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Mass spectrometry imaging (MSI) is an enabling technology for label-free drug disposition studies
at high spatial resolution in life science- and pharmaceutical research. We present the first extensive
clinical matrix-assisted laser desorption/ionization (MALDI) quantitative mass spectrometry imaging
(gMSI) study of drug uptake and distribution in clinical specimen, analyzing 56 specimens of tumor
and corresponding non-tumor tissues from 27 imatinib-treated patients with the biopsy-proven rare
disease gastrointestinal stromal tumors (GIST). For validation, we compared MALDI-TOF-qMSI with
conventional UPLC-ESI-QTOF-MS-based quantification from tissue extracts and with ultra-high
resolution MALDI-FTICR-qMSI. We introduced a novel generalized nonlinear calibration model of drug
quantities based on computational evaluation of drug-containing areas that enabled better data fitting
and assessment of the inherent method nonlinearities. Imatinib tissue spatial maps revealed striking
. inefficiency in drug penetration into GIST liver metastases even though the corresponding healthy liver
: tissues in the vicinity showed abundant imatinib levels beyond the limit of quantification (LOQ), thus
. providing evidence for secondary drug resistance independent of mutation status. Taken together,
. these findings underscore the important application of MALDI-qMSI in studying the spatial distribution
. of molecularly targeted therapeutics in oncology, namely to serve as orthogonal post-surgical approach
: to evaluate the contribution of anticancer drug disposition to resistance against treatment.

. Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MSI) has emerged as a power-

. fullabel-free technology for studying spatial distributions of analytes in tissues. Owing to its high chemical spec-

ificity and ability to track hundreds of analytes simultaneously, MALDI-MSI has gained traction in various areas

. of biomolecular research such as quantitative profiling of metabolites, lipids, peptides, proteins and drugs'™. In

. thelatter case, MALDI-MSI has found its way into pharmaceutical research and development, where disposition
- of drugs and their carriers can be effectively monitored alongside their pharmacodynamics and toxic effects*®.

Traditionally, quantitative assessment of drug distribution in patient tissues employs bioanalytical techniques

. such as UPLC-ESI-MS, which assume homogenous distribution of analytes and require tissue homogeniza-

© tion resulting in a complete loss of spatial context®. In contrast, MALDI-MSI provides spatial information, and

1Center for Mass Spectrometry and Optical Spectroscopy (CeMOS), Mannheim University of Applied Sciences,
Paul-Wittsack-Str. 10, 68163, Mannheim, Germany. 2Institute of Medical Technology, Heidelberg University
and Mannheim University of Applied Sciences, Paul-Wittsack-Str. 10, 68163, Mannheim, Germany. 3Institute of
Pathology, University Medical Center Mannheim of Heidelberg University, Mannheim, Germany. “Institute of
Clinical Chemistry, University Medical Center Mannheim of Heidelberg University, Mannheim, Germany. *Division of
Surgical Oncology and Thoracic Surgery, University Medical Center Mannheim of Heidelberg University, Mannheim,
Germany. Denis Abu Sammour and Christian Marsching contributed equally. Correspondence and requests for
materials should be addressed to C.H. (email: carsten.hopf@medtech.uni-heidelberg.de)

SCIENTIFICREPORTS| (2019) 9:10698 | https://doi.org/10.1038/s41598-019-47089-5 1


https://doi.org/10.1038/s41598-019-47089-5
http://orcid.org/0000-0001-9722-2483
mailto:carsten.hopf@medtech.uni-heidelberg.de

www.nature.com/scientificreports/

much effort has recently been devoted to establish quantitative MSI (qMSI) techniques'-#°-12. Linear calibration
based on tissue mimetic models or compound dilution series spotted onto tissue, as well as signal normalization
against stable isotope-labeled internal standards (IS)!! and the calculation of tissue extinction coefficients (TEC)!°
were introduced to compensate for the inherently high technical variability of MALDI-MSI*#!2, Furthermore,
advanced rational testing criteria for evaluating linearity of response, variability, reproducibility and limits of
detection of qMSI have been suggested'?. Despite these technical advances, MALDI-gMSI has not yet been widely
adapted to clinical pharmacology.

In clinical oncology, the ability to monitor drug penetration into tumors constitutes a key medical need".
However, tumor heterogeneity and the poorly understood spatial organization of the tumor microenvironment
present major challenges for drug uptake and, hence, effective cancer treatment'>'®. This challenge has prompted
gMSI studies of drug disposition and of pharmacological/toxic effects in tumor tissues and their surroundings in
mice!”'®. Most mouse studies and pioneering qualitative MSI studies of the tyrosine kinase inhibitor (TKI) erlo-
tinib in patient tissue report high degrees of variability and intratumor heterogeneity as well as highly heterogene-
ous drug distribution'?-!. However, clinical qMSI proof-of-concept studies of drug distribution are still lacking.

Here, we present the first extensive clinical MALDI-qMSI drug disposition study of a TKI, imatinib, in 56
resection specimens of tumor and surrounding non-tumor tissues from 27 patients with the biopsy-proven
rare disease gastrointestinal stromal tumor (GIST). GISTs can occur throughout the gastrointestinal tract but
also as a metastatic tumor elsewhere in the abdominal cavity, as well as in liver, but rarely in lungs and dis-
tant peripheral sites. GISTs being a rare disease have been estimated to occur with a frequency of 14-20 per
million?2. Imatinib is the standard first line treatment for GIST, effectively stopping autophosphorylation and
tumor proliferation particularly in exon 11 mutated GIST?*-%. However, tumors are prone to imatinib resistance,
which is mainly attributed to secondary somatic mutations in the receptor tyrosine kinases KIT (CD117 or stem
cell factor receptor), the gene product of the protooncogene c-kit, or the platelet-derived growth factor recep-
tor alpha (PDGFRA)?*?. In this study, we introduce generalized nonlinear regression as a superior calibration
method based on imatinib-containing pixels, report MALDI-qMSI of three full technical replicates, and compare
these results [fast time of flight MALDI-TOF-qMSI and ultra-high-resolution Fourier-Transform Ion Cyclotron
Resonance (FTICR-qMSI)] with conventional UPLC-ESI-QTOF-MS quantification. Taken together, our data
suggests that MALDI-gMSI compares well with UPLC-ESI-QTOF-MS quantification, and that spatially resolved
MS has utility in clinical pharmacology. We can demonstrate that independent of mutation status of the tumor,
imatinib failed to penetrate or to be retained in tumor tissue in all GIST liver metastasis cases tested.

Results and Discussion

For successful therapy, anticancer drugs must penetrate into tumor tissue and reach their target in cancer cells
at sufficient quantities. In this study, we aimed to improve computational calibration in MALDI-TOF-qMSI, to
provide proof-of-concept for the utility in clinical pharmacology of this technique by rigorously comparing it
with conventional UPLC-ESI-QTOF-MS-based quantification and to cast light onto the effectiveness of uptake
(or lack of export or intra-tissue metabolism) of the therapeutic TKI, imatinib, into GIST tissue. We systemat-
ically examined GIST and corresponding non-tumor samples from 27 patients who received the TKI imatinib
as first line treatment but presented with refractory disease. Some patients had developed metastatic lesions,
mostly in the liver (Supplementary Table S1). All patients received imatinib prior to surgery according to their
treatment plan (note that the elimination half-life for imatinib is approximately 16-18 h)?, thus enabling inves-
tigation of the drug’s distribution in resection specimens. Due to the limited quantities of tissue available for
these samples and since all measurements were conducted in triplicates, some samples were used up completely
before reaching the next round of measurements such that only samples from 18 and 5 patients were available for
UPLC-ESI-QTOF-MS and MALDI-FTICR-qMSI measurements, respectively. All slides for MALDI-qMSI fea-
tured an imatinib dilution series spotted onto porcine liver tissue and a spray-coating of deuterated imatinib-D8
for lock-mass calibration and normalization, respectively (Supplementary Fig. S1).

Calibration curves and quantification of imatinib.  For drug quantification, a calibration curve has to
be fitted to this dilution series?, and users typically manually encircle spots that are then used as regions of interest
in computation of the calibration curve. In contrast, we computationally defined drug-bearing areas, including
only pixels where the drug was detected with S/N > 3. The lower the drug concentration spotted, the more the
outlines of drug-spotted areas diverge from the expected circular shape (Supplementary Fig. S3). This can lead to
signal dilution and underestimation of signal intensity when the mean signal intensity includes pixels that do not
carry drug signal (Supplementary Fig. S3). This effect is even more drastic in heterogeneous tumor tissue, where
the drug can only be observed in few pixels.

More importantly, all drug dilution series measured either with MALDI-TOF-qMSI or MALDI-FTICR-qMSI
(Supplementary Fig. S4) deviated from linearity. We therefore wondered if nonlinear regression fitting might
be a better option for calibration than a linear regression fit. As illustrated for an exemplary dilution series in
Fig. 1a,b, the generalized nonlinear calibration provided a much better fit indicated by the 6- and 3- fold better
residual standard error (RSE) of the calibration curve for MALDI-TOF-gMSI and MALDI-FTICR-qMSI, respec-
tively. Figure 1d indicates a significant decrease in RSE for all MALDI-TOF-qMSI calibration curves (p < 0.0001;
n =48) for the nonlinear calibration when compared to the linear one. The linear and nonlinear fits were nearly
identical for UPLC-ESI-QTOEF-MS calibration (Fig. 1c) indicating a true linear response of the system. This also
shows the generalizability and the ability of this calibration method to not only model the calibration curves of
analytes but also convey a quantitative assessment of its deviation from linearity.

The observed nonlinearity may be of particular relevance. A similar behavior has already been reported by
Pirman and co-workers'!, and was attributed to the matrix-to-analyte ratio. Moreover, the complex MALDI
process, non-uniform tissue-ion suppression, interferences from matrix background signals, and different ion
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Figure 1. Generalized nonlinear regression model for calibration in qMSI. Comparison of calibration curves
for a sample dataset by linear (red) and generalized nonlinear regression (green) for (a) MALDI-TOF-qMSI, (b)
MALDI-FTICR-qMSI and (¢) UPLC-ESI-QTOEF-MS. Grey circles represent the mean intensity of the imatinib-

containing pixel within a dilution series area. (d) RSE for linear and generalized nonlinear calibration curves of
MALDI-TOF-qMSL

detection/counting technologies are all factors that could contribute to nonlinear responses®. Even though it is
common for MALDI-TOF- and ~FTICR-qMSI studies to use linear calibration for drug dilution series, this lin-
earity cannot always be guaranteed for rare heterogeneous tissue samples even with optimized matrix-to-analyte
ratios!?. Especially in the case of clinical samples screening where samples are obtained from different individuals
and typically contain different amounts of target analyte, it is unlikely that any method can guarantee optimal
matrix-to-analyte ratios in all scenarios and for all samples. Hence, we hypothesize here that nonlinear calibra-
tion may be a more accurate and a generally more widely applicable method, especially in clinical pharmacology.
This calibration method should be evaluated by the scientific community in independent studies, in particular
clinical gMSI studies. On another cautionary note, we suggests that for a reliable reporting of a drug’s uptake and
distribution, the level of the drug should always be reported relative to its LOQ; drawing conclusions based on low
intensity MS ion images of the drug can be potentially misleading and unreliable.

Quantitative analysis of imatinib content in GIST specimens by UPLC-ESI-QTOF-MS and
MALDI-qMSI.  Next we systematically compared the average imatinib content in both normal and tumor
tissue sections (in pmol/section) for all three full replicates using gold-standard UPLC-ESI-QTOF-MS and
MALDI-TOF-qMSI (Fig. 2a,b). Also for this comparison, the mean imatinib signal intensity in MALDI-qMSI
datasets was calculated solely from imatinib-containing pixels (S/N > 3 for m/z 494.26; Fig. 2c).

Most tissue sections with imatinib levels above LOQ for both MS methods corresponded to normal liver
tissue. In these cases, imatinib quantified by MALDI-TOF-qMSI displayed acceptable correlation with results
from UPLC-ESI-QTOF-MS quantification. However, MALDI-TOF-qMSI tended to underestimate imatinib.
Nevertheless, 78% of all samples, in which imatinib could be quantified, were inside a window of a 2-fold differ-
ence (grey area in Fig. 2d). MALDI-FTICR-qMSI matched the UPLC-ESI-QTOF-MS results even more closely
(Fig. 2e) where 87% of all samples that reached the MALDI-FTICR-qMSI measurement round were within a
2-fold difference relative to UPLC-ESI-QTOF-MS.

In contrast to UPLC-ESI-QTOF-MS measurements that utilized extracts of entire tissue slices, MALDI-TOF-
and -FTICR-qMSI add the crucial benefit of delivering spatial drug distribution maps, which - with histopatho-
logical tissue annotation - enables co-localization analysis of drugs within different tissue morphologies. Loss of
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Figure 2. Verification of MALDI-TOF-qMSI for imatinib quantification in GIST. Comparison of MALDI-
TOF-gMSI and UPLC-ESI-QTOF-MS quantification for (a) normal and (b) tumor tissue. (c) A liver metastasis
(sample ) illustrating the drug-containing pixels (bottom) and corresponding H&E-stained image (top). (d) A
correlation plot showing MALDI-TOF-qMSI on the x-axis and UPLC-ESI-QTOF-MS on the y-axis, both log,-
scaled. The dashed red line represents an identity line (1:1 line) with the log, fold change of 1 represented by the
grey area around it. (e) Comparison of MALDI-TOF-gMSI, UPLC-ESI-QTOF-MS and MALDI-FTICR-qMSI
quantification for five (x3) unaffected liver samples.

spatial information puts constraints on UPLC-ESI-QTOF-MS measurements of “tumor tissue”, which are always
skewed by tissue heterogeneity, i.e. the presence of unknown fractions of non-tumor tissues in tumor samples.
Sample A, for which UPLC-ESI-QTOF-MS showed similar levels of imatinib in normal and tumor tissue, serves
as point in case (Supplementary Fig. S7), which was explained by H&E annotation and MALDI-TOF-qMSI
images (Supplementary Fig. S8). Moreover, even though MALDI-TOF- and -FTICR-gMSI has been tradi-
tionally referenced to UPLC-ESI-QTOF-MS as gold standard for absolute quantification, such validation by
UPLC-ESI-QTOF-MS needs to be considered carefully, since MALDI-qMSI reports pixel-wise quantification of
a few nm thin surface layer®, while the latter quantifies the drug within a defined tissue volume.

Limited imatinib uptake in metastatic GIST independent of mutation status. To be effective,
cancer-targeting drugs must adequately penetrate into tissue. Hence, we sought to investigate imatinib’s tumor
penetration capability in human GIST samples. Figure 3 illustrates an overview of the measured tissue sections
for all 27 patient samples, done in triplicates, with green and red pixels indicating detected (S/N > 3) and unde-
tectable drug signal, respectively (also see Supplementary Tables S1 and S2 for clinical and histopathological
information and Supplementary Fig. S2 for an overview of the H&E-stained sections). Follow up histopatholog-
ical examination suggested that 26 of the tumor tissue replicates examined contained only slight traces of regres-
sive tumor areas with fibrosis and necrotic tissue throughout. They were, therefore, omitted from further analysis.

Systematic quantification of imatinib (pmol/section) in tumor tissue sections and their corresponding
non-tumor (normal) control tissues by MALDI-TOF-qMSI revealed that despite continuous administration of
the prescribed dosage of imatinib until surgery (see Supplementary Table S1), tissue drug levels were typically
below LOQ (Fig. 4a; but see sample AA as an exception). In most tumor sections (48 of 60 sections; 80%, in
MALDI-TOF-gqMSI and 31 of 44; 70%, in UPLC-ESI-QTOF-MS), regardless of its type (i.e. primary tumor or
metastasis) and mutation status, imatinib content was below LOQ. In comparison, for the corresponding normal
tissue sections only 40 of 83 sections (48%) and 23 of 54 sections (43%) contained imatinib amounts below LOQ
for MALDI-TOF-qMSI and UPLC-ESI-QTOF-MS, respectively. Imatinib levels were higher in normal liver tis-
sues compared to the others.

SCIENTIFICREPORTS|  (2079) 9:10698 | https://doi.org/10.1038/s41598-019-47089-5 4


https://doi.org/10.1038/s41598-019-47089-5

www.nature.com/scientificreports/

Liver Liver Peritoneum Stomach Intestine

e iloeedd -

perodiodhajas-

3

Pu fogBét-
AQdoapIee-

(g}
c
2

(9]
>
®

pgepoesacrp) ofo jee-
YiiaonrnreinBarn (i) -

g

N
o

ULV oF-
IYE T E Y FT LR

b
FLng

x
o
o

o

(T
)

PEOBLE)T o-F-
4

tea] eddiphess-

S
>
o
Q.
o
3
o
=
F
=
=
=
Q
x
H
L

m
—
f=4

L?i

baa
ole

w

Y
L

,_
<

SLp
1%¢

Figure 3. Imatinib distribution in all tumor (T) and normal (N) non-tumor samples from GIST patients (not
to scale). Green and red pixels indicate imatinib signal presence (S/N > 3) and absence, respectively. Three
cryosections were prepared per tissue sample/patient, and samples are coded by single or double letters. Tissues
identified as stomach, colon or intestine are primary tumors. All others were metastases.

abdom-  Thorgy,, o, MALDI-TOF MS|
- Mo,

Imatinib Heme
Y1
v3Y2 Y1 ERlED E';
Y/
100 (%) ABi 2.

75 (%) AA3

50 (%)

25 (%)

LOD=0.73 ==='10Q=1.82 100% =21 pmol

@® Normal @ Tumor

Figure 4. Liver metastases of GIST display limited imatinib content independent of mutation status. (a)
MALDI-TOF-gMSI-Quantified imatinib in GIST samples cohort comparing “Tumor” (red) and corresponding
“Normal” (blue) tissues. (LOD = 0.73 pmol/section; LOQ = 1.82 pmol/section.) (b) Three sample A replicates
containing both “normal” and “tumor” tissue based on histopathological re-examination (left column)
illustrating imatinib’s absence from metastatic GIST (central column; red pixels) in addition to the heme signal
detection maps (right column; green pixels: signal present; red pixels: signal absent).
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Surprisingly though, the orally administered imatinib had limited uptake or retention in metastatic GIST in
liver tissue, leading to amounts below LOQ despite the high abundance of the drug (well above LOQ) within
surrounding normal liver tissue. Sample A appears to be a notable exception, as comparable amounts of imati-
nib were present in both normal and tumor tissue (also observed with UPLC-ESI-QTOF-MS in Supplementary
Fig. S7). However, upon histopathological re-investigation, all three replicates of that sample were found to con-
tain both normal hepatic and metastatic GIST tissues (Fig. 4b). As revealed by spatially-resolved-qMSI, also this
sample contained imatinib only in its non-tumor part (Fig. 4b). Apparently, the drug was unable to penetrate
into the metastatic tumor despite high concentrations within the surrounding tissue. Additionally, to rule out
the possibility that the drug has been completely metabolized within tumor areas, N-desmethylimatinib (m/z
480.25), a known metabolite of imatinib®!, was detected and visualized (Supplementary Fig. S8) for the same
sample described above. N-desmethylimatinib showed clear colocalization with imatinib mainly visible outside
the tumor areas in normal liver tissue. Moreover, ion intensity maps for the sodium and potassium adducts of
imatinib (Supplementary Fig. S9) further support this observation by showing that the absence of the targeted
drug is not caused by differential tissue-dependent adduct formations. To rule out the possibility that observed
differences in imatinib signal were simply a consequence of different desorption/ionization characteristics
of the respective tissues, we calculated TEC for all normal tissue-tumor tissue pairs (Supplementary Fig. S5):
Importantly, for liver, stomach and lung no significant differences between the drug’s ionization for normal and
corresponding tumor tissue were observed. Additionally, no other interfering analytes were detected within 100
ppm of imatinib as verified by high mass resolution MALDI-FTICR-MSI as shown in Supplementary Fig. S6.
Hence, MALDI-TOF-qMSI results reflect real differences in drug distribution.

The observed discrepancy between imatinib amounts in normal hepatic versus metastatic tissue is striking
(e.g. replicates of sample A (Fig. 4b)). Further work is required to elucidate if lack of imatinib in liver metasta-
ses reflects effective export/metabolism or inefficient uptake. For instance, higher expression of P-glycoprotein
and multi-resistance protein 1 (MRP1), which are involved in active efflux of a wide spectrum of drugs includ-
ing imatinib, have been reported in gastric and non-gastric GISTs, respectively*’. Other reasons for such
drug-resistance that is independent of the KIT and PDGFRA mutation status include a poorly organized vas-
culature, increased interstitial fluid caused by the lack of functional lymphatics and/or inflammation and abnor-
mal structures of the extracellular matrix'*!°*. However, it has been reported elsewhere that tumor vascularity
decreases in GIST metastases after treatment with imatinib®**. To investigate this, we opted to visualize Heme B
(m/z 616.17), a proven MALDI-MSI marker of vasculature (Fig. 4B, right column)*. Heme B imaging suggested
decreased vasculature within the tumor core when compared with the surrounding hepatic tissue. Although the
Heme B ion intensity map of Fig. 4b suggested vascularization that perturbs the visible boundaries of the tumor
area, the actual signal intensities for Heme B within the tumor boundaries were substantially lower than those
of the normal tissue (Supplementary Fig. S8). This reduction in vascularization as a result of treatment may lay
the basis for subsequent tumor progression due to inadequate local drug concentrations within targeted tissues.
The observed apparent lack of drug also confirms the clinical practice for GIST patients with liver metastases
that the best treatment option is a multidisciplinary one with continued TKI drug therapy and possibly surgi-
cal intervention®. The results shown in this study (lack of drug presence in tumor), based on a small cohort of
patient-derived tissues, are in line with results from several MALDI-gMSI mouse studies on various chemo-
therapeutic drug agents in different cell line-based and patient-derived xenograft models'®!*21-37-3 Tt should be
noted that while the presence of sufficient quantities of a drug in the target tissue is invariably a prerequisite for
its efficacy, MSI in clinical pharmacology may not be limited to drug distribution studies. In the future, it may be
even more intriguing to use MSI for spatial assessment of drug-response markers. For instance, in a preclinical
rodent model of gastric cancer we have demonstrated earlier that polyacetylated histone H4 can be imaged by MS
as a pharmacodynamic marker of action of the histone deacetylase inhibitor panobinostat?’.

In summary, while providing additional spatial information on imatinib distribution, MALDI-qMSI based on
generalized nonlinear calibration and focused computational analysis of drug-bearing pixels provided quantita-
tive measures of imatinib that deviated from reference analysis by UPLC-ESI-QTOF-MS by less than two-fold in
78% of cases (87% of cases by FTICR) and provided a generalized method for modeling analytes dilution series
as well as assessing the degree of the apparent nonlinearity of the system. While further refinement of the method
and testing in larger patient cohorts will be crucial, our data provides a proof-of-concept for clinical utility of
MALDI-gMSI. Furthermore, spatial mapping of imatinib distribution within GIST patient tissues revealed strik-
ing inefficiency in its penetration into liver metastases irrespective of their mutation status. Our study therefore
strongly suggests that also mechanisms other than driver mutations in receptor tyrosine kinases such as altera-
tions in drug uptake due to decreased intra-tumor vasculature may play an important role in imatinib resistance
in GIST. This finding underlines the important application of MALDI-qMSI, a methodology that can probably
be translated to clinical drugs other than the proof-of-concept case imatinib, for studying the spatial distribution
of molecularly targeted therapeutics in oncology. More specifically, MALDI-qMSI can enter clinical application
as an orthogonal post-surgical approach to evaluate disposition of administered drugs and their metabolites in
resected specimens to cast light into possible treatment resistance as a function of anticancer drug uptake, metab-
olism and/or retention.

Methods

Tissue samples. Human GIST and corresponding non-tumor control tissues (total of 56 specimens) had
been surgically removed from 27 patients (Supplementary Table S1) after obtaining their informed consent and
approval by the Medical Ethics Committee II of the Medical Faculty Mannheim of Heidelberg University (2012-
289N-MA; 2015-868R-MA; 2017-806R-MA) and was carried out in accordance with guidelines and regulations.
All patients had been treated with 400-800 mg imatinib orally once daily including the day prior to surgery,
hence, tumor and healthy tissue samples were analyzed at a steady state drug status before surgery. After removal,

SCIENTIFICREPORTS|  (2079) 9:10698 | https://doi.org/10.1038/s41598-019-47089-5 6


https://doi.org/10.1038/s41598-019-47089-5

www.nature.com/scientificreports/

tumor tissues was cut into small pieces, snap-frozen and stored at —80°C in the biobank of the Department
of Surgery at University Hospital Mannheim. For all samples, histology, mitotic activity, regression index and
CD117 (=KIT), CD34 as well as DOGI immunohistochemistry (IHC) were assessed. Exons 9, 11, 13, 14 and 17
of the KIT gene as well as exons 12 and 18 of the PDGFRA gene were analyzed for mutations after tumor tissue
microdissection. Porcine liver tissue was used to establish drug calibration curves on test slides. These were sup-
plied by the local slaughterhouse and immediately snap-frozen (—80°C).

Experimental workflow and tissue preparation. Each sample was sectioned in six steps at —20°C
in a CM 1950 cryostat (Leica Biosystems GmbH, Nussloch, Germany) in triplicate (see Supplementary
Fig. S1). After trimming, the first 8-um tissue section of each sample was thaw-mounted onto a gold target
for MALDI-TOF-qMSI. Two consecutive slices were then put onto Starfrost adhesive microscope slides (R.
Langenbrinck GmbH, Emmendingen, Germany) for standard histological analysis (one stained with hematox-
ylin & eosin (H&E) and one backup slide) and scanned in an Aperio CS2 (Leica Biosystems). Afterwards, four
consecutive sections were collected for quantitative drug determination by UPLC-ESI-QTOF-MS. Finally, some
exemplary sections were mounted on conductive indium tin oxide (ITO) slides for additional MALDI-qMSI with
a high mass-resolving FTICR-MS (n=3). For MALDI-qMSI, each ITO slide featured duplicate spots of an imati-
nib dilution series (25, 12.5, 6.25, 3.125, 1.56, 0.78 pmol and a blank control) spotted onto a porcine liver section.
For a schematic overview of the arrangement of tissue sections on slides, see Supplementary Fig. S1. To achieve
comparable conditions after preparation, all slides were stored in a desiccator at room temperature for one hour.

Quantitative MALDI-TOF- and -FTICR imaging. For normalization, nine layers of deuterated imati-
nib (imatinib-D8) were deposited on the slides using a SunCollect sprayer (SunChrom GmbH, Friedrichsdorf,
Germany): 2.5 pmol/uL solution, flow rate 15 pL/min, spray head distance 45 mm and speed 300 mm/min. Slides
were stored in a desiccator at room temperature for one hour to allow drying of the IS. For positive-ion mode
measurements, five layers (flow rates of 10, 15, 3 x 20 pL/min) of 2,5-Dihydroxybenzoic acid (DHB) matrix
(60 mg/mL in 50% acetonitrile, 0.5% Trifluoroacetic acid) were subsequently sprayed onto the tissue at 300 mm/
min as described previously*'.

MALDI-TOF-gqMSI data acquisition was performed on an ultrafleXtreme MS using flexControl 3.4 (Bruker
Daltonics GmbH; for instrument parameters, see Supplementary Methods). High-resolving-power MSI (m/z
150-3000; R: 260,000 at m/z 300) was recorded in positive-ion mode on a solariX 7T XR FTICR mass spectrom-
eter (Bruker Daltonics). The raster width was 200 pm for calibration curves for quantification and 50 pm for all
human samples. The instrument was calibrated externally using quadratic mass calibration with peptide calibra-
tion standard II including dasatinib (/2 488.21). For imatinib calibration curves, equal square-sized measure-
ment areas containing identical pixel numbers were defined over each calibration spot by an in-house MATLAB
tool.

Data import, conversion and preprocessing. A total of 48 MALDI-TOF- and three MALDI-FTICR-
gMSI-datasets were acquired and exported into imzML format*? using flexImaging 4.1 (Bruker Daltonics)
with a binning rate of 120,000. The imzML datasets were subsequently imported into R 3.3.1 (R Foundation for
Statistical Computing, Vienna, Austria)* using MALDIquantForeign and processed using MALDIquant pack-
ages*!. Mass spectra were normalized to the maximum peak intensity over the mass range m/z 502.32 £ 100 ppm
(MALDI-TOF-gMSI) and £10 ppm (MALDI-FTICR-qMSI) of the sprayed IS imatinib-D8. Neither baseline cor-
rection nor further pre-processing of spectra were performed. All subsequent analysis and visualization (mainly
with ggplot2 and fmsb packages) were performed using R.

Regression models and quantification. Linear regression analysis for calibration of the spotted imatinib
dilution series was performed as described in®!. Nonlinear regression was performed by fitting a power func-
tion as a calibration curve in the form of y=ax®+ ¢ model (for details see Supplementary Methods; Calibration
Curves). For MALDI-gMSI of imatinib in tissue, the mean intensity of signal-bearing pixels, i.e. imatinib signal
with signal to noise ratio (S/N) > 3, of each tissue section was plugged into the fitted nonlinear regression model.
The limits of detection (LOD) and quantification (LOQ) in this study were computed as mean of all individually
fitted calibration curves (48 for MALDI-TOF-qMSI and 3 for MALDI-FTICR-qMSI; see Supplementary Fig. S4).
To assess imatinib ion suppression within different tissues, TEC!? was calculated as the ratio of the mean intensity
of the deuterated IS (m/z 502.32 & 100 ppm) within each tissue section to its mean intensity in the IS and matrix
control area. RSE was used for quality of fit comparison, as R? is not defined for nonlinear fits*.

Data Availability

A subset of MALDI-FTICR-MSI and MALDI-TOF-MSI datasets of individual tissue sections is available on
METASPACE* [https://metaspace2020.eu/]. The rest of the datasets generated and/or analyzed during the cur-
rent study are not publicly available but are available from the corresponding author on reasonable request.
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