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Abstract MALDI mass spectrometry imaging (MSI)

provides a technology platform that allows the accurate

visualization of unlabeled small molecules within the two-

dimensional spaces of tissue samples. MSI has proven to be

a powerful tool-box concept in the development of new

drugs. MSI allows unlabeled drug compounds and drug

metabolites to be detected and identified and quantified

according to their mass-to-charge ratios (m/z) at high res-

olution in complex tissue environments. Such drug char-

acterization in situ, by both spatial and temporal behaviors

within tissue compartments, provide new understandings of

the dynamic processes impacting drug uptake and meta-

bolism at the local sites targeted by therapy. Further, MSI

in combination with histology and immunohistochemistry,

provides the added value of defining the context of cell

biology present at the sites of drug localization thus pro-

viding invaluable information relating to treatment effi-

cacy. In this report we provide mass spectrometry imaging

data within various cancers such as malignant melanoma in

patients administered with vemurafenib, a protein kinase

inhibitor that is targeting BRAF mutated proteins and that

has shown significant efficacy in restraining disease pro-

gression. We also provide an overview of other examples

of the new generation of targeted drugs, and demonstrate

the data on personalized medicine drugs localization within

tumor compartments within in vivo models. In these cancer

models we provide detailed data on drug and target protein

co-localization of YCG185 and sunitinib. These drugs are

targeting VEGFR2 within the angiogenesis mechanism.

Our ability to resolve drug uptake at targeted sites of

directed therapy provides important opportunities for

increasing our understanding about the mode of action of

drug activity within the environment of disease.
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Introduction

The ever increasing demands in healthcare today posture

high prospects and expectations onto the research com-

munity to invent and establish new solutions that can

improve clinical outcome at lower cost. In response to

these challenges, modern healthcare is looking for ways to

treat patients that are both more efficient as well as more

cost saving (Young et al. 2014; Fu et al. 2010; Dwyer

2011). It has to be taken into account that these improve-

ments are expected to be managed without the necessary

care that patients demand today. In these strives, large-

scale patient repositories, biobanks with high quality of

clinical materials are mandatory (Baker 2012; Marko-

Varga et al. 2014). The introduction of regulatory direc-

tives are central to our research community in order to

meet the demands from, e.g., cancer patients, that are

expecting more safe drugs with lower mortalities and a fast

onset of efficacy.

Together with the National Cancer Institute (NIH) and

local clinicians and scientists there has been extensive

progress made to work out and provide a protein biomarker

discovery and validation strategy (Nilsson et al. 2015;

Nishimura et al. 2014; Kato et al. 2011). These regulatory

guidelines provide high-quality standardized, sensitive,

specific, quantitative, and readily accessible protein, pep-

tide, or other biomarkers of health, disease, response to

therapy into the approval processes of regulatory agencies,

such as the Food and Drug Administration (FDA) in USA

and European Medicines Agency (EMA) in Europe. These

developments are vital for healthcare professionals to

improve diagnosis, detect cancer at an early stage, identify

the likelihood of cancer recurrence, and stratify stages with

differential survivals.

There is a growing trend in developing biorepositories

around the focus of large population-based studies that

address both active and silent non-symptomatic disease.

Logistically these studies generate large numbers of clinical

samples and practically place increasing demand upon

healthcare systems to provide uniform sample handling,

processing, storage, and documentation of both the sample

and the subject as well to ensure that safeguards exist to

protect the rights of the study subjects for deciding upon the

fates of their samples. There has also been outlines with

practical information to the potential users of biorepositories

about some of the current developments in both the

methodology of sample acquisition and in the regulatory

environment governing their use (Marko-Varga et al. 2014).

Today, many millions of clinical samples are acquired

every day for use in diagnostic tests that support clinical

decision making. Worldwide, it is estimated that over one

billion clinical samples are assembled into so called

biobanks (Baker 2012; Marko-Varga et al. 2014). The

preservation of patient samples is an important undertaking

as the healthcare costs are increasing exponentially.

The link in-between disease pathology and samples

representing these various phenotypes, on one hand and the

characterization of drug compounds on the other in order to

build a mechanistic understanding at a molecular level is at

the heart of the FDA requests for drug approvals. Key to

the process of developing new drugs is the need to deliver a

complete package of information regarding both the effects

of the drug uptake both within the targeted compartments

of disease but also at sites throughout the body that may be

effected by the pharmacological activities of the drug. The

potentially beneficial or toxic effects of such drug therapy

are determined by the unique chemical and pharmacolog-

ical properties of each given drug form. Scientists can test

these properties in the laboratory and in experimental

models but until recently with the introduction of mass

spectrometry imaging (MSI) it has not been possible to

measure the unlabeled drug directly within a tissue or

organ. In this respect, MSI is a powerful technology plat-

form that we have developed in both pharma industry and

academia that has proven to be of great value in the design

of new drugs but also in measuring their efficacy and

consequent effect at the sites of targeted therapy. We were

the first to show drug localization in lung cancer, malignant

melanoma, and chronic obstructive pulmonary disease

(COPD) patients in joint studies with pharmaceutical

industry (Marko-Varga et al. 2014; Nilsson et al. 2015;

Nishimura et al. 2014; Kato et al. 2011; Fehniger et al.

2014). Already today, many major pharmaceutical manu-

facturers have included MSI in their development pro-

grams and are reporting on these findings in applications

for new drug approval.

In this overview, we present studies in various solid

tumors where tissues known to contain kinase mutations as

determined by DNA sequencing and other protein receptors

that are key cancer regulators have been co-localized with

small molecule drug inhibitors using MSI.

Applying mass spectrometry imaging
to characterize drugs

Absorption, distribution, metabolism and excretion

(ADME) pharmacokinetic properties along with possible

drug toxicity and drug metabolism, are key regulatory

considerations that the FDA and the EMA demand in order

to approve new drug entities, where animal models are

commonly used (Nilsson et al. 2010). The mass spec-

trometry imaging technology is currently utilized in the

drug discovery as well as the drug development process
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within the pharmaceutical industry (Chaurand et al. 2008;

Willems et al. 2010). With regard to drug characterization,

the MSI technology has been utilized in industry to

investigate drug distribution in the main organs.

Nowadays, the matrix-assisted laser desorption ioniza-

tion (MALDI) MSI is the most common mass spectrometry

technology applied within pharma and biotech industry as

well as national research centers and academia. MALDI-

MSI studies on the clinical status and as risk assessments

with respect to disease developments, e.g., cancer states of

tumor genesis (Fehniger et al. 2011), and drug responders,

as well as long-term survival (Marko-Varga et al. 2012;

Sugihara et al. 2014). In addition to our own melanoma

studies, studies undertaken by Caprioli et al., was first to

present MALDI-MSI data where they used metastatic

tumors, identifying calcyclin (Hardesty and Caprioli 2008;

Lazova et al. 2012).

At the Center of Excellence in Lund (http://www.

CEBMMS.se) we provide a dedicated activity in drug mass

spectrometry imaging that apply MALDI Orbitrap mass

spectrometers that provide high mass accuracy. MfSI has

widespread usage throughout the community with aca-

demic clinical and commercial applications. Compared to

other methods, which localize drugs in situ, such as

autoradiography (ARG) and positron emission tomography

(PET), optical fluorescence, MALDI-MSI is label-free and

can be applied to active parent drugs and their metabolites

within any tissue environment. Using this technology, we

have recently provided evidence showing the exact tissue

compartment localization of small drug molecules admin-

istered to patients.

Drug metabolism and pharmacokinetics (DMPK)

In drug discovery, and development, the investigation of

the localization of drug is essential for the understanding of

ADME, pharmacokinetics/pharmacodynamics (PK/PD)

and toxicokinetics/toxicodynamics (TK/TD). This infor-

mation can facilitate the decision making for the: (a) GO or

(b) NO-GO developments of new drugs.

A desired pharmacological activity is generated by a

proper distribution of a drug to a target site within the

body. In addition, undesired localizations and accumula-

tion of a drug or its metabolites in non-targeted site(s) can

lead to toxicological effects (Pellegatti and Pagliarusco

2011). The distribution of a drug and its metabolites may

not be homogeneous in a target tissue and is dependent on

the physicochemical properties, tissue affinity and the

transporter protein substrate profile of each molecular

entity. Although the free drug hypothesis, stating that the

unbound concentration of a drug in plasma is in equilib-

rium with that in tissue, is valid for many drugs, this is not

true for drugs and metabolites that are dependent on

transporters for their distribution. Therefore, the plasma

concentration of drugs and their metabolites does com-

monly not reflect the levels which are present at the target

site and consequently, may not be useful for understanding

the efficacy or toxicity of the drug (Mouton et al. 2008;

Langer and Muller 2004). It is the ultimate objective of

DMPK studies to provide adequate information of drug

distribution throughout the body and its metabolite profiles

generated in various organs, and studied kinetically over

time.

Generally, liquid chromatography coupled to tandem

mass spectrometry (LC/MS/MS) is conventionally used for

investigating drug levels in the target tissue. However, this

method is limited in their usefulness due to the homoge-

nization step of the tissue, which results in a loss of

information on the spatial localization of the drug and its

metabolites at a single cell resolution (Mouton et al. 2008;

Lanao and Fraile 2005).

Autoradiography is traditionally used to determine the

localization of the drug in the tissue. This quantitative

methodology provides the kinetics associated with drug

metabolism and elimination in preclinical studies. How-

ever, the synthesis of the radiolabeled drug is an expensive

and frequently time-consuming process. Moreover, it can

take several weeks of exposure, to develop radiographic

images of sufficient sensitivity. In addition, as only the

radioactivity of the label is measured, hence the drug

cannot be distinguished from its metabolites (Solon et al.

2010).

MSI is an effective technology that makes it possible to

determine the detailed distribution of drug in tissue as well

as its metabolites without isotope labeling. Consequently,

quantitative MSI was rapidly applied to evaluate the dis-

tribution of drug compounds (Solon et al. 2010; Nilsson

et al. 2010; Koeniger et al. 2011; Takai et al. 2012; Lietz

et al. 2013). Recently, high resolution MSI provided a

significant advantage of autoradiography from the aspect of

the drug metabolites (Fehniger et al. 2011; Jirasko et al.

2014; Liu et al. 2013; Buck et al. 2015) and demonstrated

the distribution of a confirmed drug metabolite that possi-

bly lead to the drug toxicity (Török et al. 2015). The

technology is today making important contributions in

fields such as PK screening (Castellino et al. 2013), novel

pro-drug concepts (Nilsson et al. 2010; Fehniger et al.

2011), drug delivery systems (DDS) by micellar nanopar-

ticle formulation (Swales et al. 2014), biomarkers for PD

(Yasunaga et al. 2013; Shariatgorji et al. 2014; Cobice

et al. 2013) as well as proteomics (Goto et al. 2014; Ye

et al. 2014). MSI ultimately leads to a better understanding

of ADME, PK/PD and TK/TD. Therefore, MSI in many

drug discovery-, and development projects is a crucial

technology for decision making. DMPK researchers have
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desired information of detailed distributions and accurate

levels of the drug and its metabolite in target tissue for a

long time.

Drug imaging studies

There are currently few therapeutic options for patients

with various forms of cancer, and new insights into the

pathogenesis of these often lethal diseases are urgently

needed. Patients in feasibility studies in combination with

disease models in rodents has been the strategy of our

research teams for a number of years (Fehniger et al. 2011;

Marko-Varga et al. 2012; Sugihara et al. 2014; Török et al.

2015). Further, the correlation in-between a given rodent

model with administered drug and the ability to utilize

controlled administrations to tissue sections from organs

isolated with the intact tumor environment is a valuable

tool for drug characterizations. Our team was able to prove

that these in vivo and ex vivo drug models hold great

promise for the assessment of novel drug candidates

(Nilsson et al. 2010; Fehniger et al. 2011; Marko-Varga

et al. 2012; Sugihara et al. 2014).

Malignant melanoma

Melanoma in general is a disease with unfavorable prog-

nosis and has one of the highest incidence rates globally. In

Sweden approximately 2800 new malignant melanoma

(MM) patients are diagnosed every year and almost 500

patients die of disseminated melanoma disease annually.

The 5-year survival rate in metastatic melanoma is around

5 % and the median survival is only 6–10 months. At the

time of diagnosis 10–15 % of the patients are diagnosed

with disseminated disease and hence a poor prognosis. In

contrast to most other malignancies, MM is also common

in young people. There are no blood or tissue biomarkers

currently available for early detection, identifying disease

progression or monitoring treatment of MM. Melanoma is

a highly lethal malignancy with few effective therapies.

Recently, the FDA approved several drugs, including

vemurafenib, dabrafenib, and trametinib, for use in treating

MM patients. A key target of current therapy is the BRAF

protein kinase, the mutated forms of which can occur in

MM. The valine to glutamic acid mutation at amino acid

600 within the BRAF protein is the key targeted site, to

which the drugs bind and affect tumor growth. Vemu-

rafenib, a kinase inhibitor (KI), binds to the mutated BRAF

site, leading to an interruption of proliferation signaling

(Sugihara et al. 2014). The drug has a functional effect

causing programmed cell death of MM cells. Vemurafenib

also has effect against the rarer V600K mutation, one of

several other BRAF protein kinase mutations (Table 1).

To examine the localization of BRAF V600E protein in

the MM tissues, we conducted immunohistochemistry with

a monoclonal antibody against BRAF V600E (Sugihara

et al. 2014). The distribution of melanoma cells, containing

the BRAF V600E mutation was homogeneous. Similar to a

recent study, we used MM tissues known to contain the

BRAF mutation status by DNA sequencing.

Exome sequencing and copy number analysis was

applied to define the genomic aberrations in a prospectively

accrued clinical cohort of stage III and IV patients. These

patients showed sporadic tumor developments in lymph

nodes that were isolated by surgery. Detailed analysis of

these metastatic lymph nodes identified substantial

heterogeneity with non-silent mutations. We and others

were able to define significantly mutated genes, reaffirming

known mutations from these patients (Tsao et al. 2004;

Balch et al. 2009; Welinder et al. 2013; Harbst et al. 2014).

There are two major pathways that form the basis for

MM drug studies:

(1) PI3K/Akt/mTOR pathway

(2) Ras-Raf-MEK-ERK pathway

Vemurafenib acts through the blocking of BRAF target

with a specific mode-of-drug-action mechanism and this KI

has been extensively investigated in clinical studies

(Chapman et al. 2011; Bollag et al. 2010).

Drug localization in melanoma tumors

By mass spectrometry imaging, the vemurafenib drug

compound was identified at m/z 490.078, as shown in the

MALDI image of vemurafenib in Fig. 1. The drug com-

pound with an ion of m/z 490.078 was clearly detected (see

Fig. 1a) within BRAF V600E expressed region in the MM

tissue, while it was not measurable in patients with wild

type BRAF (see Fig. 1b).

In order to validate the identity of m/z 490.078 in the

tissue sections as being the vemurafenib precursor ion, we

simultaneously analyzed the tissue in MS/MS mode as

well, monitoring the fragmentation process of vemu-

rafenib, as previously described (Sugihara et al. 2014). The

patterns of precursor and product ions show strong con-

sistency and coincident overlap with the image of the

vemurafenib precursor ion (as shown in Fig. 2). For ref-

erence purposes, this same section was later histologically

Table 1 Different mutations of

the BRAF protein kinase
Protein Mutation position

BRAF600 V–E

BRAF600 V–K

BRAF600 V–D

BRAF600 V–R
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stained (H&E), in order to provide details of the micro-

anatomy present in the sample (data not shown).

These high spatial resolution MS images (in Fig. 2)

revealed that the drug indeed localized within the BRAF-

positive tumors. These extracted ion maps of vemurafenib

at m/z 490.078 (see Fig. 2a), and its two corresponding

fragment ions at m/z 383.1 and 262.1, respectively, deter-

mined from the MS/MS spectra have given strong evi-

dences that the drug is highly concentrated in the tumor

areas (see Fig. 2b, c). The distribution coincide well with

the area, where BRAF V600E is highly up-regulated, as

reported on previously (Sugihara et al. 2014). In this

experiment, we observed the co-localization between drug

compound and the respective two fragment ions (see

Fig. 2d). The detailed evidence of the BRAF V600E

mutation and the drug specific binding in crystal structure

analysis was also presented recently (Bollag et al. 2010;

Sosman et al. 2012).

Angiogenesis cancer disease models: xenograft

models

Distribution of anti-angiogenic small molecule YCG185

The development of new anti-angiogenic agents has been

considered as an efficient strategy for the treatment of

cancer and other diseases related with angiogenesis.

However, the clinical impact of development of suppress-

ing angiogenesis remains controversial. Therefore, we

focused on elucidating the PK/PD properties with identi-

fying the localization of the anti-angiogenic agent YCG185

and its metabolites with the corresponding target protein on

xenograft tumor tissues using MALDI-MSI. In previous

studies, the compounds were also identified as in vitro and

in vivo anti-angiogenic agents. We optimized the assay to

provide high signal response of YCG185 and its metabo-

lites on tissue samples using MALDI-MSI. In the present

study, we performed immunofluorescence staining for

detecting VEGFR2, the target candidate of YCG185, and

determined the correlation of localization between

YCG185 and VEGFR2 (data not shown). This study can

serve as a systemic approach for understanding the phar-

macokinetic properties of an unlabeled anti-angiogenic

agent. YCG185 was identified by MALDI-MS with a an

annotated spectrum in MS mode at m/z 369.21 (see Fig. 3).

The histology image capture shown in Fig. 3, also provide

evidence on the co-localization of the tumor region within

the tissue by histology, and the MALDI-MSI. In addition,

immunofluorescence staining could provide novel insights

for validating interaction of drug and its targets within the

tumor tissues.

Distribution of anti-angiogenic small molecule sunitinib

The inhibition of tumor vessel growth by anti-angiogenic

agents is one of the most intensively investigated fields of

translational and clinical oncology. Despite of promising

in vitro studies with angiogenic receptor tyrosine kinase

inhibitors (RTKIs), both the in vivo experimental models

and the clinical experiences were controversial (Jayson

et al. 2012; Rapisarda and Melillo 2012; Loges et al. 2010;

Moreno Garcia et al. 2012; Abe and Kamai 2013; Amir

et al. 2009). Therefore, investigating the PK/PD properties

of these compounds is a pivotal issue in furthering the

understanding necessary for the development of future drug

therapy. As reported in a recent paper, we were able to

A B

Fig. 1 Vemurafenib is

identified at m/z 490.078 within

the tumor regions of the tissue,

where the upper MSI image is

generated from a a BRAF

positive and, b a BRAF negative

tumor region

1722 H. J. Kwon et al.

123



study the absorption, distribution, metabolism, elimination

(ADME) properties of the RTKI sunitinib (Török et al.

2015). This drug compound was evaluated in a subcuta-

neous syngeneic murine tumor model of colorectal cancer

using MALDI-MSI. After 2 weeks of treatment, the tumors

and other organs were sectioned and analyzed to localize

sunitinib, its fragment ions, and its metabolites within

specified tissue microenvironments. The expression pat-

terns of the main angiogenic receptor, which is one of

sunitinib’s principle target receptors (VEGFR-2), was also

studied by immunofluorescent analysis within the same

tumors.

We were able to detect sunitinib in mice with estab-

lished tumors, showing biological effect by significantly

impairing further tumor growth. The precursor ion of

sunitinib (m/z 399.218) and its fragment ions (m/z 326.1

and 283.1) were demonstrated by MALDI-MS in blood,

tumor, liver and kidney tissues (Fig. 4a). Three peaks of

major metabolites of the drug (m/z 371.188, 397.203 and

415.214) were detected both in the blood samples and in

tissue sections, while other minor metabolites were detec-

ted only in the blood (Török et al. 2015). There were

intratumor areas where the signal intensity of drug corre-

lated with the histological density of VEGFR-2 (Fig. 4c).

A B

C D

Fig. 2 a Extracted Precursor ion image by a MALDI Orbitrap mass spectrometer platform of vemurafenib at m/z 490.078. b Extracted precursor

ion image by a MALDI Orbitrap mass spectrometer platform of vemurafenib fragment, MS1 at m/z 383.1. c Extracted Precursor ion image by a

MALDI Orbitrap mass spectrometer platform of vemurafenib fragment, MS2 at 262.1. d Overlay of the extracted precursor ion image MALDI

Orbitrap mass spectrometer platform of vemurafenib precursor ion, and its MS1 and MS2 fragment ion images, respectively
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However, we also observed that within tumors, sunitinib

treatment resulted in decreased expression of VEGFR-2

compared to tumors developing in non-treated mice (Török

et al. 2015) (Fig. 4b).

To our knowledge, this was the first study that demon-

strated MALDI-MSI as a versatile and simple platform to

outline the pharmacokinetic properties of an anti-angio-

genic TKI, such as sunitinib (Török et al. 2015). This

recent study supports the role of MALDI-MSI in the

ADME characterization of anti-angiogenic drug candidates

in preclinical drug development. The combination of two

highly sensitive methods of micro-environment analysis,

MALDI-MSI and immunohistochemistry, allows new

insights into the molecular action and efficacy of drug

compounds at the sites of targeted intervention (Török

et al. 2015).

Fig. 3 Resulting outline from experimental settings with YCG185 providing a characteristic MS spectrum at m/z 369.21. The resulting image

capture generated from the MS spectrum is shown together with the histology image (H&E), pointing to the localization of the drug binding area

within the tissue

Fig. 4 MSI data of the distribution of sunitinib in a subcutaneously growing C26 tumor. a Signal intensity of m/z 399.218 normalized to total ion

current. b Immunolabeling of VEGFR-2 in sunitinib treated and control tumors. c Overlap of the distribution of sunitinib (grey) and VEGFR-2

(green)
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Conclusions

As a vision for the future we strongly believe that advances in

MS, especially in structuralMSwill change the understanding

of proteins to the benefit of society. Although the use of MS

measurements to address questions of importance in

biomedical MS is a relatively recent practice, there have

already beenmajor advancements in standard care procedures

using MS, for example identification of lethal pathogens in

clinical samples in hospitals around the world, thus saving

lives every day. We foresee that the interactive expansion of

our Center in Lund, the CEBMMS network will drive

opportunities for both education and training, thus increasing

the workforce in specialists capable of addressing the future

applications of protein science both in industry and academia.

Targeted therapies with small molecular inhibitors for

MM are developing from bench to bedside. Until 2013

June, three kinase inhibitors for MM have already

approved by FDA. Further study will be needed to improve

the prognosis for MM patients. Combination of targeting

agents against different signaling pathways may provide

additional benefits and warrant further clinical studies. In

addition, novel agents and improved patient selection by

characterization of the molecular targets in individual

tumors show great promise and should be incorporated into

future studies. The ability to characterize drugs within their

targeted tissue environments holds great promise for fur-

thering our understanding of drug actions and thus support

the future development of more effective treatments of

malignant melanoma.

It is also expected that the HUPO initiative, Chromo-

some based Human Protein Project (http://www.c-hpp.org)

will provide an annotation of unknown proteins coded by

the genome that will even further develop the protein target

generated drug concept, and make pharmaceutical industry

more prone to identify powerful key regulating proteins in

disease that novel drug principles can be developed from

(Nilsson et al. 2015; Paik et al. 2014; Marko-Varga et al.

2013; Paik et al. 2012a, b; Legrain et al. 2011).
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