuum. A
charged nebulising solvent (usually 95% v/v methanol/water) is sprayed from an
emitter probe directly at the sample surface extracting the analytes and creating
secondary droplets which dry and release the ions in the gas phase into the mass
spectrometer. The sample is usually situated on a freely moving sample stage which
in the case of DESI-MSI moves from one side of the tissue to the other in spatially

separated rows whilst the mass spectrometer acquires a continuous spectrum.
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lonisation occurs via different mechanisms for small and large molecules*!. Large
molecules are ionised by desorption in the liquid phase where multiple charges in the
droplet can be transferred to the analyte. Smaller molecules undergo charge transfer
of an electron or proton either between the solvent ions and the analyte on the sample
surface or between gas phase ions and the analyte on the sample surface or between

a gas phase ion and the analyte in the gas phase.
1.2.3 Liquid Extraction Surface Analysis (LESA)

The LESA interface is described in figure 2c. It is essentially a robotic pipetting system.
A volume of extraction solvent is aspirated into a conductive pipette tip. The robot
moves to a predetermined coordinate and dispenses a small volume of the extraction
solvent onto the sample surface whilst maintaining a liquid junction between the tip
and the tissue, extraction occurs following the normal principles of solvent extraction.
After a slight delay the solvent is re-aspirated into the pipette tip and the robot takes it
to a nano-electrospray chip where it follows the normal principles of electrospray

ionisation into the mass spectrometer?!?

20
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1.3 Mass Analysers

lons generated by the various ionisation sources described in the previous section are
detected by their different mass/charge (m/z) ratios. A range of MSI compatible mass
analysers, each offering different mass accuracy, mass resolution, sensitivity and
signal to noise ratio are available (Table 1). The main variants that have played a part
in the research covered in this thesis are discussed, although many other

combinations and hybrids are available*?.

Table 1. Comparison of different mass analysers used in MSI

Analyser Resolving | Mass Range Mass accuracy | Acquisition
power (ppm) frequency (Hz)
ToF 10%-10* |0-20kDa 1-5 >10
Triple 102-10%® |0-5kDa 2 >100
Quadrupole
Orbitrap 10%-10° | ~50 - 6 kDa 1 >10
(QE)
FTICR 104-10° | ~20 Da- 10 <1 >1
kDa

High mass accuracy, usually expressed as parts per million (ppm) or essentially a 1
mDa error margin on a mass measured at 1000 Da, combined with high mass
resolving power, measured as mass at peak centre/width of peak at half height, is
highly desirable when performing MSI analyses. The two terms are closely interlinked,
with any degradation in one having a negative effect on the other*3. Thousands of ion

images can be generated during a single analytical run, high mass accuracy and
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resolving power are required to deconvolute isobaric peaks or overlapping isotopic

distributions within the resulting spectra®.

Sensitivity and signal to noise ratio are largely governed by the sample that is being
analysed and not the instrument hardware. Most commercially available instruments
have inherently good sensitivity in ideal test conditions, however, when more complex
biological matrices are analysed various factors such as ionisation suppression and

salt content can vastly change the response and spectra obtained.

1.3.1 Time-of-flight (ToF) mass analysers

ToF mass analysers are arguably the most highly used instrument for MSI41:4546_ ToF
analysers offer parallel, high detection efficiency, which leads to high inherent
instrument sensitivity. Essentially ions are separated by their flight time in a field free
region known as a flight tube. Mass to charge ratios are determined by measuring the
time it takes for the ions to move through the flight tube and hit the detector and is

governed by the following equation:
m/z=At? +B

Where m/z is the mass/charge ratio, A is the calibration constant calculated by least
squares fitting of a series of measured (arrival times) peaks of known m/z values, t is
arrival time and B is a second calibration constant accounting for the velocity of the

ablation plume.

ToF instruments can have axial or orthogonal geometry. Axial instruments*’ allow ions
to directly enter the flight tube from the ion source and travel to the detector (Figure

3). Orthogonal instruments*® transmit the ions generated from the ion source via ion
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optics (often a quadrupole) to a pusher where the ion beam is deflected sideways into
the flight tube and on to the detector (Figure 4). Many ToF mass analysers can operate
in what is known as linear and reflectron modes, utilising two detectors (Figure 5),
linear mode measures m/z ratio via flight time to detector one, whereas a ToF analyser
operating in reflectron mode does not use detector one, instead ions are reflected back
down the flight tube to a second detector via a series of ring electrodes, effectively
doubling the length of the flight tube and improving resolution. The reflectron
diminishes the spread of flight times of ions with the same m/z caused by differences
in the kinetic energy of these ions, essentially allowing ions of higher energy (which
have a longer flightpath) to reach the detector at the same time as lower energy ions

at the same mass.

Figure 3: A schematic of an axial time of flight mass analyser. lons enter a high
vacuum, field free region where they are separated by their flight time prior to
detection.
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Axial and orthogonal analysers can both operate in full scan only mode (MS) but some
instruments are capable of performing tandem mass spectrometry experiments
(MS/MS). Axial instruments can form product ions by the introduction of a collision cell
directly into the flight tube, splitting the tube into two drift sections, this type of
configuration is often referred to as a ToF/ToF instrument. The first drift section
separates ions with the same flight time into different groups, entry into the collision
cell is controlled by an ion gate that only allows passage of the desired precursor ion
for subsequent collision induced dissociation fragmentation. Product ions then enter a

second reflectron drift section where they are separated and detected.

Figure 4: A schematic of an axial reflectron time of flight mass analyser capable
of MS/MS showing the field free separation regions and the collision cell where
precursor ions undergo collision induced dissociation.
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Orthogonal ToF instruments generally use a quadrupole (discussed later) mass filter
to select precursor ions generated in the source for entry to the collision cell prior to
fragmentation. Product ions subsequently enter the flight tube for separation and

detection.

Figure 5: A schematic of an orthogonal reflectron time of flight mass analyser
capable of MS/MS. The ion optics region used to select precursor ions is usually
a quadrupole mass filter.
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MALDI sources and ToF mass analysers are an ideal combination for performing mass
spectrometry imaging experiments due to a variety of reasons. Probably the most
significant is that the high duty cycle of the ToF analyser is perfectly coupled to the
pulsed repetition rates (as high as 10 kHz) of the MALDI laser process. The ToF
analyser allows all ions to be detected almost simultaneously giving it a distinct
advantage over scanning mass analysers such as a quadrupole or ion trap instrument.

ToF analysers can also be combined with DESI and LESA ion sources.

1.3.2 Quadrupole mass analysers

Quadrupole mass analysers*® consist of four parallel (ideally) hyperbolic rods (Figure
6) that are used to electronically focus ions of a specific m/z ratio through the
guadrupole. The opposing rods are electrically linked and specific radio frequencies
and voltages are applied intermittently to induce oscillation of selected ions through
the quadrupole region. Any ions that are not induced to oscillate assume an unstable
trajectory and collide with the rods, resulting in the ions not being transmitted through

the quadrupole.

Quadrupoles are used in various hybrid mass analysers usually as mass filters for ions
that are selected for subsequent MS/MS experiments, they are also, as the name
suggests, and the main mass filter used in triple quadrupole instruments (QgQ). QqQ
mass spectrometers are configured using Q1 and Q3 as mass filters whilst Q2 is
operated in radio frequency only mode, Q2 can be flooded with an inert ‘collision’ gas
allowing it to act as a collision cell for collision induced dissociation (CID) making
MS/MS experiments possible. Mass resolution in quadrupole mass spectrometers is

usually lower than that achieved in ToF instruments, typically around unit mass
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resolution. QqQ instruments do however offer several different scan modes in addition
to full scan mode. Precursor ion scanning, product ion scanning, constant neutral loss
and selected reaction monitoring, the most commonly used scan mode on QqQ for
MSI. Selected reaction monitoring mode offers high sensitivity, specificity and low
signal to noise. QQqQ instruments have been shown to be effective in MSI detection,

and can be easily combined with MALDI, DESI and LESA ion sources®0-%2,

Figure 6: A schematic of a typical quadrupole mass analyser. The quadrupole
rods intermittently change polarity and radio frequency to induce ions of a
selected mass to pass through to the detector whilst other ions are lost.
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1.3.3 lon trap mass analysers

There are three different types of ion trap mass analyser, 3D-quadrupole ion traps
(Paul traps), Penning traps typically used in FTICR instruments (discussed later) and

Kingdon traps used in instruments such as the Orbitrap™.
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All ion trap mass analysers operate by storing ions in the trap and by using carefully
timed changes in voltage, magnetic field and radiofrequency to manipulate the ions
and ultimately deliver them to the detector. lon traps have the ability to perform MS"
experiments, allowing acquisition of CID data on a particular ion followed by its product
ions and any ions resulting from further CID of those product ions, this differentiates

ion traps from other mass analysers such as the ToF and QQqQ.

Orbitrap based instruments such as the Q-Exactive (Figure 7) offer high mass
resolving power (up to 140K at m/z 200) and good mass accuracy. They are
increasingly being used in conjunction with DESI ion sources for MSI. The Orbitrap
consists of two outer electrodes around an interior spindle shaped electrode
connected to independent voltage supplies. The space between the electrodes is at
high vacuum. A voltage can be applied to the outer and inner electrodes creating an
electric field that can be used to focus the ions in the direction of the central spindle
electrode, the circular motion of the ions creates an opposing centrifugal force. An
applied axial electric field guides the ions to the widest part of the central spindle
creating oscillations concurrently with the circular motion. The outer electrodes
measure the ion current in the time domain which is Fourier transformed into the

frequency domain then converted into a mass spectrum®s.

lon trap mass spectrometers can be used with MALDI, DESI and LESA ion sources

for MSI analysis.
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Figure 7: A schematic of a Q-Exactive mass spectrometer with an Orbitrap mass
analyser. The Q-Exactive incorporates a quadrupole mass filter, collision cell
and Orbitrap allowing both MS/MS analysis and MS".
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1.3.4 Fourier transfer ion cyclotron resonance (FTICR) mass analysers

FTICR mass analysers are becoming increasingly popular for MSI experiments and
widely used in pharmaceutical MSI R&D. FTICR instruments are capable of extremely
high mass accuracy and resolving power. FTICR-MS offer new identification strategies
that are not reliant on fragmentation, the superior mass resolution offered by the
instruments allows identification of unknown structures by elemental composition®*.
FTICR fundamentals are complex and are extensively covered and reviewed

elsewhere®®, only the basics are covered here.

30



FTICR instruments consist of an ICR cell located in the centre of a super-conducting
magnet which provides a stable and uniform magnetic field. lons can undergo
cyclotron motion in a stable magnetic field, this motion causes the ions to travel in a

circular orbit with a frequency that is dependent on the ions mass.

A typical open cylindrical ICR cell (Figure 8a) consists of several sets of plates known
as trapping electrodes, excitation electrodes and detection electrodes. lons are
trapped in the ICR cell by applying a small voltage to the trapping electrodes at either
end of the cell. A sweeping radio-frequency potential is applied to the excitation
electrodes at a resonant frequency covering all of the ions in the cell, the ions are
excited into cyclotron motion with increasing orbital radius (Figure8b) until they either
hit the walls and are neutralised or the RF potential is switched off, at which point the
ions continue to oscillate and generate a small electric field on the detection
electrodes. The data is Fourier transformed from time to frequency domain data from

which a m/z ratio can be mathematically calculated.
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Figure 8: A schematic of Fourier transform ion cyclotron mass spectrometry a)
A typical open cylindrical cell where ions are trapped and excited into cyclotron
motion, b) Typical Excite/Detect geometry with an ion in cyclotron motion.
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Most FTICR Instruments such as the Bruker SolariX FTICR combine a quadrupole
analyser and collision cell with the ICR cell to allow ion isolation, accumulation and
MS/MS analysis. Fragmentation can also be done in the ICR cell itself after the
introduction of a suitable gas to promote Collision Induced Dissociation (CID). A
relatively new introduction to the SolariX platform is Continuous Accumulation of
Selected lons (CASI®)®%®, this technique has shown results of up to 10-fold higher
sensitivity in comparison with full scan acquisition mode. The CASI mode separates
targeted ions from any chemical background noise generated from the sample thereby
lowering the limit of detection for the analytes. FTICR instruments are typical used with

ESI®” and MALDI ion sources®® but can also be linked to LESA.
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1.4 Sample preparation

Sample preparation is an important factor when embarking on any MSI analysis®’. It
is essential to adhere to strict sample collection protocols to maintain tissue integrity
and minimise any endogenous or exogenous compound degradation within the tissue.
Fundamentally MSI analysis requires a flat surface to sample from, so cryomicrotome
sectioning under controlled temperature conditions must be performed. DESI and
LESA analysis require little sample pre-treatment other than cryomicrotome sectioning
prior to standard analysis, although occasionally all MSI techniques benefit from
sample washing to remove lipids and salts. Further sample pre-treatment may be
required to aid detection such as proteolytic digestion or chemical derivatisation.
MALDI-MSI additionally requires the coating of a matrix across the tissue to promote
ionisation, this essential step needs careful consideration of factors such as matrix
choice, analyte extraction, analyte delocalisation and what spatial resolution is
required. Matrix selection, wetness and thickness can take several iterations to fully
optimise but with automated systems can be performed reproducibly. The specific

considerations of MALDI sample preparation are discussed later.

1.4.1 Sample collection and storage

MSI is best performed on fresh, snap frozen tissue. Snap freezing can be carried out
in several different ways to ensure adequate maintenance of the tissue structure and
minimal degradation. Essentially different solvent systems can be used to exert

different temperatures on the tissue to ensure no tissue fracturing occurs.

Tissues must be snap frozen free floating to avoid any deformation caused by the

solvent container. Several different solvents can be used in MSI sample collection but
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typically liquid nitrogen (LN) and dry-ice chilled isopentane (IP) are employed
depending on the size of the tissue being frozen. Generally small organs or tissue
samples can be snap frozen by free floating in LN. Dry-ice chilled IP offers a faster
rate of cooling, so is more suitable for larger tissues. Often the freezing rate for more
fragile tissues can be too quick so an alternative to IP such as isopropyl alcohol can
be used to bring the temperature down more slowly, this is often followed by a short
time submerged in LN or IP to bring the temperature of the tissue closer to -80°C. Care
must be taken to adequately dry the frozen tissue to ensure no residual solvent is left

on the sample that could compromise any subsequent sectioning.

Whole body samples can be frozen in dry-ice chilled hexane. Freezing whole body
samples can be a lengthy process often taking as long as 15 mins due to the insulating
effect of hair, fat and the outer organs resulting in the risk of continuing metabolic

processes®.

MSI tissue samples are usually stored at -80°C post snap freezing. The samples have
been shown to be stable for approximately a year®, after this period effects on protein

and peptide stability has been reported®?.

1.4.2 Other stabilisation methods and formalin fixed paraffin embedded

samples

Formalin fixed paraffin embedded (FFPE) samples are the mainstay of traditional
histology and as such, extensive libraries of tissue samples exist around the world
offering a massive opportunity for MSI analysis to have an impact on the etiology of
disease. Successful MSI analysis has been reported using FFPE samples but results

have largely been in the area of proteomics3?61:63, Extensive covalent cross linking
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within proteins in FFPE samples is a significant challenge for MSI analysis. Concerns
also exist within the MSI community about delocalisation of smaller molecules and
drugs brought about by the formalin fixation process itself and the de-waxing process
that is needed prior to analysis. FFPE tissues have however been shown to be
effective in lipidomic analysis®*®°, where no signs of delocalisation or interference
where observed, despite the higher prevalence of sodium adduct ions arising from the

buffers used in the formalin fixation process.

Although snap frozen tissue is considered stable when stored at -80°C cellular
degradation restarts when the sample is thawed (when thaw mounting for example)®6.
A method pf preventing proteolytic activity by rapid heating under vacuum to denature
tissue proteins and enzymes has been developed?667:68. This method has seen some
success but concerns still exist with respect to post stabilisation tissue quality®®.
Incorporation of preservation solvents into MALDI matrices has also been explored as
a histologically relevant way of simultaneously stabilising (fixing) the tissue and

depositing the MALDI matrix enabling subsequent proteomic analysis’®"1,

1.4.3 Tissue embedding

The time spent cryo-sectioning tissues individually at moderate low temperature (~ -
20°C) can sometimes lead to molecular and optical changes to the tissue sections,
sometimes called ‘freezer burn’. Furthermore, some tissues are small and quite fragile
making them hard to cryo-section, it is therefore often necessary to embed several
tissues from the same study in a supportive embedding media. Several different
embedding media have been successfully used with MSI. Gelatin and

carboxymethylcellulose (CMC) are widely used. Optimal cutting temperature (OTC)
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media has been used with MSI but severe ion suppression has been observed in
several studies as the media coats the cutting blade of the cryostat and contaminates
the  sections’>.  Recenty a new embedding media  Poly[N-(2-
hydroxypropyl)methacrylamide] (pHPMA) has been developed especially for MSI
application’®. pHPMA has some excellent physical properties making it a good
embedding media, unlike other media it is a liquid to around -8°C thus minimising the
chance of any outer thawing of the tissue during the embedding process. Practically,
pHPMA cuts very nicely on the cryostat and maintains a solid support around the
tissue. It has also been shown to have little or no ion suppression effects when used

for MSI.

Figure 9: Figure showing several rat kidneys embedded in pHPMA prior to
sectioning. The embedding media allows simultaneous sectioning of multiple
tissue at the same time, maintaining tissue structure and reducing time spentin
the cryostat.
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1.4.4 Cryo-sectioning, post sectioning stabilisation and section storage

Cryo-sectioning is an important part of MSI sample preparation. Tissue sections are
produced from frozen tissue in a cryomicrotome or cryostat, the tissue is usually
mounted onto the cryostat cutting block using a small amount of distilled water.
Sections are usually taken at around 10-20 um thickness and thaw-mounted (gentle
warming of the slide under surface) onto glass microscope slides for DESI, LESA and
MALDI-MSI or indium tin oxide (ITO) coated glass slides for MALDI-MSI on axial ToF
instruments. Stoeckli et al. described the optimum tissue thickness for MSI as being

12 um?4, although tissue thicknesses ranging from 3-50 um have been reported3e.

Tissue orientation and cutting depth are sectioning parameters that should be
considered prior to embarking on an experiment. Thought should be given to which
geometry e.g. sagittal or coronal sectioning will most easily show the required organ

features to answer the questions being posed.

Temperature is another sectioning variable that needs to be controlled to allow
production of the highest quality sections possible. The temperature at which sections
are cut is tissue dependant but generally ranges between -15 to -25°C. In our
laboratories we generally cut sequential sections for DESI, MALDI, LESA and
histology all at the same time to minimise any potential disorientation caused by
remounting the sample at a later date. Sections should be randomised as much as

possible on the slide to eliminate any degradation bias caused by time in the cryostat.

Once a section has been cut, it can be dried/desiccated in a stream of nitrogen prior
to re-freezing for the addition of further sections. This process stops any build-up of
frost on the slides, minimising delocalisation by surface water when the slide is brought

back to room temperature, it also stabilises small endogenous metabolites within the
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tissue. Once the required sections are cut and the final drying process completed the
slides can be vacuum packed and stored at -80°C in individual slide mailers to
minimise any freeze/thaw cycles when the slides are used. Care should be taken when
removing the slides from -80°C storage to allow the slides to reach room temperature
prior to breaking the vacuum pack seal, again minimising any condensation build-up

that could cause delocalisation.

1.45 Sample washing

Washing mounted sections to remove lipids and salts in order to increase sensitivity
and reduce ion suppression has been reported to be effective in the analysis of
proteins and peptides®®72.7576 Washing procedures in general should be avoided
when analysing small molecules such as drugs, although some successful washing
approaches have been applied to such molecules by Shariatgorji et al.””. Ammonium
salt solution washes have been used to to enhance the sensitivity of negative ion

MALDI-MSI lipid analysis’®.

1.4.6 On-tissue tryptic digestion

Protein and peptide analysis are not the focus of this thesis but it is relevant to mention
that intact proteins can be detected with reasonable sensitivity up to around the 25-30
kDa mass range. It is also possible to detect larger proteins by using on-tissue
enzymatic digestions (generally carried out using the enzyme trypsin), effectively
cleaving the larger proteins into their constituent peptides. A good review of the

relevant techniques has been published by Diehl et al.”
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1.4.7 On-tissue chemical derivatisation

On-tissue chemical derivatisation has been recognised as a good method for
enhancing analyte sensitivity and detection in MSI analysis. Derivatisation reagents
are liquids so concerns exist about the impact on MSI images caused by delocalisation
of the analytes. Its popularity has however grown over recent years, with methods
being largely based on established LC-MS derivatisation procedures. The reaction
schemes are usually functional group specific and have been applied to various
different chemical classes including peptides®®, N-glycans®, amino acids®?, steroids®?
and drug molecules®*. Building on this success, MALDI-MSI researchers have found
compounds that can act as both an on-tissue derivatisation reagent and a MALDI

maitrix85-87,

1.4.8 MALDI matrix selection

Matrix selection is an essential step in MALDI-MSI sample preparation. Successful
detection of analyte molecules is dependent on which matrix is applied to the sample.
An ideal matrix should absorb UV light at the appropriate laser wavelength and be able
to isolate and extract the analytes under investigation, it should also not sublime under
vacuum, it should be a proton acceptor or donator and its solubility should be high in
the same solvents as the analytes. Small organic molecules work well, many have
been evaluated over the years, a list of commonly used matrices can be found in Table
2, along with typical applications and operating polarity. 2,5-dihydroxybenzoic acid
(DHB), a-cyano-4-hydroxycinnamic acid (CHCA), 9-aminoacridine (9AA) and 1,5-
diaminonapthalene (DAN) are the most commonly used for pharmaceutical

applications because of their ability to extract and ionise small endogenous
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metabolites, drugs and lipids. In an industrial R&D environment it is often not possible
to screen large numbers of matrices for compatibility with new chemical entities,
instead ionisation testing is limited to the four main matrices listed above, if none are
found to be effective alternative imaging platforms such as DESI and LESA-MSI are

then attempted.

The solvent system used to dissolve a matrix is another parameter that can effect
analyte extraction. Typically 50 — 80% v/v mixtures of acetonitrile, methanol, ethanol
and water are used with a small amount of organic acid such as trifluoroacetic acid®®
(0.1-1% vl/v) for proton enrichment in positive ion mode. The amount of organic acid
used can greatly influence the spectra obtained from direct tissue analysis so careful
optimisation is required. Matrix concentration usually ranges between 5-50 mg/mL

depending on the matrix being used.

Table 2 List of typical MALDI-MSI matrices for different applications and

polarities
Matrix Molecular | lonisation | Typical References
Weight mode applications
(Da)
2,5-dihydroxybenzoic 154.1 Positive | Drugs, lipids, 88-90
acid peptides
a-cyano-4- 189.1 Positive | Drugs, peptides, | %0:°1
hydroxycinnamic acid Oligonucleotides
9-aminoacridine 194.2 Negative | Lipids, drugs 92-94
1,5-diaminonaphthalene | 158.2 Negative | Amino acids, 95-97
lipids

40



Sinapinic acid 224.2 Positive | Proteins 90,98

2-mercaptobenzothiazole | 158.2 Positive Lipids 99,100

2,6- 152.1 Positive | Lipids 45,101

dihydroxyacetophenone

2,4- 198.1 Positive peptides 61,102

dinitrophenylhydrazine

1.4.9 MALDI matrix application

Matrix deposition for MALDI-MSI analysis should be carefully considered. Any method
should ensure a homogeneous coverage of the tissues to be studied to minimise
variations in response in different regions of the sample. Crystal size is all important
when performing MSI, if the crystals are too large this will affect the spatial resolution
that can be achieved with the analysis. Crystal sizes as low as 1 um have been
reported'®® but typical matrix crystal sizes of between 5-150 um are more usual
depending on the deposition method. The deposition method must also be
reproducible to ensure high quality images are produced and inter slide comparison in
larger studies or across different laboratories can be performed. The main matrix

deposition methods available will be discussed below.

Matrix can be deposited in various different ways, with the most commonly reported
being administration by pneumatic nebulisation. This can be done manually with the
use of a pneumatically assisted thin layer chromatography sprayer or airbrush or
matrix deposition can be done robotically with various commercially available systems

such as the TMsprayer (HTX Technologies, Chapel Hill, NC, USA) or the SunCollect
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sprayer (SunChrom, Friedrichsdorf, Germany). All use the common principle of
multiple, differing direction, passes across the slide to deposit the matrix. These
systems are rapid and highly reproducible but as always require method optimisation
for each matrix being applied, measures must be taken to ensure the application is not
too wet as any accumulation of surface solvent could result in delocalisation of the
analytes within the tissue. Pneumatically assisted sprayers can also suffer from
intermittent blockages, altering the amount of matrix being dispensed, so rigorous

instrument hygiene procedures must be adhered to.

Other methods of depositing liquid matrices include piezoelectricl®* and acoustic
spotters'® which can dispense pL volumes of matrix, they typically produce matrix
spots in the region of 100-150 um spot centre to spot centre so limit the spatial
resolution of any subsequent analysis. An automated system based on vibrational
vaporisation (ImagePrep, Bruker Daltonics, Bremen, Germany) is commercially
available offering droplet sizes of ~20 um, it comes with an optical sensor to control
deposition periods and intervals, matrix layer thickness, wetness and drying rate in

real timel06,

In addition to these ‘wet’ application techniques there are also several ‘dry’ application
techniques worthy of note. Matrix sublimation has grown in popularity over recent
years, as advances in laser technology lead to reduced laser beam diameter (min. 5
pm) and increased laser repetition rate (max. 10kHz). Higher spatial resolution
imaging is becoming a viable and valuable asset to the researcher as biological
processes become more focussed on changes at the cellular level'®’. Sublimation
offers a rapid, robust and dry way of homogeneously coating slides with matrix,
importantly the crystal size achieved can be in the low micron region, making high
resolution analysis possible'®® and the solvent free nature of the technique minimises
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any potential delocalisation of analytes. The equipment needed to make sublimation
apparatus is readily available, with most industrial and academic groups building in-
house kits at low cost'®®. Commercially available sublimation instruments have
recently been introduced, notably the iMLayer™ (Shimadzu, Cheadle Hulme, UK).
Such instruments offer a viable alternative to home-built apparatus but are fairly
expensive to acquire and concerns exist over inter matrix contamination. Sublimation
protocols need to be strictly controlled in terms of time, vacuum (pressure and

duration) and matrix amount and must be developed for each different matrix®:110,

A further ‘dry’ matrix deposition method is dry coating. This simple method involves
milling the dry matrix crystals using a mortar and pestle and subsequently passing
through a fine sieve onto the tissue sections!!!. A drawback of dry matrix application
techniques is that the absence of a liquid interface does not allow extraction of analytes
into the crystals from the tissue surface, making the techniques unsuitable for some
applications. However it has been successfully applied to detection of drugs in tissues
that were undetectable by standard matrix application''2. Ferguson et al. have built
upon the dry matrix application method for forensic applications, developing a ‘dry-
wet’ application method when preparing and analysing latent fingermarks my MALDI-

MSIH13,

All of the matrix application techniques discussed are usually performed post-
sectioning, however, some academic groups have developed processes that use
slides pre-coated with sublimated matrix prior to sectioning!4. Crystal sizes of 1-2 um
are reported. The advantage of this procedure versus post-sectioning sublimation is
that the tissue sections become wet on thaw mounting allowing analyte extraction

making the process more widely applicable.
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Matrix deposition quality control is important and can easily be done simply by
weighing the slide before and after coating or by measuring the optical transparency
throughout the application process®, crystal size can be checked using an optical

microscope, ensuring reproducibility from slide to slide.

1.5 Quantitative MSI methods

MSI has rapidly developed into a valuable and versatile technique for exploring
molecular distributions in animal tissues. This qualitative data gives the researcher
valuable insight, especially in pharmaceutical R&D where quick and robust
assessments of a drug or metabolite distribution can confirm efficacy in a target tissue
at an early stage or accumulation in tissue where toxicity has been encountered.
Scientists within industry have become familiar with the kind of qualitative information
MSI offers but require quantitative information to calculate parameters like dose to
man predictions, pharmacodynamic models of efficacy and the assessment of drug
toxicity thresholds. Quantitative MSI (QMSI) is an area of considerable research at the
moment, simultaneous extraction of both qualitative spatial distribution information
and quantitative exogenous/endogenous compound levels has been shown to be
possible but has proven to be difficult in practice, largely because of ion suppression
effects caused by the changing molecular environments within complex tissue
sections. Numerous methods of gMSI have been reported, most follow a tried and
tested formula of spotting a calibration standard!*! or set of calibration standards!*?115
onto control tissue which is then run alongside any unknowns. Further quantitative
methods have been reported that utilise tissue mimetics”116.117 or surrogates!?®,

essentially tissue homogenates or an inert media such as gelatin with varying levels
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of the analyte spiked into them prior to freezing, sectioning and analysis at the same
time as the unknowns. Alone these methods offer relative quantitation but do not
contend with the issues of variable MS response caused by ion suppression effects or
local variations in analyte extraction. In order to address this complex factor most
methods have adopted different normalisation strategies to provide absolute

guantitation.

1.5.1 Normalisation

Arguably the most accepted method of gMSI normalisation utilises a stable isotope-
labelled version of the analyte or a structurally similar compound to the analyte as an
internal standard (IS). The IS is mixed with the matrix solution and homogeneously
sprayed over the slide prior to sectioning®'® or over the tissue sections after sectioning
and calibration standard addition'®>. The IS can then be used for the pixel to pixel
correction of the analyte intensity (calculated as analyte intensity/IS intensity) across
the tissue sections. Pirman et al. reported using a deuterated version of acetyl-L-
carnitine (AC) applied prior to sectioning when quantifying endogenous levels of AC
in piglet brain tissue'?°. The principle was successfully used again for the quantitation
of cocaine in human brain tissue sections'?!. Prideaux et al. used Levofloxacin as a
structurally similar analogue as an internal standard for the quantitation of moxifloxacin
in lung tissue taken from a rabbit tuberculosis model'?2. Addition of IS and calibration
standards prior to and after sectioning has recently been explored by Chumbley et al.
who explored different matrix and calibration standard addition protocols using an
acoustic spotter to in vitro dosed rabbit liver tissue sections'!®. Post-sectioning addition

of the standards, stable-labelled IS and matrix was found to be the optimum sequence
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for ripaficin quantitation, results generated by MSI correlated well with those generated

by LC-MS/MS.

Although pixel to pixel normalisation with a stable-labelled version of the analyte is the
gold standard of absolute quantitation in gMSI, several groups have used alternative
normalisation methods in gMSI analysis. Takai et.al. used a representative DHB matrix
peak to normalise the response of octreotide, a therapeutic peptide, when quantifying
in mouse liver and kidney!!8, Concentrations calculated using DHB normalisation
compared favourably with those determined by LC-MS/MS. Tissue specific
endogenous marker compounds have also been used to normalise drug response in
gMSI. Wang et al. reported using an endogenous brain tissue peak when analysing
the distribution of chlorisondamine in rat brain sections'23, although concerns exist that
such endogenous markers are not evenly distributed throughout the tissue biasing any

data that is normalised against them.

Hamm et al. reported the novel use of a tissue extinction coefficient (TEC) when
guantifying olanzapine and propranolol in rat and mouse whole body sections by
MALDI-MSI*?4, This technique involves spraying a homogeneous amount of a
compound mixed with the matrix over control whole body tissue sections. Once
analysed the TEC can be calculated for different organ regions of the section by
dividing the average intensity of the compound on tissue by the average intensity of
the compound on the glass slide. The regional TEC values can then be used to scale
the intensities obtained in dosed tissue, which in turn can be back calculated against

an adjacent, off-tissue, spotted calibration range.

A summary of the different gMSI methods is presented in Table 3.
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Table 3 Summary of different qMSI methods used to quantify drugs in tissues

Drug Normalisation | Calibration Tissue MSI Validated | Ref.
Curve Platform | by LC-
MS/MS
Clozapine None Yes, control | Brain (rat) MALDI v 125
Cocaine Stable-label Yes Brain (human) MALDI v 121
Erlotinib None Yes, mimetic | Liver (rat) LESA/ v 1
DESI
Lapatinib Stable-label Yes, mimetic | Liver (dog) MALDI v 116
Moxifloxacin | Non Yes, mimetic | Liver (rat) LESA/ v 17
DESI
Olanzapine TEC Yes Whole body (rat) MALDI Vv 17.124
None Yes, mimetic | Liver (rat) LESA/
DESI
Octreotide Matrix peak Yes, gelatin | Liver, kidney MALDI v 118
(mouse)
Paclitaxel Stable isotope | Yes Licer, spleen, tumour | MALDI v 126
(mouse)
Propranolol TEC Yes Whole body (mouse) | MALDI v 124
Raclopride Compound IS | Yes, mimetic | Liver (mouse) MALDI v 127
Rifampicin Stable-label Yes Liver (rabbit) MALDI v 119
Terfenadine None Yes Whole body (rat & MALDI v, X 17,128
None Yes, mimetic | mouse), Liver (rat) LESA/
DESI
Tiotropium TIC Yes Lung (rat) MALDI v 115
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Triamcinolone | Stable label Yes Cartilage MALDI v 129

acetonide

1.6 Data processing

Sample preparation and subsequent acquisition of multiplex mass spectrometry data
from MSI experiments is a complex process, however, this is a precursor to data
processing and analysis that is needed to generate images and interrogate the data.
MSI data files are often tens of gigabytes (GB) in size and can be as large as 100 GB
in older instruments, creating data storage problems and making data handling slow
and difficult. Instrument vendors have developed platform specific data processing
software solutions that allow scientists to create images and perform limited
multivariate analysis. Vendor software packages concentrate on bringing together the
spatial coordinates with the spectral data acquired in the analysis and generate a
colour map image based on the relative abundance of the peak of interest in the mass
spectrum. This has several drawbacks, foremost the software is designed to process
data from the vendors specific file type, rendering it unsuitable for multimodal imaging
workflows that adopt different MS platforms and secondly, the software solutions don’t
allow any additional data processing options to enable further data mining.

The MSI community have introduced a common data format designed especially for
MSI analysis. Imaging mass spectrometry mark-up language!3%13! (imzML) has been
embraced by scientists eager to use more sophisticated data processing techniques.
Most instrument vendors now provide imzML convertors embedded into their own
software and various academically derived convertors are available that can be used

to convert older data formats!®2. The advantage of this data conversion is that imzML
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files can be read by a multitude of different MSI software packages and furthermore
data can be easily shared between collaborating institutions.

Various imzML capable software suites are now available as freeware. Robichaud et
al. published a report on an open source interface to visualise MSI data called
MSiReader based on Matlab, a popular multi-paradigm numerical computing
environment!33, MSiReader is constantly evolving*3** and has found widespread use
with both MALDI and DESI-MSI data. SpectralAnalysis is another visualisation
software that operates within a Matlab environment!®. It is versatile software, offering
an entire data processing workflow including data smoothing, baseline correction,
normalisation, and image generation to multivariate analysis (eg principal component
analysis (PCA), non-negative matrix factorisation (NMF), maximum autocorrelation
factor (MAF), and probabilistic latent semantic analysis (PLSA))*%¢. The software can
be used for single experiment data sets and large multi-instrument, multimodality, and
multicenter studies. MSiQuant is a purpose built quantitation software package that is
also available as freeware®®’. It allows the user to select regions of interest (ROI)
around calibration spots typically used in gMSI workflows. ROl are then used to
generate mean relative abundances and calibration curve generation for the back
calculation of unknowns. Baseline corrections, subtractions, denoising, smoothing,
recalibration and normalisation can all be performed within the software.

In addition to the various types of freeware available to MSI scientists, several
companies have developed powerful software for MSI data processing. Notable
among these companies are Bruker and ImaBiotech. Bruker market a MSI software
solution called SCILS Lab. This is an extremely powerful software suite originally
confined to data generated on Bruker MS platforms but now avaiable as multivendor

software based on the imzML format. It enables users to perform regular targeted data
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analysis but offers a variety of different options to perform downstream untargeted
data processing such as spectral segmentation, discriminative RoC analysis and

tissue classification using models based on training data',

1.7 Complementary optical techniques

It is often necessary to co-register MSI data with classical histology data in order to
differentiate the heterogeneous cell populations in complex tissues. The integration of
histology and MSI is well documented*2°. Staining can be performed on tissue sections
prior to MSI analysis, however, careful attention must be given to the compatibility of
the staining protocols with mass spectrometry techniques. Staining with reagents such
as methylene blue or cresyl violet have been applied in this way!3%140, Typically
histological staining is performed post analysis. Non-destructive DESI-MSI analysis
lends itself well to this protocol although staining post MALDI-MSI requires pre-staining
removal of the MALDI matrix. This can be done by gently washing the slide in a 70%
ethanol solution to dissolve the deposited matrix, the sections can then be dehydrated
by submerging the slide in a sequence of increasing ethanolic solutions?2. Staining the
slide that has been analysed by MSI represents the best way to ensure accurate co-
registration, although, some damage can occur to the tissue during analysis. It is
therefore regular practice to take adjacent sections for staining either before and/or
after the one being analysed!4!, although accurate co-registration may be difficult post
analysis due to the differences in the structure and cellular morphology of the adjacent

sections, especially when performing high resolution MSI.
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1.7.1 Haematoxylin and eosin staining

Haematoxylin and eosin (H&E) staining is the most common staining procedure used
in pathological examination. Haematoxylin is a violet coloured stain that is used to
stain basophilic substances that carry a negative charge such as DNA/RNA in the
nuclei of cells. Eosin, in contrast is a pink stain that is used to stain acidophilic
substances with a positive charge such as amino acids, it thus highlights intracellular

membranes and cytoplasmic filaments that often contain amino acid residues.

H&E staining in MSI experiments is generally carried out post analysis or on adjacent
sections as it interferes with the MS response and the subsequent observed mass
spectral??, H&E staining has been employed extensively alongside MSI data in the
classification of different tumour species at the molecular level by MALDI-MS|142-144

and DESI-MS|145.146,

1.7.2 Immunohistochemical staining

Immunohistochemistry (IHC) is the selective staining of antigens within the cells of
tissues using antibodies!*’ that are specific for a particular cellular marker. It is used
in pathology to understand and highlight the distribution and location of biomarkers in
different regions of tissue. The antibodies are usually labelled with a reporter molecule
that can change colour or has the ability to fluoresce for selection. The technique has
been widely used to complement MSI analysis in the areas of oncology!*® and

nephrotoxicity4°.

Imaging mass cytometry is an emerging technique based on laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS)!%0, Antibodies are raised to target

specific molecular species within tissues (based on the same principles as IHC), the
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antibodies can be labelled with metal isotopes such as gold which in turn can be used
as reporters for detection by LA-ICP-MS (often referred to as cytometry by time of
flight or CyToF). Cocktails of antibodies labelled with different metals can be used to
‘stain’ a tissue section making the technique both specific and multiplex'®l. The
technique has already been used to map the distribution of cisplatin in various tissues
including tumour®®2, Imaging mass cytometry offers much promise for the future in
pharmaceutical R&D where the trend is towards development of large molecule drugs

and drugs based on new modalities such as micro-RNA.

1.8 Validation of MSI against other techniques

When a new analytical technique begins to make progress from an interesting idea to
use in academia and subsequent commercialisation it must be compared and
validated against a technique that performs a similar role. MSl is no exception and has
been extensively validated against alternative imaging technologies such as qWBA
and quantitatively against LC-MS/MS based homogenate analysis. These are
considered the ‘gold standard’ techniques over which MSI should offer enhanced or
superior analytical properties. gWBA is a radio-labelled based analytical technique that
is used to spatially map the distribution of drugs in tissues. The main drawback of the
technique is that the radio-labelled version of the drug can undergo metabolism in vivo
and subsequently form a labelled metabolite that confuses the distribution profile of
the parent drug making the data ambiguous. Homogenisation analysis by LC-MS/MS
is extensively used to provide researchers with tissue concentrations but the technique

results in the loss of all spatial information within the tissue. MSI has the potential to
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complement these two techniques offering quantitative, label free distribution data.

Validation of MSI against the different techniques will be discussed further below.

1.8.1 Validation vs. Quantitative whole body autoradiography

Comparison of MSI data with traditional qWBA data has been extensive. Hsieh et al.
first reported a good correlation between MSI data generated by MALDI-ToF and
gWBA in the analysis of clozapine in rat brain tissue, even going a step further and
comparing the intensity difference in different areas of the brain to the concentration
differences observed by HPLC-MS/MS'?5. Kertesz et al. similarly compared the
distribution of propranolol in rat whole bodies sections by DESI-MSI and qWBA. This
showed nominal agreement between the relative abundance of the drug by DESI and
the amount of radioactivity detected by qWBA in brain, lung and liver tissue. Kidney
tissue however showed a disparity between the two techniques that could possibly be
attributed to accumulation of a metabolite and subsequent detection of the radiolabel
by gWBA, DESI-MSI however failed to detect the metabolite'>3. Drexler et al.
compared the two techniques when analysing a proprietary drug in rat eye observing
a good correlation between the generated images with the drug largely localised in the
retina and uveal tract. MSI was used to confirm the absence of major metabolites
contributing to the radiographic image!®*. More recently Goodwin et al. reported the
comparison of a therapeutic cyclic peptide distribution in mouse kidney by MSI and
gWBA, showing that the QWBA results were subject to a contribution from two labelled
metabolites of the drug. Results were further complicated by isotopic overlay of one of
the metabolites with the parent drug on a MALDI-ToF instrument. The MSI analysis
was repeated using a high spectral resolution MALDI FT-ICR instrument which
resolved the isotopic peaks by accurate mass®®.
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1.8.2 Validation vs. LC-MS/MS

As highlighted in section 1.4 quantitative MSI methodology is an area of focus for the
scientific community and as such extensive comparisons have been reported between
gMSI and LC-MS/MS homogenisation methods. Table 3 in section 1.4.1 lists the
various methods and drug compounds that have been validated by subsequent LC-
MS/MS homogenate analysis. It should be highlighted that most of these methods
have used tissue that is fairly homogeneous in nature such as liver as a direct
comparison due to the loss of spatial information in the homogenate analysis.
Comparison of MSI data in more complex tissue types with LC-MS/MS is much harder
due to the potential localisation of drugs into different regions of the tissue. Validation
in these complex tissues has been reported, Frank et al. used tissue microdissection
to validate MALDI-MSI data mapping the protein expression difference in different
regions of the rat brain'®®. Goodwin et al. also used tissue laser microdissection
followed by LC-MS/MS to validate the distribution data for a compound generated by

MSI in rat brain sections!!?,

1.9 Application of MSI in Pharmaceutical Research and Development

Pharmaceutical Research and Development (R&D) is a lengthy, costly and
competitive business. Potential new drugs can take as long as ten years to reach
commercialisation, at a cost of billions of dollars, furthermore, attrition rates during the
later stages of development increase the already high risk factors involved with taking
a new compound into the clinic. Pharmaceutical companies have gone to great lengths

to decrease these high failure rates, minimising risk in an effort to maximise reward
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and bring life enhancing medicines to patients. Poor efficacy and toxicity are the main
reasons for high attrition rates within R&D'°"1%8, The industry has addressed this
problem by adopting a strategy of early, accelerated compound optimisation with
parallel generation of physicochemical and pharmacokinetic properties to design safer
and more efficacious drug candidates that maximise therapeutic index whilst
minimising any risk of toxicity.

Bioanalytical techniques such as LC-MS have kept pace with the need for higher
throughput but are limited in value when trying to assess a drugs distribution in vivo.
Traditionally drug distribution studies were performed during the later stages of
development using radiolabelled compounds in low throughput techniques such as
gWBA or homogenisation studies using long liquid chromatography gradients. MSI,
whilst not replacing any of these established methods is increasingly being used to
complement these approaches and provide timely and cost effective insights into the
deposition and fate of new chemical entities. The application of the technique has been
expanded further to encompass endogenous compound changes as markers for drug

induced efficacy or toxicity and to bring insight into novel drug delivery technologies.

1.9.1 Drug distribution and efficacy

In order for a drug to exert a pharmacological response it needs to be present at the
site of action in sufficient quantities and for the necessary time to elicit efficacy. If the
drug concentrations are too high this can induce toxicity. Drug distribution studies are
therefore integral to the pharmaceutical R&D pipeline. Troendle et al. were the first to
demonstrate the applicability of MALDI-MS to drug compounds directly from tissue
sections'®, successfully detecting the anti-tumour drug paclitaxel in ovarian cancer

biopsies and the antipsychotic drug spiperone in incubated rat liver. Reyzer et al.
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followed several years later with the first example of MALDI-MSI, reporting the
distribution of 2 orally dosed anti-tumour drugs in rat brain sections'%° using targeted
MS/MS on a triple quadrupole mass spectrometer. Early work in industry centered
upon validation of the MALDI-MSI technique against labelled whole body analysis to
establish the method as a viable unlabelled alternative or to complement qWBA
data'?>161, Khatib-Shahidi et al. successfully analysed olanzapine from rat whole body
tissue sections'®?, including the simultaneous elucidation of the distribution of several
olanzapine metabolites. Tissue specific protein markers (m/z values) were used to
highlight different histological features within both mouse and rat whole body sections
and rat brain. A similar approach was used to highlight glioma tumour baring tissue in
mouse brain, highlighting the potential MSI has within the field of pathology. Drug
distribution from whole body tissue sections has subsequently been extensively
reported for other medicines including B-peptide’®3, vinblastine!®, terfenadine!?®,

raclopride''2127” and reserpinet®,

MSI analysis of tissues (organs) dissected from animals post mortem has become
much more popular than whole body tissue section analysis in the R&D industry,
largely because of the costs related to sectioning whole animals and the logistical
considerations involved in handling and analysing such large samples. The list of drug
compounds studied and the diverse range of tissues that have been analysed using

MSI is now extensive, a concise summary is shown in table 4.

Table 4. Summary of drugs studied using MSI (Updated and adapted

Drug Met. Tissue lonisation Detection Mass Ref.
Method Mode Analyser
3-Methoxysalicylamine N Kidney, liver (mouse) | MALDI MS/MS LTQ 166
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Amphetamine, sibutramine Brain (rat) DESI MS, MS/MS | Orbitrap 15
& fluvoxamine
Astemizole Brain (rat) MALDI MS, MS/MS | QqToF 167
AQ4N Tumour (mouse) MALDI MS QqToF 168
AZD2811 Tumour (mouse) DESI MS LTQ 169
Orbitrap
AZD2820 Kidney (mouse) MALDI MS ToF/ToF, |
FTICR
AZDA4017 Brain (rat) LESA SRM QqQ 170
AZD8329 Brain (rat) LESA SRM QgQ 170
AZX Brain (rat) MALDI, MS, SRM QqToF, 170
LESA SRM
BMS-X-P Liver, heart, lung, MALDI MS/MS LTQ i
spleen (rat)
Brimonidine Eye (rabbit) MALDI MS ToF/ToF 2
Chlorisondamine Brain (rat) MALDI MS, MS/MS | ToF/ToF 123
Chloroquine Eye (Rat), whole MALDI, MS/MS, QqToF, 173,174
body (rat) LESA SRM QqQ
Cimetidine Lung (rat) MALDI MS ToF/ToF 77
Clozapine Brain (rat), Lung, MALDI, MS, ToF/ToF, | &iL12
kidney, testis (rat) DESI, LESA | MS/MS, QqToF, 5175
SRM LTQ
Cobimetinib Brain (mouse) MALDI MS FTICR 176
Cocaine Brain (rat), Hair MALDI MS, ToF/ToF, | &177
(human) MS/MS, QqQ
SRM
Dexamethazone Eye (ovine) MS ToF 18
Ephedrine Lung (rat) MALDI MS ToF 179
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Erlotinib Liver, spleen, muscle | MALDI, MS, QqToF, 180,181
(rat), tumour (human) | DESI, LESA | MS/MS, LTQ
SRM Orbitrap
Fosdevirine Brain (rabbit, guinea | MALDI MS FTICR 182
pig, monkey)
Gefitinib Tumour (human) MALDI MS, MS/MS | LTQ 181
Orbitrap
Gentamycin Kidney (mouse) MALDI MS ToF/ToF 149
Glucocorticoid receptor Skin (porcine) MALDI MS/MS ToF/ToF 183
agonists
Haloperidol Brain (rat) DESI, LESA | MS, SRM LTQ 6
Orbitrap
Ifosfamide & imatinib Kidney (mouse) MALDI MS LTQ 184
Orbitrap
Imipramine Lung (rat) MALDI MS ToF/ToF m
Ipratropium Lung (human) MALDI MS, MS/MS | LTQ 185
Orbitrap
Isoniazid Lung (rabbit) MALDI MS/MS LTQ 84
Ketoconazole Skin (porcine) MALDI MS QqToF 186
lapatinib Liver (dog) MALDI MS FTICR 187
Lidocaine Skin (pig) DESI MS, MS/MS | LTQ 188
Orbitrap
Loperamide Brain (mouse) MALDI MS/MS QqToF 189
Midazolam Brain (rat) LESA SRM QgQ 6
MK-0916 Brain (rat) MALDI, MS, SRM QqToF 170
LESA
Moxifloxacin Lung (rabbit), liver, MALDI, MS, SRM QgQ 6,32
brain (rat) DESI, LESA
Nelfinavir Cells MALDI MS ToF/ToF 190
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Octreotide Liver, kidney MALDI MS LTQ 118
Orbitrap
Olanzapine Whole body, liver MALDI, MS, SRM QqToF 17.162.1
(rat) DESI, LESA 91
Oxaliplatin Kidney (rat) MALDI MS ToF/ToF 192
Paclitaxel Liver, tumour (rat) MALDI MS/MS lon Trap 126,159
Pictilisib & GNE-317 Brain (mouse) MALDI MS FTICR 193
Pirfenidone Lung, kidney, liver MALDI MS FTICR 104
(mouse)
Polymyxin antibiotics Kidney (rat) MALDI MS, MS/MS | ToF/ToF 195
Promethazine Brain (mouse) MALDI MS/MS LTQ 196
Orbitrap
Propranolol Whole body (mouse) | MALDI, MS, SRM QgQ 158
DESI
Raclopride Whole body (mouse), | MALDI MS/MS LTQ, 12197
brain, kidney (rat) ToF/ToF
Reserpine Whole body (rat) MALDI MS LTQ 165
Orbitrap
Rifampicin Liver (rabbit) MALDI MS/MS LTQ 19
Orbitrap
S-777469 Whole body (mouse) | MALDI MS LTQ 127
Orbitrap
Saquinavir Cells MALDI MS ToF, 190
FTICR
SCH226374 Brain (mouse) MALDI SRM QqToF 160
SCH23390 Brain (mouse, rat) MALDI, SRM ToF/ToF, | 112170
LESA QqToF
FTICR
Sparfloxacin Skin (mouse) MALDI MRM QqQ 198
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SR180711 N Kidney (rat) MALDI MS, MS/MS | ToF/ToF 160
Terfenadine Y Whole body (rat, MALDI, MS, SRM QqToF 6.128
mouse), liver (rat) DESI, LESA
Tiotropium N Lung (rat, guinea pig) | MALDI MS, MS/MS | ToF/ToF, | 1519
LTQ 200
Orbitrap
Valiparib N Tumour (mouse) MALDI MS LTQ 201
Orbitrap
Vinblastine N Whole body (rat) MALDI IM-MS/MS | QqToF 164
B-peptide N Whole body (mouse), | MALDI MS ToF/ToF 163
tumour (human)

Drug distribution elucidated by MALDI-MSI has been the most heavily reported MSI
technique over the past decade with recent publications in various research areas.
Bartelink et al. reported the analysis of the oncology drugs valiparib and carboplatin
within tumours by MALDI-MSI and ICP-MS (non-imaging). Concluding that the
heterogeneous distribution observed could lead to insufficient drug exposure to ensure
efficacy in select cell populations?®l. Complementary techniques such as DESI and
LESA-MSI are beginning to become more highly reported, notably Shariatgorji et al.
recently reported some interesting results using DESI-MSI to image several different
neurotransmitters and neuroactive drugs using chemical derivatisation to charge tag

amine groups within the molecules to increase sensitivity and detection®®.

MSI is increasingly being used to assess efficacy biomarkers after treatment with novel
pharmaceuticals. Atkinson et al. described the distribution of the oncology drug AQ4N
with its active metabolite in solid tumour'®8, Drug and metabolite distribution were

simultaneously related to the intratumoral distribution of ATP indicating that the
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cytotoxic metabolite was not confined to the hypoxic tumour regions. More recently,
Ait-Belkacem et al. have characterised endogenous metabolism of transfected murine
tumour models expressing various levels of indoleamine-2,3-dioxygenasel (IDO1)%%2.
IDO1 is a potential therapeutic target for cancer treatment, IDOL1 inhibitors are being
developed to stimulate antitumour immuno-oncology responses. MSI is used here, to
evaluate the conversion rate of IDO1, a tryptophan-degrading enzyme, by following
both tryptophan and kynurenine relative abundances within two tumour models (high
and low expression). The over-expression of IDO1 in tumour induces tryptophan
depletion and increased levels of kynurenine, the opposite was observed in the IDO1
low-expression model. These changes in the metabolites can affect the tissue at the
cellular level by inhibiting NK and effector T-cell functions, activating regulatory T-cell
phenotypes and M2-macrophages, generating tolerogenic dendritic cells. Thus, the
kynurenine to tryptophan ratio was used as an indicator of IDO1 modulation and was
linked to drug efficacy. Furthermore, a regional distribution of these metabolites
throughout the tumour was used to describe different histological tissue (necrotic core,
stroma or hypoxic tissues) by MSI. Finally, strong kynurenine accumulation and lower
tryptophan levels were found to co-localise with IDO1 over-expression based on
immunostaining showing a strong conversion rate of tryptophan. These local
metabolite modulations were spatially correlated with drug distribution to explain

mechanism of action and provide target engagement information.

1.9.2 Drug metabolism

The multiplex nature of MSI lends itself well to the analysis of both drug and metabolite

distribution directly from the surface of tissue sections. Chen et al. reported the
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analysis of terfenadine and its primary metabolite fexofenadine from mouse and rat
whole body sections using MALDI-MSI'?8, This data was used to attribute the poor
oral bioavailability of terfenadine to high first pass metabolism in the intestines and the
liver prior to the drug reaching the systemic circulation. Similarly Goodwin et al.
reported distribution data for drug candidate AZD2820 in mouse kidney using the
multiplex nature of MALDI-MSI to show the distribution of a primary metabolite and
highlight the screening power of MSI over conventional drug distribution techniques,
in this case qWBA where the labelled nature of the analysis gave misleading
representation of the AZD2820 distribution due to the presence of the radiolabel in the

metabolitel2>,

1.9.3 Toxicity studies

To date most MSI studies within the pharmaceutical industry have revolved around
guestions of efficacy, largely through drug and metabolite distribution data. The
technique is however being increasingly used in toxicology studies where itis regularly
included into study plans to assess things like blood brain barrier penetration, where
brain exposure may be suspected to yield a toxic response. It is also being used in
post study assessment to answer pathology driven hypotheses, for example, when
pathological findings have suggested a toxicological response in tissue MSI can be

used to highlight a co-localisation of drug or metabolite in the affected area.

Meistermann et al. used MALDI-MSI to investigate potential biomarkers of
nephrotoxicity after administration of gemcitabine, a known nephrotoxicant to rats4°.
A spectral feature at 12,959 Da that strongly correlated with histopathology deduced

alterations of the rat kidneys. The researchers were able to identify this spectral
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feature as transthyretin (Ser(28)-GIn(146)) using other methods, demonstrating the
emerging role of MSI in the discovery of toxicity biomarkers and in obtaining
mechanistic insights concerning toxicity mechanisms.

Nilsson et al. published a paper assessing the nephrotoxicity of polymyxin antibiotics,
highlighting the correlation between the toxicity of different polymyxin analogues and
the degree of accumulation of such drugs in the renal cortex of rats compared to the
medulla'®®. This gave valuable insight into the potential ways new, less toxic
analogues could be designed to combat the growing need for new antibiotics caused
by increasing antibiotic resistance.

Castellino et al. reported a study on fosdeverin, a HIV reverse transcriptase inhibitor
that had shown adverse events in the clinic with 4 patients experiencing seizures after
four weeks of treatment!82, MSI was used to look into drug and metabolite distribution
in rabbit, minipig and monkey brains highlighting inter-species variations in drug and
metabolite distribution between humans, rabbit and minipig (which had high levels of
a cysteine conjugate metabolite associated with the white matter of the brain) and in
monkeys where the principle compound in brain was fosdeverin and this was
associated mainly with grey brain matter. The authors were able to suggest several

hypotheses for these different and novel distribution differences.

Drexler et al. published details of a pathology driven toxicity study looking at the
appearance of a birefringent microcrystalline material that had been observed in
formalin fixed rat tissue sections!’t. MSI was used to show that the composition of the
crystals was made up of the active drug substance (after the administration of a pro-

drug), MSI results were cross validated using several complementary techniques.
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1.9.4 Drug delivery studies

Drug delivery is becoming an important consideration in the hunt for new medicines.
Elegant drug delivery methods can be used to prolong exposure and smooth out so
called Cmax effects that can raise compound levels to potentially toxic levels, thus
mitigating potential toxicity. Kreye et al. published a study using MSI to assess the
release of theophylline and propranolol from slow release depot implants. MSI was
used to show the temporal change in the structure of the implants and the release of

the drugs into the external medium?°3,

Zecchi et al. reported on the use of MALDI-MSI for the characterisation of two different
routes of pulmonary drug administration of the anticholinergic drug tiotropium
bromide?%, The study found that the distribution of the drug in the lungs of guinea pigs
varied considerably when administered by nebulised inhalation compared to
intratracheal instillation at doses that induced significant anti-bronchoconstrictive

activity.

The use of nanoparticles is becoming increasingly popular, particularly within the area
of oncology. The nanoparticles usually consist of larger molecules, delivery vesicles
or particles that surround or incorporate drug molecules and capitalise on the
hypothesis that the larger particles can access ‘leaky’ tumour vasculature and
subsequently tumour tissue but are restricted from entering normally vascularised
tissue. Once inside the tumour the larger particles find it difficult to get out and be
cleared due to compromised lymphatic drainage, a phenomenon known as the
enhanced permeability and retention effect (EPR). Ashton et al. reported use of a
‘accurin’ based nanoparticle for the administration of AZD281116°, The accurin is made

up of a polylactic acid/polyethylene glycol polymer which physically encapsulates the
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drug molecules and a inert counter ion. Controlled release of the drug from the
nanoparticle can be made faster or slower by using different counter ions. MALDI and
DESI-MSI was used to map the distribution of the drug, a primary metabolite and a
marker for the nanoparticle (L-poly lysine) in mouse tumour sections. Prolonged intra-
tumoural exposure was shown with the drug being largely undetectable in the tissue
at 24 hrs after a single IV administration, compared to high exposure at 6 days post
accurin administration at the same dose level. Clinical translation of the EPR effect is
the subject of on-going research but it is an area where MSI could have some
significant impact due to its ability to acquire multiple molecular species in each mass
spectrum and monitor drug abundance, released drug and any possible nanoparticle

accumulation within the tumours.
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1.9.5 Target engagement

Drug target engagement in cells or tissues is a key indicator of efficacy during drug
development. Established techniques rely heavily on complex processing steps
requiring many different reagents. MSI offers a label and reagent free method of
monitoring target engagement in situ. Munteanu et al. reported a direct, quantitative
approach using MALDI-MSI for measuring posttranslational modifications in cancer
cells caused by histone deacetylase inhibitors in solid tumours2%4. The research
showed a time-dependant decrease of nonacetylated histone H4 and a concomitant
increase in acetylated H4 after administration of LBH-589 effectively monitoring drug

induced mass shifts in protein ion intensities to quantify target engagement.

1.9.6 Clinical translation and emerging applications

To date most MSI analysis has been performed on tissues from preclinical models.
However, for a compound to effectively transition to humans and become a new
medicine requires clinical research. Late stage failures are what can make or break a
company so as much translational data as possible can be of significant benefit. MS
based tools are being developed for surgery, providing molecular information directly
from the cut tissue (REIMS and iKnife)?%°. To perform MSI analysis from clinical trials
will need analysis needle or punch biopsies, such small samples can now be analysed

by high resolution imaging platforms.

The pharmaceutical industry is under increasing pressure to reduce the amount of
animal experiments it performs during R&D and to have preclinical models that are
more patient relevant. Advances in sample preparation techniques, instrument

sensitivity and spatial resolution have enabled MSI to be applied to the analysis of 3D
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and microphysiological systems (MPS). They are increasingly being employed within
early drug discovery for efficacy and toxicity screening. Liu et al. reported on the
application of MSI to a time dependant study of irinotecan in spheroids, showing for
every treatment duration, an MSI image of the drug distribution several serial sections
120 um apart?°6, Harvey et al. reported on the use of MALDI-MSI for the analysis of a
3D tissue engineered psoriatic skin model. MSI was used to to observe the spatial
location of acetretin in ‘Labskin™ living tissue equivalents, with the result that after 24
hours, the drug was located in the epidermis of psoriatic and nonpsoriatic skin models,

but after 48 hours of treatment, it was detectable in the dermis2°7.

1.10 Future perspectives

MSI has gained acceptance as an established tool within pharmaceutical R&D for the
analysis of complex biological tissue samples. The multiplex nature of the technique
makes it ideal for the simultaneous analysis of drug and metabolites in situ without the
need for radio-labelled compounds that are needed in other, more traditional
distribution studies. The combination of drug distribution images with endogenous
lipid, peptide and protein detection makes the technique ideal for monitoring dose
related changes in efficacy at the site of action or toxicity and can elucidate disease
state progression. Advances in sample pre-treatment protocols, quantitative
methodology and instrument hardware have created a suite of complementary, robust
imaging techniques that can be used to explore various concepts within the drug

discovery pipeline from early discovery through to the clinic.

There is however still progress to be made, in the areas of spatial resolution, where,

as drug development targets and new modalities become more complex, the need to
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move to nano-scale imaging in single cells will become an increasing requirement.
Instrument sensitivity and speed also need to be developed to accommodate this new

spatial paradigm and achieve real high throughput analysis.

Sample preparation techniques require further development to keep pace with the
increased need for high throughput and address concerns over molecular post-
mortem tissue degradation and its subsequent effect on the ionisation profile of
analytes. For MALDI the identification of new matrices that cover a wider chemical
scope and the development of on-tissue derivatisation techniques is another area of
future expansion that should ease the burden away from instrument developers and
improve the sensitivity of existing platforms and increase the application of MSI to ever
wider areas of pharmaceutical research. Robust sample preparation protocols that can
be applied in multiple R&D laboratories are needed to achieve the metrology and
standards that will allow MSI data to be accepted in regulatory submissions. This work
is being undertaken at various national measurement institutions across the world and
progress in this area is essential as MSI moves to the clinic, where large multisite

studies are performed as a matter of routine.

Higher throughput, higher spatial resolution and a subtle move towards increased use
of 3D imaging bring problems of data storage. File sizes of 100GB+ are not
uncommon, presenting researchers with data handling and backup issues that will
need to be addressed by data reduction algorithms. Integration of MSI with multi modal
high content imaging is an area that whilst being of benefit to the R&D business, could
compound these data storage problems. Developments in artificial intelligence and
machine learning will help to decrease this ‘big’ data burden, but these approaches

are just beginning to emerge and are not yet widely adopted.
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It is clear that MSI is a useful and important tissue imaging tool within pharmaceutical
R&D. The technique has already made some impact in bringing new medicines to
patients and looks set to build on this success and encompass even more areas of

drug discovery for years to come.

2.0 AIMS AND OBJECTIVES OF THIS PROJECT

The aim of this project was to explore the use of mass spectrometry techniques to
assess the biodistribution of drugs in tissues. To achieve this aim it was necessary to
use and develop existing and emerging mass spectrometry imaging techniques and
apply this state of the art technology to pharmaceutical R&D applications. The

following objectives were investigated:

e Evaluate different surface sampling MS ionisation interfaces and assess
advantages and disadvantages when applied to the analysis of drugs in
pharmaceutical R&D.

e Apply MSI techniques to drug discovery projects to provide spatially resolved
distribution information in early pharmacokinetic studies.

e Assess the advantages of spatially resolved analytical methodology against
traditional ‘gold standard’ bioanalytical methods used to determine drug blood
brain barrier penetration.

e Explore and develop the use of quantitative LESA-MSI, compare and contrast
with other imaging platforms and traditional bioanalytical tissue analysis

methodology.
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e Apply quantitative MSI methods to drug discovery studies and aide
development of robust pharmacokinetic/pharmacodynamic relationships based

on target tissue concentration data.
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ABSTRACT: Cassette dosing of compounds for preclinical drug plasma pharmacokinetic analysis has been shown to be a
powerful strategy within the pharmaceutical industry for increasing throughput while decreasing the number of animals used.
Presented here for the first time is data on the application of a cassette dosing strategy for label-free tissue distribution studies.
The aim of the study was to image the spatial distribution of eight nonproprietary drugs (haloperidol, bufuralol, midazolam,
clozapine, terfenadine, erlotinib, olanzapine, and moxifloxacin) in multiple tissues after oral and intravenous cassette dosing (four
compounds per dose route). An array of mass spectrometry imaging technologies, including matrix-assisted laser desorption
ionization mass spectrometry imaging (MALDI MSI), liquid extraction surface analysis tandem mass spectrometry (LESA-MS/
MS), and desorption electrospray ionization mass spectrometry (DESI-MS) was used. Tissue analysis following intravenous and
oral administration of discretely and cassette-dosed compounds demonstrated similar relative abundances across a range of
tissues indicating that a cassette dosing approach was applicable. MALDI MSI was unsuccessful in detecting all of the target
compounds; therefore, DESI MS], a complementary mass spectrometry imaging technique, was used to detect additional target
compounds. In addition, by adapting technology used for tissue profiling (LESA-MS/MS) low spatial resolution mass
spectrometry imaging (~1 mm) was possible for all targets across all tissues. This study exemplifies the power of multiplatform
MSI analysis within a pharmaceutical research and development (R&D) environment. Furthermore, we have illustrated that the
cassette dosing approach can be readily applied to provide combined, label-free pharmacokinetic and drug distribution data at an
early stage of the drug discovery/development process while minimizing animal usage.

he development of mass spectrometric analytical tech-

nologies has enabled pharmaceutical research and
development to employ an increasingly wide array of high-
throughput screening modalities. Compound optimization with
early, parallel elucidation of the physiochemical and pharma-
cokinetic properties enables a broader choice of compound
leads from which candidate drugs can be selected and has also
been shown to reduce compound attrition in development.'
The simultaneous dosing of drugs during in vivo research is
typically termed cassette dosing (though also referred to as N-
in-one dosing). Cassette dosing was first employed by
pharmaceutical companies toward the end of the 1990s, when

W ACS Publications © 2014 American Chemical Society
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simultaneous measurements of five compounds were made
during the development of potential thcrapeutics for the
treatment of benign prostatic hyperplasia.” Cassette dosmg and
analysis has been shown to be applicable for both orally” and
intravenously’ administered drugs. Factors that need to be
considered when devising a cassette dosing experiment include
mass spectrometry instrumentation and liquid chromatography
(LC) requirements (positivc or negative mode ionization),
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Figure 1. Images of intravenously dosed compounds detected using LESA-MS/MS, MALDI-MS, and DESI-MS after cassette dosing or discrete
dosing (haloperidol), highlighting the value of using orthogonal analytical techniques to cover a wider chemical space than that covered by MALDI-

MS alone.

whether drugs or their metabolites are likely to have common
structures or fragmentation patterns, whether compounds
require specific formulation (solubility at specific pH), and
careful attention should be given to the dose levels selected.

While such factors can be mitigated for by the selection of

appropriate combinations of compounds to be analyzed, there
remains a risk of drug—drug interactions during in vivo
administration. This topic_ 1s extensively discussed in several
reviews on cassette dosing.”~ Interactions mainly arise around
competition at clearance pathways. Other reported interactions
including heteroactivation of clearance pathways, which is the
activation of a metabolic enzyme by a second drug acting
through an allosteric mechanism (acting on a site other than
the active site). There is also the chance of pharmacological and
toxicological effects on organ blood flows and clearances.”
However, during early drug discovery, the advantage of parallel
preliminary experiments means that the risk of erroneous
results from drug—drug interactions is outweighed by the
saving in reduced time and cost, as noncassette experiments will
always be performed on compounds that are to be progressed
later in the discovery pipeline.

Traditionally discovery phase pharmacokinetic analysis has
been performed using sensitive triple quadrupole mass
spectrometers, usually in combination with rapid chromatog-
raphy systems and operated with automated or semiautomated
optimization software." This generic approach enables rapid
quantification of chemically diverse compounds from biofluids
or tissue homogenates. While these methods are ideally suited
for deriving pharmacokinetic parameters from homogeneous
biofluids, they are less suitable to analysis of heterogeneous
tissue samples. Furthermore, any tissue information from
homogenates can be misleading due to factors such as residual
blood concentration or dilution. Compound biodistribution
information is usually collected at a later stage in a compound’s
life cycle using techmques like quantitative whole body
autoradiography (QWBA).” Such analysis retains distribution
information lost during homogenization but has major
limitations such as the need for a radiolabeled compound,
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rendering the technique impractical for discovery use. Label-
based techniques are also limited in their inability to distinguish
a parent compound from any metabolites that still contain the
label, hence producing an ambiguous representation of a
compound’s distribution.

Mass spectrometry imaging (MSI),'™"" regarded as collec-
tion of multiple mass spectra by rastering across a tissue section
in two dimensions, and mass spectrometry profiling
(MSP),"*™" generally regarded as collection of mass spectra
at discrete points on a tissue section, have recently emerged as
technologies that have the capability to obtain label-free
compound biodistribution, relative abundance, and quantitation
data by analyzing tissue sections directly.

Such methods enable the simultaneous analysis of drugs,
metabolites, endogenous small molecules, lipids, and peptides
directly from tissue sections. Several comprehensive reviews
describe methodologies'®™"® utilizing a range of sample
ionization methods. Matrix-assisted laser desorption ionization
(MALDI) is arguably the most effective for pharmaceutical
research and is most commonly employed for MSI. However,
alternative ionization methods such as deqorptlon electrospray
ionization (DESI) are amenable for use in MSIL> Techmques
like liquid extraction surface analysis (LESA) can be used to
increase the sensitivity of tissue analysis when target
compounds cannot be detected by other MSI ionization
methods, but their use to date has been restricted to low spatial
tissue ploﬁlmg at only a few sampling positions across a tissue
section.”> While the origins of LESA and DESI can both be
traced back to electrospray ionization, they exhibit different but
complementary strengths and weaknesses. LESA can have high
sensitivity when used in selected reaction monitoring mode on
a triple quadrupole MS but lacks the high spatial resolution that
DESI is capable of providing. DESI, in contrast, can supply
structure-rich mass spectrometry (MS) images (Figure 1, DESI
endogenous masses, showing multiplex analysis wnthm the
cassette-dosed sections) at high spatial resolution (~50 gm)*
but has less apparent sensitivity due to the decrease in sampling
area.
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The utility of MSI is determined by the ability to detect the
target compound at the level present in the sample and is
determined by a number of factors such as the ionization
efficiency and localized suppression caused by salts and
endogenous compounds within the tissues. There is also a
risk that the mass of the target compound is masked in the
mass spectrum by endogenous compounds or MALDI matrix
adduct signal. Therefore, “up-front” MSI ionization assessments
are routinely performed to detect target compound in tissue
samples before undertaking extensive studies. The risk of failing
to detect a target in a sample can be further mitigated by using
the orthogonal MSI techniques previously alluded to, such as
LESA and DESI, which are becoming increasingly popular as
imaging tools. These ionization techniques are essentially based
on generic nanoelectrospray ionization and can be used to
cover a much wider chemical space than MALDI which is
limited by MALDI matrix selection. These ambient ionization
techniques are often combined with triple quadrupole, ion trap,
or time-of-flight mass spectrometers offering increased
sensitivity at the cost of lower spatial resolution.

In a pharmacokinetic study multiple biofluid samples can be
taken at required time points post dose; however, samples for
MSI require the termination of the subject animal and the
dissection and sectioning of a target organ. This means that a
greater number of animals are required to generate
corresponding time course MSI data. Effective cassette-dosed
MSI experiments would be advantageous with a reduction in
both the analytical turnaround time but also the animal
handling and husbandry costs. Any significant reduction in the
number of animals is advantageous, above and beyond cost
savings and analysis time, as it is in keeping with industry-wide
aims to reduce, reuse, and refine experimental animal numbers,
the so-called “3-Rs”.

The research presented here outlines a novel strategy of mass
spectrometry tissue imaging and proﬁling in routine intra-
venous and orally cassette-dosed pharmacokinetic studies. MSI
analysis was not adversely affected by cassette dosing, and the
tissue distribution data corresponds with the plasma
pharmacokinetic (PK) analysis and highlights the advantage
of gaining important pharmacokinetic and distribution data
from the same animals at an early phase of drug discovery.
Demonstrated for the first time is enhanced tissue profiling
technology {LESA) for low spatial resolution imaging.
Furthermore, such analysis is combined with near cellular
resolution MSI {~20 pm) and demonstrates that a suite of
instrumentation enables detection of all target compounds, and
therefore, a multiplatform MSI strategy is required for effective
pharmaceutical research and development (R&D).

B MATERIALS AND METHODS

Materials and Reagents. Analytical grade acetonitrile,
methanol, and formic acid were obtained from Fisher Scientific
(Loughborough, Leicestershire, U.K.). 2-Methylbutane was
obtained from Sigma-Aldrich (Poole, Dorset, UK). Test
compounds were obtained in house from AstraZeneca
compound management group {Macclesfield, Cheshire, UK.)
with the exception of moxifloxacin which was purchased from
Sigma-Aldrich (Poole, Dorset, UK.). MALDI-MS grade a-
cyano-4-hydroxycinnamic acid {CHCA) and 2,5-dihydroxyben-
zoic acid {DHB) were purchased from Sigma-Aldrich {Poole,
Dorset, UK.).

Animals. Adult male Hans Wistar rats {approximate weight
260 g) were obtained from Charles River Laboratories
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(Margate, Kent, UK.) and were acclimatized on site for a
minimum of 3 days prior to dosing. Compounds administered
by oral gavage and intravenous bolus injection (via the tail vein)
were formulated in 5% dimethyl sulfoxide/95% (30% w/v
Captisol in water). Control animals were dosed with vehicle via
the same administration route in each arm of the study.

Dosing and Scheduling. An initial pilot study using
intravenous administration consisted of the following: one
animal was dosed with vehicle, one animal was dosed discretely
with haloperidol (2 mg/kg), and two animals were cassette-
dosed {2 mg/kg/compound, haloperidol, bufuralol, midazolam,
and clozapine). All intravenously dosed animals were
euthanized at 15 min post dose.

A more extensive study using oral administration consisted of
the following: one animal was dosed with vehicle, two animals
were dosed discretely with moxifloxacin (25 mg/kg), two
animals were dosed discretely with olanzapine (10 mg/kg), and
three animals were cassette-dosed (moxifloxacin, olanzapine,
erlotinib, and terfenadine at 25, 10, 10, and 25 mg/kg,
respectively). Blood samples were taken at 0.5, 1,2, 3,4, and §
h post dose via the tail vein {0.2 mL) and 6 h via cardiac
puncture {0.5 mL); the blood was spun at 4500g for 2 min to
yield plasma (approximately 0.1 mL) which was subsequently
stored at —20 °C prior to analysis. Animals were euthanized at
either 2 or 6 h post dose.

All tissue dissection was performed by trained AstraZeneca
staff {project license 40/3484, procedure number 10). Tissues
(brain, kidneys, lungs, and liver) were snap-frozen in 2-
methylbutane on dry ice, subsequent transfer of tissues was
done on dry ice, and samples were stored at —80 °C until tissue
processing.

Tissue Processing. Tissue sections were cut at a thickness
of 14 ym and thaw-mounted onto indium tin oxide (ITO)-
coated MALDI target slides (Bruker Daltonics, Bremen,
Germany) or standard glass microscope slides (VWR,
Leicestershire, UK.). Sections were taken at approximately
equal depth from all organs to allow visualization of similar
structures between samples. Organ tissue sections from
cassette-dosed, discrete-dosed, and vehicle control animals
were mounted adjacent on the same slides to minimize
variability caused through variations in matrix application or
when analyzing separate MALDI targets. Tissue sections were
analyzed randomly and nonsequentially to limit the risk of any
observed variation in relative abundance being as a result in loss
of analyzer sensitivity during the course of the analysis.
Mounted tissue sections were stored at —80 °C until required.

MALDI Matrix Application. Thaw-mounted tissue sections
were dried in a stream of nitrogen when removed from —80 °C
storage. Optical images were taken using a standard flat bed
scanner {Seiko Epson, Negano, Japan) prior to MALDI matrix
application. Matrix coating was applied as previously described
for the analysis of small molecules using a pneumatic TLC
sprayer (Sigma—Aldrich).w Either 15 mL of CHCA (10 mg/
mlL, 50/50 v/v acetonitrile/water, 0.1% TFA) or DHB {70 mg/
mL, 50/50 v/v acetonitrile/water, 0.1% TFA) was applied.
Following matrix application all subsequent transportation was
performed with samples sealed in container to limit effects of
light and humidity on sample and matrix. For high spatial
resolution, tissue sections were transferred from —80 °C to a
desiccator and dried for about 30 min prior to matrix coating.
An optical image of the slide was acquired using a flatbed
scanner {Epson perfection V500). The tissue was coated with
DHB at a lower concentration of 35 mg/mL (50/50 v/v
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methanol/water, 0.2% TFA) to reflect the more direct
application of matrix and to prevent system blockages when
using the TM-Sprayer tissue MALDI sample preparation
system {HTX Technologies, LCC, Carrboro, NC, USA.). A
flow rate of 80 yL/min, nitrogen pressure 8 psi, and a spray
nozzle temperature of 95 °C were used for two passes and 90
°C for a subsequent four passes of the tissue.

MALDI Mass Spectrometry Imaging. MALDI MSI was
initially performed using a MALDI q-TOF MS {(MALDI
SYNAPT G2 HDMS, Waters Corporation, U.K.). The region
of interest selected for imaging was defined using HDI Imaging
software (version 1.2, Waters Corporation, U.K.), where the
spatial resolution was also set {100 #m). Positive ion data was
acquired with the mass spectrometer set to sensitivity mode
over the range of m/z 100—1200 with 300 laser shots per raster
position using a 1 kHz laser. Optimization of the mass
spectrometer was achieved by tuning acquisition settings while
collecting data from a manually deposited control spot of the
target compounds {0.5 uL of drug standard solution at
approximately 2 #M manually spotted onto the ITO target
with equal volume of matrix in solution). Raw data was
converted to image files via processing through Mass Lynx
(version 4.1, Waters Corporation, U.K.), then viewed in HDI
Imaging software (version 1.2, Waters Corporation, U.K). Data
was normalized by total ion current, and subsequent image
analysis was performed. Mass filter windows were selected with
a precision of +0.04 Da.

High mass resolution data were acquired on a 12 T SolariX
FTICR (Bruker Daltonics, Billerica, MA) running SolariX
control v1.5.0 build 103. Ions were excited (frequency chirp
48—500 kHz at 100 steps of 25 us) for 0.8 s to yield broad-
band 2 Mword time-domain data. Each mass analysis was the
sum of 400 random laser sample positions across tissue. Fast
Fourier transforms and subsequent analyses were performed
using DataAnalysis v 4.1 build 362.7 and Fleximaging v4.0 build
32 (Bruker Daltonics, Billerica, MA).

High spatial resolution MSI experiments were carried out in
positive reflectron mode over a mass range of m/z 150—900
using the UltrafleXtreme MALDI-TOF/TOF MS (Bruker
Daltonics) equipped with a 2 kHz, smartbeam-II Nd:YAG
laser. Data was collected at a spatial resolution of 15 ym,
summing up 500 laser shots/raster position. FlexImaging 3.0
{Bruker Daltonics) was used for data analysis, normalization,
and molecular image extraction typically using mass selection
window of +0.05 Da.

DESI Mass Spectrometry Imaging. DESI MSI analysis
was performed using an Exactive mass spectrometer (Thermo
Fisher Scientific Inc.,, Bremen, Germany) operated in positive
ion mode. The mass spectrometer was equipped with a custom-
built automated DESI ion source. The mass resolution used for
all measurements was set to 100 000. Mass spectra were
collected in the mass range of m/z = 150—1300. Methanol/
water {95:5 v/v) was used as the electrospray solvent at a flow
rate of 2.5 yL/min. Nebulizing nitrogen was used as gas at a
pressure of 10 bar. The height distance between the DESI
sprayer and the sample surface was set to 2 mm with the
distance between the sprayer and the inlet capillary set to 14
mm. The distance between the sample surface and the inlet
capillary of the mass spectrometer was <1 mm. The angle
between the sprayer tip and the sample surface was set at 80°.
For line scan experiments, the parameters described above were
used with a scan speed of 150 ym/s. Imaging experiments were
conducted using 150 gm spatial resolution. Image analysis
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consisted of individual horizontal line scans combined into
imzML format using the imzML converter V.1.1.4.5 (www.
maldi-msi.org). All images were created using 0.01 Da bin size
and were normalized to the total ion count (TIC) to
compensate for signal instabilities.

LESA Mass Spectrometry Imaging. LESA MSI was
petformed using LESA-MS/MS on a Triversa Nanomate chip-
based electrospray ionization system (Advion, Ithaca, NY,
USA.) coupled to a QTRAP 5500 (AB Sciex, Framingham,
MA, U.S.A.) mass spectrometer that was operated in positive
ion multiple reaction monitoring {MRM) mode. The LESA
sampling method consisted of aspiration of a 0.9 4L volume of
extraction solution (acetonitrile/water/formic acid 60/40/0.1
v/v/v). An amount of 0.5 uL of the solution was then
dispensed at a height of 0.4 mm above the tissue with a 1 s
postdispense delay time; a liquid microjunction between the
pipette tip and the sample was maintained throughout the
procedure. An amount of 1.1 #L of sample was reaspirated into
the pipet tip prior to infusion via the Nanomate chip for
tandem mass spectrometry (MS/MS) analysis. Relative
abundance was determined between samples by comparison
of MRM transition intensity at m/z 326 > 291.2, 262.2 > 188.1,
327.1 > 2699, and 376.1 > 165.1 for midazolam, bufuralol,
clozapine, and haloperidol (intravenously dosed cassette),
respectively, and 402.1 > 261.1, 313.1 > 256.1, 394.1 > 278.0,
and 472.2 > 436.2 for moxifloxacin, olanzapine, erlotinib, and
terfenadine {orally dosed cassette). LESA-MS/MS data was
processed using a purpose-built software package capable of
extracting relative abundance values from Analyst 6.1 {ABSciex,
Framingham, MA, U.SA.).

LESA-MS/MS images were created using in-house-devel-
oped software capable of color grading ion intensities acquired
from each individual LESA spot in a heat map configuration.

PK Bioanalysis. Details of the preparation of bioanalytical
stock solutions and the bioanalytical method used can be found
in the Supporting Information.

Bl RESULTS AND DISCUSSION

Obtaining knowledge of the abundance and spatial distribution
of compounds in target tissue can be extremely valuable in drug
discovery or during a toxicological investigation. An under-
standing of the distribution profile of candidate drugs can be
fed back into project design/make/test cycles, allowing
researchers to refine the properties of chemical series early in
the drug discovery process. In order to use such distribution
information effectively the analysis techniques need to be high
throughput while not compromising data quality. This study
explores cassette dosing as a viable method of increasing
throughput and decreasing the numbers of animals used in
distribution studies using mass spectrometry imaging. Data
quality was validated by comparing compounds dosed using the
cassette approach with compounds that are dosed orally and
intravenously as discrete formulations.

Technical replicates were not performed due to instrument
time constraints, number of samples involved, and the cost of
LESA consumables (specifically nanoESI emitters). However,
reproducibility of MSI strategies have previously been reported
and therefore were not considered to be required for these
experiments where relative abundances were measured. If
absolute quantitation was performed we would recommend
technical replicate analysis to be performed.

Test Substance Selection. Four compounds were selected
for a pilot intravenous cassette dosing experiment. Haloperidol,
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Figure 2. MSI abundance distributions of cassette- and discrete-dosed compounds in rat kidney sections (14 gm) at 2 and 6 h post dose.
Moxifloxacin and olanzapine distributions are comparable at the two time points validating the cassette approach.

a dopamine D, antagonist, bufuralol, a f-adrenoceptor
antagonist, and midazolam, a GABA antagonist, were chosen
at random; no data about prior MSI analysis has been published
to date. Clozapine, a serotonin antagonist that has been used in
several in-house studies and is known to be detectable by
MALDI MS], was added to the intravenous cassette to mitigate
the risk of failing to detect all compounds in the pilot study by
our primary analytical technique.

A further four compounds were selected for a more extensive
oral cassette dosing experiment. Terfenadine, an H, receptor
antagonist, has been analyzed by MSI following a 50 mg/kg
dose (single oral dose) using a hybrid quadrupole—time-of-
flight (QqTOF, QStar Pulsar, Applied Biosystems)*° and at the
same dose by LESA profiling (QTRAP 5500, AB Sciex)."
Erlotinib, a tyrosine kinase inhibitor, was detected using a
hybrid quadrupole—time-of-flight (QqTOF, QStar XL, AB/
MDS Sciex))*' following 5 mg/kg oral dose. Olanzapine, a
dopamine D, antagonist, was orally dosed at 8 mg/kg and
detected using @ MALDI time-of-flight (Autoflex, Bruker).”
The final compound in the cassette was moxifloxacin, a DNA
gyrase inhibitor, detected on a FlashQuant QTRAP (AB Sciex)
following oral dose at 25 mg/kg.>

Intravenous (iv) Dosing. An initial intravenously dosed
pilot study consisting of cassette-dosed, discrete-dosed, and
vehicle-dosed animals was performed in order to confirm the
proof of principle that cassette dosing and discrete dosing show
a similar relationship in terms of relative distribution across
different tissues. Animals were euthanized at 15 min post dose,
with brain, kidney, liver, and lung samples dissected and snap-
frozen in 2-methylbutane postmortem.

Distribution of Intravenously Dosed Compounds by
MALDI MSI. Brain, kidney, liver, and lung sections (14 pm)
were thaw-mounted onto ITO-coated microscope slides.
Sections were arranged, as stated in the Materials and Methods
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section, to minimize intra-analysis variability caused by matrix
applications and interanalysis variability. Typically three brain
sections representing cassette-dosed, discrete-dosed, and
control were mounted on the same slide. Positive ion
MALDI MSI (MALDI Synapt Q-TOF, Waters, Manchester,
U.K.) was employed to analyze brain and liver sections. DHB
and CHCA were used as standard MALDI matrixes with
limited success. Haloperidol, bufuralol, and midazolam were
not detected with either matrix from either tissue type even
though initial ionization testing in the absence of tissue had
been positive using both matrixes (data not shown). This poor
response could be due to various factors such as ionization
suppression from endogenous components and salts in the
tissue and could be rectified by using an alternative MALDI
matrix, solvent system, or by carefully optimized slide washing
of the tissue prior to matrix application®® and analysis.
Clozapine was detected on both tissue types using CHCA as
the MALDI matrix; the relative distribution of clozapine at 15
min post dose in a sagittal brain section can be seen in Figure 1,
normalized by total ion count, at a spatial resolution of 100 xm.

Additional MSI Analysis by LESA-MS/MS and DESI-
MS. The failure of MALDI MSI to detect several of the
intravenously dosed compounds presented an opportunity to
highlight the value of orthogonal analysis by other techniques.
Figure 1 shows images of intravenously dosed sagittal brain
sections analyzed by LESA-MS/MS (1 mm spatial resolution)
and coronal brain sections analyzed by DESI-MS (150 um
spatial resolution). LESA-MS/MS detected all of the
compounds in the sagittal brain sections. Relative distribution
of the compounds was largely around the frontal cortex with
little distribution into the rear left and right hemispheres of the
cerebrum. Cassette-dosed and discrete-dosed comparisons of
haloperidol in the brain sections by LESA-MS/MS (Figure 1)
highlighted some differences in distribution. This is due to the
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Figure 3. LESA-MS/MS abundance distributions of cassette- and discrete-dosed compounds in rat kidney sections (14 #m) at 2 and 6 h post dose.
This data mirrors the MALDI MSI data showing comparable distributions of moxifloxacin and olanzapine dosed discretely and by the cassette

approach.

in-house imaging program applying a rainbow scale to a narrow
drug intensity window across the two sections; the actual
distribution was relatively homogeneous throughout the tissue.
Coronal brain tissue sections (14 um) were thaw-mounted
onto standard glass slides for accurate mass DESI-MS analysis.
Due to the requirement to place DESI-MS samples onto
nonconductive glass slides, additional tissue sections were cut
by cryostat and thaw-mounted. It was necessary to use a brain
from a different animal (dosed and sacrificed under same
conditions) as the first brain fractured during the remounting
process. While this prevents intersample consistency it does
allow the coronal DESI analysis to show symmetry in detected
analytes and endogenous compounds. Detection of haloperidol,
bufuralol, and clozapine at (mass + ppm) 376.1468 + 1.6217,
262.179S =+ 2.494S, and 327.1366 + 1.5254 Da, respectively,
was achieved (Figure 1). Midazolam could not be detected with
sufficient mass accuracy (326.0850 Da) from the tissue sections
using DESI-MS.

Oral (po) Dosing. A larger, more comprehensive study was
designed to compare cassette dosing to discrete dosing after
oral administration. Plasma analysis by LC—MS/MS revealed
that cassette- and discrete-dosed animals were exposed to the
test substances in all instances. Comparative plasma concen-
trations post dose for moxifloxacin and olanzapine were
equivalent in cassette-dosed versus discrete-dosed animals
(Figure S-1, Supporting Information), indicating that plasma
exposures were not adversely affected by drug—drug
interactions. PK parameters for each compound are listed in
Table S-1, Supporting Information. The parameters exhibit
reproducibility between orally administered cassette- and
discrete-dosed moxifloxacin and olanzapine and provide an
initial indication that the cassette dosing approach is valid.

Distribution of Orally Dosed Compounds by MALDI
MSI. Brain, kidney, liver, and lung tissue sections (14 ym) were
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thaw-mounted onto ITO-coated microscope slides and were
arranged in a similar order as the intravenously dosed sections
to maintain a consistent approach; where possible five sections
were mounted per slide, representing cassette dose 2 and 6 h,
discrete dose 2 and 6 h, and control tissue. The mass
spectrometer source was rigorously cleaned after every two
analytical runs to limit the risk of any observed variation in
relative abundance being as a result in loss of analyzer
sensitivity during the course of the analysis. Positive ion
MALDI MSI (MALDI Synapt Q-TOF, Waters, Manchester,
UK.) was employed to analyze the kidney sections and
produced high-quality MS images (Figure 2), normalized by
total ion count, at a spatial resolution of 100 gm and signal
thresholding consistent across samples. The spatial distribution
and relative abundance of the test substances at the 2 h time
point were homogeneous throughout the kidney tissue.
Moxifloxacin and olanzapine distributions were relatively
consistent between cassette- and discrete-dosed animals, with
some minor differences which could be attributed to
pharmacokinetic interanimal variability (supported by the
differences in plasma PK levels, Supporting Information
Table S-1) or the depth at which the section was cut from
the kidney sample. At the 6 h time point the relative abundance
of the test substances in the cassette-dosed kidneys was
approximately 6-fold lower in abundance than the 2 h time
point for moxifloxacin. A reduction was also detected for
olanzapine (30-fold lower), etlotinib (8-fold reduced), and
terfenadine (3-fold diminished). This drop in relative
abundance reflects the decrease in concentrations observed in
the plasma samples between the two time points but was not
directly comparable in terms of the drop in response in tissue
versus the drop in concentration in plasma. Erlotinib and
terfenadine were distributed in both the cortex and medulla of
the kidney, with greater intensity in the medullary region,
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whereas moxifloxacin and olanzapine were more localized in
the medulla of the kidney. The consistent relative abundance
between the images for moxifloxacin and olanzapine at each
time point for cassette and discrete dosing provides further
validation of the cassette dosing approach. Liver and brain
sections were also analyzed by MALDI MSI to confirm
detection of the test substances in the various tissue types (data
not shown).

Analysis of Orally Dosed Tissues by LESA-MS/MS. An
advantage of tissue sectioning is that, from each sample,
multiple, nearly identical tissue sections can be taken, allowing
analysis such as LESA-MS/MS and DESI-MS to be performed
in addition to MALDI MSL LESA-MS/MS is based upon
nanoelectrospray ionization, a proven, robust technique that is
capable of ionizing a wide variety of different chemical species.
The combination of the ionization technique with sensitive
tandem mass spectrometry offers a complementary method of
analysis to MALDI MSI. MALDI by contrast is a much more
complex process, subject to subtle changes in ablation,
ionization, and sensitivity due to matrix choice, matrix crystal
size, preparation conditions, and endogenous interferences
from material in the tissue such as salts. These limitations of the
technique lead to a lower than ideal success rate when working
in a high-throughput environment. LESA-MS/MS and other
direct ionization techniques such as DESI-MS provide a way of
bridging that gap, enabling MSI scientists to pass on meaningful
distribution data to project teams. Kidney sections were
analyzed by LESA-MS/MS (QTRAP 5500, ABSciex, Framing-
ham, MA, U.S.A.) to generate low spatial resolution (1 mm)
mass spectrometry images. Figure 3 displays the images from
the LESA-MS/MS analysis of the orally cassette-dosed and
discrete-dosed sections. The images are generated using in-
house-developed software that creates a heat map of the mean
ion intensity data from each LESA extraction (~125 extractions
per kidney section). The LESA imaging data correlate well with
the observations of the MALDI MSI data, showing a clear
difference in the relative abundance of the test substances at 2
and 6 h post dose and good reproducibility in terms of spatial
distribution between cassette- and discrete-dosed compounds.

High-Resolution MSI. Lung sections were analyzed by high
mass resolution MS (12 T SolariX FTICR, Bruker Daltonics,
Billerica, MA, U.S.A.) for confirmation of the presence of the
test substances. Sample spectra are shown in Figure S-2,
Supporting Information; the presence of moxifloxacin,
olanzapine, erlotinib, and terfenadine at m/z 402.1824,
313.1481, 394.1761, and 472.3210 is confirmed by accurate
mass and comparison of each compound with a vehicle-dosed
sample.

High spatial resolution MSI is a powerful tool that allows
near-cellular resolution. The higher spatial resolution images
can be used to identify regions of tissue structure within organ
tissue sections. Figure 4 shows a high spatial resolution image
(20 pm, UltrafleXtreme MALDI-TOF/TOF MS, Bruker
Daltonics) of dosed lung section. Olanzapine (m/z 313),
represented in green, is distributed throughout the lung tissue,
while a blood vessel can be clearly seen in the optical image and
is reflected in the MSI image as an area of high heme
abundance (m/z 616). High spatial resolution MSI can
highlight distribution of test substances into localized areas of
tissue to demonstrate drug presence at the site of action and
could be expanded further to confirm target engagement via
changes in endogenous disease markers.
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Figure 4. High spatial resolution MSI (15 g#m) of orally cassette-dosed
lung tissue showing an optical image describing the region of interest
and MSI images of olanzapine (green) and heme (red). A blood vessel
can be clearly seen with the compound being homogeneously
distributed over the rest of the tissue, highlighting the power of
high-resolution MSL

B CONCLUSIONS

Cassette dosing is a widely adopted practice within
pharmaceutical discovery research for plasma PK analysis.
Here we have demonstrated for the first time its utility in PK
tissue distribution studies using mass spectrometry imaging
techniques. Cassette dosing fundamentally increases through-
put, in this case by 4-fold, greatly reducing what has
traditionally been an analytical bottleneck. The combination
of cassette-dosed PK and drug distribution studies has many
advantages; ethically the technique reduces the number of
animals used, typically by around 75%; the combination also
leads to a wealth of pharmacokinetic and distribution data being
available at a much earlier stage of drug discovery and can lead
to a much greater confidence that compounds are present at
the pharmacological site of action. It is also possible to measure
and monitor compound abundance target tissue in response to
dose or time.

Mass spectrometry imaging covers a variety of relatively new
and exciting technologies that can be used to study the regional
abundance of xenobiotics within tissues, while also simulta-
neously measuring endogenous molecules. A single technique is
yet to emerge that can successfully analyze the full scope of
chemistries encountered in drug discovery, at sufficient
sensitivity and with high spatial resolution. MALDI MSI was
successfully used to analyze orally cassette-dosed tissue sections
at 100 ym and at higher spatial resolution (15 #m). LESA-MS/
MS was validated against the MALDI MSI data. The success of
MALDI MSI to analyze the compounds in the oral cassette-
dosed study was contrasted against an intravenously dosed
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cassette study in which the technique had less success. LESA-
MS/MS and DESI-MS were used to profile the relative
distribution of the intravenously dosed compounds, at lower
spatial resolution, but with a higher success rate.

The cassette dosing strategy has been shown to be a
successful approach to obtain early, combined pharmacokinetic
and distribution data. Mass spectrometric imaging techniques
have an increasingly important role to play in pharmaceutical
R&D, with techniques being developed to provide more
quantitative data and the expansion of MALDI MSI, in
particular, into areas of targeted and untargeted metabolomics.
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ABSTRACT: Liquid extraction surface analysis mass spec-
trometry (LESA-MS) is a surface sampling technique that
incorporates liquid extraction from the surface of tissue
sections with nanoelectrospray mass spectrometry. Traditional
tissue analysis techniques usually require homogenization of
the sample prior to analysis via high-performance liquid
chromatography mass spectrometry (HPLC—MS), but an
intrinsic weakness of this is a loss of all spatial information and
the inability of the technique to distinguish between actual
tissue penetration and response caused by residual blood
contamination. LESA-MS, in contrast, has the ability to
spatially resolve drug distributions and has historically been

Section Analyze Image

LESA Mass Spectrometry Imaging

used to profile discrete spots on the surface of tissue sections. Here, we use the technique as a mass spectrometry imaging (MSI)
tool, extracting points at 1 mm spatial resolution across tissue sections to build an image of xenobiotic and endogenous
compound distribution to assess drug blood—brain barrier penetration into brain tissue. A selection of penetrant and
“nonpenctrant” drugs were dosed to rats via oral and intravenous administration. Whole brains were snap-frozen at necropsy and
were subsequently sectioned prior to analysis by matrix-assisted laser desorption ionization mass spectrometry imaging (MALDI-
MSI) and LESA-MSL MALDI-MSI, as expected, was shown to effectively map the distribution of brain penetrative compounds
but lacked sufficient sensitivity when compounds were marginally penetrative. LESA-MSI was used to effectively map the
distribution of these poorly penetrative compounds, highlighting its value as a complementary technique to MALDI-MSI. The
technique also showed benefits when compared to traditional homogenization, particularly for drugs that were considered
nonpenetrant by homogenization but were shown to have a measurable penetration using LESA-MSI.

H ow a drug distributes in the body and its effects on safety
and ecfficacy is an important consideration in the
development of novel medicines. Traditional analytical
methods such as homogenization' and quantitative whole-
body autoradiography (QWBA)” have been widely used, but
have significant drawbacks. Homogenization methods result in
the loss of all spatial information from a tissue sample, usually
providing quantitative (in terms of amount per gram of tissue)
confirmation of compound presence in the tissue of interest.
This concentration can be misleading in highly perfused organs
due to residual blood in the sample which may contain high
drug levels and distort measurements. Furthermore, the need to
make the tissue sample amenable to liquid chromatography
(LC) methods usually requires a significant dilution step that,
in the case of poorly distributed compounds, can result in
overdilution, to the extent that such compounds are
undetectable by the analytical technique of choice.

QWBA is a sensitive, robust analytical technique that
provides absolute quantitative data and retains meaningful
spatial distribution information.” The technique has several
drawbacks, the most significant of which stem from the nced
for a radiolabeled compound. Synthesis of radiolabeled
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compounds is expensive and can take significant time. This
makes the technique unsuitable for early discovery phase
studies where many compounds may be under investigation at
any one time. The requirement for a radiolabeled drug also
leads to the inability of the technique to distinguish between
parent compound and any metabolites that contain the
radiolabel leading to an overestimation of the drugs
biodistribution; there is also the potential to miss any
metabolites that do not contain the radiolabel but that may
be significant in terms of being active against the chosen target
or be a cause of toxicity.

Mass spectrometry imaging (MSI) is a term used to describe
a number of complementary imaging technologies based on the
use of dilferent surface sampling and different ionization
techniques. These include matrix-assisted laser desorption
ionization imaging (MALDI-MSI)," secondary ion mass
spectrometry imaging (SIMS-MSI),> desorption electrospray
ionization mass spectrometry imaging (DESI-MSI),® and laser
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ablation electrospray ionization imaging (LAESI-MSI),” with
MALDI-MSI being arguably the most effective technique for
pharmaceutical research and develc»pment.sf11 Each technique
has its own strengths and weaknesses determined by the ability
to detect target analytes at the appropriate level present in
tissues; this in turn is determined by a number of factors such
as localized signal suppression caused by endogenous
compounds or salts present within the tissues, compound
ionization efficiencies, and the presence of isobaric endogenous
compounds o, in the case of MALDI, matrix adducts. Failure
to analyze a target compound by a chosen MSI technique can
often be mitigated by employing a complementary MSI
technique such as those already mentioned.

A new addition to the range of MSI techniques is liquid
extraction surface analysis mass spectrometry (LESA-MS),
which is capable of obtaining spatially resolved analyte
information from a tissue section via a liquid extraction from
the surface of the tissue followed by nanoelectrospray
ionization.”" Until recently LESA-MS was used largely in a
tissue profiling capacity,14 analyzing discrete spots at points on
a tissue section yielding qualitative data roughly equivalent to
homogenization; however, recent developments have meant
the technique can now be used to generate two-dimensional
{2D) images of the analyte of interest by sampling at multiple
points across tissues. The relatively low spatial resolution of
LESA-MS (1 mm) compared with, for instance, MALDI-MS,
which is capable of resolution down to ~10 y#m, means a vastly
greater amount of sample is available for ionization and
subsequent detection {10 000X more sensitivity based on area);
thus, the technique is highly sensitive especially when
combined with triple quadrupole mass spectrometers which
offer selectivity and specificity when used in selected reaction
monitoring mode.

Many therapeutic agents rely on passage across the blood—
brain barrier (BBB) to reach a pharmacological target.'®
Treatments for indications such as Alzheimer’s disease,'®
Parkinson’s disease,’’ cancer,'® diabetes,"’ l;)besity,20 and
central neuropathic pain21 rely on transit across the BBB and
distribution into brain tissue to have efficacy. The reverse can
be said for drugs that induce an unwanted toxicological
response in the central nervous system where significant BBB
exclusion may be required.22

Traditionally, penetration across the BBB into brain tissue
can be difficult to accurately measure using conventional tissue
analysis methods such as LC—MS/MS, largely because they are
based on tissue homogenizatiom23 This is particularly true if a
drug is pootly penetrative due to the inevitable presence of
residual blood in the brain. Liu et al. have shown that MALDI-
MSI ‘cechniques24 have the ability to mitigate this problem by
spatially resolving compound distribution across brain tissue
sections and by offering the potential to acquire data over a
wide mass range to capture information on different analytes.
By performing this “multiplex” analysiszs compound distribu-
tion can be correlated against endogenous markers such as
heme as a surrogate for blood, to separate actual drug
penetration into parenchyma from signal derived from residual
blood contamination.

The data presented here aims to show for the first time that
LESA-MSI has intrinsic advantages over traditional tissue
homogenization techniques by spatially resolving the distribu-
tion of drugs and an endogenous marker for blood, in this case
heme, to establish BBB penetration. The research novelly
expands on this concept to show that the technique can be used

to profile pootly penetrative compounds, which analysis by
homogenization has concluded are nonpenetrative and any
compound detected is due to residual blood contamination.
Furthermore, we demonstrate that, by sacrificing spatial
resolution to achieve higher sensitivity, LESA-MSI can be
used to profile compounds that our primary analytical
technique MALDI-MSI has failed to detect.

B MATERIAL AND METHODS

Materials and Reagents. Analytical grade acetonitrile,
methanol, and formic acid were obtained from Fisher Scientific
{Loughborough, Leicestershire, UK.). 2-Methylbutane was
obtained from Sigma-Aldrich (Poole, Dorset, UK.). Test
compounds were obtained in house from AstraZeneca
compound management group (Macclesfield, Cheshire, UK.)
with the exception of SCH-23390 which was purchased from
Sigma-Aldrich (Poole, Dorset, UK.) and AZx which was
obtained from AstraZeneca compound management group
{Mbslndal, Gothenburg, Sweden).

Animals. Adult male Hans Wistar rats {approximate weight
260 g) were obtained from Charles River Laboratories
{Margate, Kent, UK.) and were acclimatized on site for a
minimum of 3 days prior to dosing. Compounds administered
by oral gavage and intravenous bolus injection (via the tail vein)
were formulated in $% dimethyl sulfoxide (DMSQ)/95% (30%
w/v Captisol in water). Control animals were dosed with
vehicle via the same administration route in each arm of the
study.

The study was reviewed by the Institutional Animal Welfare
and Ethical Review Body and was conducted in accordance
with the animal care and ethics described in “Guidance on the
Operations of the Animals {Scientific Procedures) Act 1986”
issued by the U.K. Home Office.

Dosing and Scheduling. The study consisted of seven
individual animals (pmject license 40/3484, procedure number
10). One animal was dosed intravenously with vehicle and was
terminated at 30 min post dose. Two animals were dosed
intravenously with a cassette containing AZD8329 and
SCH23390, each dosed at 5 mg/kg and terminated at either
1 or 30 min post dose. Four animals were dosed orally with a
cassette containing AZD4017 and MK-0916, each dosed at 50
mg/kg and terminated at either 2 h {n = 2) or 6 h {n = 2) post
dose.

All tissue dissection was performed by trained AstraZeneca
staff. Brain samples were harvested at termination and snap-
frozen in 2-methylbutane on dry ice; subsequent transfer of
tissues was done on dry ice, and samples were stored at —80 °C
until tissue processing. Terminal plasma samples were stored at
—20 °C prior to analysis.

Tissue Processing. Sagittal tissue sections were cut at a
thickness of 14 ym and thaw-mounted onto indium—tin oxide
{(ITO)-coated MALDI target slides {Bruker Daltonics, Bremen,
Germany) Sections were taken at approximately equal depth
from all whole brain samples. Tissue sections from dosed and
vehicle control animals were mounted adjacent on the same
slides to minimize intra-animal variability caused by changes in
mass spectrometer response throughout the analytical run.
Mounted tissue sections were stored at —80 °C until required.

LESA Mass Spectrometry Imaging. LESA MSI was
performed using LESA-MS/MS on a Triversa Nanomate chip-
based electrospray ionization system (Advion, Ithaca, NY,
US.A.) coupled to a QTRAP 5500 (AB Sciex, Framingham,
MA, U.SA.) mass spectrometer operated in positive ion MRM
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mode. The LESA sampling method consisted of aspiration of a
0.9 4L volume of extraction solution {acetonitrile/water/formic
Acid 60/40/0.1 v/v/v). An amount of 0.5 uL of the solution
was then dispensed at a height of 0.4 mm above the tissue with
a 1 s post dispense delay time; a liquid microjunction between
the pipet tip and the sample was maintained throughout the
procedure. An amount of 1.1 #L of sample was reaspirated into
the pipet tip prior to infusion via the nanomate chip for MS/
MS analysis. Relative abundance was determined between
samples by comparison of MRM transition intensity at m/z
420.2 > 320.9 and 332.1 > 286.1 for AZD4017 and MK-0916
(orally dosed cassette) and 422.2 > 148.1 and 288.1 > 90.9 for
AZD8329 and SCH23390 (intravenously dosed cassette).
LESA-MS/MS data was processed using a purpose-built
software package capable of extracting relative abundance
values from Analyst 6.1 (AB Sciex, Framingham, MA, USA.).

LESA-MS/MS images were created using in-house devel-
oped software capable of color grading ion intensities acquired
from each individual LESA spot in a heat map configuration.

MALDI Matrix Application. Thaw-mounted tissue sections
were dried in a stream of nitrogen when removed from —80 °C
storage. Optical images were taken using a standard flat-bed
scanner {Seiko Epson, Negano, Japan) prior to MALDI matrix
application. Matrix coating was applied as previously described
for the analysis of small molecules using a pneumatic TLC
sprayer (Sigma-Aldrich).”® Either 15 mL of a-cyano-4-
hydroxycinnamic acid (CHCA) {10 mg/ml, 50/50 v/v
acetonitrile/water, 0.1% TFA) or 2,5-dihydroxybenzoic acid
(DH_B) (70 mg/mlL, 50/50 v/v acetonitrile /water, 0.1% TFA)
was applied. Following matrix application all subsequent
transportation was performed with samples sealed in a
container to limit effects of light and humidity on sample and
matrix.

MALDI Mass Spectrometry Imaging. MALDI-MSI was
performed using a MALDI q-TOF MS (MALDI SYNAPT G2
HDMS, Waters Corporation, U.K.). The region of interest
selected for imaging was defined using HDI Imaging software
(version 1.2, Waters Corporation, UK.), where the spatial
resolution was also set {100 pm). Positive ion data was
acquired with the mass spectrometer set to sensitivity mode
over the range of m/z 100—1200 with 300 laser shots per raster
position using a 1 kHz laser. Optimization of the mass
spectrometer was achieved by tuning acquisition settings while
collecting data from a manually deposited control spot of the
target compounds {0.5 uL of drug standard solution at
approximately 2 #M manually spotted onto the ITO target
with equal volume of matrix in solution. Raw data was
converted to image files via processing through Mass Lynx
(version 4.1, Waters Corporation, UXK.), then viewed in HDI
Imaging software (version 1.2, Waters Corporation, U.K.). Data
was normalized by total ion current, and subsequent image
analysis was performed. Mass filter windows were selected with
a precision of +0.04 Da.

Preparation of Brain Homogenates. Brain homogenates
were prepared by adding deionized water to one cerebral
hemisphere at a 3:1 v/w ratio in a Precellys CK28 7 mL tissue
homogenizing tube (KT03961-11302.7) and subjecting to
rapid multidirectional motion using a Precellys Evolution
homogenizer (Bertin Technologies, Montigney-le-Bretonneux,
FR). Following homogenization, identical protocols were used
for plasma and brain analysis.

Preparation of Calibration Standards and Quality
Controls. Calibration {Cal) {0.300—300 nmol/L) and quality

control (QC) (0.900, 12, 240 nmol/L) samples were prepared
by serial dilution of separate 2 mM DMSO stock solutions in
either control plasma or control brain homogenate. Cal samples
were prepared fresh on the day of analysis; QC samples were
prepared in advance and stored at —20 °C alongside
homogenized test samples whereby being subjected to the
same freeze/thaw cycle.

Bioanalytical Method. On the day of analysis 30 gL of
test, Cal, or QC sample was subjected to protein precipitation
with 90 4L of acetonitrile containing 1 pg/mL of the assay
internal standard, rosuvastatin. Following mixing and centrifu-
gation 50 L of the resulting supernatant was transferred to the
well of a 96 deep well plate containing 150 L of 0.1% v/v
formic acid (aq).

Amounts of 10 yL of the resulting extracts were injected
onto a gradient UHPLC system (Acquity, Waters, Milford,
U.S.A.) comprising 0.1% v/v formic acid (aq) as mobile phase
A, 0.1% v/v formic acid in acetonitrile as mobile phase B and an
Acquity BEH C18 1.7 yM 2.1 mm X 50 mm id. column
{Waters) as the stationary phase. Detection was performed
using an APIS000 (Applied Biosystems Sciex, Framingham,
US.A) mass spectrometer operating in multiple reaction
monitoring mode {MRM) with an electrospray ionization
source {ESI). The mass transitions monitored for compounds
dosed orally were m/z 4202 > 320.9 and 332.1 > 286.1 for
AZD4017 and MK-0916. The mass transitions monitored for
compounds dosed intravenously were m/z 422.1 > 148.1 and
288.1 > 90.9 for AZD8329 and SCH23390. The internal
standard, rosuvastatin, was measured using a transition of 482.2
> 269.4.

Analyte/internal standard peak area ratios were calculated
and the calibration data fitted using a linear regression with a 1/
X2 weighted fit. Test and QC sample concentrations were
back-calculated from the fitted line. Analytical batches was
considered acceptable if 75% of the calibration levels fell within
15% of their nominal concentrations and a minimum of four
out of six of the back-calculated QC samples fell within 15% of

their nominal concentrations.

B RESULTS AND DISCUSSION

Selection of Compounds. Compounds {Figure 1) were
selected based upon historical rat brain homogenate concen-
tration data. In these historical data AZD4017 and AZD8329
had a brain/plasma concentration ratio of 0.01 and 0.02,
respectively {Table 1), at 10 min post dose. This value is
extremely low and is indicative of compounds that are poorly
penetrative, the measured concentration in brain (0.07 and 0.10
M for AZD4017 and AZD8329, respectively) being attributed
to residual blood contamination in the tissue.

MK-0916 and SCH23390 had a brain/plasma concentration
ratio of 0.8 and >1.0, respectively {Table 1), at 10 min post
dose, indicating that the compounds are brain penetrative.
Correspondingly high concentrations were observed in the
brain homogenates (9.1 and 1.5 pyM for MK-0916 and
SCH23390, respectively).

Oral and intravenous cassette doses each containing a brain
penetrative and a brain nonpenetrative compound (based on
homogenization data) were dosed to cover the extreme ranges
likely to be encountered in pharmaceutical research and to
highlight the advantages that LESA-MSI could bring over
conventional homogenization methods.

Oral Study. MK-0916 and AZD4017 were dosed orally in

the same cassette as examples of brain penetrative and

DOLI: 10.1021/acs.analchem.5b02998
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Figure 1. MALDI-MSI images of SCH23390 and MK-0916
distribution in brain tissue at different time points. SCH23390
intensity was high in the 1 min post dose sample but indistinguishable
from the response given in control in the 30 min sample. MK-0916
signal intensity was higher in the 6 h sample than in the 2 h sample
reflecting the pharmacokinetics of the drug.

nonpenetrative compounds. Initial analysis by our primary
imaging technique, MALDI-MSI (Figure 1), showed high
exposure to MK-0916 (Figure 1), the compound was
homogeneously distributed across the 2 h brain section.
There was a clear differentiation in signal intensities between
the 2 h section and the 6 h section, with the 2 h section giving a
mean signal intensity across the tissue around 40% lower than
the mean signal intensity observed in the 6 h section. This was
consistent with previously acquired plasma pharmacokinetic
data (data not shown) which showed a T,,,, of between 3 and 6
h for MK-0916. Signal intensity in the 6 h section showed some
localization of the drug (at 100 um spatial resolution) in the
pons and medulla oblongata regions of the brain, with

homogeneous distribution throughout the remainder of the
tissue.

AZD4017 in the brain tissue was undetected by MALDI-MSI
despite having given a good response off-tissue during
ionization testing using a variety of different matrixes and
mass spectrometer modes (MS and MS/MS). Various
unsuccessful homogeneous coatings were attempted, including
wetter coatings which would closer simulate manual matrix
spotting used during tissue profiling experiments.”” However,
the target compound could still not be detected. This could be
due to various reasons such as poor on-tissue analyte extraction
during MALDI matrix application or ion suppression caused by
endogenous compounds and salts in the tissue but was
attributed to the technique having insufficient sensitivity to
detect the low levels of the drug that were in the samples. The
failure of MALDI-MSI to detect the drug provided an
opportunity to analyze the orally dosed sections using LESA-
MSI and to examine usefulness of the increased sensitivity at
the expense of decreased spatial resolution.

LESA-MSI was performed on adjacent tissue sections to
those used for MALDI-MSI at a spatial resolution of 1000 ym.
MK-0916 exposure in both the 2 h (Figure 2¢) and 6 h (Figure
2f) sections reflected the observations in the MALDI analysis
with clear differentiation between the time points, the 6 h
sample giving a significantly higher mean signal intensity than
the 2 h sample. Initial assessment of the 6 h image with the
pixel color applied on a linear scale failed to reveal any
localization of MK-0916; this was dissimilar to the MALDI-MSI
analysis which showed increased signal intensity in the lower
rear area of the brain. It was hypothesized that this was due to
the homogeneous high signal intensity across the tissue section.
The LESA-MSI data was subsequently reprocessed using a
logarithmic scale, allowing greater differentiation between the
high signal intensity pixels throughout the tissue section and
revealing the localization of the drug in the pons and medulla
oblongata regions of the brain that were visible in the MALDI-
MSI analysis.

Table 1. Table Showing the Structures, Transitions, and Homogenate-Derived Brain/Plasma Ratios of Compounds Used in the
Studies Showing a Clear Difference in the Brain Penetration Profiles of the Drugs

84

Compound Structure Parent | Product | Plasma Brain Brain:Plasma | Penetrative
Conc Conc Ratio
(M) (uM)
Cl. .
SU:
MK-0916 ’< < l ~ 3321 286.1 11.7 9.1 0.8 Yes
HO. 0 ~ /O
»
AZD4017 t@ 420.2 320.9 5.2 0.1 0.01 No
Cl 2 /“\
Ho:[‘\u] "
SCH23390 H?\J 288.1 90.9 1.0 1.5 1.5 Yes
—
J
R
AZD8329 = SR 4221 1471 48 0.1 0.02 No
SE WA
AZx o, 0N i 426.2 127.2 7.0 0.1 0.01 No
R1’S“HJ\\N’|\)‘R3
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Figure 2. LESA-MSI images of brain tissue sections showing the distribution after oral dosing of AZD4017 (thresholded to 44% to better display the
compounds distribution in tissue) at (c) 2 h and (d) 6 h with a corresponding image (g) in control tissue at 2 h post dose. MK-0916 distribution can
be seen at (e) 2 h, and (f) 6 h post dose, with a corresponding image in control tissue (h) at 2 h post dose. Heme distribution (i) is displayed in the 2
h dosed tissues. Panel j shows the correlation of AZD4017 vs heme. Panels a and b show representative optical images of the tissue sections prior to

analysis.
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Figure 3. LESA-MSI images of brain tissue sections showing the distribution after intravenous dosing of AZD8329 (thresholded to 60% to better
display the compounds distribution in tissue) at (¢) 1 min and {d) 30 min with a corresponding image (g) in control tissue at 30 min post dose.
SCH23390 distribution can be seen at (¢) 1 min and (f) 30 min post dose, with a corresponding image in control tissue (h) at 30 min post dose.
Heme distribution (i) is displayed in the 1 min dosed tissues. The correlation of AZD8329 vs heme (j) is presented. Panels a and b show
representative optical images of the tissue sections prior to analysis. All images are configured to ensure brain slices are displayed in the same

orientation.

AZD4017 signal intensity in the same cassette-dosed brain
sections was much lower than those observed for MK-0916.
Although AZD4017 signal intensity was markedly higher than
the intensity observed in vehicle-dosed sections, it was difficult
to visually distinguish between penetration of compound into
brain tissue (Figure 2c) and the response attributed to residual
blood contamination (Figure 2i). One of the advantages of
using LESA-MST is that it can be used in a multiplex mode,
where many different mass transitions are tuned into the mass
spectrometer and can be used in any subsequent data
acquisition. The mass transition for heme (m/z 616.1 >
557.0) was acquired alongside the MK-0916 and AZD4017 as a
surrogate marker for residual blood (Figure 2i), essentially
giving an analyte signal intensity and a heme signal intensity in
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each pixel of the images. Using these data it is possible to plot
AZD4017 and heme signal intensities against each other and to
visualize the correlation between the two (Figure 2j). The
analysis gave a correlation coefficient R of 0.6869 suggesting
that there is a relationship between AZD4017 and heme,
although subsequent examination of the images shows the
compound is homogeneously distributed throughout the brain
tissue at both the 2 and 6 h time point in areas where there is
little or no heme, inferring that the compound is poorly
penetrant. This result would be at odds with the homoge-
nization data which concluded that the compound was
“nonpenetrant” and highlights the benefits a sensitive and
multiplex technique such as LESA-MSI can bring to the analysis
of marginally penetrative compounds.

DOI: 10.1021/acs.analchem.5b02998
Anal. Chem. 2015, 87, 10146-10152
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Intravenously Study. SCH23390 and AZD8329 were
dosed intravenously in the same cassette as examples of brain
penetrative and nonpenetrative compounds. Brain sections after
intravenous dosing showed high exposure of SCH23390
(Figure 1) when analyzed by MALDI-MSL The compound
was distributed throughout the tissue sections with greater
signal intensity being observed in the rear portion of the brain
(cerebelum and pons/medulla oblongata regions). A clear
differentiation was observed between the 1 and 30 min brain
sections with the 1 min sample giving a mean signal intensity
across the tissue of around 10-fold greater than the mean
intensity observed across the 30 min section. This result was
expected due to the rapid elimination half-life of the compound
(25 min in rat). On further examination, the MALDI-MSI data
at 30 min post dose was similar to the result observed i
vehicle-dosed tissue, indicating that the technique was not
sensitive enough to detect the compound at these levels.

AZD8329, a compound with a similar chemical structure to
AZD4017 (Table 1) dosed in the oral study, was undetected in
brain tissue at 1 and 30 min post dose by MALDI-MSI. Various
different MALDI matrixes and mass spectrometer modes were
explored. Failure to detect the compound could be due to levels
of AZD8329 in the brain tissue being below the limit of
detection of the MALDI-MSI technique. This presented
another opportunity to analyze the samples using LESA-MSI
and to examine the use of improved sensitivity at the expense of
spatial resolution.

LESA-MSI detected both SCH23390 and AZD8329 in the
brain samples. SCH23390 gave a strong signal in the 1 min
time point (Figure 3e) with the compound exhibiting a
homogeneous distribution across the tissue section. SCH23390
was also detected at much lower levels in the 30 min sample
(Figure 3f) than those observed at 1 min with clear
differentiation from the response observed in the control.
Similarly AZD8329 was detected at low levels in both the 1 min
(Figure 3c) and 30 min (Figure 3d) samples; once again this
response was clearly greater than the response observed in
vehicle-dosed control sections (4-fold greater), again high-
lighting the sensitivity of LESA-MSIL The signal intensity was
consistent and homogeneous across the two time points
indicating that the compound is poorly penetrant. This was in
line with data generated in previous intravenous experiments
(data not shown) that observed a small change in systemic
plasma concentration between the 1 and 30 min time points (n
= 4).

A plot of the AZD8329 and heme signal intensities showed a
relatively poor correlation, with a correlation coefficient of R =
0.0200. This lack of correlation combined with the homoge-
neous distribution observed when the image threshold is set to
100% indicates that AZD8329 penetrates into brain tissue at
low levels and that the response is not linked to residual blood
contamination, a result that was missed by tissue homoge-
nization.

Application in AZ Drug Projects. After the initial LESA-
MSI brain penctration experiments the technique was applied
to live AstraZeneca (AZ) projects. AZx (Table 1) is a
compound that is currently of interest within the cardiovascular
and metabolic discases therapeutic area within AZ. The
compound is a triazine analogue with a logD of 2.1. The
compound has a brain/plasma ratio of 0.01 based on
concentrations of 0.1 and 7 M in brain homogenate and
plasma, respectively. This brain/plasma ratio is very low and
indicative of a poorly penetrative compound, the response
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being attributed to residual blood contamination in the brain
homogenate. LESA-MSI analysis (Figure 4¢) revealed local-

LESA-MSI

Compound

Figure 4. Figure showing the distribution of AZx and heme in rat brain
tissue sections analyzed by MALDI-MSI (b and c) and LESA-MSI (e
and f). The similarities between the distribution from the two different
techniques can be clearly seen. The LESA-MSI data shows a clear
correlation (g) between AZx signal intensity and heme intensity.

ization of AZx at various hot spots across the sagittal brain
section. The compound distribution correlated well with heme
(Figure 4f), giving a correlation coefficient of R = 0.7681,
indicating the compound had a reasonably strong relationship
with the residual blood in the section (Figure 4g). In addition
to this the compound was not detected in arcas of the brain
tissue which did not contain heme indicating that the
compound has very poor brain penetration.

Adjacent tissue sections were subsequently analyzed using
MALDI-MSI analysis (Figure 4b) to further validate the LESA-
MS] technique. Co-localization of AZx with heme (Figure 4c)
was confirmed at 100 pm spatial resolution. This result was
interesting as it implies that LESA-MSI could be used to
highlight localization of drug in tissue even at 1 mm spatial
resolution.

B CONCLUSIONS

Liquid extraction surface analysis has traditionally been used for
profiling of discrete points across tissue sections. Here we have
demonstrated that the technique is applicable to low-resolution
mass spectrometry imaging to highlight compound distribution
in tissue sections.

The work presented here has shown that LESA-MSI has
many advantages over traditional methods of analysis such as
tissue homogenization. The multiplex nature of mass
spectrometry allows simultaneous capture of many different
mass transitions, e.g., drug and heme, which when coupled with
the spatial resolution that is inherent in LESA allows distinction
between real compound penetration and that which would

DOI: 10.1021/acs.analchem.5b02998
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normally be attributed to residual blood contamination. LESA-
MSI has also been shown to be highly sensitive and has the
ability to cover a wide chemical scope due to being built around
electrospray ionization, positioning it as a complementary
technique to MALDI-MSI, offering lower spatial resolution
results where MALDI, our primary analytical technique, cannot
deliver the sensitivity needed or where excessive matrix
identification may lead to long delays.

‘While we have shown that LESA-MSI is good at distinguish-
ing brain penetrative compounds and distinguishing between
penetration and residual blood contamination, a disadvantage
of the technique and indeed all mass spectrometry imaging
based techniques is that the conclusion can never be made that
a compound is completely nonpenetrative. Even at the highest
spatial resolution MSI could not confirm penetration of drug
into the cells surrounding the brain vasculature. Furthermore,
all techniques have a limit of detection; just because a
compound is undetected does not mean there is no compound
present. MSI techniques can, however, provide some
reassurance that brain penetration is minimal. Another
important consideration for the scientist is that mass
spectrometry imaging techniques highlight regions of total
drug concentration and do not differentiate between protein-
bound drug and free drug which is needed to have a
pharmacological effect.

It is believed that LESA-MSI techniques can be further
developed in terms of higher spatial resolution, absolute
quantitation, and the ability to capitalize on the multiplex
approach of mass spectrometry to encompass simultaneous
measurement of endogenous small molecule and neuropeptide
changes in the brain post drug administration as an indication
of efficacy and target engagement.
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: Liquid extraction surface analysis mass spectrometry imaging (LESA-MSI) has been shown to be an

: effective tissue profiling and imaging technique, producing robust and reliable qualitative distribution
: images of an analyte or analytes in tissue sections. Here, we expand the use of LESA-MSI beyond

© qualitative analysis to a quantitative analytical technique by employing a mimetic tissue model

previously shown to be applicable for MALDI-MSI quantitation. Liver homogenate was used to generate

¢ aviable and molecularly relevant control matrix for spiked drug standards which can be frozen,

: sectioned and subsequently analyzed for the generation of calibration curves to quantify unknown

: tissue section samples. The effects of extraction solvent composition, tissue thickness and solvent/

: tissue contact time were explored prior to any quantitative studies in order to optimize the LESA-MSI

method across several different chemical entities. The use of a internal standard to normalize regional

: differences in ionization response across tissue sections was also investigated. Data are presented
: comparing quantitative results generated by LESA-MSI to LC-M5/MS. Subsequent analysis of adjacent
. tissue sections using DESI-MSI is also reported.

. A drugs distribution and the relationship with efficacy and safety are important considerations during drug devel-
: opment. It is crucial that a compound is present in sufficient quantity at the site of action to deliver efficacy.
¢ Equally, excessive abundance of the drug in tissues may lead to unwanted toxicological findings rendering the
¢ drug unsafe.

Drug distribution has historically been assessed in various ways. Tissue homogenization techniques, coupled

" to liquid chromatography and mass spectrometry have been the mainstay to quantify drugs in tissues’. However,
: this approach results in the loss ofall spatial information from the sample and merely provides an average concen-
¢ tration within the tissue. There is also a risk of variation caused by residual blood contamination.

Mapping and quantifying the distribution of compounds iz vivo was historically performed using radiolabeled

: compounds in techniques such as quantitative whole body autoradiography (QWBA)**. The technique is reliable,
¢ sensitive, quantitative and retains meaningful spatial information. However, the necessity for a radiolabeled com-
¢ pound is a major drawback that can lead to significant synthesis’ delays. Furthermore, quantitation of the parent
¢ drug canbe misrepresented due to drug metabolites that still include the radiolabel.

Mass spectrometry imaging (MSI) is a complementary, viable, multiplex and label free way of elucidating

: the distribution of drugs and endogenous metabolites directly from the surface of tissue sections®. MSI is a term
: used to describe a group of complementary surface sampling technologies based on different mass spectrometry
. ionization methods. The most commonly used are matrix assisted laser desorption ionization (MALDI-MSI)*>~7,
¢ secondary ion mass spectrometry (SIMS-MSI), desorption electrospray ionization (DESI-MSI)®'? and nano-
: electrospray jonization based liquid microjunction techniques such as liquid extraction surface analysis

(LESA-MSI)!*'2, Bach technique has innate advantages and disadvantages in sensitivity, speed and spatial

¢ resolution.
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Sciences Research Centre, Sheffield Hallam University, Howard Street, Sheffield S1 1WB, UK. Correspondence and

requests for materials should be addressed to J.G.S. (email: john.swales@astrazeneca.com)

SCIENTIFIC REPORTS | 6:37648 | DOI: 10.1038/srep37648

i)

89



www.nature.com/scientificreports/

MALDI-MSI and more recently DESI-MSI have been gaining popularity within the pharmaceutical indus-
try as scientifically and economically feasible technology platforms to assess drug distribution. MALDI-MSI is
capable of delivering images at low micron spatial resolution?, a drawback however is that it is not easily appli-
cable to all analytes often requiring lengthy matrix optimization or on-tissue chemical derivatization to ensure
detection'. DESI-MSI is an electrospray ionization based technique and thus has a much wider chemical scope.
Spatial resolution is more limited than MALDI-MSI, typically around 50-100 pm. SIMS-MSI is again limited
in chemical scope, high energy ionization and the technique being combined with low spectral resolution mass
analyzers make it unsuitable for the analysis of medium and high size molecules. SIMS-MSI is capable of nanom-
eter spatial resolution, however the technique has not been widely adopted within the pharmaceutical industry,
primarily due to high set up costs and the availability of the technique within academia as a fee for service answer
to bespoke distribution questions. LESA-MSI is a surface sampling technique that has been shown to be widely
applicable and sensitive but can deliver only low spatial resolution images (typically 1000um)*. The technique
can be combined with Orbitrap or time of flight mass spectrometers for effective use as a profiling tool'* but has
also been used effectively with high sensitivity triple quadrupole mass spectrometers operated in selected reaction
monitoring mode for mass spectrometry imaging'®.

All of the above techniques provide relatively fast and reliable qualitative localization information that can
be used to show drug distribution to target tissues or drug accumulation in tissues where a toxic effect has been
observed. However this data is of a qualitative nature only and as such is often hard to put into context and dif-
ficult to draw meaningful conclusions from without a quantitative determination of the drug levels within the
tissues. Quantitative MSI methods for drugs have been widely reported, most prevalently for MALDI-MSI'.
Groseclose and Castellino published a report based on the use of tissue mimetics for the quantitation of drug
compounds in liver tissue sections using MALDI-MSI'®. Likewise, Nilsson ef al. published MALDI-MSI data
showing the quantitation of tiotropium in rat lung tissue utilizing calibration standard spotting on control
tissue'®. Other reported techniques employ the use of internal standards to normalize differences in ionization
efficiency across tissue sections?*?". Quantitative methods have also been published for nano-DESI-MSI? based
on similar techniques as those employed in MALDI-MSI.

The research presented here details a quantitative LESA-MSI method using tissue mimetics for the quantita-
tion of various drugs in tissue sections. Details of method optimization are reported. The quantitative LESA-MSI
method was directly compared to results obtained by traditional LC-MS/MS tissue homogenization analysis and
to results generated by DESI-MSI analysis.

Methods

Materials and reagents.  Analytical grade acetonitrile, methanol and formic acid were obtained from Fisher
Scientific (Loughborough, Leicestershire, UK). 2- methylbutane was obtained from Sigma- Aldrich (Poole, Dorset,
UK). Test compounds were obtained in house from AstraZeneca compound management group (Macclesfield,
Cheshire, UK) with the exception of moxifloxacin and SCH-23390 which were purchased from Sigma-Aldrich
(Poole, Dorset, UK) and clozapine-d4 which was purchased from Qmx Laboratories (Thaxted, Essex, UK).

Animals. Adult male Hans Wistar rats (approximate weight 260 g) were obtained from Charles River
Laboratories (Margate, Kent, UK) and were acclimatized on site for a minimum of 3 days prior to dosing.
Compounds were administered by oral gavage and were formulated in 5% dimethylsulfoxide/95% (30% w/v
Captisol in water). Control animals were dosed with vehicle via the same administration route.

The study was performed under project license 40/3484, procedure number 10 and was reviewed and
approved by the Institutional Animal Welfare and Ethical Review Body within AstraZeneca and was conducted in
accordance with the animal care and ethics described in “Guidance on the Operations of the Animals (Scientific
Procedures) Act 1986” issued by the UK Home Office.

Dosing and scheduling. Liver samples were taken from 1 animal dosed with vehicle, 2 animals dosed dis-
cretely with olanzapine (10 mg/kg), and 2 cassette dosed animals (Moxifloxacin, olanzapine, erlotinib and terfen-
adine at 25, 10, 10 and 25 mg/kg respectively). Animals were euthanized at either 2 or 6hrs post dose.

All tissue dissection was performed by trained AstraZeneca staff. Liver samples were harvested at termination
and snap-frozen in 2- methylbutane on dry-ice, subsequent transfer of tissues was done on dry-ice and samples
were stored at —80 °C until tissue processing.

Tissue processing. Tissue sections were cryosectioned at a thickness of 14um and thaw mounted onto
indium tin oxide (ITO) coated MALDI target slides (Bruker Daltonics, Bremen, Germany) for LESA analysis
(ITO slides are not essential for LESA analysis but are used as standard within our laboratories to allow sections to
be analyzed by either LESA or MALDI) and Superfrost slides (Fisher Scientific) for DESI analysis. Sections were
taken at approximately equal depth from all samples. Mimetic calibration standards were thaw mounted onto the
slide prior to the dosed unknowns in a semi random order to mitigate the risk of bias caused by duration on slide
(mounting order - blank, 1, 20, 0.1, 5, 50, 0.5, 10, 100 nmol/g). Tissue sections from dosed and control animals
were randomly thaw-mounted on the same slides (order cassette 2h, discrete 2h, control, cassette 6h, discrete
6h). Mounted tissue sections, were stored at —80 °C until analysis.

Preparation of liver mimetics. Liver mimetics were prepared by homogenizing control liver tissue using a
Fisher Powergen 500 homogenizer for a minimum of 30s at room temperature. Each 250 pL of liver homogenate
was pipetted into 9 separate molds (prepared from the bottom end of a 2 mL plastic Pasteur pipette bulb) and sub-
sequently weighed. Appropriate volumes of compound solution (containing olanzapine, moxifloxacin, erlotinib
and terfenadine) were spiked into the homogenate (assuming 1 mL of standard equivalent to 1 g of tissue and
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not accounting for density differences) to form liver homogenate calibration standards at 0, 0.1, 0.5, 1, 5, 10, 20,
50 and 100 nmol/g. The homogenates were then frozen at —80°C for a minimum of 1 h prior to cryosectioning.

LESA Optimization experiments. Extraction solvent composition. 'Three solvents were used (acetonitrile
(ACN), methanol (MeOH) and isopropyl alcohol (IPA)) at 4 different compositions in water (solvent content
50, 60, 70 and 80%), each extraction solvent contained 0.1% formic acid to promote positive ionization and aide
conductivity in the nanospray interface. Mimetic liver tissue containing four analytes (clozapine, albendazole,
tamoxifen and astemizole) spiked at a concentration of 50 nmol/g and covering a LogD (pH 7.4) range between
2.9 and 4.09 was sectioned at a thickness of 14 jum and subsequently thaw mounted onto microscope slides. Ten
LESA extractions were performed at random points across the tissue with mean signal intensity used to compare
the different solvents and solvent compositions.

Tissue thickness. 'The effect of tissue thickness was assessed using mimetic liver tissue spiked with clozapine,
albendazole, tamoxifen and astemizole at a concentration of 50 nmol/g and sectioned at 12, 25 and 50 jum thickness.
Ten extractions were performed at random points across the tissue with mean signal intensity used to compare
the differences between the sections.

Solvent dwell time. 'The effects of solvent dwell time on signal intensity were explored using mimetic liver tissue
sections cut at 12, 25 and 50 pm thickness and spiked with 50 nmol/g of SCH-23390. Ten extractions were per-
formed at random points across the tissue with mean signal intensity used to compare the differences between
the sections.

Effects of internal standard. ~ 'The effect of spraying a non-deuterated internal standard and a deuterated internal
standard (IS) over the tissue to normalize differences in ionization response across different tissue areas was
explored. A mimetic liver tissue calibration curve was constructed containing clozapine, albendazole, tamoxifen
and astemizole (in cassette) at the following concentration levels 0, 0.1, 0.5, 1, 5, 10, 20, 50 and 100 nmol/g. A
compound taken from the AstraZeneca compound collection that is routinely used as an internal standard in
LC-MS/MS analysis was used as an non-deuterated IS (an acidic quinoline tetrazole, LogD 2.67, RMM 407.5),
clozapine-d4 was used as a deuterated IS. The internal standard was sprayed over the tissue sections using a
TMsprayer (HTx Technologies, Chapel Hill, North Carolina, USA). An additional experiment was performed
with the clozapine-d4 spiked at 1 uM in the LESA extraction solvent. Ten LESA extractions were performed at
random points across each calibration standard and the signal intensity was used to calculated a mean value and
coefficient of variation for each calibration point in the presence and absence of the internal standard.

Optimized LESA quantitative mass spectrometry imaging. LESA MSI was performed using
LESA-MS/MS on a Triversa Nanomate chip based electrospray ionization system (Advion, Ithaca, NY, USA)
coupled to a QTRAP 5500 (AB Sciex, Framingham, MA, USA) mass spectrometer operated in positive ion MRM
mode. The LESA sampling method consisted of aspiration of a 0.9 pL volume of extraction solution (Acetonitrile/
water/Formic Acid 60/40/0.1 v/v/v). 0.5pL of the solution was then dispensed at a height of 0.4 mm above the
tissue with a 3s post dispense delay time, a liquid micro junction between the pipette tip and the sample was
maintained throughout the procedure. 1.1 pL of sample was re-aspirated into the pipette tip prior to infusion via
the nanomate chip for MS/MS analysis. Relative abundance was determined between samples by comparison
of MRM transition intensity at m/z 326.9 > 269.8, 266.1 > 234.3, 372.0 > 71.9 and 459.1 > 218.0 for clozapine,
albendazole, tamoxifen and astemizole and 472.3 > 436.2, 313.1 > 256.1, 402.2 > 358.1 and 394.2 > 278.0 for ter-
fenadine, olanzapine, moxifloxacin and erlotinib respectively. LESA-MS/MS data was processed using a purpose
built software package capable of extracting relative abundance values from Analyst 6.1 (ABSciex, Framingham,
MA, USA).

LESA-MS/MS images were created using in-house developed software capable of colour grading ion inten-
sities acquired from each individual LESA spot in a heat map configuration fixing the colour scale at maximum
for the highest intensity response in the spot and scaling the colour intensity down accordingly relative to the
maximum.

Analysis of liver homogenates by LC-MS/MS.  Experimental procedures for the preparation of liver
homogenates, calibration standards and quality controls and general LC-MS/MS methodologies can be found in
the supplementary information.

DESI mass spectrometry imaging. DESI MSI analysis was performed using a Q-Exactive mass spectrom-
eter (Thermo Fisher Scientific Inc., Bremen, Germany) operated in positive ion mode. The mass spectrometer
was equipped with an automated Prosolia 2D DESI source (Indianapolis, IN, USA). Mass spectra were collected
in the mass range of m/z 200-600 at a mass resolution of 140,000 (at m/z 200). Methanol/water (95:5v/v) was
used as the electrospray solvent held at 4.5kV spray voltage and delivered at a flow-rate of 1.5pL/min by a Dionex
Ultimate 3000 nanoLC pump (Thermo Fisher Scientific). Nitrogen was used as nebulising gas at a pressure of 7
bars. The height distance between the DESI sprayer and the sample surface was set to 1.5 mm with the distance
between the sprayer and the inlet capillary set to 7 mm. The distance between the sample surface and the inlet
capillary of the mass spectrometer was <1 mm. The angle between the sprayer tip and the sample surface was
set at 750°. Spatial resolution for the imaging experiment was set to 125 pm with 173.61 pm/s scan speed at an
injection time of 150 ms per spectrum. Individual horizontal line scans were combined into imzML format using
the imzML converter V.1.1.4.5 (www.maldi- msi.org). Data visualization and region of interest extraction was
performed using MSiReader v0.05%. Intensity data was extracted for each pixel within a region of interest and
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Figure 1. (a) LESA-MSI images of olanzapine, moxifloxacin, terfenadine and erlotinib in mimetic liver
calibration standards showing the increasing intensity throughout the calibration range. Heme and a generic
lipid marker are included to show the contrast between a spiked and endogenous response (b) LESA-MSI
images of dosed rat liver tissue sections showing the distribution of olanazapine, moxifloxacin, terfenadine and
erlotinib at 2 and 6h post dose.
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Figure 2. (a) Calibration curves of Olanzapine, moxifloxacin, terfenadine and erlotinib in rat liver mimetic
tissue standards analyzed by LESA-MSL. (b) Back calculated concentrations of each calibration standard used in
the construction of the calibration lines with corresponding accuracy values in parenthesis.

Compound LESA | Homog. | DESI | LESA | Homog. | DESI | LESA | Homog | DESI | LESA | Homog. | DESI
Olanzapine 93 10.2 144 12.5 18.6 19.6 25.8 19.6 38.1 8.3 10.0 6.2
Moxifloxacin 15.6 14.6 10.8 12.0 12.5 16.4 — — = = — 2
Erlotinib 38.4 28.5 26.9 26.6 25.2 19.8 — — — = — —
Terfenadine 11.9 9.0 12.0 4.0 4.7 2.8 == e e st — _—

Table 1. Comparison of back calculated concentrations (nmol/g) for compounds analyzed by LESA-MSI,
homoginization and DESI-MSI.

subsequently averaged using Microsoft Excel. All images were created using 0.01 Da bin size and linear interpo-
lation (order 1).

Results and Discussion

Prior to any quantitative LESA analysis a study was undertaken to optimize the method used in previously
reported work from our laboratory'!. The optimization experiments consisted of comparison of different extrac-
tion solvent systems, the effects of different tissue section thickness, the length of time the extraction solvent

is in contact with the tissue (solvent dwell time) and the effects of using an internal standard on the analytical
performance.

LESA Optimization. The solvent systems tested gave varying results. Isopropyl alcohol (SI Fig. 1a) and
methanol (SI Fig. 1b) based systems gave fairly low signal intensities across all of the different solvent composi-
tions with isopropyl alcohol mixed at 60% IPA and methanol mixed at 70% MeOH giving the best results for all
of the compounds tested. 70% MeOH gave signal intensities roughly 1.5-fold higher than those observed at 60%
IPA. Extractions that used 70 and 80% IPA resulted in unreliable extractions 6 out of 10 times (60%), this was
due to loss of the liquid junction between the tissue and the pipette tip caused by the low surface tension in high
organic content solvent systems. A greater number (8/10) of extractions failed at 80% MeOH, although at all other
composition ratios the number of failed extractions was less than 2/10.

Acetonitrile based solvents systems (SI Fig. 1¢) gave results with higher signal intensities. Extraction failure
rates at 70 and 80% ACN were 5/10 and 6/10 respectively. Failure rates at 50 and 60% ACN were zero with 60%
ACN giving the highest mean signal intensity across all of the compounds and solvent compositions tested com-
bined with a consistently good extraction. Thus, 60% ACN with 0.1% formic acid was used as a standard extrac-
tion system in all subsequent experiments.

Liver mimetic tissue sections cut at 12, 25 and 50 jum thickness were analyzed. The effect on signal intensity
was negligible across the different tissue thicknesess and for each of the four compounds analyzed (SI Fig. 2).
Extraction failure across each of the different sections was 3/10. It was decided to use 12 jum tissue thickness for
any subsequent analysis as this is the standard used for MALDI and DESI analysis within our laboratories.

Different solvent dwell times (time solvent/tissue liquid junction is maintained) were evaluated. This showed
a gradual increase for the analyte SCH-23390 when moving from 1s to 3s dwell time (SI Fig. 3) but the signal
intensity subsequently dropped moving from the 3 s dwell time to 4s and 5s dwell time. Extraction failure was
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Figure 3. DESI-MSI images of olanzapine, moxifloxacin, erlotinib and terfenadine in rat liver mimetic
calibration standards and rat liver ‘unknown’ samples. Poor detection of moxifloxacin, manifested in the
compound being detected in all samples and highlighting the halo effect around the top liver mimetic tissue
section.

<1/10 across all of the dwell times in the experiment. Increasing variability with increasing dwell time resulted
from the instability of the liquid junction over time for some extractions. A dwell time of 3 s was used as standard
for all subsequent experiments.

Effects of using an Internal Standard. The effects of using an internal standard to normalize different
ionization suppression effects across tissue has been widely reported in MALDI imaging****. Here the most com-
monly used approaches were reproduced using LESA-MSI and experiments were conducted in the presence of
a non-deuterated IS (standard AZ internal standard used for plasma analysis) and deuterated IS (clozapine-d4),
both applied over the tissue at a constant concentration. A further experiment explored the use of the deuterated
internal standard spiked into the LESA extraction solution.

When a non-deuterated IS was used the co-efficient of variation across all of the compounds at each calibra-
tion point ranged between 19.5-42.5% compared to 8.6-41.8% when no IS was used indicting greater variability
when the IS was present. The differences were even more apparent when each calibration level and each com-
pound was compared directly (SI Table 1) with the IS showing a greater co-efficient of variation at all points (with
the exception of Albendazole 5nmol/g level, 26.8% no IS vs. 24.4% with IS).

The experiment was repeated using clozapine-d4 as the IS. This had a similar result showing a clozap-
ine co-efficient of variation range of 19.3-44.0% in the absence of IS and 17.1-64.1% in the presence of the
clozapine-d4 IS. When each individual calibration point is compared (SI Table 2) the variation in the presence
of the clozapine-d4 is more variable at all of the calibration points with the exception of the 5nmol/g standard,
indicating the deuterated standard made the variation worse.

As an alternative to spraying the IS over the tissue sections, spiking the IS into the LESA extraction solvent
was attempted. This experiment resulted in a co-efficient of variation range of 12.8-46.3 with no IS compared
to 13.0-41.1% in the presence of clozapine-d4 (SI Table 3). When individual points were compared the data
with the clozapine-d4 spiked into the extraction solvent was less variable at all of the points except the 0.1 and
0.5 nmol/g calibration standards which gave 12.6% no IS vs. 19.7% with IS and 40.3% no IS vs. 41.1% with IS. This
result would indicate that the presence of the deuterated internal standard decreases the variation observed in
the experiment and we would recommend using this approach where a deuterated internal standard is available.
Deuterated standards are not usually available in the early discovery phase of pharmaceutical development and
as we intended to develop a widely applicable approach it was decided to progress the quantitation experiments
without an internal standard.

Quantitative LESA experiments. The objective of this study was to establish a robust and reproduci-
ble method for quantitative LESA-MSI analysis. The mimetic tissue model lends itself well to LESA-MSI anal-
ysis, offering a large enough sample area to accommodate the lower spatial resolution of the LESA technique,
something that cannot easily be achieved using conventional standard spotting techniques used in higher spatial

SCIENTIFICREPORTS |6:37648 | DOI: 10.1038/srep37648 6

94



www.nature.com/scientificreports/

a) DESI-MSI calibration lines - cassette in liver mi
18000.0

160000
—e—Erlotinib —e—Olanzapine
140000

120000 —o—Terfenadine  —e— Moxifloxacin

100000

Intensity

g
g
g

60000

40000

20000

0 10 n £ 2 50 ] 7 80 %0 100
Concentration (nmol/g)

b) Calibration Level (nmol/g)
Compound 0.1 0.5 1 | 498 9.95 199 I 49.75 99.5
Terfenadine DNU 0.4 (80.8) 09 (94.8) 52(97.1) 13.0(131.0) | 19.8(99.6) | 49.8(100.0) DNU
Olanzapine DNU DNU 1401365) | 47(939) | 97071 | 201(101.2) | 41.2(828) | 99.5(100.0)
Moxifloxacin | DNU DNU DNU 41814 [ 11.0(1102) [ 200(005) | 49.5(99.5) | 99.5(100.0)
Erlotinib DNU DNU 0.8 (81.3) 4.8(96.8) 10.5(105.9) 19.6 (98.3) 49.8 (100.1) DNU

() Denotes % accuracy
DNO denotes data not used in calibration curve construction

Figure 4. Calibration curves of Olanzapine, moxifloxacin, terfenadine and erlotinib in rat liver mimetic
tissue standards analyzed by DESI-MSI. (b) Back calculated concentrations of each calibration standard used
in the construction of the calibration lines with corresponding accuracy values in parenthesis.

resolution MALDI analysis. The mimetic tissue model utilizes un-diluted homogenized tissue in the preparation
of the mimetics, presenting a control matrix for spiked standards. Here we report data to support the use of
mimetic tissues for quantitative LESA-MSI and compare and contrast the results to data generated by classical
tissue homogenization and analysis by LC-MS/MS and to quantitative DESI-MSI.

Quantitation of dosed rat tissues. Quantitation of olanzapine, moxifloxacin, erlotinib and terfenadine
was performed on liver sections were animals had been cassette dosed at 10, 25, 10, 25 mg/kg of the compounds
respectively. Liver samples were collected from rats at 2 and 6 h post dose. 2 and 6 h liver sections from rats dosed
discretely with olanzapine at 10 mg/kg were also tested. Residual liver tissue was sent for homogenization analysis
by LC-MS/MS. Images of the mimetic liver calibration standard sections and dosed liver sections are presented in
Fig. 1. The analytes were distributed continuously but at a range of abundances throughout the liver mimetics and
the dosed samples. Tissue homogeneity was visually assessed via microscope after sectioning.

The calibration curves derived from the mimetic liver calibration standards are summarized in Fig. 2a. The
linearity of the response for all four analytes was acceptable with R? values equal to 0.9933, 0.9998, 0.9994 and
0.9996 for olanzapine, moxifloxacin, erlotinib and terfenadine respectively. Back calculated concentrations for all
of the calibration standards used to construct the calibration curves are reported in Fig. 2b. Accuracy of the cali-
bration standards for each compound ranged between 79.3-133.5%, 88.4-118.2%, 80.9-114.8% and 78.3-109.6%
for olanzapine, moxifloxacin, erlotinib and terfenadine respectively. The LESA extraction failure rate (measured
by monitoring nanospray ion current) for the experiment was <5%. Failed extractions were repeated at the end
of the analytical run to complete the data set.

Comparison with homogenate LC-MS/MS data. Mean intensity of each analyte in each section was
calculated from all of the sampling points across the entire tissue area. This mean intensity was used to back calcu-
late the concentration in the unknown samples from the mimetic calibration curves, giving a mean concentration
across the entire tissue of interest. This value provided a direct comparison to the concentration data generated
by LC-MS/MS analysis (Table 1). The concentrations observed in the unknown samples for each analyte were
within the calibration range used and the correlation between the concentration data derived from LESA-MSI
and LC-MS/MS was similar for each of the analytes. The percentage difference between the LESA and the LC-MS/
MS results for olanzapine, moxifloxacin, erlotinib and terfenadine ranged from 9.1-32.8, 3.8-7.0, 5.6-35.1 and
14.0-32.3% respectively across the different time points and dosing regimens.

Comparison with DESI-MSI data. LESA-MSI and DESI-MSI are both spray based analytical techniques
and as such should show similar results. DESI-MSI is being increasingly used within academia and industry as
a reliable and robust imaging technique®. Quantitative DESI-MST has still to be extensively compared to other
techniques such as LC-MS/MS and MALDI-MSI but several groups have reported positive quantitative meas-
urements®. Adjacent sections to those run by LESA-MSI were used to repeat the analysis using DESI-MSI anal-
ysis (Fig. 3). DESI-MSI was sensitive across the calibration range used, giving a limit of quantitation (LOQ) of
1.0 nmol/g for olanzapine, erlotinib and terfenadine and 4.98 nmol/g for moxifloxacin. This compared to a LOQ
of 0.5 nmol/g for all analytes by LESA-MSI analysis. To our knowledge this is the first time a comparison between
the two techniques has been performed, the differences however could be caused by the use of different mass ana-
lyzers. DESI-MSI also operates at higher spatial resolution than LESA-MSI so could be inherently more sensitive
when compared directly.
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The calibration curves derived from the DESI-MSI analysis of the mimetic liver calibration standards are
summarized in Fig. 4a. The linearity of the response for all four analytes was good with R? values equal to 0.9999,
0.9998, 0.9997 and 1.0000 for olanzapine, moxifloxacin, erlotinib and terfenadine respectively. Back calculated
concentrations for all of the calibration standards used to construct the calibration curves are reported in Fig. 4b.
Accuracy of the calibration standards for each compound was 82.8-136.5%, 81.4-110.2%, 81.3-105.9% and
80.8-131.0% for olanzapine, moxifloxacin, etlotinib and terfenadine respectively. Moxifloxacin sensitivity was
relatively low compared to the other analytes, this can be clearly observed in Fig. 4a by the low intensity calibra-
tion curve for the compound. Sensitivity for each compound was variable between LESA-MSI and DESI-MSI
with erlotinib giving the highest sensitivity in LESA-MSI but terfenadine being more sensitive in DESI-MSL. This
could be due to extraction efficiency of the different compounds in the different extraction solvent systems being
used in the two techniques.

The concentrations observed in the dosed samples for each analyte were within the calibration range used
(Table 1). The correlation between the concentration data derived from LESA-MSI and DESI-MSI was compara-
ble for each of the analytes. The percentage difference (using DESI-MSI as the standard) between the LESA and
the DESI-MSI results for olanzapine, moxifloxacin, erlotinib and terfenadine ranged from 33.8-36.2, 26.8-44.4,
34.3-42.7 and 0.8-42.8% respectively across the different time points and dosing regimens.

DESI-MSI also correlated well with the LC-MS/MS results giving a percentage difference (using the LC-MS/
MS data as standard) of 5.4-41.2%, 26.0-31.2%, 5.6-21.4% and 33.3-40.4% for olanzapine, moxifloxacin, erlo-
tinib and terfenadine respectively.

These results were thought to be a reasonable difference when quantifying drugs in tissues using different
analytical techniques.

Conclusion

Liquid extraction surface analysis has been demonstrated to be a reliable low resolution mass spectrometry imag-
ing technique to qualitatively image compound distribution in tissue sections. Qualitative images highlight the
distribution of drugs in tissue, but often images can be misleading due to the scaling methods and any thresh-
olding used in the visualization of the images?’. Quantitative measurements give a definitive answer as to the
drug concentration within a particular tissue. LESA-MSI has many advantages over traditional homogeniza-
tion analysis such as speed of analysis, increased sample stability, low sample use allowing further analysis by
other techniques and arguably the largest benefit, spatial resolution. If compound levels are located in a specific
sub-compartment of an organ this information is lost with homogenization and the concentration is diluted as an
average of all of the tissue sampled. Here we have shown that a mimetic tissue model lends itself well to quantita-
tive LESA-MSI, having many advantages over more traditional quantitative mass spectrometry imaging methods.
Indeed, mimetics were used as a basis for LESA method optimization in the work presented here, providing some
fundamental changes that improved the sensitivity, reproducibility and robustness of the technique and ulti-
mately a better platform on which to perform quantitative LESA analysis. The mimetic tissue can be used to make
reasonably large tissue sections which makes it ideal for lower resolution imaging platforms such as LESA-MSL

The tissue mimetic model however is not without its drawbacks. It is labor intensive when compared to simpler
standard spotting techniques, uses quite high quantities of control tissue and its application to more structurally
diverse tissue types such as brain has not yet been demonstrated.

LESA-MSI is often employed when other MSI techniques have failed to detect analytes of interest, due to the
techniques greater sensitivity resulting from the larger sampling area. It can also be used when profiling, rather
than imaging, drug distribution in large tissues from higher animals (e.g. dog liver). Typically in pharmaceutical
R&D the different MSI platforms (LESA, MALDI, DESI-MSI) are used in combination, complementing data from
standard bioanalysis with information from other multimodal analysis.

Quantitative LESA-MSI is not limited to detection of drugs in tissues, work is ongoing to expand the use of the
mimetic model to quantitation of endogenous small molecules and small peptides as markers for drug induced
efficacy in our projects using stable labelled standards.
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ABSTRACT: Described is a quantitative-mass-spectrometry- L . .
imaging (qMSI) methodology for the analysis of lactate and Distribution  Quantitation =~ Heterogeneity
glutamate distributions in order to delineate heterogeneity bration Line

among mouse tumor models used to support drug-discovery ‘
efficacy testing. We evaluate and report on preanalysis-
stabilization methods aimed at improving the reproducibility
and efficiency of quantitative assessments of endogenous
molecules in tissues. Stability experiments demonstrate that
optimum stabilization protocols consist of frozen-tissue
embedding, post-tissue-sectioning desiccation, and storage at
—80 °C of tissue sections sealed in vacuum-tight containers.
Optimized stabilization protocols are used in combination with gMSI methodology for the absolute quantitation of lactate and
glutamate in tumors, incorporating the use of two different stable-isotope-labeled versions of each analyte and spectral-clustering
performed on each tissue section using k-means clustering to allow region-specific, pixel-by-pixel quantitation. Region-specific
qMSI was used to screen different tumor models and identify a phenotype that has low lactate heterogeneity, which will enable
accurate measurements of lactate modulation in future drug-discovery studies. We conclude that using optimized qMSI
protocols, it is possible to quantify endogenous metabolites within tumors, and region-specific quantitation can provide valuable
insight into tissue heterogeneity and the tumor microenvironment.

Quantitative Mass Spectrometry Imaging (qMSl)

O ncology is a key, highly competitive pharmaceutical building blocks necessary to sustain rapid cell growth, are a

research area. The complex nature of cancer has hallmark of cancer.®
prompted research into many therapeutic pathways targeting Effective analytical methodologies that enable the quantita-
changes in cancer-cell growth, division, proliferation, and death. tive evaluation of tumor metabolism are therefore critical for

A common difference between tumor cells and normally understanding the impact of therapeutic agents on tumor

differentiated cells is changed cellular metabolism. Otto lactate levels in the tumor microenvironment. Given the
Warburg documented the well-characterized metabolic shifts complex and heterogenic tumor architecture, spatial evaluation
of cancer cells toward aerobic glycolysis, higher energy of tumor lactate levels can provide valuable information for
production, and increased lactate production." More recently, better understanding both the endogenous distribution of
Vander Heiden et al. have hypothesized that adaptations to tumor lactate and also the effects on endogenous levels from
metabolic pathways in tumor cells drive cellular proliferation, drug dosing in animal-model efficacy testing. This under-
facilitating the uptake of nutrients and their incorporation into
the constituents needed for the generation of new cells.” Received: December 15, 2017
Metabolic features of the Warburg effect, that most tumors rely Accepted: April 18, 2018
on glucose and glutamine catabolism to produce ATP and the Published: April 18, 2018

ACS Publications © 2018 American Chemical Society 6051 DOI: 10.1021/acs.analchem.7b05239
A d Anal. Chem. 2018, 90, 60516058

99



Analytical Chemistry

standing can then enable reliable pharmacokinetic—pharmaco-
dynamic (PK—PD) understandings of the modulation of tumor
lactate levels and how they correlate with overall effects on
tumor growth.

To date, bioanalytical techniques such as LC-MS have kept
pace with the need for higher-throughput measurements” but
are limited in value when trying to assess drug distribution in
vivo. Traditionally, drug-distribution studies have been
performed during the later stages of development using
radio-labeled compounds and low-throughput techniques,
such as qWBA,S or homcugenization6 studies using LC-MS
with long liquid-chromatography gradients. Mass-spectrometry
imaging (MSI) is a group of label-free, multiplex analytical
techniques that map the molecular distribution of endogenous
compounds, drugs,’ ].ipids,8 pmteins,9 peptides,10 and drug-
delivery sys‘cems11 in biological tissues. MSI techniques are all
based on different mass-spectrometry surface-sampling ion
sources, of which matrix-assisted-laser-desorption-ionization
{MALDI)" has arguably had the most widespread use within
the pharmaceutical industry. MALDI-MSI is being rapidly
joined by other MSI techniques, such as desorption-electro-
spray-ionization mass-spectrometry imaging (DESI)13 and
liquid-extraction-surface-analysis mass-spectrometry imaging
(LESA),"* that bring complementary properties such as
expanded chemical scopes and increased sensitivities, usually
at the expense of decreased spatial resolution. Although it is not
replacing traditional bioanalysis, MSI is increasingly being used
alongside these techniques, providing timely and cost-effective
insights into the deposition and fates of new chemical entities."
Applications of MSI within the drug-discovery industry are well
documented.® Although several groups have reported the
successful imaging of low-mass endogenous metabolites in
tumors,'” the data has largely been qualitative in nature. In
order to expand the applicability of MALDI-MSI into the
pharmacodynamic testing of compound efficacies, robust
quantitative-MSI {qMSI) methods are needed that can spatially
resolve regions of high abundance in tumor architectures, which
are often complex, and can provide assurance that modulation
in endogenous-metabolite levels is not the result of poor
postcollection sample storage or processing.

Here, we describe a mass-spectrometry-imaging method-
ology using a standard “spotting” technique combined with a
stable-labeled normalization that has previously been reported
as being suitable for quantitative-MSI amalysis.ls’19 Data is
presented for the absolute quantitation of two key endogenous
metabolites involved in tumor-cell energy production {ie,
glycolysis and the TCA cycle), lactate and glutamate. We also
present region-specific-quantitation postspectral clustering to
highlight the heterogeneity of each tumor model. The
techniques developed were used to screen several mouse
tumor models to identify a suitable phenotype for reliably
monitoring lactate changes after drug administration in efficacy
studies.

B EXPERIMENTAL SECTION

Materials and Reagents. Analytical-grade acetonitrile,
methanol, and formic acid were obtained from Fisher Scientific
(Loughborough, Leicestershire, UK.). 2-Methylbutane, gelatin,
lactate-*C3, lactate-'>C1, glutamate-DS§, 1,5-diaminonaphtha-
lene, and 9-aminoacridine were purchased from Sigma-Aldrich
(Poole, Dorset, UK.). Glutamate-D3 was purchased from
QMX Laboratories {Thaxted, Essex, U.K.).
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Endogenous-Metabolite Stability in Mouse-Tumor
Sections. Duplicate control tumor sections of 10 gm taken
from an NCI-H358 tumor model were cut (Leica CM3050S
cryomicrotome, Leica Biosystems, Nussloch, Germany) and
mounted onto glass microscope slides over a 24 h time course
{0, 1,2, 4, 6, 12, and 24 h). Between time points, the sections
were stored under one of three different conditions: (1) they
were left in the cryostat and thaw-mounted at —16 °C; (2) they
were thaw-mounted, desiccated in N,, vacuum-packed, and
stored at ambient temperature; or (3) they were thaw-
mounted, desiccated in N, vacuum-packed, and stored at
—80 °C. A “fresh” tumor section from the same biological
sample as the stability sections (stored at —80 °C prior to
mounting) was thaw-mounted and desiccated on each slide
immediately prior to analysis. This was done as a quality-
control measure to ensure there was a section unaffected by the
storage conditions in each batch, as the analysis was performed
over the course of several days.

Animal Studies. All in vivo studies were conducted in
accordance with UK. Home Office legislation; the Animal
Scientific Procedures Act, 1986; and the AstraZeneca Global
Bioethics Policy. All experimental work is outlined in home
office cancer-therapy licenses, which have gone through the
AstraZeneca Ethical Review Process.

Initial gMSI Proof-of-Principle Study. Female athymic
mice from an NCI-H358 tumor model were orally dosed with
the vehicle (HPMC/Tween). Five animals were sacrificed at
0.5, 2, 6, and 24 h after the dose to mimic the typical design of
efficacy studies and to monitor lactate changes throughout the
study duration. All the tumors were resected at necropsy and
snap-frozen in liquid N,. The tumors were stored at —80 °C
prior to cryo-sectioning and subsequent analysis by MALDI-
MSI to assess the performance of the analytical method and the
variability of the animal model.

Screening Mouse Tumor Models. Four different tumor
models were screened for lactate and glutamate concentrations
and distributions. The four models tested were NCI-H358 (n =
5 animals), a female athymic human-xenograft model; MC38 (n
= 4 animals); B16.F10.AP3 {n = 4 animals); and an MC38
variant (n = § animals). All the syngeneic mouse tumor models
were grown in female C57/Bl6. All the tumors were resected at
necropsy and snap-frozen in liquid N,. The tumors were stored
at —80 °C prior to cryo-sectioning and subsequent analysis by
MALDI-MSL

Tissue Embedding. The tissue-embedding methodology
can be found in the Supporting Information.

Tissue Sectioning. Details of the methodology used in the
cryo-sectioning of the tissues can be found in the Supporting
Information.

Lactate-Calibration-Standard Preparation. Three stock
solutions of sodium r-actate-"*C3 (Sigma-Aldrich, 485926-
S00MG) were prepared daily as needed at concentrations of
500, 5000, and 50000 M in 50/50 (v/v) methanol/water. A
sample of blank 50/50 (v/v) methanol /water was also retained.

Calibration spots for quantitation were added to the control
tissue sections on each day of analysis using a Preddator robotic
liquid handler {Redd and Whyte, London, UK.) at amounts
equal to 0, 10, 25, 50, 100, 250, and 500 ng of lactate on-tissue.
The liquid handler dispensed 50 nL droplets of the standards,
over-spotting in a total of four cycles to reach the required on-
tissue amounts of the analyte. The spots were allowed to dry at
room temperature prior to matrix addition.

DOI: 10.1021/acs.analchem.7b05239
Anal, Chem. 2018, 90, 6051-6058
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Figure 1. Stability of lactate, aspartate, glutamate, and glutamine in control serial adjacent tumor sections under different postsectioning storage
conditions. The bar charts show the relative abundances and coefficients of variation (C,) of the endogenous metabolites in the tumor tissues under
the different storage conditions over time (in hours). The images and relative abundances were generated from the TIC-normalized MALDI-MSI

raw data. All analyte images are scaled between 0—100%.

Glutamate-Calibration-Standard Preparation. Stock
solutions of D3-glutamate and DS-glutamate (100 mM) were
prepared daily in 0.1 M HCIL. The DS-glutamate standards were
prepared as 2, 0.67, 0.22, 0.074, and 0.025 mM dilutions in 50/
50 (v/v) ethanol/water. The standards (0.1 uL) and a blank
sample (0.1 pL; 50/50, v/v, ethanol/water) were manually
applied via a pipet to the control tissue. D3-Glutamate was used
as an internal standard. The stock solution (50 L) was added
to 5.95 mL of 50/50 (v/v) methanol/water and sprayed onto
the tissue before the matrix application using a TM-sprayer
(HTX technologies, Chapel Hill, NC) with the following
parameters: six passes were completed at 90 °C with a flow of
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50/50 (v/v) methanol /water at a flow rate of 0.07 mL/min and
nebulized with nitrogen at 6 psi.

MALDI-Matrix Application. Vacuum-packed, thaw-
mounted tissue sections were allowed to reach room temper-
ature after their removal from the —80 °C storage prior to the
breaking of the vacuum seals. Optical images were taken using a
standard flat-bed scanner (Seiko Epson, Nagano, Japan) prior
to the MALDI-matrix application. The matrix coating was
applied in eight passes using a TM-sprayer (HTX technologies,
Chapel Hill, NC) set at 75 °C with a backup flow of 50% (v/v)
methanol/water at a flow rate of 0.08 mL/min and nebulized
with nitrogen at 8 psi (lactate) or 6 psi (glutamate). For lactate
quantitation, 1,5-diaminonaphthalene (10 mg/mL; 50/50, v/v,

DOI: 10.1021/acs.analchem.7b05239
Anal. Chem. 2018, 90, 60516058
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acetonitrile/water) containing 100 gL of a sodium rL-
lactate-3C1 solution (Sigma-Aldrich, Loughborough, Leicester-
shire, UK.) was used ("*C1 was not used in the proof-of
principle study), and for glutamate quantitation, 9-amino-
acridine {5 mg/mlL, 70/30, v/v, acetonitrile/ water) was applied
under the same conditions as those for the internal standard
(D3-glutamate).

MALDI qMSI. MALDI-MSI experiments were carried out in
negative-reflectron mode over a mass range of m/z 60 to 1000
using a MALDI rapifleX tissuetyper (lactate) or an ultra-
fleXtreme {glutamate) MALDI-TOF/TOF MS (Bruker Dal-
tonics, Bremen, Germany) equipped with a 10 kHz Smartbeam
3D and a 2 kHz smartbeam-II Nd:YAG laser, respectively. The
data collection on the rapifleX was at a spatial resolution of 50
#m, and 500 laser shots were summed per raster position. The
data collection on the ultrafleXtreme was at a spatial resolution
of 80 y#m, and 300 laser shots were summed per raster position.

FlexImaging 5.0 (Bruker Daltonics, Bremen, Germany)
software was used for the initial data analysis. Normalization,
molecular-image extraction, and regions of interest for lactate
quantitation were defined in SCILS Lab 2017b (Bruker
Daltronics, Bremen, Germany) software typically using a
mass-selection window of +0.05 Da. Glutamate quantitation
was performed using msIQuant software.”® Endogenous lactate,
lactate-*C1 (for normalization), and lactate-'*C3 were detected
at m/z 89.1, 90.1, and 92.1, respectively.

Spectral-Clustering Analysis. The raw data were
converted to imzML and imported into MatLab (version
R2017a and statistics toolbox, Math-Works, Inc., Natick, MA)
using SpectralAnalysis version 101, Briefly, a mean spectrum
was generated for each data set and was peak-picked using
SpectralAnalysis gradient peak-picking. These peaks were then
extracted into a datacube by integrating the area under each
peak. The data were then normalized to that of the lactate-'>C
or glutamate peak {nominally m/z 90.0 and 149.0). These
lactate and glutamate concentrations were then quantified using
the calibration curves generated from the spots applied to
separate tissue sections. Clustering was then performed on each
of the individual tissue sections using k-means clustering with k
= 25 (k = 4 shown) and the cosine distance metric.”> Box
plots of lactate and glutamate concentrations were generated
using the “boxplot” MatLab function. In the box plots, the
central lines show the median concentrations, the boxes
represent the 25—75% interquartile ranges of the data, and
each of the whiskers represents one additional interquartile
range. Any points outside these ranges are considered outliers
and are marked with red crosses.

The overlap between the lactate and glutamate concen-
trations in the different clusters was calculated using the
Bhattacharyya coeflicient.”® This was performed for each pair of
clusters to give an overall measure of the heterogeneity of these
metabolites’ concentrations in the different tumor models.

Homogenization and Quantitation of Lactate Levels
by LC-MS. Details of the homogenization and LC-MS

methods can be found in the Supporting Information.

Bl RESULTS AND DISCUSSION

Endogenous-Metabolite-Stability Experiment. Pre-
vious in-house experience of endogenous-metabolite analysis
using DESI-MSI had indicated degradation of endogenous
lactate within rat kidney tissue during sample preparation (data
not reported). This ex-vivo change in endogenous small-
molecule levels was found to be related to the amount of time
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the tissues spent in the —20 °C environment of the cryo-
microtome during the sectioning process and appeared to
stabilize during analysis when the sample was removed from the
freezer and effectively kept in a desiccated, nitrogen-rich
environment on the DESI stage. Prior to embarking on a
quantitative study of lactate and glutamate concentrations in
different tumor models, it was thus necessary to establish a
protocol to stabilize the samples or make sure that any
degradation of the endogenous compounds within the tissues
was as uniform as possible. The experimental methodology is
presented in the Experimental Section, but in summary, tumor
sections were taken over a time course spanning 24 h in total,
and the resulting sections were stored between time points in
one of three different conditions: (1) they were left in the
cryostat and thaw-mounted at —16 °C; (2) they were thaw-
mounted, desiccated in N, vacuum-packed, and stored at room
temperature; or {3) they were thaw-mounted, desiccated in N,
vacuum-packed, and stored at —80 °C. Sections from each time
point were analyzed in duplicate using MALDI-MSI, and a
fresh section was added to each slide immediately before
analysis to give a baseline relative abundance of lactate {lac),
glutamate (glu), aspartate (asp), or glutamine (gln) for
comparison. The MALDI-MSI images and relative abundances
derived from the analysis can be seen in Figure 1. The data was
normalized using total ion currents. Sections stored under
condition (1) exhibited degradation of the relative abundances
of lac, asp, and gln over the time course. The glu relative
abundance increased upon storage compared with the levels in
the fresh tissue section (possibly as a product of the gln
degradation) but remained stable during the storage period.
Sections stored under condition (2) also showed decreasing lac,
asp, and gln relative abundances over the storage period. The
levels of glu again trended to increase over the storage period
under the same conditions. Sections stored under condition (3)
had Iac levels more stable than those observed in the samples
under conditions {1) and (2), with coefficient of variation {C,)
values of 18.4, 30.7, and 20.7%, respectively. Glu, asp, and gln
levels were also found to be more stable under condition (3),
with corresponding improvements in their C, values versus the
values from the other storage conditions. These results
highlighted the need for —80 °C storage, even over a short
period of time. Interpreting the results further, it was clear that
immediate desiccation after sectioning followed by vacuum-
packing and storing at —80 °C was needed to minimize the
degradation of the endogenous metabolites in the tissues.
However, even with this safeguard, instability could still occur,
as multiple sections are cut one at a time onto the same
microscope slide within the cryostat. To minimize the amount
of time the sections were kept in the cryostat chamber, multiple
tissues were embedded in gelatin and sectioned simultaneously,
with a single cut of the microtome blade. This significantly
reduced the amount of variability in the time the sections spent
at temperatures higher than —20 °C, while also reducing the
overall sample preparation time {from 6 h to <1 h). The
embedding, thaw-mounting, desiccating, vacuum-packing, and
storing at —80 °C protocol was thus adopted for all subsequent
analyses.

Preliminary gMSI Proof of Principle. In order to test the
hypothesis that it was possible to quantify and map the spatial
distribution of lactate in a tumor tissue using qMSI, an initial
study was performed using samples from an NCI-H358 human-
xenograft mouse tumor model. MALDI-qMSI was used to map
and quantify the lactate distribution within the tumor tissue
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(Figure 2). A second, different stable-labeled version of lactate
proved difficult to source at the time of this experiment;

a) Lactate and glutamate distribution and qMSI in mouse tumors

24h

—5 MM

m/z 89.0, m/z 146.0, m/z92.0

Typical 13C3 lactate calibration curve

y = 0.0049x - 0.0843
R?=0.996

300

Amount (ng)

Comparison of qMSI generated tissue lactate concentrations in
mouse tumors over time

c)

Figure 2. (a) Lactate and glutamate distribution in an NCI-H358
tumor model generated using quantitative mass-spectrometry imaging.
The images are scaled between 0—10% (lactate) and 0—40%
(glutamate), and the data was normalized by total ion currents.
Calibration spots (lactate-'*C3) can be seen in blue at each time point
and are scaled between 0—40%. (b) Calibration line, generated by
spotting stable-labeled lactate-">C3 onto a control tissue, showing the
linear response generated by MALDI-gMSI. (c) Box plots of lactate
concentrations in tumors at different time points. The increase in the
median lactate concentration at 2 h is attributed to a single tumor with
a highly localized lactate response.

therefore, sodium r-lactate-">C1 was subsequently sourced and
used for subsequent experiments. The proof-of-principle
analysis was thus performed with normalization to total ion
currents. Although it did not provide absolute quantitation of
the lactate levels in the tissues, this at least provided the proof
of principle that the qMSI methodology was suitable for use.
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The analytical method performed well and confirmed that the
technique was suitable for lactate quantitation within the tumor
tissues, giving a linear response (R 0.997) across the
calibration range (Figure 2b). Stable-isotope-labeled (lacta-
te-'3C3) calibration spots can be seen in blue in Figure 2a. The
dynamic range of the calibration line covered the lactate
concentrations of the “unknown” tumor tissue (170.0—3525.6
pumol/ kg). The lactate concentrations in the tumors at 30 min,
6 h, and 24 h were similar. The tumors taken at the 2 h time
point had lactate levels that were slightly elevated compared
with those of the other time points, which was attributed to a
single tumor that had a large necrotic core with a high lactate
concentration at this time point. Mean interanimal tumor
lactate levels at each time point ranged between 490.6—2464.0
pumol/kg, giving a corresponding variation in C, of 26.0—49.3%
(n = 4 animals at each time point), indicating a high level of
variation between the animals, especially at the 2 h time point
(Figure 2c). Using the multiplex nature of MALDI-MS], it was
possible to simultaneously map the distribution of glutamate
(Figure 2a) along with lactate within the same tumors.
Glutamate was distributed throughout the tumors; this was in
stark contrast to lactate, which was much more heterogeneously
distributed and localized into the necrotic or prenecrotic
regions (identified using H&E staining) of the tissues (Figure
S1 1). Glutamate levels in these lactate-rich regions were much
lower than those observed in the surrounding tissues, giving a
visual representation of the Warburg effect.

Tumor-Model Screening. The NCI-H358 tumor model,
which had a heterogeneous lactate distribution in the initial
study, was shown to have high intertumor variation in lactate
levels. This could be due to several factors, including the tumor-
model metabolism profile or the duration for which the tumors
were allowed to grow. High interanimal variation decreases the
likelihood of detecting subtle differences in endogenous-
metabolite levels in response to drug treatments when dosed
animals are compared with vehicle-treated animals, which is
required to evaluate efficacy.

For the testing of therapeutic compounds, a tumor model
that has a more homogeneous lactate distribution would be
highly desirable, as this should reduce the intertumor variability,
give a more robust model to use in efficacy testing, and
ultimately build a reliable PK—PD model. During this study,
several different tumor models were selected for lactate gMSI
screening. An NCI-H358 model, differentiated from the model
in the initial study in that the tumor was allowed to grow for
less time, thus minimizing the chance of necrosis; an MC38
model; a B16.F10.AP3 model; and an MC38-variant model
were all screened using MALDI-gMSI for lactate quantitation
and distribution. The evaluation of the lactate data highlighted
an interest in tumor glutamate quantitation and distribution,
and this analysis was subsequently performed at a collaborator
site using adjacent tumor sections and a different MALDI
instrument. MALDI-gMSI methods are multiplex, and ideally
both the lactate and glutamate concentrations could be derived
from the same tumor sections in the same analytical run;
however, data from adjacent sections run under different
conditions as distinct analytical batches can be used to draw
valid conclusions from the data. Using the optimized sample-
processing methods described earlier, the tumor models were
analyzed in separate analytical batches (n 4 for each
metabolite). The data are summarized in Figure 3. Stable-
labeled lactate and glutamate calibration lines gave consistent
linear responses (R* = 0.9960—0.9978) with a gradient range of
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Lactate and glutamate distribution in different tumor models
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Figure 3. Comparison of four mouse tumor models showing (A) lactate (red) and glutamate (green) distributions generated by MALDI-qMSI, (B)
clustering images of lactate in the different tumor model tissues, and (C) clustering images of glutamate in the different tumor model tissues. The
clustering images give a visual representation of the spectrally diverse regions within the tumor tissues. The colors of the different clusters correspond
to the colors used in the box plots in Figure 4. The lactate clustering and glutamate clustering are different because of the use of adjacent sections,

different MALDI matrices, and different mass spectrometers.

0.0041—0.0098 and an intercept range of 0.0249—0.2649. Pixel-
to-pixel normalization was performed on all the data using the
response of a second stable-isotope-labeled version of lactate or
glutamate that had been homogeneously sprayed across all the
tissue sections. Ion images are shown in Figure 3a. Tumors
from the MC38 and B16.F10.AP3 models showed heteroge-
neous lactate distributions throughout the tumor tissues, with
little or no colocalization with glutamate. The MC38 tissue in
particular had large areas of necrosis (confirmed by H&E). The
B16.F10.AP3 tumors were less necrotic, but the lactate and
glutamate distributions were very localized and patchy
throughout the tissues. The NCI-H358 and MC38-variant
tumors had more evenly distributed lactate and glutamate, even
in areas that were confirmed to be necrotic by H&E staining.
The lactate and glutamate concentrations across the tissue
sections were largely in the same ranges for the different
models, fluctuating between 81.7—2504.0 umol/kg for lactate
and 1095.5—7818.7 umol/kg for glutamate.

Region-Specific gqMSI. To better evaluate the hetero-
geneity of the lactate and glutamate biodistribution in the range
of tumor models, spectral clustering was performed on each of
the individual tissue sections from each model using k-means
clustering with k = 2—5 (k = 4 shown), using the cosine
distance metric. Region-specific clustering images are shown in
Figure 3b,c. The clustering analysis allowed region-specific
pixel-by-pixel quantitation of the lactate and glutamate levels,
represented graphically in the box plots in Figure 4. According
to the box plots of lactate and glutamate concentrations in each
region of each tissue, the lactate concentrations were much
more heterogeneous in the B15.F10.AP3 and MC38 models, as
seen by the large boxes, whiskers, and many outliers. In
comparison, the MC38-variant and NCI-H358 tumors had
more homogeneously distributed lactate concentrations (small-
er boxes), and the MC38 variant displayed lower intertumor
median-lactate-concentration variability. The percent overlap
for each cluster in each tissue section from each tumor model
was calculated to assess the heterogeneity of the lactate and
glutamate levels in the different models. The overlaps in the
lactate clusters were in the ranges 16—99, 52—99, 23—99, and
21-97% for the NCI-H358, MC38, B16.F10.AP3, and MC38-
variant models, respectively. This suggested that the MC38
tissue was the most homogeneous tumor model. However, the
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MC38-variant model has a cluster with a much larger
interquartile range than the other clusters (Figure 4) and is
also different in terms of its lactate concentration (median of
~10° umol/kg vs ~10* umol/kg in the other three clusters).
The outlying cluster has consistent median lactate concen-
trations among different tumors in the MC38-variant model,
but the distribution of the cluster does not cover a significant
area in each tissue section, compared with the equivalent
clusters in the other models (Figure 3, cluster images), and is
distributed around the periphery of the tissue suggesting, it
could be attributable to off-tissue effects. Removal of the
outlying cluster narrows the overlap data to 52—97% in the
MC38-variant model, making it similar to the overlap observed
in the MC38 model.

The glutamate concentrations in all the tissue models are
overall less heterogeneous than the lactate concentrations, with
the different models containing similar levels of heterogeneity,
as seen in similar spreads of the data in the box plots. This is
also reflected in the spectral overlaps, which are in similar
ranges for all the different tumor models. The objective of the
screening experiment was to identify a tumor model that had
greater lactate homogeneity, lower lactate variability, and fewer
areas of necrosis. The MC38-variant model was selected, as the
analysis had shown that this model exhibited the most favorable
properties of the four models tested. Subsequently, the MC38-
variant model has allowed further efficacy studies to be
performed. The more homogeneous lactate distribution and
lower lactate-concentration variability in the MC38-variant
model, highlighted by the qMSI analysis, has provided the
confidence to analyze later studies using nonspatially resolved
LC-MS with tissue homogenization. Lactate levels within the
control tumors taken from the same study used in the gMSI
experiment were measured by LC-MS and resulted in a mean
concentration of 473.4 ymol/kg +102.1 (C, =21.6%) based on

= 9 control tumors from the MC38-variant model. This
provides some validation that the qMSI analysis gives
concentration results in the expected dynamic range within a
tissue that is morphologically the same. The tumor model is
now being effectively used to develop a PK—PD relationship to
optimize efficacy in active drug-discovery and development
projects.
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Figure 4. Box plots showing pixel-by-pixel region-specific lactate and glutamate concentrations. The box colors correspond to the colors used in the
clustering images (representing different spectral clusters) in Figure 3b,c. The box plots show the differing heterogeneities of the concentrations of
lactate and glutamate based on the different tumor models. The MC38-variant and NCI-H358 tumors have more homogeneously distributed lactate
concentrations compared with the B16.F10.AP3 and MC38 models. The glutamate concentrations are more homogeneous than the lactate

concentrations in all the models.

B CONCLUSION

Early confirmation of drug efficacy is of great value to drug-
discovery projects. Cellular or enzymatic assays can be used to
determine compound potency but are rarely a substitute for in
vivo experiments in preclinical animal models. Determination
of efficacy end points that are directly related to the target
pathway in the form of endogenous-metabolite differences in
diseased human tissue is a gold standard. This can, however, be
misleading in complex tissue environments such as tumor
tissues because of the localization of the metabolites into
different tissue compartments within the tumor.
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Here, we have established sample-pretreatment protocols
that minimize the degradation of endogenous metabolites
within sectioned tissues; all tissues are handled in a stand-
ardized way and stored under the same conditions to ensure
any degradation that occurs is uniform across all sections in the
same experiment. We have demonstrated that MSI can be
successfully used to assess the distribution and quantitation of
endogenous metabolites within different tumor models;
furthermore, we have shown how spectral clustering can be
used to generate region-specific concentration data within
tumor sections to give a more empirical illustration of tumor
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heterogeneity. Quantitative MSI methods such as those
reported in this work have the sensitivity to evaluate efficacy
following a therapeutic intervention. The multiplex nature of
the gMSI methods can allow the simultaneous quantitation of
several endogenous compounds in the same tissue section, and
it can also be used to encompass different endogenous
compound classes, such as lipids, peptides, and proteins, that
can modulate with disease state and give evidence of target
engagement or drug efficacy in many other potential
therapeutic targets.
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7.0 SUMMARY AND CONCLUSIONS

Mass spectrometry techniques have revolutionised pharmaceutical R&D. The industry
has faced ever increasing pressure to develop and market drugs faster and with less
attrition. To address this increased throughput a specific, sensitive, robust and
versatile analytical technique was needed to keep up with the move to early, parallel
elucidation of physiochemical and pharmacokinetic properties. By developing mass
spectrometry based techniques for bioanalysis researchers were able to streamline
sample preparation protocols capitalise on the multiplexed mass detection in order to
simultaneously analyse several different analytes all in the same sample. This had a

profound effect on how scientists conducted both in vitro and in vivo studies.

7.1 Cassette dosing and analysis (Chapter 3)

The ability of mass spectrometry techniques to analyse multiple compounds in a single
analysis was a new paradigm in bioanalysis which in turn, allowed scientists to re-
evaluate how they conducted animal studies. For the first time researchers could
simultaneous dose several compounds to animals all at the same time, typically called
cassette dosing (or N-in-one dosing). The technique quickly gained widespread use
for the elucidation of both oral and intravenous pharmacokinetic parameters of new
chemical entities. These high throughput bioanalytical techniques gave quick and
robust information about compound bioavailability and residence time within the body,
enabling drug discovery projects to rapidly adapt design, make, test cycles to optimise
potential new drugs, but did not address the question of drug distribution or indeed,

reveal any localisation of a drug or its metabolites in the bodies major organs.
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Mass spectrometry imaging had the potential to address these short comings and
provide spatially resolved distribution data directly from these high throughput cassette
dosed studies. As part of this thesis a study was undertaken to assess the impact MSI
could have on cassette dosed studies. Hans Wistar rats were dosed either orally (PO)
or intravenously (IV) with a cassette containing 4 non-proprietary pharmaceutical
compounds or discretely with a representative compound from the cassette. Tissue
samples were taken at 15 mins post dose for intravenously dosed animals or 2 and 6

hrs post dose for orally dosed animals.

7.1.1 MSI of cassette dosed drugs — Intravenous administration

MALDI, DESI and LESA-MSI were used to assess the distribution of midazolam,
bufuralol, clozapine and haloperidol in rat brain tissue sections after intravenous
administration at 2 mg/kg/compound. The results from each platform are compared in
chapter 3, figure 1. MALDI-MSI was initially used to analyse the samples, this
technique successfully mapped the distribution of clozapine in brain but failed to detect
the three other compounds in the cassette, despite experimentation with different
MALDI matrices and solvent systems. DESI-MSI had more success, managing to
detect bufuralol, clozapine and haloperidol and map the distribution of each compound
in the brain tissue sections. Midazolam was detected in the brain sections but was of
relatively low abunadance and it was not detected with sufficient mass accuracy to
confirm identity. It was speculated that the limited positive detection rate of MALDI and
DESI-MSI could be due to a variety of different reasons such as ion suppression or
inherent low sensitivity of the MSI platforms to detect the compounds at the levels

dosed and at the spatial resolution acquired (100 and 150 pum for MALDI and DESI
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respectively) in the analysis. LESA-MSI, acquired at much lower spatial resolution,
was successfully used to detect all of the four cassette dosed compounds in the brain
tissue. The distribution profile of each drug was similar with all compounds showing
relatively high abundance in the frontal cortex with little distribution into the rear left
and right hemishperes of the cerebrum. The higher detection rate for LESA-MSI was
attributed to the fundamentals of the technique, namely, wide chemical applicability
due to the interface being based upon classical ESI, Increased sensitivity based on
the lower spatial resolution and higher sampling area and the combination of the
technique with a highly sensitive triple quadrupole mass spectrometer operating in low

signal to noise ratio selected reaction monitoring mode.

7.1.2 MSI of cassette dosed drugs — Oral administration

A larger and more comprehensive study was designed to compare cassette dosing to
discrete dosing after oral administration. Moxifloxacin, olanzapine, erlotinib and
terfenadine were cassette dosed to Hans Wistar rats at 25, 10, 10 and 25 mg/kg
respectively. In addition to the cassette dosing some animals were discretely dosed
with either 25 mg/kg moxifloxacin or 10 mg/kg olanzapine. Plasma analysis by LC-
MS/MS revealed that all of the animals were successfully exposed to the drugs and
that plasma concentrations of moxifloxacin and olanzapine were comparable between
the cassette and discretely dosed animals indicating that dosing in a cassette was
valid and had not caused any drug-drug interactions resulting in differences in

exposure.

Kidney sections were analysed using MALDI-MSI (chapter 3, figure 2). The detection

rate for this analysis was 100% with all compound distributions being mapped at both
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2 h and 6 h post dose for cassette and discretely dosed samples. All compounds
showed a marked reduction in relative abundance between the 2 h and 6 h time point
in the range 3-30 fold. This was reflected in the decrease in concentrations observed
in the LC-MS/MS plasma analysis. Erlotinib and terfenadine were distributed in both
the cortex and medulla of the kidneys whereas moxifloxacin and olanzapine were
more localised in the medullary region. Consistent results between the discretely
dosed moxifloxacin and olanzapine and the cassette dosed counterparts provided

validation of the cassette dosing approach.

Adjacent sections to those analysed by MALDI-MSI were subsequently analysed using
LESA-MSI (chapter 3, figure 3). This analysis was done to provide some validation of
the MALDI-MSI results by a complementary imaging technique and further
substantiate the use of cassette dosing and MSI as a viable drug distribution tool in
pharmacokinetic studies. Results from LESA-MSI correlated with those generated in
the MALDI-MSI analysis showing a clear difference between the relative abundance
of the analytes at 6 h compared to 2 h and good reproducibility of the distribution

between the discrete and cassette dosed compounds.

7.1.3 High Spectral and high spatial resolution MSI

The versatility of the MALDI-MSI was further explored using high spectral and high
spatial resolution mass spectrometry imaging. Lung tissue sections were analysed
from the oral study, the presence of the dosed analytes was confirmed by accurate
mass and comparison with vehicle dosed control tissues. High spatial resolution

MALDI-MSI was used on adjacent sections to exemplify the power of the technique.
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Chapter 3, figure 4 shows the distribution of olanzapine in the lung tissue overlaid with

the distribution of heme as a marker for the tissue vasculature.
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7.2 Blood-brain barrier penetration studies (chapter 4)

Blood brain barrier penetration of potential new drugs has typically been difficult to
accurately measure. Standard methods involve LC-MS/MS analysis of whole brain
homogenates which yields a concentration of the drug throughout the entire brain but
does not account for any localisation of the compound into specific compartments. If
localisation does occur, the concentration of the drug is effectively diluted by the areas
of the tissue where no drug is present leading to misleading results. Homogenate data
is hindered further by the high levels of vasculature within the brain, the blood vessels
contain residual blood which in turn contains drug, leading to an over-estimation of the
brain concentration. MSI techniques can potentially mitigate these factors due to the
inherent spatial resolution of the analysis and the multiplex nature of the techniques,
allowing simultaneous mapping of blood markers (heme) to differentiate between
residual blood contamination and real penetration of the drug substance into tissue.
Liu et al. reported MALDI-MSI methodology that spatially resolved a compounds
distribution across brain sections and correlated endogenous heme relative
abundance to separate drug penetration in parenchymal tissue for residual blood
contamination?°8, LESA-MSI had been shown in chapter 3 to be a useful technique to
map the distribution of drugs in tissue, here the method is applied to BBB penetration

studies and compared with gold standard LC-MS/MS analysis.

A study was designed to assess the BBB penetration of a set of non-proprietary drug
compounds. The compounds were selected based on historical homogenisation data
that suggested they were either brain penetrative (MK-0916 and SCH23390) or poorly
penetrative (AZD4017 and AZD8329). The poorly penetrative compounds having a
brain/plasma ratio of 0.01 and 0.02 respectively with corresponding brain
concentrations of 0.07 and 0.1 uM that were attributed to residual blood contamination.
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Compounds were dosed as cassettes containing a penetrative and poorly penetrative
compound by either IV (SCH23390 and AZD8329) or PO (MK-0916 and AZD4017)
administration. Animals were culled at either 30 min or 2 h post PO dose or 1 min and

30 min post IV admistration.

7.2.1 Assessing BBB penetration after oral administration

MALDI-MSI analysis detected both SCH23390 and MK-0916 and revealed a temporal
difference between the early and late timepoints that reflected the known
pharmacokinetics of the compounds (Chapter 4, figure 1). SCH23390 signal intensity
was relatively high in the 1 min brain sample but was indistinguishable from vehicle
dosed tissue at the 30 min timepoint. AZD4017 and AZD8329 were undetected by
MALDI-MSI, this posed a unique opportunity to highlight the increased sensitivity
LESA-MSI could deliver in this type of analysis, furthermore, the spatial resolution of
LESA-MSI could be demonstrated to have significant advantages over
homogenisation techniques.

LESA-MSI was performed on adjacent brain tissue sections to those analysed by
MALDI-MSI. Mass spectrometry images of AZD4017 and MK-0916 can be seen in
chapter 4, figure 2. MK-0916 distribution by LESA-MSI was comparable to the images
generated by MALDI-MSI. LESA-MSI did however detect AZD4017, signal intensity of
the compound was low but distinctly higher than the background response from
vehicle dosed tissue. This confirmed the higher sensitivity of the technique over
MALDI-MSI. Correlation of the AZD4017 signal intensity with the signal intensity of
heme was good, suggesting the response could be attributed to residual blood
contamination but examination of the images revealed that the compound had a low
level homogeneous distribution throughout the brain tissue indicating it was brain
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penetrative. This demonstrated the advantages of LESA-MSI over homogenisation
techniques, which had classed AZD4017 as nonpenetrant and highlights the value
spatially resolved analysis can have when assessing marginally BBB penetrative

drugs.

7.2.2 Assessing BBB penetration after intravenous dosing

LESA-MSI successfully detected both SCH23390 and AZD8329 in brain tissue at both
the 1 min and 30 min timepoints, again highlighting the higher sensitivity of the LESA-
MSI technique over MALDI-MSI analysis. SCH23390 distribution was comparable to
that observed in the 1 min sample analysed by MALDI-MSI. SCH23390 signal
intensity in the brain sections at 30 min post dose was higher than that observed in
vehicle dosed tissue. AZD8329 was detected at low signal intensities in both the 1 min
and 30 min brain sections, again this was significantly higher than the background
response in control tissue. AZD8329 signal intensity was consistent across the 1 min
and 30 min timepoints with both also showing a homogeneous distribution of the
compound throughout the tissue indicating the compound is poorly penetrant.
Correlation of the compound signal intensity against that observed from heme
confirmed the homogeneous distribution and penetration of the compound into brain

tissue at low levels, a result that was missed using homogenisation methods.
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7.2.3 Application of LESA-MSI in drug project BBB penetration studies

LESA-MSI was applied to the analysis of AZx, a compound being developed within
the cardiovascular therapeutic area within AstraZeneca. The LESA-MSI analysis of rat
brain tissue sections revealed that AZx was highly localised into various ‘hot spots’
throughout the tissue (chapter 3, figure 4). The signal intensity of AZx correlated well
with heme indicating the response could be attributed to residual blood contamination.
In addition the compound was not present in areas of the brain tissue which did not
contain heme confirming the compound had very poor brain penetration. MALDI-MSI
was used to analyse adjacent tissue sections confirming AZx co-location with heme,
providing further validation of the LESA-MSI technique and indicating that LESA-MSI
could be used to highlight localisation of drugs in tissues even at low (1000 pm) spatial

resolution.
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7.3 Quantitation of drugs in tissues using MSI (chapter 5)

Quantitative MSI techniques have been widely reported and discussed earlier in this
thesis (chapter 1.5). LESA-MSI had been shown in chapters 3 and 4 to be an effective
tissue imaging technique, generating low spatial resolution qualitative images that had
been validated against MALDI and DESI-MSI as other representative imaging
techniques. The next logical step was to assess the suitability of LESA-MSI to perform

guantitation experiments of drugs in tissues.

A study was designed in Hans Wistar rats that dosed 1 animal with vehicle, 2 animals
were dosed discretely with olanzapine (10 mg/kg) and 2 animals were dosed with a
cassette of four compounds, moxifloxacin, olanzapine, erlotinib and terfenadine at 25,
10, 10 and 25 mg/kg respectively. Liver samples were taken at necropsy at 2 and 6
hrs post dose, post sectioning the amount of each drug in liver samples was quantified

using LESA-MSI, DESI-MSI and by LC-MS/MS after homogenisation.

7.3.1 Mimetic tissues

LESA-MSI is a low resolution imaging method, typically creating images with a spatial
resolution of 1000 um pixel to pixel. The low spatial resolution of the technique
rendered the gMSI ‘spotting’ technique unsuitable for use in this instance due to the
limited size of the calibration spots, this would mean only a single extraction could be
done at each calibration point. Instead, the tissue mimetic model was employed to
provide homogenised tissue ‘spiked’ with the analytes at various calibration
concentrations, these homogenates could then be frozen and sectioned to give tissue

sections large enough to perform at least 10 extractions per calibration point.
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7.3.2 Optimisation of LESA methods (Appendix Il)

In order to establish a reliable, robust quantitation method it was necessary to firstly
optimise the LESA extraction method. The LESA extraction solvent, tissue thickness,
solvent dwell time and the effect of using an internal standard in the analysis were all
explored. Mimetic liver tissue standards were used as representative homogeneous
tissues to perform the optimisation experiments. The mimetics were spiked with a
cassette of four compounds (clozapine, albendazole, tamoxifen and astemizole) to

cover a LogD range between 2.9 and 4.0.

Optimisation of the extraction solution using isopropyl alcohol, methanol and
acetonitrile was performed (appendix Il, figure Sl 1). Signal intensities of the extracted
compounds varied significantly depending on which solvent was used in the solution
and the proportion they were diluted with water. Acetonitrile mixed in a ratio of 60/40
v/v with water was found to be the optimum solvent composition in terms of extraction
efficiency, robustness and reproducibility. Tissue thickness was found to only
negligibly effect the intensity of compounds extracted from the mimetic tissues
standards (appendix IlI, figure Sl 2), 12 um was subsequently used to maintain
consistency with other MSI methods. Solvent dwell time was found to be optimal at 3
secs per extraction, shorter times resulting in lower signal intensities of drugs extracted
and longer dwell times resulting in loss of the liquid micro-junction between the pipette
tip and the tissue surface (appendix I, figure Sl 3). The use of an internal standard
(IS) either sprayed across the tissue (using a nubulising automated sprayer) or spiked
directly into the extraction solvent was explored using both structurally similar and
stable isotope-labelled versions of the analytes. The use of an IS sprayed over the
tissue was shown to increase signal intensity variability using both the structurally
similar compound and the stable isotope-labelled variant. Inclusion of the stable
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labelled compound into the extraction solvent was found to improve variability

(appendix 1, Sl table 1-3).

7.3.3 Quantitation of study samples using LESA-MSI

Rat liver sections taken from the vehicle, cassette and discretely dosed animals were
analysed using LESA-MSI. Alongside these ‘unknown’ samples liver mimetics
cassette spiked with different concentrations of each compound in the range 0 — 100
nmol/g were analysed in the same analytical run. The analytes were found to be
distributed continuously but at various abundances throughout the study samples
(chapter 5, figure 1). Calibration curves derived from the mimetic liver tissues were
found to be acceptable in terms of linearity and linear range for subsequent back
calculation of the compounds in the ‘unknown’ samples. Accuracy of the measured
concentration versus the nominal concentration of each calibration standard was also
found to be within the limits normally accepted for bioanalysis (chapter 5, figure 2).
These results indicated that LESA-MSI could be used as a viable quantitative

technique for the measurement of drug concentrations in tissues.
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7.3.4 Comparison of LESA-gMSI with tissue homogenisation

and DESI-gMSI

The mean intensity for each ‘unknown’ liver section was back calculated from the
mimetic calibration curves for each compound giving a concentration value that could
be directly compared to concentration values generated from the same sample of liver
by homogenisation followed by analysis by LC-MS/MS. Adjacent tissue sections were
also analysed using DESI-MSI, again, using the mimetic calibration standards
alongside the ‘unknowns’. Correlation between the results generated by LESA-MSI
and those generated by LC-MS/MS ranged from 3.8 — 35.1% difference across the
different compounds and time-points. These values are considered to be within the
variance expected when comparing different analytical techniques and provided some
validation of the LESA-MSI quantitation against what is recognised as the gold
standard for quantitative measurement. DESI-MSI quantitation was performed as a
direct comparison of LESA-MSI with another imaging technique. DESI-MSI compared
well with LESA-MSI showing (using DESI as the standard) between 0.8 — 44.4%
difference across the different compounds and timepoints. This gives further validation
of the use of LESA-MSI as a quantitative technique. DESI-MSI was also compared to
the data generated using LC-MS/MS displaying a range of 5.4 — 41.2% difference for
olanzapine, moxifloxacin, erlotinib and terfenadine. This was the first time quantitative
DESI-MSI had been reported in comparison with data generated by alternative

techniques.

The data supported the use of LESA-MSI as a credible, quantitative technique for the
measurement of drug concentrations in tissues, furthermore, it showed that the tissue

mimetic model of calibration standard preparation worked across two different imaging
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platforms, having already been used in MALDI-MSI analysis by Groseclose and

Castellino'® indicating its applicability across multple modes of qMSI.
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7.4 Quantitation of endogenous metabolites in tumour

tissues using MSI (chapter 6)

The research described in chapter 5 explored LESA and DESI-gMSI methodology and
established the techniques as reliable quantitative methods to assess the
concentration of drugs in tissues. The acquisition of drug concentrations in target
tissues or at sites of toxicity is important information for researchers, allowing for
example, evaluation of drug level coverage over an enzymatic ICso in order to indicate
the duration of effect or allowing calculation of toxicity dose margins. qMSI techniques
have the potential not only monitor drug distribution and concentration but also monitor
drug induced changes in endogenous molecule levels such as metabolites, lipids,
proteins and peptides. Furthermore, insights into the distribution of these endogenous
compounds could help with understanding the complex tissue architecture in diseases

such as cancer.

Cellular metabolism is often different between healthy tissue and cancer cells. Drug
targets often inhibit metabolic pathways leading to up and down regulation of key
metabolic markers. Chapter 6 focusses on using gMSI techniques to quantify
endogenous metabolites involved in cellular metabolism. Lactate and glutamate are
intrinsically involved in cellular energy production in processes such as glycolysis,
glutaminolysis and Krebs cycle. Measurement of any drug induced changes in these
metabolites within tumours would offer direct evidence of compound efficacy.
Quantitation of these key changes, together with drug levels can then be used to build
accurate and robust in-silico pharmacokinetic/pharmacodynamic models to evaluate
the potential efficacy of new chemical entities and reduce the number of in vivo

experiments and animals used to develop new medicines.
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7.4.1 Stabilisation of endogenous amino acids in tissues

In order to establish a reliable, robust quantitation platform it was necessary to ensure
that any sample pre-treatment minimised any endogenous compound degradation
within the tissues. An experiment was designed to evaluate the stability of four
endogenous metabolites: lactate, glutamate, aspartate and glutamine, throughout the
MSI pre-treatment workflow. Kidney sections were fixed and stored under different
conditions over a 24 h period, either (1) left in the cryostat thaw-mounted at -16°C, (2)
thaw-mounted, desiccated in N2, vacuum packed and stored at room temperature, or
(3) thaw-mounted desiccated in N2, vacuum packed and stored at -80°C. Analysis was
performed using DESI-MSI, a fresh kidney section was applied to each microscope
slide directly prior to analysis to give a baseline abundance of the metabolites. Results
can be seen in chapter 6, figure 1. Spectral clustering was used to define regions of
interest for the cortex and medulla of each kidney and the mean relative abundance
of the four amino acids in each region was extracted. The results indicated that kidneys
treated and stored under conditions (3) showed far greater stability of the four
metabolites in both the cortical and medullary regions of the kidney sections. Even
with these protocols in place, degradation could still occur during the time taken to
section multiple tissues onto the same microscope slide. To eliminate this risk multiple
tissues were embedded in a suitable embedding media to allow the production of
multiple tissue sections in a single cut of the cryostat blade, reducing the time the
sections spend at temperatures less than -20°C and reducing sample preparation

time.
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7.4.2 Initial proof of principle for qMSI lactate quantitation

A study was performed in a NCI-H358 human xenograft mouse tumour model (n=20
animals). Animals were dosed with vehicle and euthanised at 0.5, 2, 6 and 24 h post
dose to mimic a typical pharmacodynamic study design. Tumours were excised at
necropsy, immediately snap frozen and stored at -80°C prior to sectioning. Tumours
were sectioned using the protocols set out in section 7.4.1. MALDI-gMSI analysis
applying spots of a stable isotope-labelled standard of lactate at different
concentrations onto control tissue and forming a calibration line to back calculate
lactate levels within the tumour sections from each animal at each time-point was
carried out. The results from the analysis (chapter 6, figure 2) showed that the
analytical method performed well. Due to the unavailability of a second, different
stable-labelled version of lactate to perform pixel to pixel normalisation, the MSI data
was normalised using total ion current. Further interpretation of the results revealed
that the inter-tumour lactate levels in the tissue had a high level of variation. Lactate
distribution was heterogeneous throughout the tissue sections and was present at
higher concentration in areas of necrosis. Glutamate distribution was also extracted
from the dataset. This was not part of the quantitative study but is of interest as another
cellular metabolite involved in energy production. Glutamate distribution was much

more homogeneous throughout the tissue sections compared with lactate.

7.4.3 Screening different tumour models for lactate and glutamate

concentration and heterogeneity

The high concentration variability and heterogeneous distribution of lactate in the initial

gMSI proof of principle study indicated that a tumour model that had lower variability
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and a more homogeneous distribution of lactate may allow a more accurate
assessment of the endogenous metabolite levels within the tumour tissues and make
any modulation in later vehicle matched, drug dosed studies easier to detect. It was
decided to screen four different tumour models. An NCI-H358 model, differentiated
from the initial study by allowing the tumour to grow for less time and minimise the
chance of necrosis, a MC38 model, a B16.F10.AP3 model and an MC38 variant model
were all screened using MALDI-gMSI for both lactate and glutamate quantitation and
distribution. Results of the analysis can be seen in chapter 6, figure 3a. Tumours from
the MC38 and B16.F10.AP3 models showed heterogeneous lactate distribution
throughout the tumour tissue with little or no co-localisation with glutamate. The MC38
tissue in particular had large areas of necrosis, B16.F10.AP3 tumours were less
necrotic but lactate and glutamate distribution was very localised and ‘patchy’
throughout the tissue. The NCI-H358 and MC38 variant tumours had more evenly
distributed lactate and glutamate even in areas that were confirmed to be necrotic by

H&E staining.

Lactate and glutamate concentrations across each of the tissue sections were largely
in the same range between the different models fluctuating between 81.7 — 2504.0 uM

for lactate and 1095.5 — 7818.7 uM for glutamate.

7.4.4 Region-specific quantitation of lactate and glutamate and assessment of

heterogeneity

Spectral clustering was performed on each of the individual tissue sections from each
model. This analysis allowed region-specific pixel by pixel quantitation of the lactate

and glutamate levels to be calculated, this is represented graphically in the box plots
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in chapter 6, figure 4. From the box plots of lactate and glutamate concentration in
each region of each tissue, the lactate concentration was much more heterogeneous
in the B15.F10.AP3 and MC38 models as seen by the large boxes, whiskers and many
outliers. In comparison, the MC38 variant and NCI-H358 tumours had a more
homogeneously distributed lactate concentration (smaller boxes) with the MC38
variant displaying lower median inter-tumour lactate concentration variability. The
glutamate concentration in all tissue models was overall less heterogeneous than the
lactate concentration, with the different models containing similar levels of

heterogeneity as seen by similar spreads of the data in the box plots.

The objective of the screening exercise was to identify a tumour model that had greater
lactate homogeneity, lower lactate variability and fewer areas of necrosis. The MC38
variant model was selected as the analysis had shown this exhibited the most
favourable properties of the four models tested. Subsequently, the MC38 variant
model has allowed further efficacy studies to be performed. This was highlighted in
initial efficacy study data which showed inter-tumour lactate concentration (measured

by LC-MS) in control tumours varied by £22%.

7.5 Final conclusions

The aim of this thesis was to investigate the use of mass spectrometry methods for
profiling drug distribution in biofluids and whole tissues. The work reported herein has
shown that mass spectrometry imaging techniques have wide applicability in the field
of drug research and development, providing valuable insight into drug distribution,
guantitation and efficacy. The techniques discussed were validated against traditional

‘gold standard’ LC-MS methods where appropriate. It is neither intended or expected

125



that MSI techniques will replace these tried and tested methods, but act in a
complementary capacity when spatially resolved information is required to understand
drug efficacy or toxicity. MSI is now being routinely applied to drug projects across the
AstraZeneca development portfolio and within other large pharmaceutical

development organisations.
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1. Supplementary Methods

1.1 Bioanalytical Stock Solution Preparation. Stock solutions of test compounds were
prepared in DMSO to give a final concentration of 2 mM. Compounds were mixed into a
cassette to a final concentration of 0.2 mM and were subsequently serially diluted to form
working solutions for use in calibration curve construction. Samples for the standard curves
and quality controls were prepared from different solutions by spiking control rat plasma with
the appropriate working solution. Calibration standards (50 ul.) were prepared in control rat
plasma at 1, 5, 10, 20, 50, 100, 500, 1000, 2000, 5000 and 10000 nM. Duplicate quality
controls (50 pL) were spiked at 10, 100 and 2000 nM in control rat plasma and were
interspersed at regular intervals throughout the analytical batches. The calibration standards
were injected at the beginning and end of the analytical run and were subsequently used to
construct a calibration curve and quantify the unknowns and quality controls. Analytical
batches were considered successful if calibration standards and quality controls (a minimum
of 2/3) were within 25% of the nominal concentration. 50 pL of plasma was protein
precipitated with 200 pL of chilled acetonitrile containing internal standard (generic from the
AZ compound library). The samples were then vortex mixed and centrifuged at 4500¢g for 10
mins. 50 uL. of supernatant was then mixed with 300 pL of distilled water prior to analysis by

LC-MS/MS.

1.2 Bioanalytical Method. A TSQ Quantum Vantage (Thermo Fisher Scientific, San Jose,
CA, USA) mass spectrometer operating with a heated electrospray ionization interface was
used for the LC-MS/MS determination of the compounds dosed discretly and in cassettes. The
mass transitions monitored for compounds dosed orally were m/z 472.3>436.4, 313.1>256.1,
394.1>278.1, 402.1>384.3 for terfenadine, olanzapine, erlotinib and moxifloxacin,

corresponding collision energies were 25, 22, 31 and 21 eV respectively. The sheath gas and

2
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auxiliary gas were set at 80 and 40 (Arb) respectively. An Agilent 1200SL. HPLC pump
(Agilent, Stockport, UK) and a CTC Analytics HTC PAL autosampler (Presearch Ltd.,
Basingstoke, UK) were used to introduce the samples to the mass spectrometer.
Chromatography was performed on a Eclipse plus (50mm x2.1mm ID, 5pm) HPLC column
(Agilent, Cheadle, UK) with mobile phase consisting of eluent (A) water containing 0.1%
formic acid and (B) methanol containing 0. 1% formic acid. The linear gradient used was (T =
minutes): at T = 0.0, 95%A:5%B, T = 3.0, 5%A:95%B, T = 4.0, 5%A:95%B, T = 4.1,
95%A:5%B, T = 5.0, 95%A:5%B. The flow rate used was 750 ul./min. Concentration-time
data was processed using QuickCalc/GMSU (Gubbs Inc, Alpharetta, Georgia, USA) to
quantify peak areas. Pharmacokinetic parameters were calculated using non-compartmental

analysis performed in WinNonlin 5.2.1 (Pharsight Corp., Mountain View, California, USA).
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Figure S-1. Plasma concentrations (ng/mL) of moxifloxacin and olanzapine after oral dosing

at 25 and 10 mg/kg, respectively, as part of a cassette dose and a discrete dose. Plasma

concentration/time profiles for cassette and disctretly dosed compounds can be seen to be

identical for moxifloxacin (black) and olanzapine (red) after oral dosing.
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Table S-1: Pharmacokinetic parameters of pharmaceutical compounds after oral

Moxifloxacin

seedees CassetteAn 1

see@ <+ Cassette An2

se+@®++ CasselteAn3

e Discreet An 1

3

Time (Hours)

Olanzapine

csolbes Cassette An

cassette or discrete dosing to male Hans Wistar rats.
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Erlotinib Moxifloxacin

Parameter Cassette 1 | Cassette 2 | Cassette 3| Cassette 1| Cassette 2 | Cassette 3 | Discreet 1
Dose (mg/kg) 10 10 10 25 25 25 25
Cmax (ng/mL) 4354 3081 5576 3746 3787 5657 3777
Tmax (h) 05 05 05 05 05 05 05
Half-life (h) 95 13.1 56 32 56 26 23
AUCO-t (hr*ng/mL) 16711 13160 21701 9719 12898 16045 11480
AUCinf (hr'ng/mL) 55064 54488 46179 15129 29806 21099 13991

Terfenadine Olanzapine
Parameter Cassette 1| Cassette 2 | Cassette 3| Cassette 1| Cassette 2 | Cassette 3 | Discreet 1
Dose (mg/kg) 25 25 25 10 10 10 10
Cmax (ng/mL) 43 32 79 1162 507 1562 791
Tmax (h) 1.0 05 2.0 05 05 05 05
Half-life (h) 35 24 14 38 47 2.0 37
AUCO-t (hr*ng/mL) 155 71 261 2879 1438 3618 3032
AUCinf (hr*ng/mL) 245 102 288 5131 3193 4418 4530

4




Figure S-2 Sample spectra confirming exposure in lung tissue of A) moxifloxacin, B)
olanzapine, C) erlotinib and D) terfenadine by accurate mass and comparison of each with a

vehicle dosed control sample. The mass accuracy of each analyte confirms the response

obtained can only be from the compounds dosed.
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Liver homogenate preparation

Liver homogenates were prepared by adding deionised water to one cerebral hemisphere at a
3:1 v/w ratio in a Precellys CK28 — 7mL tissue homogenising tube (KT03961-11302.7) and
subjecting to rapid multi directional motion using a Precellys Evolution homogeniser (Bertin

Technologies, Montigney-le-Bretonneux, FR).

LC-MS/MS bioanalytical method

Preparation of calibration standards and quality controls

Calibration (Cal) (0.1 — 100 nmol/L) and quality control (QC) (1, 25, 75 nmol/L) samples
were prepared by serial dilution of separate 2 mM DMSO stock solutions in either control
plasma or control liver homogenate. Calibration samples were prepared fresh on the day of
analysis, QC samples were prepared in advance and stored at -20 °C alongside homogenised

test samples where-by being subjected to the same freeze/thaw cycle.

Bioanalytical Method

On the day of analysis 50 uL of test, Cal or QC sample was subjected to protein precipitation
with 150 pL of acetonitrile containing 1 ug/mL of the assay internal standard, a structurally
unrelated compound from the AZ compound library. Following mixing and centrifugation 50
pL of the resulting supernatant was transferred to the well of a 96 deep well plate containing
300 pL of water.

50 uL of the resulting extracts were injected onto a gradient UHPLC system (Accela, Thermo
Scientific, Hemel Hempstead, Herts, UK) compromising of 0.1% v/v formic acid (aq) as
mobile phase A, 0.1% v/v formic acid in methanol as mobile phase B and a Phenomenex
Max-RP 50 x 2.1mm column (Phenomenex, Macclesfield, Cheshire, UK) as the stationary

phase. Detection was performed using a TSQ Vantage (Thermo Scientific, Hemel
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Hempstead, Herts, UK) mass spectrometer operating in selected reaction monitoring mode
(SRM) with an electrospray ionisation source (ESI). The mass transitions monitored for
compounds dosed orally were the same as detailed in the main manuscript for LESA analysis.
Analyte/internal standard peak area ratios were calculated and the calibration data fitted using
a linear regression with a 1/x? weighted fit. Test and QC sample concentrations were back
calculated from the fitted line. Analytical batches was considered acceptable if 75% of the
calibration levels fell within 15% of their nominal concentrations and a minimum of 4 out of

6 of the back calculated QC samples fell within 15% of their nominal concentrations.

LESA optimization experiments

Solvent composition

Figure SI 1 - Graph showing mean intesity of clozapine, albendazole, tamoxifen and
astemizole after LESA extraction (n=10) with different solvent compositions of a) Isopropyl

alcohol, b) methanol and ¢) Acetonitrile.
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Tissue thickness

Figure SI 2 — Graph showing the effect of tissue thickness on mean signal intensity after LESA
extraction (n=10).
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Solvent dwell time

Figure SI 3 — Graph showing the effect of solvent dwell time on mean signal intesity of SCH-23390
after LESA extraction (n=10).
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Use of an internal standard

Table SI 1 — Coefficient of variation comparison for tamoxifen, clozapine, albendazole and
astemizole after LESA extraction at random points (n=10) on mimetic liver calibration standards with
and without an unlabelled internal standard sprayed over the tissue.

Cal Tamoxifen Clozapine Albendazole Astemizole
Level NolS | WithlS No IS With IS No IS With IS No IS With IS

100

Table SI 2 — Coefficient of variation comparison for clozapine after LESA extraction at random
points (n=10) on mimetic liver calibration standards with and without (deuterated) clozapine-d4
internal standard sprayed over the tissue.

Cal Clozapine
Level No IS With IS

100

Table SI 3 — Coefficient of variation comparison for clozapine after LESA extraction at random
points (n=10) on mimetic liver calibration standards with and without (deuterated) clozapine-d4
internal standard spiked into the LESA extraction solvent..

Cal Clozapine
Level NolS | WithlS
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The reasons for the differences in the Coefficient of variation between different concentrations in
tables SI 1-3 are unknown and are likely to be the sum of many contributing factors such as ion
suppression, instrument variability and inherent variation in the LESA technique. The differences do
not follow a normal distribution.
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Tissue Embedding

To minimize any potential degradation of the endogenous analytes, all tumors from each
model were embedded together in a plastic mould (VWR International Ltd, Lutterworth,
Leicestershire, UK) using 10% w/v gelatin solution. Gelatin blocks were stored at -80°C prior

to cryosectioning.

Sectioning

Gelatin embedded tissues were cryosectioned on a CM3050S cryomicrotome (Leica
Biosystems, Nussloch, Germany) at a thickness of 10 um and thaw mounted onto indium tin
oxide (ITO) coated MALDI target slides (Bruker Daltonics, Bremen, Germany). Thaw-
mounted slides were immediately dessicated using a stream of dry N, prior to vacuum
packing and storage at —80°C until analysis.

Tumor sections used in the stability experiment were sectioned onto ITO coated glass slides
(Fisher Scientific, Loughborough, Leicestershire, UK) for subsequent MALDI-MSI analysis.

Tissue sections were taken at approximately equal depth from all samples.

Homogenization and Quantitation of Lactate Levels by LC-MS

Whole tissue lysates were obtained after homogenization and extraction with 1 mL
ACN/MeOH/H20 v/v/v per 50 mg of tissue on Precellys Fast Prep-24 temperature controlled
device (Fisher Scientific, Loughborough, UK) using CKMix50R-2 ml tubes. Tissue
homogenization was completed after 3x20 second cycles at 5000rpm with 30 seconds pause
in between. After centrifugation at 0°C for 5 mins at 10621 g (Eppendorf 5417R) a maximum
of 700 pL clear supernatant was placed in a centrifuge tube and the extraction procedure was
repeat as described above. The second fraction of clear supernatant was combined in the

same centrifuge tube with the first extract before storing at -20°C.
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Prior to LC-MS analysis 5 pL of tissue extract was diluted with 45 pL of 55 pM 13¢5 Lactic
acid (Dilution A). 5pL of diluent A was mixed in a polypropylene HPLC vial with 45 pL
H,0, followed by quick vortex and 10min centrifugation at 3273 g (4°C).

Lactic acid was chromatographically resolved from matrix interferences under isocratic
clution conditions with 20% cluent B (Eluent A: 10 mM tributylamine, 15 mM acetic acid in
H,0, Eluent B: Isopropanol/MeOH 20/80 v/v) using a HSS T3 C;g column (2.1x100mm,
1.8um) and quantification results were obtained over a linear range of 0.5-160 pM
concentration. Batch validation completed on quality control samples (QC) prepared by
mixing equal aliquots of all tissue lysate and spiked with *Cs Lactic acid at concentration of
0.5, 1, 5, 40 and 120 pM. Validation QCs at each concentration were injected at the
beginning, middle and end of the analytical batch to obtain accuracy (<7% bias) and

precision (<7% CV) values.
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Figure SI 1: Lactate and glutamate distribution alongside H&E stained images highlighting
the co-localization of necrotic and pre-necrotic regions with areas of high lactate
concentration.

Tumor sections from 2 hour NCI-H358 tumor PoP study showing co-localization of
necrotic and pre-necrotic region (H&E) with areas of high lactate concentration

Necrotic
Region
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