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Preface

Preface

Part I Biomarker development and assessment 

Leptomeningeal metastases (LM), also known as leptomeningeal carcinomatosis or 

neoplastic meningitis, is a diffuse dissemination of tumor cells into the cerebrospinal 

fluid (CSF) and leptomeninges.1 Approximately ten percent of patients with cancer 

ultimately develop LM.2 Survival of patients with LM varies from several weeks to more 

than a year, depending on the tumor type, performance status and treatment of LM, 

consisting of radiotherapy of symptomatic sites and/or systemic therapy.3,4 The median 

survival is 6-8 weeks without treatment. Gadolinium enhanced magnetic resonance 

imaging (MRI) of the symptomatic sites of the nervous system is the radiological method 

of choice as diagnostic technique when LM is clinically suspected.2 The sensitivity of 

MRI with gadolinium for the diagnosis of LM is approximately 75% and the specificity 

approximately 77%.5 When MRI does not show equivocal abnormalities, CSF cytology 

needs to be performed. Sensitivity of CSF cytology is also low: 44-67% at first LP, 

increasing to 84-91% upon second sampling.6–14 Therefore, improved CSF diagnostics 

for LM are needed to either rule out the diagnosis or expedite treatment without 

further delay. In part I of this thesis the isolation, molecular characterization and 

quantification of circulating tumor cells (CTC) in CSF using flow cytometry is described 

in patients with a clinical suspicion on LM from epithelial tumors such as breast 

cancer, lung cancer and ovarian cancer. Chapter 1 provides an overview of several 

CTC assays for epithelial tumor cell detection in CSF. The diagnostic performance of 

an immunoflow cytometry CTC assay for epithelial tumor cell quantification in CSF is 

investigated in Chapter 2. In addition the presence of circulating tumor DNA fragments 

and the driver mutation distribution is explored. The development of an immunoflow 

cytometry assay and the molecular characterization of circulating melanoma tumor 

cells is described in Chapter 3.

Part II Clinical pharmacology of anticancer agents

Part II of this thesis focus on several anticancer agents in relation to their clinical 

pharmacokinetics and pharmacodynamics. Several laboratory techniques are 

described to quantify monoclonal antibodies and small molecules. Chapter 4 provides 

a systematic review about the intracranial antitumor activity of immunotherapy with 

the monoclonal antibodies nivolumab and ipilimumab and a pharmacodynamic and 

pharmacokinetic perspective. Chapter 5 describes the development of an enzyme 

linked immunosorbent assay for the quantification of the monoclonal antibodies 

nivolumab and pembrolizumab in human serum and CSF. A liquid chromatography–

tandem mass spectrometric assay for the epidermal growth factor receptor inhibitor 

osimertinib in human plasma is presented in Chapter 6. The clinical pharmacology of 
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a novel combination of anticancer agents has been explored in the phase Ib/II multi-

center, open label, dose escalation study of the safety of WNT974, encorafenib and 

cetuximab in patients with BRAFV600-mutant KRAS wild-type metastatic colorectal 

cancer harboring Wnt pathway mutations in Chapter 7. A case report of two patients 

who experienced severe bone toxicity in the trial of WNT974, encorafenib and 

cetuximab is described in Chapter 8. The results of a first-in-man phase I study of the 

DNA-dependent protein kinase inhibitor M3814 in patients with advanced solid tumors 

are presented in Chapter 9.
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Summary

The diagnosis of leptomeningeal metastases (LM) of solid tumors is complicated due 

to low sensitivities of both magnetic resonance imaging (MRI) and cytology. MRI has 

a sensitivity of 76% for the diagnosis of LM and cerebrospinal fluid (CSF) cytology has 

a sensitivity of 44-67% at first lumbar puncture (LP) which increases to 84-91% upon 

second CSF sampling. Epithelial cell adhesion molecule (EpCAM) is expressed by solid 

tumors of epithelial origin like non-small-cell lung cancer, breast cancer or ovarium 

cancer. Recently, a CELLSEARCH® assay and flow cytometry laboratory techniques 

have been developed to detect circulating tumor cells (CTCs) of epithelial origin 

in CSF. These laboratory techniques are based on capture antibodies labelled with 

different fluorescent tags against EpCAM. In this review, we provide an overview of 

the available laboratory techniques and diagnostic accuracy for tumor cell detection 

in CSF. The reported sensitivities of the EpCAM-based CTC assays for the diagnosis of 

LM across the different studies are highly promising and vary between 76-100%. An 

overview of the different EpCAM-based techniques for the enumeration of CTCs in the 

CSF is given and a comparison is made with CSF cytology for the diagnoses of LM from 

epithelial tumors.



17

EpCAM assays for tumor cell detection 

1

5

3

7

9

2

6

4

8

10

Introduction

Two to eight percent of patients with solid tumors develop LM. Diagnosis of LM 

is currently based on clinical symptoms and typical contrast enhancement of the 

leptomeninges on MRI of brain and/or spine. However, MRI has a low sensitivity (76%) 

and specificity (77%) for the diagnosis of LM.1 When MRI results are inconclusive, 

a LP is performed to obtain CSF. Sensitivity of CSF cytology, however, is also low: 

44-67% at first LP, increasing to 84-91% upon second sampling.2–11 EpCAM is a cell-cell 

adhesion molecule and a mitogenic signal transducer after regulated intramembrane 

proteolysis.11,12 Solid tumors of epithelial origin like non-small-cell lung cancer, breast 

cancer or ovarium cancer express transmembrane glycoprotein EpCAM (also known 

as CD326).13 In blood donors with nonmalignant diseases the background of EpCAM+ 

cells is extremely low with only 0.3% having ≥2 CTC per 7.5 mL.14 EpCAM+ CTCs in 

blood have been detected in patients with metastasized epithelial tumors, like 

ovarian cancer, breast cancer and colorectal cancer and prostate and have prognostic 

value when CTC numbers are higher than 0.3-5 CTC/mL.15–18 Therefore, multiple 

research groups started to investigate assays to detect and count EpCAM+ CTCs in 

CSF in patients with already diagnosed LM or clinically suspected LM. To improve CSF 

diagnostics, the enumeration of CTCs by flow cytometry and Veridex CELLSEARCH® 

has been introduced.4–6,19,20 The CELLSEARCH® assay is an FDA-approved assay to 

detect and count CTC from solid tumors in blood.21,22 Currently, two major EpCAM-

based techniques have been studied: the CELLSEARCH® technology to detect CTCs in 

blood which has been adapted to detect CTCs in CSF and flow cytometry assays. In this 

review, an overview is given of the different assays and their performance in CSF for 

the enumeration of EpCAM+ CTCs. The EpCAM-based techniques are compared with 

CSF cytology for the diagnosis of LM from epithelial tumors.

Methods

In June 2017, PubMed was searched for studies with the following terms “Cerebrospinal 

Fluid”[Mesh] and “Neoplastic Cells, Circulating”[Mesh], CELLSEARCH and cerebrospinal 

fluid or EpCAM and cerebrospinal fluid. The references of the selected articles were 

also reviewed for inclusion in this review. Articles in which non-EpCAM based assays 

where used for other tumor types such as melanoma or lymphoma were excluded. 

Reported CTC numbers in the various articles were standardized to cells/mL, if 

possible. 
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Results

The initial article search resulted in twenty-one, six, and twenty-five hits, respectively. 

Eight articles were included for data extraction after reviewing of the abstracts. One 

additional article was included after reviewing the references of the selected articles. 

CELLSEARCH technique

The CELLSEARCH® assay is an FDA-approved assay to detect CTC in blood.21,22 The 

CELLSEARCH® system consists of the CellTracks Autoprep, CellTracks Magnest and 

the CellTracks Analyzer II.23 First, blood is drawn in the CellSave collection tube 

which preserves the sample up to 96 hours. Then, the blood is gently mixed with a 

dedicated dilution buffer provided in the CELLSEARCH® kit and centrifuged at 800 x 

g at room temperature for 10 minutes.24 Subsequently, the sample is transferred to 

the CellTracks Autoprep part of the CELLSEARCH® System. In the CellTracks Autoprep, 

the EpCAM+ CTCs are immunomagnetically enriched and the fluorescently labeled 

antibodies are added. Anti-EpCAM ferrofluid is added to the aspirated plasma/

dilution buffer layer to select for cells of epithelial origin by immunomagnetically 

enrichment.25 Captured cells are fixed and permeabilized with the CELLSEARCH® 

proprietary permeabilization reagents and subsequently stained with 4’6-diamidino-

2-phenylindole, dihydrochloride (DAPI) for nuclear staining. Anti-CD45-allophycocyan 

(CD45-APC) was added to label leukocytes and distinguish them from tumor cells. 

Anti-cytokeratin (CK) 8, 18-Phycoerythrin (PE), and anti-cytokeratin 19 Phycoerythrin 

(CK-PE)  were added to stain the epithelial tumor cells. Next, cells are deposited in 

the cartridge that is positioned in the CellTracks Magnest. Thereafter, the CellTracks 

Analyzer II generates images of the cells using filters for DAPI, PE, and APC. Cells that 

are stained with both DAPI and PE are automatically identified as CTCs and placed in 

an image gallery.  (see for overview of the CellTracks Analyzer II Figure 1A). Finally, 

a reviewer observes the images and makes the final decision on the identification of 

CTCs, which are defined as nucleated DAPI+ cells, lacking CD45 and expressing CK-PE. 

An example of gallery images of tumor cells detected by CELLSEARCH® in CSF (B1) 

and peripheral blood (B2) is given in Figure 1B. 

In the CELLSEARCH® assay  plasma is aspirated based on the optical differences 

between plasma, buffy coat and  erythrocytes. To use the CELLSEARCH® assay in CSF 

instead of blood, it is necessary to make some modifications to the original method. 

An overview of the CELLSEARCH® studies using CSF is given in Table 1. To calibrate 

the CELLSEARCH® system, the control mode is normally used.5 In the control mode, 

a clear suspension of prestained fixed breast cancer cells is used and no separation 

line to aspirate the right fluid fraction is needed. Therefore, this mode can be used 
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Figure 1.  
A. Schematic representation of the CellTracks Analyzer II, used in the CellSearch® system.26 
Cells that have been enriched immunomagnetically and fluorescently labelled in the CellTracks Autoprep machine are 
magnetically (N, S = magnet North and South) aligned to nickel (Ni) lines at the inner surface of the Magnest 
chamber. The light from a laser diode is focused onto these cells via a normal CD-player objective. The fluorescent 
light is collected via the same objective and separated through a combination of filters onto the photodiode 
detectors (PD). Fluorescent images of the events of interest can be acquired by inserting a removable mirror and band 
pass filter. The fluorescent light captured by the CD objective is then focused onto the camera (CCD) . The magnets 
and chamber (Magnest cartridge) are positioned on a computer-controlled stage and the cells cross the laser focus 
one after another when the stage is moved in the Y-direction. While scanning, a feedback system uses the Ni-lines to 
keep the laser focused on the aligned cells. 

 
 

Figure 1. 
A. Schematic representation of the CellTracks Analyzer II, used in the CellSearch® system.26

Cells that have been enriched immunomagnetically and fl uorescently labelled in the CellTracks 
Autoprep machine are magnetically (N, S = magnet North and South) aligned to nickel (Ni) lines 
at the inner surface of the Magnest chamber. The light from a laser diode is focused onto these 
cells via a normal CD-player objective. The fl uorescent light is collected via the same objective 
and separated through a combination of fi lters onto the photodiode detectors (PD). Fluorescent 
images of the events of interest can be acquired by inserting a removable mirror and band pass 
fi lter. The fl uorescent light captured by the CD objective is then focused onto the camera (CCD). 
The magnets and chamber (Magnest cartridge) are positioned on a computer-controlled stage and 
the cells cross the laser focus one after another when the stage is moved in the Y-direction. While 
scanning, a feedback system uses the Ni-lines to keep the laser focused on the aligned cells. 

EPCAM ASSAYS FOR TUMOR CELL DETECTION  

  
15 

 

 
 
B. Gallery of images of tumor cells in CSF and peripheral blood using CELLSEARCH® technology.27 
Gallery of images of tumor cells in CSF (B1) and peripheral blood (B2) detected by CELLSEARCH® technology.4 CTC 
are defined as ≥ 4 µm in diameter, nucleated DAPI+ (purple), CD45-, and CK-PE+ (green). In the CSF sample, CTCs 
were either found as isolated cells or in clusters. Their morphology was similar to the CTCs found in the peripheral 
blood but without any apoptotic features, which were present in some of the CTCs in blood samples (arrow, shrunken 
cell containing CK inclusion). Scale bar is 10 μm. Abbreviations: CSF=cerebrospinal fluid, CTC=circulating tumor cell, 
CK = cytokeratin. 

 
In the CELLSEARCH® assay  plasma is aspirated based on the optical differences between plasma, buffy 
coat and  erythrocytes. To use the CELLSEARCH® assay in CSF instead of blood, it is necessary to make 
some modifications to the original method. An overview of the CELLSEARCH® studies using CSF is given 
in Table 1. To calibrate the CELLSEARCH® system, the control mode is normally used.5 In the control 
mode, a clear suspension of prestained fixed breast cancer cells is used and no separation line to aspirate 
the right fluid fraction is needed. Therefore, this mode can be used to aspirate the clear CSF automatically. 
Lee et al. used the control mode and Patel et al. spiked the CSF in blood for calibration of the 
CELLSEARCH® system.5,20 Le Rhun et al. and Tu et al. darkened the outside of the tube with a black felt-tip 
up to the fluid level to mimic the level of sedimented erythrocytes to allow for the selection of the clear 
CSF.4,19 The reported sensitivity and specificity for the diagnosis of LM of both types of modified 
CELLSEARCH® assays for CSF are shown in Table 2.  
  

B. Gallery of images of tumor cells in CSF and peripheral blood using CELLSEARCH® technology.27

Gallery of images of tumor cells in CSF (B1) and peripheral blood (B2) detected by CELLSEARCH® 
technology.4 CTC are defi ned as ≥ 4 µm in diameter, nucleated DAPI+ (purple), CD45-, and CK-
PE+ (green). In the CSF sample, CTCs were either found as isolated cells or in clusters. Their 
morphology was similar to the CTCs found in the peripheral blood but without any apoptotic 
features, which were present in some of the CTCs in blood samples (arrow, shrunken cell containing 
CK inclusion). Scale bar is 10 μm. Abbreviations: CSF=cerebrospinal fl uid, CTC=circulating tumor 
cell, CK=cytokeratin.
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to aspirate the clear CSF automatically. Lee et al. used the control mode and Patel et 

al. spiked the CSF in blood for calibration of the CELLSEARCH® system.5,20 Le Rhun et 

al. and Tu et al. darkened the outside of the tube with a black felt-tip up to the fluid 

level to mimic the level of sedimented erythrocytes to allow for the selection of the 

clear CSF.4,19 The reported sensitivity and specificity for the diagnosis of LM of both 

types of modified CELLSEARCH® assays for CSF are shown in Table 2. 

Flow cytometry

In fluorescence activated cell sorting systems (FACS) for CTCs enumeration of epithelial 

origin, different fluorescently labelled EpCAM antibodies are used to stain and count 

the cells. An overview of the FACS technology is depicted in Figure 2a Milojkovic 

Kerklaan et al. and Lee et al. used immunomagnetic enrichment with anti-EpCAM 

MicroBeads prior to FACS analysis.5,8 To distinguish between CTCs and leukocytes, 

anti-CD45-fluorescein isothiocyanate (FITC) for leucocyte labeling was added. FACS 

plots of CSF obtained by this method are shown in Figure 2b. In addition to these 

markers, Acosta et al. used anti-CD33 to improve differentiation between monocyte/

macrophages/granulocytes (CD45- CD33+ CD326+) and epithelial cells (CD45- CD33- 

CD326+).28 Milojkovic Kerklaan et al. and Subirá et al. used Hoechst33258 and DRAQ5, 

respectively, for nuclear DNA-staining whereas Lee et al. did not use a DNA-dye.9,10 An 

overview of flow cytometry studies is given in Table 1. The reported sensitivity and 

specificity of these assays for the diagnosis of LM are shown in Table 2. 

Discussion 

The diagnosis of LM is hampered by the low sensitivities of its diagnostic tools: MRI of 

brain and /or spine and CSF cytology. Although CSF cytology still is the gold standard 

for LM with a reported sensitivity of 44-67% at the first CSF examination, LM can also 

be diagnosed by the combination of  neurological symptoms compatible with LM and 

leptomeningeal contrast enhancement in patients with known (metastasized) tumors.2 

The low sensitivity of cytology could be attributed partially to the spill of tumor 

cells at cytospin preparation. Furthermore, limited sample volume, delayed sample 

processing and sample collection at a suboptimal site (LP when there are mainly 

intracranial LM).29 Leptomeningeal contrast enhancement on MRI has a sensitivity of 

76% for LM.1 Currently, multiple techniques are used to detect and count EpCAM+ CTCs 

in CSF to improve the CSF diagnostics for LM in patients with epithelial tumors. The 

reported results of the EpCAM-based techniques in CSF are highly promising with a 

detection limit of 0.4 CTC/mL. However, these techniques are not yet fully ready for 

clinical implementation due to lack of assay standardization and proper multicenter 
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Figure 2. 
A. Schematic representation of fluorescence activated cell sorting (FACS). Cells in the sample are focused into a 
stream of single cells by hydrodynamic focusing with sheath fluid. A laser is focused on the middle of this stream. 
Forward scatter is measured in a straight line opposite the laser beam and is used to distinguish cells on the basis of 
size. Sideward scatter and fluorescence is measured perpendicular to the laser beam and provide, respectively, 
information about internal complexity and amount of cell-bound fluorescently labelled antibody or dye. The signals 
from the photodiode detectors (PD) are processed by a computer using flow cytometry software. 
  

Figure 2.
A. Schematic representation of fl uorescence activated cell sorting (FACS). Cells in the sample are 
focused into a stream of single cells by hydrodynamic focusing with sheath fl uid. A laser is focused 
on the middle of this stream. Forward scatter is measured in a straight line opposite the laser 
beam and is used to distinguish cells on the basis of size. Sideward scatter and fl uorescence is 
measured perpendicular to the laser beam and provide, respectively, information about internal 
complexity and amount of cell-bound fl uorescently labelled antibody or dye. The signals from the 
photodiode detectors (PD) are processed by a computer using fl ow cytometry software.

B. Representative examples of epithelial cell adhesion molecule (EpCAM)-based fl ow cytometry 
plots of cerebrospinal fl uid (CSF) from three individual patients. Circulating tumor cells (CTC) are 
defi ned as EpCAM+ and CD45- and will therefore be sorted to the CTC gate. 
b1: non-small cell lung cancer patient with LM with EpCAM-positive CTCs (162 CTCs/mL); CSF 
cytology was positive (not shown). b2: breast cancer patient with LM with EpCAM-positive CTCs 
(3 CTCs/mL). CSF cytology in this patient was negative (not shown). b3: breast cancer patient 
without LM. No EpCAM-positive CTCs in CSF. CSF cytology in this patient was also negative (not 
shown). Abbreviations: FACS=fl uorescence activated cell sorting systems, CTC=circulating tumor 
cell, EpCAM=epithelial cell adhesion molecule, LC=leucocytes.
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validation studies with adequate control groups. These studies are required for each 

individual CTC assay before clinical implementation. Furthermore, patients groups 

that have been investigated so far were rather small ranging from 6 to 144 patients. 

Sensitivity of the EpCAM based techniques may be lower in larger patients studies 

suspected for LM as it is known that tumor cells of epithelial origin can lose EpCAM 

expression due to epithelial to mesenchymal cell transition.30 This may explain that 

patients with LM can have positive CSF cytology but no detectable CTCs.19 

The FDA-approved CELLSEARCH®-assay was initially validated in blood in a prospective, 

double-blind, multicenter clinical trial involving 177 metastatic breast cancer patients 

at 20 clinical centers.31 The reported sensitivities of the EpCAM-based CTC assays for 

the diagnosis of LM across the different studies are highly promising and vary between 

76-100%. However, none of the studied EpCAM assays for the enumeration of CTCs in CSF 

have yet been shown to be statistically significant better than CSF cytology.4–10,19,20,28 

This can be attributed to the insufficient number of patients ultimately diagnosed with 

LM in the study cohorts. Furthermore, in order to establish the real value of the new 

techniques in CSF, standardization of the patient selection process is critical to ensure 

selection of patients with true diagnostic uncertainty of LM. A patient population with 

a true diagnostic uncertainty with clinical suspicion of LM was investigated in only two 

studies.6,8 All other studies that reported sensitivity for tumor cell detection in CSF 

also included patients with already proven LM based on MRI and/or CSF cytolog.4,5,9,10 

Future validation studies should be performed in properly defined study populations 

with a clinical suspicion on LM in prospective, multicenter triple blind (clinician, lab 

technician and patient) studies. A possible risk in CSF analysis is the detection of CTCs 

in the CSF due to contamination with blood in a traumatic LP. When high numbers 

of CTCs per mL blood are present, contamination of 5 mL CSF with just a few µL of 

blood may raise CTC levels  above the detection limit, which can possibly effect the 

specificity of the assay.14 Therefore, it is recommended to determine CTC-numbers 

in blood simultaneously with CSF, which up till now only has been done in one study.8

The question which technique, CELLSEARCH® or flow cytometry, is optimal to detect 

epithelial tumor cells in CSF is unresolved as comparable sensitivity and specificity 

rates can be gained with both methods (Table 2). No direct comparison with adequate 

power between both methods in patients with a clinical suspicion on LM has been 

done hitherto.5 The CELLSEARCH® method requires specific reviewer training to 

minimalize inter-reviewer discordant results.32 Besides, a major limitation of the 

CELLSEARCH® analysis is the requirement of CELLSEARCH® reagents, CELLSEARCH® 

laboratory equipment and central laboratories equipped with CellTracks Autoprep, 

the CellTracks Analyzer II and trained operators. These prerequisites may limit wide-
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spread application.23 Flow cytometry assays for CTCs utilize standard flow cytometry 

equipment, which makes these assays more widely applicable and can potentially 

shorten the time to LM diagnosis compared to the CELLSEARCH® analysis. Another 

important merit of flow cytometry is their reliance on a predefined tumor cell gate, 

which allows fully automatic identification and enumeration of CTCs in CSF. From 

an analytical perspective it makes sense to perform a pre-enrichment step using 

magnetic cell sorting with ferrolabelled antibodies against EpCAM to lower the amount 

of cellular background events. This has been applied in the CELLSEARCH® assay and 

in some flow cytometry assays.5,8 An overview of the benefits and drawbacks of flow 

cytometry and CELLSEARCH assays is given in Table 3.

Table 3. Benefits and drawbacks of different flow cytometry and CELLSEARCH assays

Benefit Drawback

CE
LL

SE
AR

CH
®

- FDA approved in blood21

- Interlaboratory validated
- Subjective identification of CTCs results in 
inter reviewer discordant results in 4-31% of 
6 samples assessed by 14 institutes despite 
specific reviewer traininga, 30

- Less specific anti-cytokeratin-8, 18 and 19- PE 
staining

96 hours sample stabilitya, 21 High between-laboratory coefficient
of 45-64%a, 30

Commercially available Dedicated CELLSEARCH® equipment needed

Fl
ow

 c
yt

om
et

ry -Fully automatic cell counting eliminates
interobserver variability
-Standard flow cytometry equipment can 
be used
-More specific EpCAM-PE staining

-Not standardized between laboratories
-Subirá et al. no immunomagnetic sample 
enrichment24,25

a Determined in blood. Abbreviations: EpCAM=epithelial cell adhesion molecule, PE=phycoerythrin.

A critical review of the randomized trials in LM using intra-CSF therapy, of which 

five of them enrolled patients with solid tumors, revealed that all these studies 

have methodological limitations with a lack of standardization for the evaluation 

of treatment response and long time-periods needed for accrual.33 Also phase one 

clinical trials in patients with LM with targeted agents failed due to slow patient 

accrual.34,35 To improve the accrual rate of (early) LM patients and the reliability of 

response evaluation in clinical trials, CTC assays in CSF are promising tools as tumor 

cells can be quantified at very low levels. As LM often has a devastating course with 

median reported survival between 2-5 months,36 it is important to include patients 

with a low CSF tumor burden. A validated and sensitive CTC assay in CSF that can 

diagnose patients at an early LM stage when CSF cytology is still negative, is crucial. 

This was demonstrated by Milojkovic-Kerklaan et al., who reported that the EpCAM-
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based flow cytometry assay in CSF brings higher sensitivity than CSF cytology for the 

diagnosis of LM, especially when CTC numbers in the CSF drop below 50 cells/mL.8 

The specificity of the different EpCAM assays varies between 84-100%. Future large 

scale study cohorts need to reveal the true sensitivity and specificity of  CTC assays in 

CSF. It is of particular interest to determine the optimal cut-off value for the number 

of CTCs per mL with an optimal sensitivity and specificity by using Receiver Operating 

Curves. 

CSF cytology is a non-quantitative method with a low sensitivity, which renders the 

technique insufficient for monitoring of treatment response. A sensitive quantitative 

technique enables patient treatment response monitoring. A decrease in the CTC 

number would be indicative for a response to treatment. In several articles described 

in our review, sequential CSF samples from patients have been obtained for treatment 

monitoring using CTC enumeration.4,5,19,20 Lee et al. showed that in three of seven 

patients who had been treated for LM, no CTCs were detectable after treatment. CSF 

clearance of CTCs was associated with the longest survival with an average of 2 years.5 

Although the number of studies performed so far are limited, CTC enumeration in CSF 

has the potential to be a sensitive, specific, and quantitative biomarker for evaluating 

treatment response in LM. The new CTC assays do not only have the potential to be 

more sensitive, specific and quantitative  in the diagnosis and treatment of LM, they 

also provide the possibility of expanding our knowledge on the pathophysiology of LM. 

Single cell analysis and the use of other molecular markers in the identification of the 

cells in the CSF may help to understand why this highly malignant cells metastasize to 

the CSF. Recently, Cordone et al. (2017) showed the presence of syndecan-1 and MUC-

1 overexpression and the putative stem cell markers CD15, CD24, CD44 and CD133 on 

CTCs in the CSF of breast cancer patients with LM.37 

In conclusion, we have shown in our review that the EpCAM-based assays are 

promising new techniques for epithelial tumor cell detection in CSF, although assay 

standardization and proper multicenter validation studies are needed before clinical 

implementation. Furthermore, the possibility of detecting (and isolating) low numbers 

of tumor cells in the CSF using flow cytometry assays opens new ways to further 

understand why these malignant cells metastasize to the central nervous system.
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Summary

Objective

The primary objective was to determine the sensitivity and specificity of epithelial 

cell adhesion molecule (EpCAM) immunoflow cytometry circulating tumor cells (CTC) 

analysis in cerebrospinal fluid (CSF) in patients with suspected leptomeningeal 

metastases (LM). The secondary objective was to explore the distribution of driver 

mutations in the primary tumor, plasma, cell free (cf)CSF and isolated CTC from CSF 

in non-small cell lung cancer (NSCLC).

Methods

We tested the performance of the CTC assay versus CSF cytology in a prospective study 

in 81 patients with a clinical suspicion of LM but a non-confirmatory MRI. In a NSCLC 

subcohort we analyzed circulating tumor (ct)DNA of the selected driver mutations by 

digital droplet (dd)PCR.

Results

The sensitivity of the CTC assay was 94% (95% CI 80-99) and the specificity was 100% 

(95% CI 91-100) at the optimal cut-off of 0.9 CTC/mL. The sensitivity of cytology was 

76% (95% CI 58-89). Twelve of the 23 NSCLC patients were epidermal growth factor 

receptor (EGFR) mutated. All 5 tested patients with LM demonstrated the primary 

EGFR driver mutation in cfCSF. The driver mutation could also be detected in CTC 

isolated from CSF.

Conclusion

CTC in CSF are detected with a high sensitivity for the diagnosis of LM. ddPCR can 

determine EGFR mutations in both cfCSF and isolated CTC from CSF of EGFR mutated 

NSCLC patients with LM.

Classification of evidence

This study provides Class III evidence that in patients clinically suspected for LM, 

EpCAM-based flow cytometry analysis of CSF is recommended as part of routine 

diagnostic workup. 
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Introduction

Approximately 10% of patients with solid tumors develop leptomeningeal metastases 

(LM).1 The diagnosis of LM can be based on clinical symptoms compatible with LM 

and typical contrast enhancement of the leptomeninges on MRI brain and/or spine. 

However, MRI has a low sensitivity (76%) and specificity (77%) for the diagnosis of LM.2 

When MRI is normal or results are inconclusive, a lumbar puncture (LP) is performed 

to obtain cerebrospinal fluid (CSF). Sensitivity of CSF cytology is also low: 44-67% at 

first LP, increasing to 84-91% upon second sampling.3–11 To improve CSF diagnostics in 

patients with solid tumors, epithelial cell adhesion molecule (EpCAM) assays have 

been developed to detect CTC in CSF with reported sensitivities of 76-100%.5–11 Here 

we describe the results of an EpCAM immunoflow cytometry assay in CSF compared to 

CSF cytology in 81 patients for the diagnosis of LM. 

Tumor cell detection in CSF is pivotal for the diagnosis of LM, but ctDNA analysis 

of CSF can be of additive value for driver mutation detection. Driver mutation 

determination by circulating tumor DNA (ctDNA) analysis in plasma has clinical utility 

in epidermal growth factor receptor mutated (EGFR) non-small-cell lung cancer 

(NSCLC).12 Furthermore, EGFR mutant DNA copy number in CSF can be used for 

response evaluation.13 In 6 out of 7 patients with brain metastases from various tumor 

types, including two EGFR mutated NSCLC patients, ctDNA fragments were detected 

in the CSF.14 It is unknown whether the presence of ctDNA in CSF can currently be 

used to diagnose LM, as ctDNA fragments may also be present in patients with brain 

metastases only. In the current study, both cell-free ctDNA analysis in CSF and DNA 

mutation analysis of isolated CTC from CSF is performed to determine the known 

driver tumor mutations of the primary tumor.

Methods

Patients

The institutional review board of the Netherlands Cancer Institute - Antoni van 

Leeuwenhoek and the Medical Center Slotervaart approved the study. Written 

informed consent was obtained from all participants. Patients were consecutively 

included in the prospective study between October 2012 and Augustus 2018. Patients 

≥18 years with a (metastasized) epithelial tumor and clinical suspicion of LM but 

a normal or inconclusive MRI who had to undergo a diagnostic LP were asked to 

participate. CSF pressure was measured. Next 20 mL CSF was collected: 1x5 mL CSF 

for cytology, 1x5mL for leukocyte count and biochemical parameters, 1x5 mL for 
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CTC analysis and 1x5mL for CTC isolation. Cytology and CTC analysis were performed 

by independent operators. Diagnosis of LM was defined as follows: a positive CSF 

cytology at the initial LP or repeated LP performed within 6 weeks after the initial 

LP, or a follow-up MRI of the brain or spine performed after the diagnostic LP within 2 

months following the first MRI, showing unequivocal evidence of LM and/or progressive 

neurological symptoms compatible with LM and exclusion of other causes (e.g. 

infectious meningitis, treatment side effects). Patients with possible or probable LM 

were classified according to the European Association of Neuro-Oncology - European 

Society of Medical Oncology (EANO-ESMO) clinical practice guidelines for LM.1 The 

final diagnoses were made by one neurologist (D.B.) who had access to index test 

results and the reference standard. Non-oncological patients with a clinical indication 

for a diagnostic LP due to a suspicion on an infectious or auto-immune meningitis or 

subarachnoid hemorrhage were included for the control group. Exclusion criteria for 

a LP in both groups were: intracranial or intraspinal tumor with mass effect heralding 

the risk of herniation during LP and uncorrected thrombocytopenia or coagulation 

disorders. Patients were interviewed via a follow-up telephone call for evaluation of 

post-punctional headache at day 3 of the study. The primary objective of the study 

was to determine the sensitivity and specificity of detection of CTC in patients with 

epithelial tumors compared to cytology in the CSF, in patients clinically suspected of 

LM (Class III level of evidence). The secondary objective was to explore the distribution 

of driver mutations in the primary tumor, plasma, cell free (cf)CSF and isolated CTC 

from CSF in non-small cell lung cancer (NSCLC). This trial was registered at www.

clinicaltrials.gov (NCT01713699).

CTC and ctDNA assays

We used the same EpCAM immunoflow cytometry assay for CTC detection as the one 

employed in a previous study.15,16 In case the CSF-CTC sample (5 mL) appeared to 

be positive, the extra collected CSF-CTC sample (5 mL) was used to isolate the CTC 

fraction via fluorescence-activated cell sorting (FACS) for determination of the selected 

driver mutation of the CTC. Selective driver mutation analysis was performed as a 

secondary exploratory endpoint. Blood samples were collected in K2EDTA (ethylene 

diamine tetra acetic acid) tubes (BD Vacutainer, Franklin Lakes, NJ, USA) and plasma 

was separated by centrifugation. The cfDNA was extracted using the QIAsymphony DSP 

circulating DNA Kit. (Qiagen, Hilden, Germany). cfDNA of plasma and CSF samples was 

analysed by the QX200TM Droplet DigitalTM PCR (ddPCR) system (Bio-Rad).17 
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Statistical analysis

Sample size calculation

The aim of the study was to include 100 patients. The power calculation was performed 

for sensitivity of the CTC-assay in CSF. A sensitivity of the CSF-CTC assay higher than 

the reported sensitivity of cytology of 67% would be of clinical interest.7 We expected 

to achieve a sensitivity of 95% for the CTC-CSF assay.15 At the start of the trial the 

prevalence of LM was unknown, but it was set to 20%-50%. A sample size of 100 patients 

has around 92% power to test the sample sensitivity at the two-sided alpha level 

of 0.05. Confi dence intervals for the sensitivities and specifi cities were calculated 

using Clopper and Pearson method. The best cut-off  for the CTC was optimized by 

maximizing sensitivity and specifi city using the R package OptimalCutpoints. The 

Standards for Reporting Diagnostic accuracy studies (STARD) were used as a guideline 

for preparation of the fi nal report.18

Data Availability Statement

Data can be requested from the corresponding author.

Results

In total, 98 patients were potentially eligible for the study as shown in Figure 1, of 

whom 81 patients with a clinical suspicion of LM were eligible for the assessment of 

 
EPITHELIAL TUMOR CELLS IN LEPTOMENINGEAL METASTASES  

  
32 

 

remaining 72 patients. The baseline characteristics of the remaining 72 patients are shown in Table 1. The 
presenting neurological symptoms are depicted in Table 2. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. STARD diagram to report flow of participants through the study 
Abbreviations: LM=leptomeningeal metastases. 

 
  

Potentially eligible  
patients  
n= 98 Excluded (n=17): 

-Cytological confirmation of LM before inclusion  (n= 8)  
-Molecular analysis, LM already proven (n=7) 

-no MRI done (n=1)  
-no suspicion of LM (n=1) Eligible patients 

n= 81 

Index test negative 
n=47 

Index test positive 
n=34 

Final diagnosis 
LM (n=2) 

No LM (n=39) 
Probable LM (n=6) 

Final diagnosis 
LM (n=31) 

No LM (n=0) 
Probable LM (n=3) 

Figure 1. STARD diagram to report fl ow of participants through the study
Abbreviations: LM=leptomeningeal metastases.
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the index test. In 9 patients the LM diagnosis was not definitive but these patients 

were scored as possible or probable  LM or lack of evidence for LM according to the 

EANO-ESMO guidelines. The test characteristics are therefore calculated based on 

the remaining 72 patients. The baseline characteristics of the remaining 72 patients 

are shown in Table 1. The presenting neurological symptoms are depicted in Table 2.

Table 1. Baseline patient characteristics (n=72)

Mean age in years [range] 58 [32-82]

Female, number (%) 53 (74)

Primary tumor type Number (%)

Breast cancer
-Ductal 
-Lobular

28 (39)
16
10

Lung cancer
-NSCLC
-SCLC

26 (36)
23
3

Gastrointestinal tract
-Colorectal
-Oesophageal
-Gastric

5 (7)
2
2
1

Ovarian 2 (3)

Urothelial carcinoma 4 (6)

Othera 7 (10)
aThese patients had the following diagnosis: nasopharynx carcinoma, or 2 primary tumors: ductal 
breast cancer and NSCLC, neuro endocrine tumor and esophageal tumor, ductal breast cancer and 
colon carcinoma, basal cell carcinoma and breast cancer, melanoma and breast cancer, melanoma 
and thyroid cancer. Abbreviations: NSCLC=non-small-cell lung cancer, SCLC= small-cell lung cancer.

The prevalence of LM in the eligible cohort was 41% (n=33). The final diagnosis of 

definitive LM was based on CSF cytology or MRI and/or progressive neurological 

symptoms compatible with LM as shown in Figure 2. 25 (76%) patients had positive CSF 

cytology, 7 (21%) patients were diagnosed with LM based on both MRI and progressive 

neurological symptoms and 1 (3%) patient was diagnosed with LM based on progressive 

neurological symptoms only.
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Table 2. Presenting neurological symptoms (n=72)

Clinically affected domain N (%)

Cognitive function 7 (10)

Speech / language 5 (7)

Cranial nerves 24 (34)

Strength 13 (18)

Coordination of arms and legs 12 (17)

Sensibility of arms and legs 14 (20)

Walking pattern 17 (26)

Presenting neurological symptoms in 72 included patients with a clinical suspicion of leptomeningeal 
metastases but a normal or inconclusive MRI. Patients could have more than one presenting 
symptom. 

Figure 2. Venn diagram of the diagnosis of definitive leptomeningeal metastases based on CSF 
cytology, MRI and progressive neurological symptoms

In 9 of the 81 patients LM diagnosis was not proven/definitive, but according to the 

EANO-ESMO LM clinical practice guidelines for LM they were diagnosed with possible 

or probable LM as shown in Table 3.1 12 patients with a non-oncological disease were 

included as a control group. These patients had the following diagnoses: a neurological 

infectious disease (neuroborreliosis, neurolues, viral myelitis), multiple sclerosis, 

dementia, neuropathy or a non-neurological disease.
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CSF pressure, cell count and biochemical parameters

CSF pressure was increased (>20 cm H2O) in 52% of patients with definitive LM. 

Increased total protein CSF levels (>0.45 g/L) were present in 85% of patients with LM. 

Leucocyte CSF counts were increased (>3/mm3) in 61% of patients with LM. LDH CSF 

levels were increased (>40 U/L) in 48% and glucose CSF/serum ratio was decreased 

(<0.66) in 94% of patients with LM. 10% of the patients experienced post lumbar 

puncture headache.

Diagnostic accuracy of CSF cytology versus EpCAM-based immunoflow 
cytometry

CSF cytology had a sensitivity of 76% (95% CI 58-89) for the diagnosis of LM. The 

specificity of CSF cytology is 100% as it is accepted as the gold standard for the 

diagnosis of LM in this patient population.6 

For the EpCAM-based immunoflow cytometry assay in CSF a receiver operating 

characteristic (ROC) analysis was done to define the optimal cut-off value of the CTC 

number per mL CSF for the definitive diagnosis of LM. The optimal cut-off value for 

the flow cytometry assay was 0.86 CTC/mL. This cut-off value provides a sensitivity of 

94% (95% CI 80 - 99) and a specificity of 100% (95% CI 91 - 100). The positive predictive 

value was 100% (95% CI 89 - 100) and the negative predictive value was 95% (95% CI 

83 - 99). The receiver operating characteristic (ROC) Area Under the Curve was 0.98 

(95% CI 0.94-1). All control patients with non-oncological diseases had a CSF-CTC 

number equal or less than 0.2 CTC/mL.

Driver mutation analysis in NSCLC patients

NSCLC was the primary tumor in 23 of 72 (32%) included patients. In 12 of these 

patients (52%) an EGFR mutation was present in their primary tumor or metastases. 

In 10 patients the EGFR driver or resistance mutation was determined in cfDNA CSF 

samples. In 3 patients without LM the EGFR mutation in cfCSF was not detected. 

In 5 out of 5 patients with LM the primary EGFR driver mutation was detected in 

cfCSF. In four of these patients the primary EGFR mutation was detected in CTC from 

CSF, isolated by immunoflow cytometry. Three of them were positive for the L858R 

mutation of exon 21 and one had an exon 19 deletion. In two LM patients with a T790M 

mutation in recurrent tumor or metastasis after 1st line EGFR inhibitor treatment, 

T790M was assessed in cfCSF. One patient was T790M positive and the other one was 

negative. In the patient with negative cfCSF for T790M, isolated CTC from CSF were 

also negative. In 6 out of 8 assessed plasma samples from individual EGFR mutated 

NSCLC patients we detected the primary EGFR driver mutation in cfDNA. The EGFR 

driver mutation distribution in primary tumor, plasma and CSF is depicted in Table 4.
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Table 4. EGFR driver mutation distribution

EGFR Mutation Flow cytometry

Diagnosis Primary tumor 
or metastases

Plasma cfCSF Isolated CTC 
from CSF 

CTC/mL CSF 

LM Exon 19 del Not done Exon 19 del Not done 42

LM Exon 19 del Exon 19 del Exon 19 del Not done 69

LM L858R 
T790M

Not done 
Not done 

Not done 
Negative

Not done 
Negative 

2.2

LM L858R L858R L858R L858R 166

LM L858R
T790M

Negative
Not done

Not done
T790M

L858R
Not done

30

LM Exon 19 del Exon 19 del Exon 19 del Exon 19 del 0.86

LM L858R L858R L858R L858R 13

No LM Exon 19 del Negative Negative - 0

No LM L858R L858R Negative - 0.20

No LM Exon 19 del
Negative 

Exon 19 del 
T790M 

Inconclusive due to 
low DNA content in 
CSF sample 

- 0

Abbreviations: LM=leptomeningeal metastases, EGFR=epidermal growth factor receptor, cf=cell 
free, CSF=cerebrospinal fluid, NSCLC=non-small-cell lung cancer, CTC=circulating tumor cells. 

Discussion

This prospective clinical diagnostic study shows a high sensitivity of 94% and specificity 

of 100% for the detection of CTC with our EpCAM-based flow cytometry assay in CSF 

of patients with epithelial tumors and LM. It showed similar results with regard to the 

sensitivity and specificity in diagnosing LM as previously published for the CELLSEARCH® 

CTC assay.19 EpCAM is expressed by tumors of epithelial origin like NSCLC, breast cancer 

or ovarian cancer.20 The CELLSEARCH® assay is a FDA-approved assay to detect EpCAM 

positive CTC in blood and is adapted for use in CSF.16,21 This method was recommended 

for use as part of routine LM work-up. However, in the CELLSEARCH® assay CTC are 

identified by an operator which coincides with inter-reviewer discordant results.22 

To avoid operator bias, immunoflow cytometry CTC assays of the CSF can be used. 

Our data indicate that the EpCAM-based CTC immunoflow cytometry analysis of CSF 

is an adequate, alternative method to detect CTC of epithelial tumors in CSF for the 

diagnosis of LM. Both the CELLSEARCH® CTC assay and our immunoflow cytometry 

EpCAM assay do not show a 100% diagnostic accuracy for LM. In studies using the 

CELLSEARCH® technique 2 out of 8 patients and 2 out of 81 samples respectively 

were found with a positive CSF cytology but negative CTC.6,23 Our series showed two 

patients with LM who were negative for CTC and CSF cytology. This could be due to 



43

Epithelial tumor cells in leptomeningeal metastases

1

5

3

7

9

2

6

4

8

10

loss of EpCAM expression of malignant cells during the metastatic cascade of cells to 

the CSF.24 The false-negative findings of EpCAM CTC analysis in patients with positive 

CSF cytology support the choice for cytology as an additional, non-EpCAM dependent 

dual diagnostic CSF method for LM. In the past, questions have been raised whether 

circulating epithelial cells in the blood detected by CELLSEARCH® are indeed CTC.25 

Based on the driver mutation analysis of the EpCAM-positive CTC in CSF and the absence 

of CTC in CSF both in patients without LM and the non-oncology control patients, we 

conclude that the EpCAM positive CTC found in CSF are indeed epithelial tumor cells. 

All diagnostic studies for LM are hampered by the lack of a golden standard for LM in 

case of negative CSF cytology. When CSF cytology is negative, LM diagnosis is based 

on an interpretation of progressive neurological symptoms and subsequent MRIs, in 

our study this was performed by one neurologist (D.B.) experienced in LM. A group of 

9 patients was scored initially with an uncertain LM diagnosis. We ultimately scored 

these patients according the EANO/ESMO guidelines as probable LM, possible LM or 

lack of evidence of LM.1 In only 3 of 9 patients with possible or probable LM, CSF-CTC 

were ≥ 0.9/mL confirming the diagnosis of LM. 

EpCAM CTC analysis in CSF is not only a sensitive way to diagnose LM, but is also 

a quantitative assay and therefore enables patient treatment response monitoring. 

Thus far, LM-response is based on change of neurological symptoms and MRI and 

CSF cytological results. Response measurement in LM is hampered by of the lack 

of sensitivity of CSF cytology and validation problems in response measurement of 

both neurological symptoms and MRI  abnormalities in LM, despite ongoing efforts 

of the Response Assessment in Neuro-Oncology (RANO) LM group.1,26 In this respect, 

it will be important to include CTC analysis methods in CSF in future LM studies 

and determine whether CTC numbers in CSF reflect treatment response and predict 

survival/prognosis in an accurate way. 

In our study we included 23 NSCLC patients of whom  12 having an EGFR mutation 

in the primary tumor and/or metastases. In NSCLC the prevalence of EGFR driver 

mutations in the primary tumor is 10-20% in the Caucasian population.27 About 90% of 

the EGFR mutations are deletions in exon 19 or a L858R substitution mutation in exon 

21. EGFR mutated NSCLC can be treated with ATP competitive EGFR tyrosine kinase 

inhibitors (TKI) of the first generation (erlotinib and gefitinib) or the irreversibly 

binding second generation TKI (afatinib). The T790M exon 20 substitution is in 50–60% 

of the cases the cause of resistance to first- and second-generation EGFR TKIs. The 

irreversibly binding third generation TKI osimertinib was initially registered for T790M 

NSCLC only. Recently, osimertinib has become first-line treatment in EGFR mutated 

NCSLC in case of an exon 19 deletion or L858R mutation.27 In our study we found the 
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primary EGFR mutation in cfCSF and isolated CTC from CSF in patients with LM. The 

presence of the driver mutation in the EGFR gene of the CTC isolated from CSF with 

FACS confirms that we indeed detect cancer cells in the CTC gate of the immunoflow 

cytometry assay.

Molecular analysis of tumor tissue biopsies, CTC and ctDNA derived from blood of 120 

patients with EGFR mutated NSCLC showed an agreement of 95%.28 The isolation of 

tumor cells from CSF using immunoflow cytometry sorting opens the way for more 

extensive mutation analysis (both driver mutations and resistance mutations) of tumor 

cells that have metastasized to the CSF. These mutation analyses of CTC in CSF may 

be used to guide future treatment, in particular in those patients with progressive 

CNS metastases and stable systemic metastases. Furthermore, Next Generation 

Sequencing of isolated tumor cells from CSF compared to tumor cells isolated from 

the primary tumor and the systemic metastases may reveal the genetic mechanisms 

that support cells to metastasize to the CSF.

Further research with larger cohorts of patients with MRI brain (for brain metastases 

detection), concomitant CTC analysis of CSF (for LM detection) and paired plasma-CSF 

ctDNA sampling is essential in order to draw conclusions on the clinical utility of the 

presence of ctDNA in CSF for the diagnosis of LM. In particular patients with brain 

metastases near the CSF compartment may shed DNA into the CSF suggesting LM, 

which is not the case according to CTC-CSF analysis (false positive results). ctDNA 

analysis has an average sensitivity of 66% (95% CI 63-69) and a specificity of 96% (95% 

CI 83-99) in blood in patients with NSCLC.12 The sensitivity of ctDNA detection in CSF 

in NSCLC for the diagnosis of LM is unknown but based on the results in plasma, we 

would expect a higher false negative rate of ctDNA detection in CSF than for CTC for 

the diagnosis of LM. Moreover, ctDNA mutation analysis in the CSF cannot be used 

currently to diagnose LM as ctDNA in CSF has also been detected in patients with brain 

metastases only.

In conclusion, we recommend including an EpCAM-based CTC method, either our 

EpCAM immunoflow cytometry assay or the FDA-approved CELLSEARCH® CTC assay, 

in the diagnostic work-up for patients with a clinical suspicion of LM next to CSF 

cytology. Driver mutation analysis of cfCSF and isolated CTC from CSF can further be 

used to guide future therapy of CNS metastases and unravel the pathophysiological 

and /genetic mechanisms of tumor cells metastasizing to the CSF.
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Summary

Background

MRI has a low sensitivity of 76% for the diagnosis of leptomeningeal metastases 

(LM). Cerebrospinal fluid (CSF) cytology sensitivity varies from 44-67% at first lumbar 

puncture (LP). To improve CSF diagnostics for LM in melanoma patients, a melanoma-

associated chondroitin sulphate proteoglycan (MCSP) and CD146-based circulating 

melanoma cell (CMC) immunoflow cytometry assay has been developed.

Methods

In this multicentre, prospective clinical study we evaluate the CMC enumeration in 

CSF of 42 patients with a clinical suspicion for LM. Thirty-six of them had a negative 

or equivocal MRI and 6 showed typical leptomeningeal contrast enhancement on MRI. 

Furthermore, CMC in CSF were enumerated in 10 non-oncological control patients. 

EANO-ESMO clinical practice guidelines were used to classify LM diagnosis. Driver 

mutation analysis of BRAFV600E was performed on paired cell free CSF, isolated CMC 

from CSF and plasma samples in 15 patients with BRAFV600E mutated melanoma.

Results

As determined by the EANO-ESMO LM criteria, 13 patients had confirmed LM by CSF 

cytology, 1 probable LM, 8 possible LM and 20 no LM. CMC were detected in CSF in 

11 of 12 patients with confirmed LM in whom CSF was available (1.9 – 5587 CMC/

mL). In one of 12 patients no CMC were found. One patient with probable LM had 

180 CMC/mL and 2 out of 8 patients with possible LM had 9.8 CMC/mL and 3.5 CMC/

mL, respectively. Control patients and non-LM patients had ≤0.3 CMC/mL. Cell-free 

CSF samples of all four patients with BRAFV600E mutated melanoma and cytology 

confirmed LM were positive for the BRAFV600E driver mutation. CMC isolated from 

CSF in 2 of these patients with confirmed LM were BRAFV600E positive.

Conclusion

The newly developed MCSP/CD146 immunoflow cytometry assay is a promising tool to 

detect melanoma cells in CSF and diagnose LM. Driver mutation analysis can be used 

to detect BRAFV600E mutations in both cell-free CSF and CMC isolated from CSF. Both 

assays need further validation for diagnostic accuracy in a larger patient cohort.
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Introduction

Patients with leptomeningeal metastases (LM) of melanoma usually have a poor 

prognosis with a survival of 1.7-2.5 months.1–3 Melanoma is the primary tumor type 

in 5-25% of the patients with LM from solid tumors.4 In a cohort of 355 patients 

with stage IV metastasized melanoma with brain metastases, LM was diagnosed on 

MRI in 11% of patients.5 Diagnosis of LM is ‘definitive’ when CSF cytology is positive 

and ‘probable’ at combination of typical clinical symptoms and contrast enhancing 

(nodular or linear) leptomeningeal lesions on MRI of brain and/or spine in a patient 

with known (metastatic) cancer. However, clinical assessment may be challenging in 

the context of concomitant brain metastases and MRI has a low sensitivity (76%) and 

specificity (77%) for the diagnosis of LM in patients with solid tumors.6 Sensitivity 

of cerebrospinal fluid (CSF) cytology is also low: 44-67% at first LP, increasing to 84-

91% upon second sampling.7–15 Circulating epithelial tumor cells can be quantified 

by assays which use antibodies against epithelial cell adhesion molecule (EpCAM). 

These assays show 76-100% sensitivity for epithelial tumor cell detection in CSF.9–15 

Circulating tumor cell (CTC) analysis in CSF can enable more accurate diagnostics 

of LM and may also enable monitoring of the treatment response in LM. Only one 

case series of two patients with LM from melanoma has been published in which 

circulating melanoma cells (CMC) in CSF were analyzed with an adapted CELLSEARCH® 

method.16 Melanoma cell adhesion molecule (MCAM) or CD146 was used as a marker 

in the CELLSEARCH® assay for immuno-magnetical enrichment of CMC.17 However, 

the CD146 capture antigen is not completely specific for CMC as endothelial cells 

and lymphocytes also express CD146.18,19 Melanoma chondroitin sulfate proteoglycan 

(MCSP), also known as high molecular weight melanoma associated antigen (HMW-

MAA) or neuron glia antigen-2 (NG2), is expressed by 75-100% of malignant lesions of 

melanocyte origin.20–22 MCSP is involved in cell migration and cell proliferation23,24 and 

is expressed in fetal skin, abdominal and perineal skin and occasionally in hair follicles 

and squamous and basal cell carcinomas.20 It is also expressed in the developing 

and adult CNS.25 To improve CSF diagnostics in melanoma patients, we developed a 

MCSP/CD146-based immunoflow cytometry assay for CMC detection in CSF. We tested 

the performance of this assay in CSF of 36 patients with a clinical suspicion on LM 

but negative or equivocal MRI and in 6 patients with clinical suspicion for LM and 

typical leptomeningeal contrast enhancement on MRI. Moreover, BRAFV600E mutation 

analysis was done using digital droplet PCR (ddPCR) in paired plasma and cell-free 

CSF and CMC isolated from CSF samples in 15 BRAFV600E mutated melanoma patients. 
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Methods and study design CMC immunoflow cytometry assay

The CMC immunoflow cytometry assay development and validation is described in 

the supplement of this paper. CSF for CMC flow cytometry was collected in a conical 

50 mL tube. After fixation with 4% formaldehyde samples were washed with 50 mL 

physiological saline and centrifuged at 1000 g for 7 minutes at 4°C. Pellets were 

resuspended in 50% methanol/phosphate buffered saline and stored at -80°C for 

a maximum of 12 months. CMC measurements were performed in batches. After 

defrosting on ice, the supernatant was removed and cell pellets were washed twice 

with ice-cold beads buffer (BB). After centrifugation, pellets were resuspended in the 

remaining 100 µL BB. Next, 40 µL of Fc-receptor block was added and samples were 

incubated for 1 h at room temperature (RT). Subsequently, a volume of 2.5 µL of 

anti-MCSP-Micro-Beads was added, and samples were incubated for an additional 1 h 

at RT. Next, samples were washed twice with 1 mL of BB, followed by centrifugation. 

After discarding the supernatant, cell pellets were resuspended in 500 µL of BB. 

Subsequently, labeled cells were separated using a magnetic antibody cell sorting 

(MACS) column. After removal of the column from the magnetic field, the retained 

MCSP-positive cells were eluted into 2 mL eppendorf tubes using two volumes of 1 

mL BB. Next, the CMC enriched samples were stained in 100 µL Perm/WashTM (P/W) 

containing 10 µM Hoechst33258, 0.25 µL CD146-allophycocyanin (APC), 5 µL anti-MCSP-

phycoerythrin (PE), and 5 µL anti-human CD45 fluorescein isothiocyanate (FITC) for 1 

h at RT. After extensive washing with BB, tumor cells were quantified by fluorescent 

activated cell sorting (FACS). 

CMC morphology

Stained and processed CSF samples from two melanoma patients were sorted using 

a FACSaria™ cell sorter with gates set for leucocytes and CMC as shown in Figure 1A. 

After centrifugation the cell pellet was resuspended in 100 µL of BB and stained with 

5 µL of anti-CD45-APC for 1 h at RT. After washing twice with 1 mL of MQ, samples 

were resuspended in 10 µL of MQ and transferred to a microscope slide. The slide was 

dried for 5 min at 30°C by vacuum concentration in a SpeedVac (Savant, Rarmindale, 

USA). After applying 3 µL of Vectashield H-1000 (Vector, Burlingame, USA) a round 

object glass of 1 cm in diameter was put on top and sealed with nail polish. Stained 

DNA, MCSP, and CD45 were visualized as blue (Hoechst 33258), green (anti-MCSP-PE), 

and red (anti-CD45-APC) colours, respectively. CMC were identified and photographed 

using a SP5 confocal fluorescence microscope (Leica, Rijswijk, The Netherlands). A 

picture of the morphological analysis of CMC in CSF of the two patients is depicted 

in Figure 1B.
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Figure 1A. Fluorescence activated cell sorting 
plots of CMC in blood and CSF  
 
Representative fluorescence activated cell sorting 
(FACS) plots with indicated gate settings used for 
circulating melanoma cells (CMC) enumeration 
and DNA content determination. In step 1 (A and 
B), CMC are gated by forward and sideward 
scatter characteristics for size and cell complexity 
to eliminate debris. The background DNA, 
leucocytes (LC), platelets, and CMC isolated from 
blood and cerebrospinal fluid (CSF) are shown. In 
step 2 (C and D), CMC are gated for CD146-APC 
positivity. In step 3 (E and F) CMC are gated for 
MCSP-PE and CD45-FITC positivity to eliminate 
platelets and LC (patient with LM). G and H are 
FACS plots of blood and CSF from a patient 
without LM. The DNA cut-off value (I) was used to 
differentiate between CMC with low and normal 
to high DNA content.  
 
Abbreviations: CMC=circulating melanoma cells; 
LC=leucocytes; FSC=forward scatter; SSC=side 
scatter; CD146-APC=Cluster of Differentiation 
146-AlloPhyCocyanin; CD45-FITC=Cluster of 
Differentiation 45-Fluorescein IsoThioCyanate; 
MCSP-PE=Melanoma Chondroitin Sulfate 
Proteoglycan-Phycoerythrin. 
 

 

Figure 1A. Fluorescence acti-
vated cell sorting plots of CMC 
in blood and CSF 
Representative fl uorescence 
activated cell sorting (FACS) 
plots with indicated gate 
settings used for circulating 
melanoma cells (CMC) 
enumeration and DNA content 
determination. In step 1 (A 
and B), CMC are gated by 
forward and sideward scatter 
characteristics for size and 
cell complexity to eliminate 
debris. The background DNA, 
leucocytes (LC), platelets, and 
CMC isolated from blood and 
cerebrospinal fl uid (CSF) are 
shown. In step 2 (C and D), 
CMC are gated for CD146-APC 
positivity. In step 3 (E and F) 
CMC are gated for MCSP-PE 
and CD45-FITC positivity to 
eliminate platelets and LC 
(patient with LM). G and H are 
FACS plots of blood and CSF 
from a patient without LM. The 
DNA cut-off  value (I) was used 
to diff erentiate between CMC 
with low and normal to high 
DNA content. 

Abbreviations: CMC=circulating melanoma cells, LC=leucocytes, 
FSC=forward scatter, SSC=side scatter, CD146-APC=Cluster 
of Diff erentiation 146-AlloPhyCocyanin, CD45-FITC=Cluster 
of Diff erentiation 45-Fluorescein IsoThioCyanate, MCSP-
PE=Melanoma Chondroitin Sulfate Proteoglycan-Phycoerythrin.
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Driver mutation analysis 

CMC from CSF were isolated with a FACSaria™ cell sorter. Selective driver mutation 

analysis of cell free CSF (cfCSF), plasma and CMC isolated from CSF was performed 

using a QX200TM Droplet DigitalTM PCR (ddPCR) (Biorad Laboratories Inc, California, 

USA). CSF was collected in a Sterilin™ universal polystyrene container and cfCSF was 

obtained via centrifugation at 1700g for 10 min. Blood samples were collected in 

K2EDTA (di-potassium ethylene diamine tetra acetic acid) tubes (Becton Dickinson, 

Franklin Lakes, USA). Plasma was separated from the blood by centrifugation at 380g 

during 20 min. Cell free plasma was obtained by centrifugation at 20.000g during 10 

min. CfDNA (cell-free DNA) was extracted using the QIAsymphony DSP circulating DNA 

Kit. (Qiagen, Hilden, Germany). CfDNA isolated from plasma and CSF was analysed by 

ddPCR.26

Multicenter prospective clinical study

The institutional review boards of the Netherlands Cancer Institute - Antoni van 

Leeuwenhoek (Amsterdam, The Netherlands) Medical Center Slotervaart (Amsterdam, 

The Netherlands) and Oscar Lambret Center (Lille, France) approved the study. 

Patients ≥18 years with melanoma and a clinical suspicion of LM but a for LM negative 

or equivocal MRI, who had to undergo a diagnostic LP were asked to participate. 

Six patients were included with neurological symptoms suspicious for LM and typical 
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Figure 1B. Morphology of circulating melanoma cells in CSF in two patients 
Morphology of representative circulating melanoma cells (CMC), isolated from 5 mL of cerebrospinal fluid (CSF) from 
two metastatic melanoma patients with LM (patient #1 and #2), sorted by fluorescence-activated cell sorting (FACS) 
using the CMC gate setting (Figure 1A-F). CD45, Hoechst33258, and MCSP are visible as red, blue, and green colors, 
respectively. An example of a typical leucocyte sorted by FACS using the leucocytes gate setting (Figure 1AE) is 
included. Imaging was performed at 100 times magnification. 
Abbreviations: CD45=Cluster of Differentiation 45; MCSP=Melanoma Chondroitin Sulfate Proteoglycan; 
PBMC=peripheral blood mononuclear cell.  

 

Multicenter prospective clinical study 
The institutional review boards of the Netherlands Cancer Institute - Antoni van Leeuwenhoek 
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suspicion of LM but a for LM negative or equivocal MRI, who had to undergo a diagnostic LP were asked 
to participate. Six patients were included with neurological symptoms suspicious for LM and typical 
leptomeningeal (nodular or linear) contrast enhancing lesions on MRI. Written informed consent was 
obtained from all participants. The diagnosis of LM was defined according to the EANO-ESMO diagnostic 
criteria for LM.1 Diagnostic categories were defined as follows: 1. confirmed LM by positive CSF cytology, 2. 
probable LM based on typical clinical findings and typical (linear or nodular) leptomeningeal contrast-
enhancement of leptomeninges on MRI but negative CSF cytology 3. possible LM based on typical clinical 
signs, a normal MRI and negative CSF cytology or no typical clinical signs, typical (linear or nodular) 
contrast-enhancement on MRI and negative CSF cytology and 4. no LM (lack of evidence) defined as no 
typical clinical signs, normal MRI and negative CSF cytology. Exclusion criteria were contra-indications for 
a LP, including intracranial or intraspinal tumor with mass effect heralding the risk of herniation during LP 
and uncorrected thrombocytopenia or coagulation disorders. Patients were included between October 
2012 and August 2018. This study is registered with ClinicalTrials.gov, number NCT01713699. The primary 
objective of the study was to determine the sensitivity and specificity of the detection of CMC for the 

Figure 1B. Morphology of circulating melanoma cells in CSF in two patients
Morphology of representative circulating melanoma cells (CMC), isolated from 5 mL of 
cerebrospinal fl uid (CSF) from two metastatic melanoma patients with LM (patient #1 and #2), 
sorted by fl uorescence-activated cell sorting (FACS) using the CMC gate setting (Figure 1A-F). 
CD45, Hoechst33258, and MCSP are visible as red, blue, and green colors, respectively. An example 
of a typical leucocyte sorted by FACS using the leucocytes gate setting (Figure 1AE) is included. 
Imaging was performed at 100 times magnifi cation. Abbreviations: CD45=Cluster of Diff erentiation 
45, MCSP=Melanoma Chondroitin Sulfate Proteoglycan, PBMC=peripheral blood mononuclear cell. 
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leptomeningeal (nodular or linear) contrast enhancing lesions on MRI. Written informed 

consent was obtained from all participants. The diagnosis of LM was defi ned according 

to the EANO-ESMO diagnostic criteria for LM.1 Diagnostic categories were defi ned as 

follows: 1. confi rmed LM by positive CSF cytology, 2. probable LM based on typical 

clinical fi ndings and typical (linear or nodular) leptomeningeal contrast-enhancement 

of leptomeninges on MRI but negative CSF cytology 3. possible LM based on typical 

clinical signs, a normal MRI and negative CSF cytology or no typical clinical signs, 

typical (linear or nodular) contrast-enhancement on MRI and negative CSF cytology 

and 4. no LM (lack of evidence) defi ned as no typical clinical signs, normal MRI and 

negative CSF cytology. Exclusion criteria were contra-indications for a LP, including 

intracranial or intraspinal tumor with mass eff ect heralding the risk of herniation 

during LP and uncorrected thrombocytopenia or coagulation disorders. Patients 

were included between October 2012 and August 2018. This study is registered with 

ClinicalTrials.gov, number NCT01713699. The primary objective of the study was to 

determine the sensitivity and specifi city of the detection of CMC for the diagnosis of 

LM in patients with melanoma compared to CSF cytology. In this paper the results of 

an interim analysis are being presented.

Results

Melanoma cell detection with MCSP/CD146 immunofl ow cytometry 

Representative FACS plots for CMC detection in blood and CSF with the MCSP/CD146 

immunofl ow cytometry assay are depicted in Figure 1A. 

CMC morphology in CSF

For determining morphology of CMC in CSF, CMC isolated from 5 mL of CSF from two 

melanoma patients with confi rmed LM were processed and sorted by FACS. A picture 

of the morphological analysis of CMC in CSF of these two patients is shown in Figure 

1B. The diameter of CMC varied between 12 and 22 µm. Most CMC had an oval or 

irregular shape, with lobular nuclei and a fl uorescent green membrane due to specifi c 

anti-MCSP-PE staining. CMC were easily distinguished from leucocytes, which were 

smaller with a mean diameter of 8.0 ± 1.5 µm, had a rounder shape and condensed 

nucleus, and a bright red cell membrane due to specifi c anti-CD45-APC staining. No 

leucocytes were detected in the CMC gate and vice versa no CMC were detected in 

the leucocyte gate. 
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Multicenter prospective clinical study

In this multicenter, prospective clinical study 36 patients with a clinical suspicion 

on LM and a negative or equivocal MRI were included and 6 patients with a clinical 

suspicion on LM and typical leptomeningeal contrast-enhancing on MRI. The baseline 

patient characteristics and presenting neurological symptoms of these 42 patients are 

shown in Table 1. Ten patients with a non-oncological medical history and suspicion 

on a neurological disease (e.g. infectious or auto-immune meningitis, subarachnoid 

hemorrhage) were included. 

Table 1. Baseline characteristics and presenting neurological symptoms
Patients suspected for LM with a negative or for LM inconclusive MRI (n=36) or already proven LM 
(n=6). Patients could have more than one presenting neurological symptom. 

Mean age in years, [range] 54 [20-83]

Gender, women n (%)  21 (49)

Type of mutation n (%)
- BRAF 
- NRAS
- other mutation
- no mutation 
- mutation not determined

29 (69)
6   (14)
2   (5)
3   (7)
2   (5) 

Brain metastases n (%) 19 (45)

Other metastases n (%)
- lymph node
- lung
- liver 
- bone
- skin

29 (69)
17 (41)
  7 (17)
10 (24)
14 (33)

Systemic treatment before inclusion
- BRAF/MEK inhibition
- immunotherapy

11 (26)
16 (38)

WHO performance state at inclusion study n (%)
-WHO 0-1 23 (55)

Presenting neurological symptoms - clinically affected domain
- cognitive function 
- speech/language
- cranial nerves
- strength
- coordination of arms and legs 
- sensibility of arms and legs
- walking pattern

n (%)
7 (17)
4 (10)
12 (29)
11 (29)
12 (31)
12 (33)
16 (43)

Abbreviations: BRAF=v-Raf murine sarcoma viral oncogene homolog B, NRAS=neuroblastoma RAS 
viral (v-ras) oncogene homolog protein, MEK=mitogen-activated protein kinase kinase, WHO=World 
Health Organization. 
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LM diagnosis and CSF characteristics 

In Figure 2 the inclusion of patients and fi nal diagnoses are depicted. LM diagnosis was 

confi rmed by CSF cytology in 13 of 42 patients. 84% of these patients had concomitant 

brain metastases. In 100% of patients with confi rmed LM, leucocytes in CSF were 

increased (> 3/mm3). Total protein CSF concentration was increased (>0.45 g/L) in 

54% of patients and glucose CSF/serum ratio was decreased in 83% (glucose CSF/

serum ratio <0.66). In 9 patients the diagnosis probable/possible LM (1 probable LM; 8 

possible LM) was made. 33% of patients had concomitant brain metastases. Leucocytes 

in CSF were increased in 57%, total protein CSF concentration was increased in 75% 

and glucose CSF/serum ratio was decreased in 100% of patients. In the remaining 20 

patients without LM, 20% of patients had concomitant brain metastases. Leucocytes 

were increased in CSF in 37%, total CSF protein concentration was increased in 58% 

and glucose CSF/serum ratio was decreased in 53% of patients. 

 
CIRCULATING MELANOMA CELLS IN LEPTOMENINGEAL METASTASES  

  
50 

 

LM diagnosis and CSF characteristics  
In Figure 2 the inclusion of patients and final diagnoses are depicted. LM diagnosis was confirmed by CSF 
cytology in 13 of 42 patients. 84% of these patients had concomitant brain metastases. In 100% of 
patients with confirmed LM, leucocytes in CSF were increased (> 3/mm3). Total protein CSF concentration 
was increased (>0.45 g/L) in 54% of patients and glucose CSF/serum ratio was decreased in 83% (glucose 
CSF/serum ratio <0.66). In 9 patients the diagnosis probable/possible LM (1 probable LM; 8 possible LM) 
was made. 33% of patients had concomitant brain metastases. Leucocytes in CSF were increased in 57%, 
total protein CSF concentration was increased in 75% and glucose CSF/serum ratio was decreased in 
100% of patients. In the remaining 20 patients without LM, 20% of patients had concomitant brain 
metastases. Leucocytes were increased in CSF in 37%, total CSF protein concentration was increased in 
58% and glucose CSF/serum ratio was decreased in 53% of patients.  
 

 

 

 

 

 

 

 

 

 

Figure 2.  
Inclusion of patients in clinical study and final diagnoses. LM was classified according to the EANO-ESMO criteria as 
definitive LM (CSF cytology proven), probable LM (typical clinical symptoms and typical MRI abnormalities, CSF 
cytology negative) or possible LM (typical clinical symptoms, no typical MRI abnormalities, CSF cytology negative) and 
no LM.1 LM=leptomeningeal metastases. * No CSF for immunoflow cytometry available in one patient.  
Abbreviations: LM=leptomeningeal metastases; MRI= magnetic resonance imaging; CMC=Circulating Melanoma 
Cells; CSF=cerebrospinal fluid. 
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1.9 – 3592 CMC/mL CSF were detected. In 36 patients a LP was performed because of neurological 
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Figure 2. 
Inclusion of patients in clinical study and fi nal diagnoses. LM was classifi ed according to the EANO-
ESMO criteria as defi nitive LM (CSF cytology proven), probable LM (typical clinical symptoms and 
typical MRI abnormalities, CSF cytology negative) or possible LM (typical clinical symptoms, no 
typical MRI abnormalities, CSF cytology negative) and no LM.1 LM=leptomeningeal metastases. 
*No CSF for immunofl ow cytometry available in one patient. Abbreviations: LM=leptomeningeal 
metastases, MRI= magnetic resonance imaging, CMC=Circulating Melanoma Cells, CSF=cerebrospinal 
fl uid.

CMC immunofl ow cytometry results

Results of CMC detection in the patient groups classifi ed according to the EANO-ESMO 

LM criteria are shown in Table 2. Six patients had a clinical suspicion on LM and typical 

leptomeningeal contrast-enhancement on MRI before the LP was performed. In all 6 

patients positive CSF cytology confi rmed the diagnosis of LM. In 1 of these patients 

no CSF was available for CMC enumeration. In the other 5 patients 1.9 – 3592 CMC/

mL CSF were detected. In 36 patients a LP was performed because of neurological 
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symptoms suspicious for LM with a negative or equivocal MRI. In 7 of these patients LM 

was confirmed based on positive CSF cytology: in 6 because of positive CSF cytology 

at first LP and in 1 patient based on positive CSF cytology at second LP (equivocal 

results of CSF cytology at first LP). In one of 7 patients with confirmed LM, CMC were 

negative. In the other 6 patients, CMC numbers in CSF varied from 4.3- 5587 CMC/

mL. In the patient with equivocal CSF cytology at first LP and positive CSF cytology at 

second LP, 42 CMC/mL were found at first LP and 48 CMC/mL at second LP. One patient 

was diagnosed with probable LM according to the EANO-ESMO criteria. In this patient, 

180 CMC/mL in CSF were found. The patient showed stable disease with BRAF- and 

MEK-inhibition, followed by anti-PD1 treatment during more than 3 years; he finally 

died 3.5 years after study inclusion, due to progressive metastatic disease, including 

progressive LM confirmed by MRI. Eight patients were diagnosed with possible LM. 

Six of these patients showed 0-0.2 CMC/mL. In two possible LM patients 9.8 CMC/mL 

and 3.5 CMC/mL CSF were found, respectively. The first patient died 9 months later, 

but it is unknown whether this was due to progressive LM; the other patient died 

from progression of concomitant brain metastases. Twenty patients with a clinical 

suspicion on LM but negative or equivocal MRI ultimately did not have LM. All these 20 

patients had ≤0.3 CMC/mL. Furthermore, 10 patients with a non-oncological medical 

history with suspicion on a neurological disease and a clinical indication for a LP were 

included in the study. Final diagnoses were neuroborreliosis, neurolues, viral myelitis, 

multiple sclerosis, dementia, neuropathy or a non-neurological disease. CMC numbers 

in the CSF in these 10 control patients were also ≤0.3 CMC/mL.

Table 2. Immunoflow cytometry results of CMC enumeration in CSF

EANO-ESMO LM diagnosis Mean (range) CMC/mL in CSF

Confirmed LM (n=12) 1076 (0-5587)

Probable LM (n=1) 180 (NA)

Possible LM (n=8) 1.7 (0-9.8)

No LM (n=20) 0.11 (0-0.3)

Immunoflow cytometry results of CMC enumeration in CSF of patients with the diagnosis of 
leptomeningeal metastases according to EANO-ESMO clinical practice guidelines.1 Abbreviations: 
LM=leptomeningeal metastases, CMC=Circulating Melanoma Cells, CSF=cerebrospinal fluid, NA=not 
applicable. For one patient with confirmed LM no CSF sample was available for CMC analysis. 

BRAFV600 driver mutation analysis 

In total 29 of the included 42 melanoma patients (67%) had a BRAFV600E mutation 

detected in either the primary tumor or metastasis. In a subset of 15 BRAFV600E 

positive patients in whom plasma and CSF samples were available, BRAFV600E 

mutation analysis of plasma, cfCSF and CMC isolated from CSF was performed. Results 

of BRAFV600E mutation analysis are depicted in Table 3. Two out of 6 metastatic 
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melanoma patients tested showed a BRAFV600E mutation in the plasma circulating 

tumor (ct)DNA. All four patients with confirmed LM showed a BRAFV600E mutation in 

cfCSF; in three patients with possible LM no BRAFV600E mutation was found in cfCSF 

(2 of 3 patients had 0 CMC/mL CSF and 1 patient had 9.8 CMC/mL CSF). BRAFV600E 

mutation was measured and detected in CMC isolated from CSF of 2 patients with 

confirmed LM and 1834 CMC/mL and 1622 CMC/mL CSF, respectively. In one patient 

with possible LM (9.8 CMC/mL) no BRAFV600E mutation was found in the isolated CMC 

from CSF; also cfCSF of this patient was negative. Two other patients with possible LM 

and 0 CMC/mL CSF also showed no BRAFV600E mutation in cfCSF. 1 out of 17 tested 

patients without LM was positive for BRAFV600E in cfCSF. This patient (no=128, see 

Table 3) had cervical intramedullary metastases. 

Table 3. Patients with BRAFV600E mutations in the primary tumor and driver mutation 
distribution in plasma, cfCSF and CMC isolated from CSF

Diagnosis EANO-ESMO LM 
criteria
(patient number)

Plasma
BRAFV600E

cfCSF 
BRAFV600E

Isolated CMC in CSF
BRAFV600E

CMC/mL CSF

Confirmed LM (6) Not done Positive Not done 42

Confirmed LM (19) Not done Positive Positive 1834

Confirmed LM (43) Not done Positive Not done 15

Confirmed LM (72) Not done Positive Positive 1622

Possible LM (12) Not done Negative - 0

Possible LM (33) Not done  Negative Negative 9.8

Possible LM (140) Negative Negative - 0

No LM (1) Not done Negative - 0

No LM (5) Not done Negative - 0

No LM (63) Not done Negative - 0

No LM (113) Negative Negative - 0.2

No LM (124) Positive Negative - 0.2

No LM (128) Positive Positive - 0.2

No LM (135) Negative Negative - 0.2

No LM (137) Negative Negative - 0.2

Patients with BRAFV600E mutations in the primary tumor and driver mutation distribution in 
plasma, cfCSF and CMC isolated from CSF. LM was diagnosed according to the EANO-ESMO clinical 
practice guidelines for LM. 3 patients with LM are excluded because of unknown BRAFV600E results 
in plasma and CSF and CMC. 6 patients without LM are excluded from this table because of unknown 
BRAFV600E results in plasma and CSF. Abbreviations: NA=not available, ND=not done, cfCSF=cell-
free cerebrospinal fluid, CMC=circulating melanoma cells, BRAFV600E=v-Raf murine sarcoma viral 
oncogene homolog B, LM=leptomeningeal metastases, ND=not done.



Chapter 3

60

Discussion

Our study shows that we can enumerate melanoma cells in CSF by using our MCSP/

CD146-based immunoflow cytometry assay. We detected melanoma cells in the CSF 

in 91% of patients with confirmed LM with CMC numbers varying from 1.9–5587 CMC/

mL. In one of these patients, CMC detection outperformed CSF cytology as at first LP, 

CSF cytology was equivocal and CMC showed 42 CMC/mL. We consider that CMC are 

indeed melanoma cells, based on cytomorphological analysis of CMC isolated from 

CSF, which identified all the FACS events in the CMC gate as melanoma cells (Figure 

1b). This is further supported by BRAFV600E mutation detection in isolated CMC from 

CSF of patients with LM. Moreover, patients with metastatic melanoma without LM 

and control non-oncological patients showed ≤ 0.3 CMC/mL CSF. Our data suggest 

that the MCSP/CD146 immunoflow cytometry is a promising CSF tool to diagnose LM 

in melanoma patients. The dataset is however too small to compare the sensitivity 

and specificity of immunoflow cytometry with CSF cytology for diagnosing LM. A larger 

patient cohort is needed to determine the accuracy of our test and to determine 

the optimal cut-off value of the CMC number in CSF for LM diagnosis. Based on the 

current small dataset we expect this to be ≥ 1 CMC/mL. The group of 9 patients 

with possible or probable LM in whom CMC were detected in 3 of them (1.7 – 180 

CMC/mL) is interesting as this could indicate that although the diagnosis LM was 

not confirmed on the current EANO-ESMO LM criteria, this subgroup of patients may 

indeed have had LM. A further important advantage of the presented CMC immunoflow 

cytometry method is the fact that it is a quantitative assay with possible use for future 

treatment response monitoring. Moreover, it can be used for driver mutation analysis 

(e.g. BRAFV600E) of isolated CMC from CSF and opens way for broader mutational 

analysis of these cells. Based on the current dataset, the accuracies of MCSP/CD146 

immunoflow cytometry and CSF cytology cannot be compared. It is also is not yet 

known whether our assay outperforms the CELLSEARCH® method in melanoma cell 

detection in CSF, as there is only one study in two patients showing CMC in CSF with 

the adapted CELLSEARCH® method.4 The MCSP/CD146 immunoflow cytometry method 

uses fixed gate settings and fully automatic CMC identification, which prevents the 

operator bias of the CELLSEARCH® method.4,27 Furthermore, our method is based 

on MCSP to immunomagnetically enrich CMC, which is relatively more specific for 

melanoma than CD146 and eliminates the use of CD34 to discriminate between 

endothelial cells and CMC.18,19 In our exploratory driver mutation analysis of cfCSF and 

isolated CMCs in CSF and plasma, BRAFV600E was detected in cfCSF of all four tested 

patients with cytology confirmed LM and in isolated CMC from CSF of 2 tested patients 

with 1622 and 1834 CMC/mL CSF. In a patient with possible LM and only 9.8 CMC/mL 

CSF, the BRAFV600E mutation could not be detected in isolated CMC. In an earlier 
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published study of 7 melanoma patients treated for LM there was a strong correlation 

between driver mutation status BRAFV600E detection by ddPCR, CSF cytology and 

abnormalities on MRI.28 In another study, ctDNA fragments were detected in the CSF 

in 6 out of 7 patients with brain metastases from various tumor types, including 

two melanoma patients.29 Tumor-derived ctDNA has also been detected in CSF of 

two patients who had brain melanoma metastases without radiographic evidence of 

leptomeningeal disease.30 This indicates that it is currently unknown if BRAFV600E 

mutation detection in CSF is a useful tool  to diagnose LM, in particular when there 

are concomitant brain metastases. 

In conclusion, the newly developed CD146/MCSP immunoflow cytometry assay is 

a promising tool for detection of melanoma cells in CSF and diagnose LM. Driver 

mutation analysis with ddPCR can be used to detect BRAFV600E mutation in both 

cfCSF and CMC isolated from CSF. Both assays need further validation for diagnostic 

accuracy in a larger patient cohort.
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Supplement to:

Circulating melanoma cell detection and driver mutation analysis 
in cerebrospinal fluid in melanoma patients with suspected 
leptomeningeal metastases

Development and validation of MCSP/CD146 immunoflow cytometry assay

Reagents and chemicals 

Milli-Q grade (Millipore, USA) water was used. Phosphate buffered saline (PBS) and 

RPMI medium were purchased from GIBCO BRL (Gaithersburg, USA). Neutral buffered 

methanol-free 40% formaldehyde was prepared from paraformaldehyde purchased 

from Merck (Darmstadt, Germany). Hoechst33258 was obtained from Sigma (St. Louis, 

USA). Anti-human MCSP-Micro-Beads, MS Magnetic antibody cell sorting (MACS®) 

columns, Fc-Receptor block (FcR), mouse clone 5B1 IgG2a anti-human CD45 labelled 

with fluorescein isothiocyanate (FITC) or allophycocyanin (APC), mouse clone EP-1 

IgG1 MCSP-phycoerythrin (PE), and mouse clone 541-10B2 IgG1 CD146-APC were 

purchased from Miltenyi (Bergisch Gladbach, Germany). Perm/WashTM (P/W) was 

purchased from Becton Dickinson (Heidelberg, Germany). Beads buffer (BB) is PBS 

containing 0.5% bovine serum albumin (BSA) and 2 mM EDTA degassed by sonication 

for 10 min. All buffers and formaldehyde solution were filtered through 0.22 µm filters 

before use.

Cell culture and spiking experiments

Human melanoma cell lines M19MEL and SK-MEL-28 (from ATCC, Rockvile, USA) were 

cultured as monolayer in RPMI medium supplemented with 10% fetal calf serum. 

SK-MEL-28 is BRAFV600E mutated and has a MCSP expression of 99.8%.1 For spiking 

experiments cells were counted and sorted by a FACSariaTM cell sorter (BD Biosciences, 

USA).  

Centrifugation and pellet resuspension

Unless stated otherwise, all centrifugations were performed in 2 mL eppendorf tubes 

in a centrifuge equipped with a swing-out rotor at 1,000g for 4 min at 4°C. After 

centrifugation the supernatant was removed with a 1 mL pipet leaving 100 µL on the 

cell pellet. The pellet was resuspended in the remaining supernatant by vortex mixing 

at 50% speed setting.
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Sample pre-processing

CPT tubes containing 8 mL of whole blood were centrifuged in a swing-out rotor at 

1,500g for 25 min at room temperature (RT). Next, the upper CPT layer was transferred 

to a 50 mL tube. The CPT tubes were washed with 3 mL physiologic salt, which was 

pooled with the rest of the sample. CSF was collected in 50 mL tubes. Sample volume 

was adjusted to 9 mL with physiological salt and 1 mL of 40% formaldehyde was 

added. After vortex mixing at half speed for 10 s, samples were incubated for 15 min 

at RT. Next, sample volume was adjusted to 50 mL using physiologic salt, followed by 

centrifugation at 1,000g for 10 min at 4°C. The supernatant was decanted, followed 

by placing the tubes upside down on filter paper for 5 s, after which the samples were 

chilled on ice. Next, the cell pellets were resuspended in 1 mL of ice-cold 50% (v,v%) 

methanol/PBS by vortex mixing for 10 s at the highest setting. The samples were 

stored at -80°C for future analysis. 

Cell recovery optimization

M19MEL cells were spiked at 10,000 cells in 35 CPT tubes each containing 8 mL of 

blood from healthy volunteers. Samples were pre-processed as described above and 

incubated with 40 µL of FcR-block for 1 h at RT. Next, 24 samples were incubated 

in triplicate at 0 °C and 37 °C for 1 h with, respectively, 10 µL, and 0, 0.25, 0.5, 1, 

2.5, 5, 10 µL of anti-MCSP-Micro-Beads. An additional 21 samples were incubated in 

triplicate at RT with 2.5 µL of anti-MCSP-Micro-Beads for 0, 0.08, 0.25, 0.5, 1, 2, and 

4 h. Next, the tumor cells were isolated by tumor cell enrichment (see paragraph 

below). The input control samples consisted of 10,000 M19MEL cells in 100 µL P/W. 

After immunofluorescent staining, the cell recovery and total event counts were 

determined by fluorescence-activated cell sorting (FACS).  

Tumor cell enrichment 

CMC underwent an immunomagnetic enrichment using anti-MCSP-Micro-Beads, and 

FcR-block, with the following modifications to the manufacturer’s protocol: samples 

stored at – 80°C were defrosted on ice. After centrifugation, the supernatant was 

removed and the cell pellets were washed twice with ice-cold BB. After centrifugation, 

the pellets were resuspended in the remaining 100 µL BB. Next, 40 µL of FcR was 

added and the samples were incubated for 1 h at RT. Subsequently, a volume of 

2.5 µL of anti-MCSP-Micro-Beads was added, and the samples were incubated for an 

additional 1 h at RT. Next, samples were washed twice with 1 mL of BB, followed by 

centrifugation. After discarding the supernatant, the cell pellets were resuspended in 

500 µL of BB. Subsequently, labelled cells were separated using a MACS column. After 

removal of the column from the magnetic field, the retained MCSP-positive cells were 
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eluted into 2 mL eppendorf tubes using two volumes of 1 mL BB. After centrifugation 

the supernatant was removed and the pellet was resuspended.

Immunofluorescence staining 

The CMC enriched samples were stained in 100 µL P/W containing 10 µM Hoechst33258, 

0.25 µL CD146-APC, 5 µL anti-MCSP-PE, and 5 µL anti-CD45-FITC for 1 h at RT. Next, 

samples were washed twice with 1 mL of P/W followed by centrifugation. CD45, 

MCSP, CD146 and DNA staining linearity were measured in triplicate in samples spiked 

with 10,000 SK-MEL-28 cells in CPT tubes containing 8 mL whole blood from a healthy 

volunteer. Subsequently, samples were stained with 0, 0.25, 0.5, 1, 2, 5, 10, and 20 µl 

of anti-CD45-FITC and anti-MCSP-PE, 0, 0.025, 0.05, 0.1, 0.25, 0.5, 1.0, and 2.0 µL of 

anti-CD146-APC, and 10 µM of Hoechst33258 for 1h at RT. Next, samples were washed 

twice with 1 mL P/W and mean fluorescence intensity (MFI) was measured by FACS.

Fluorescence-activated cell sorting

Fluorescence-activated cell sorting (FACS) analysis was performed using a CyAn ADP™ 

(Beckman Coulter, Brea, USA) and a Becton Dickinson LSR Fortessa™. Hoechst33258, 

FITC, PE, and APC were collected through 450 ± 25 nm, 530 ± 40 nm, 575 ± 25 nm, and 

665 ± 25 nm band pass filters, respectively. Data analysis was performed with Summit 

v4.3.01 software (Dako Cytomation, Fort Collins, USA). 

Specificity

In order to assess the background levels in blood, three CPT tubes containing 8 mL 

peripheral blood were drawn from 20 healthy volunteers. Background levels in CSF 

were determined in non-oncological patients with a suspicion on an infectious or 

auto-immune meningitis or subarachnoid hemorrhage and a clinical indication for a 

diagnostic lumbar puncture. 

Within- and between-day precision and recovery

The between-day (BDP) and within-day precision (WDP) and recovery of the MCSP flow 

cytometry assay were determined as described previously.2 CPT tubes containing 8 mL 

of whole blood were spiked with 10, 100, 1,000, and 5,000 SK-MEL-28, and M19MEL 

cells with 10 times less expression of MCSP. 

Lower limit of quantification (LLOQ)

The LLOQ was determined by spiking in six-fold 1, 2, 3, 4, 5, and 10 SK-MEL-28 cells in 

CPT tubes containing 8 mL of whole blood from six different healthy volunteers. The 

LLOQ was defined as the cell concentration that could be determined with a precision 

of 0 - 20%, and a recovery between 80 – 120% of the nominal value.
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Sample stability

Long term storage stability was assessed by spiking 21 CPT tubes, containing 8 mL 

whole blood from a healthy volunteer, with 1000 SK-MEL-28 cells each. Three samples 

per time point were processed and stored in 50% MeOH at -80°C for 0, 1, 14, 30, 60, 

180, and 360 days until analysis. We also assessed the stability of stained samples in 

triplicate after storage at 4 - 7°C in the refrigerator for 0, 4, and 24 until analysis. 

CMC assay validation in blood

Subjects asked for study participation included 20 healthy volunteers ≥ 21 years of 

age, not known with cancer, not treated with investigational or other drugs within 30 

days before start of the study, and who had not undergone surgery within the past six 

months. Blood samples from 11 cancer patients with stage III or IV advanced melanoma 

were used for determination of the method sensitivity. Patients had not been on 

treatment for at least 4 weeks before whole blood was drawn for determination 

of CMC counts. For each subject three 8 mL cell preparation tubes (BD Vacutainer® 

CPTTM) were used containing a Ficoll-Hypaque density fluid separated by a polyester 

gel barrier from a sodium citrate anticoagulant. 

Discrimination of CMC from blood cells with red blood cell lysis is impossible due 

to more than 90% reduction of MCSP staining (data not shown). Therefore, density 

gradient centrifugation with CPT tubes was used. The gel barrier in these tubes 

separates the blood cells over two compartments. The lower compartment contains 

red blood cells and granulocytes. The upper compartment consists of CMC, leucocytes, 

and platelets. Further, enrichment of CMC was achieved by MACS using anti-human 

MCSP-Micro-Beads. For removal of protein aggregates that can bind nonspecifically to 

antibodies, which resulted in false positive CMC counts (data not shown), all antibody 

solutions except FcR-block and MCSP-Micro Beads were centrifuged at 10,000g for 10 

min at 4°C. Furthermore, buffers were filtered through 0.2 µm syringe filters. The 

use of swing-out rotors for centrifugations prevented the loss of 10% of cells observed 

with fixed angle rotors. CMC were identified based on double positivity for MCSP and 

CD146 in combination with CD45 negativity (Figure 1A). Release of adherent cells from 

the culture plates by trypsinisation reduced MCSP recognition by more than 90% (data 

not shown). Therefore, we used 10 mM EDTA for 5 min at 37°C to release adherent 

cells from the culture plates. Negative and positive quality controls were prepared 

by spiking, respectively, 0 and 1,000 SK-MEL-28 in the upper layer of centrifuged CPT 

tubes containing 8 mL of whole blood from a healthy volunteer. Quality Controls (QCs) 

were formaldehyde fixed and stably stored for a maximum of 360 days in 50% methanol/

PBS at -80°C. The background from negative QCs was always ≤ 1, and the recovery 

of SK-MEL-28 cells from positive QCs was always ≥ 90 ± 6%. CMC were considered 
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to be nucleated if the Hoechst33258 MFI was above the indicated DNA cut-off level 

determined from endogenous leucocytes present in the same sample (Figure 1A). 

Staining linearity
Staining linearity was determined in triplicate in samples containing 10,000 SK-MEL-28 

cells spiked in CPT tubes containing 8 mL of whole blood from a healthy volunteer. 

CD146 and MCSP were maximally stained with, respectively, a MFI of 2545 ± 182 and 

771 ± 31 using 0.25 and 5 µL of anti-CD146-APC and anti-MCSP-PE. Staining did not 

significantly increase at higher antibody concentrations. 

Specificity
The amount of background counts in the CMC gate during FACS analysis was 4 ± 0.6 

false positive CMC per 8 mL of whole blood (n = 18 healthy volunteers in triplicate) 

if MCSP positivity in combination with CD45 negativity were used as criteria for CMC 

identification after the FS/SSC gating. Specificity strongly improved to 0.3 ± 0.8 CMC 

per 8 mL of whole blood (range 0 - 1) false positive CMC counts when CD146 positivity 

was included as marker for CMC identification. All control patients were negative for 

CMC (n=10) (Figure 1A).

Cell recovery optimization
The recovery of M19MEL cells after the anti-MCSP-Micro-Beads enrichment step 

was significantly affected by the amount of anti-MCSP-Micro-Beads and incubation 

temperature (Supplementary Figure S1). The use of an extra volume of 1 mL of BB for 

elution of CMC from the MACS® columns resulted in 11% increase of cell recovery (P = 

0.002, data not shown). The maximum M19MEL recovery of 28.1% was obtained after 

1 h of incubation using 2.5 µL of anti-MCSP-Micro-Beads (Supplementary Figure S1B). 

Under these conditions recovery of SK-MEL-28, with about 10 times higher MCSP levels 

as compared to M19MEL, was 70 -80% (Supplementary Table S1). Cell recovery did not 

significantly increase after prolonged incubation, or with more anti-MCSP-Micro-Beads.

Lower limit of quantification (LLOQ)
The lower limit of quantification (LLOQ) was determined in 8 mL whole blood samples 

from six different volunteers spiked with 0, 1, 2, 3, 4, and 5 SK-MEL-28 cells per CPT. 

The determined LLOQ of the method was 2 cells in 8 mL of whole blood. At this LLOQ 

the recovery was 105% and the precision 16.9%.

Within- and between-day precision and recovery
The precision and recovery of the method were determined by analyses of samples 

spiked with SK-MEL-28 at four different cell concentrations in triplicate in three 
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consecutive analytical runs. From these results we calculated the within-day and 

between-day precision and recovery (Supplementary Table S1). In all cases the 

precision and recoveries were well within the limits that are considered acceptable 

for bio-analytical methods.3 An exception was the low recovery of M19MEL cells. 

Sample stability
We determined the stability of CD146, MCSP, CD45, DNA, and cell counts for SK-MEL-28 

cells spiked in 8 mL whole blood samples after storage at –80°C for incremental time 

periods. All parameters were stable for at least 12 months. The fl uorescent signals 

from stained CD146, MCSP, CD45, DNA, and SK-MEL-28 cell counts were also stable 

during the tested 24 h storage period at 4 – 7°C.
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Within- and between-day precision and recovery 
The precision and recovery of the method were determined by analyses of samples spiked with SK-MEL-
28 at four different cell concentrations in triplicate in three consecutive analytical runs. From these results 
we calculated the within-day and between-day precision and recovery (Supplementary Table S1). In all 
cases the precision and recoveries were well within the limits that are considered acceptable for bio-
analytical methods.3 An exception was the low recovery of M19MEL cells.  
 
Sample stability 
We determined the stability of CD146, MCSP, CD45, DNA, and cell counts for SK-MEL-28 cells spiked in 8 
mL whole blood samples after storage at –80°C for incremental time periods. All parameters were stable 
for at least 12 months. The fluorescent signals from stained CD146, MCSP, CD45, DNA, and SK-MEL-28 
cell counts were also stable during the tested 24 h storage period at 4 – 7°C. 
 
 
 

 
 
Supplementary Figure S1. Background events and recovery of M19MEL cells 
Total background events and recovery of 10,000 M19MEL cells spiked in 8 mL peripheral blood from a healthy 
volunteer, respectively, indicated incubation time using 4 µL of anti-MCSP-Micro-Beads (Figure S1A), or different 
amounts of anti-MCSP-Micro-Beads (Figure S1B). Data is expressed as means ± S.D. of three different samples. 

 
  

Supplementary Figure S1. Background events and recovery of M19MEL cells
Total background events and recovery of 10,000 M19MEL cells spiked in 8 mL peripheral blood from 
a healthy volunteer, respectively, indicated incubation time using 4 µL of anti-MCSP-Micro-Beads 
(Figure S1A), or diff erent amounts of anti-MCSP-Micro-Beads (Figure S1B). Data is expressed as 
means ± S.D. of three diff erent samples.

Supplementary Table S1. Recovery, within-day precision and between-day precision 

M19MEL SK-MEL-28

Nominal
spiked
cells

Measured
spiked
cells

Recovery 
(%)

WDP
(%)

BDP
(%)

Measured
spiked
cells

Recovery
(%)

WDP
(%)

BDP
(%)

10 2 20 9.9 7.2 8 80 14.2 10.2

100 24 24 11.3 6.5 74 74 11.5 7.7

1000 267 27 14.4 10.0 72 72 9.6 4.7

10000 2569 26 10.8 4.8 71 71 10.3 5.4

Recovery, within-day precision (WDP) and between-day precision (BDP) for determination of the 
number of SK-MEL-28 and M19MEL cells spiked in cell preparation tubes (CPT) tubes containing 8 
mL peripheral blood from a healthy volunteer. Three replicate measurements were performed at 
each spike level. Within- and between-day precision were calculated using one-way analysis of 
variance (ANOVA).
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Summary

Background

Recently, two phase II trials showed intracranial activity of the immune checkpoint 

inhibitors nivolumab and ipilimumab in patients with melanoma brain metastases. 

However, it is generally assumed that large molecules like monoclonal antibodies 

nivolumab and ipilimumab cannot penetrate and pass an intact blood brain barrier 

(BBB). In this systematic review we provide a pharmacodynamic and pharmacokinetic 

consideration of the clinical activity of the immune checkpoint inhibitors nivolumab 

and ipilimumab in melanoma brain metastases.

Methods

Pubmed was systematically searched for prospective phase II and III studies on 

nivolumab and ipilimumab in melanoma brain metastases and cerebrospinal fluid 

(CSF) levels of nivolumab and ipilimumab. Results were discussed and a perspective 

on the pharmacodynamics and pharmacokinetics for the intracranial activity of these 

agents was given.

Results

Two phase II studies with the combination nivolumab and ipilimumab and one phase 

II study with ipilimumab monotherapy in melanoma brain metastases were included 

in this review. One article reported drug levels of nivolumab in CSF. Intracranial 

responses were achieved in 16 of 35 patients (46%; 95% confidence interval (CI) 29–63) 

in a phase II study cohort treated with nivolumab and ipilimumab. In a second phase 

II study in 94 patients, the rate of intracranial clinical benefit was 57% (95% CI 47-68). 

The CSF/serum ratio of nivolumab was 0.88-1.9% in a cohort of metastatic melanoma 

patients treated with nivolumab 1-3 mg/kg. Nivolumab concentrations ranged from 

35-150 ng/ml in CSF of these patients, which is in the range of the half maximal 

effective concentration (EC50) of 0.64 nM. 

Conclusions

Ipilimumab and nivolumab are active in melanoma brain metastases. Nivolumab 

penetrates into the CSF. Based on the described findings the general consensus that 

monoclonal antibodies do not penetrate into the central nervous system (CNS) and 

cannot have a direct intracranial effect needs to be reconsidered.
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Background 

Immunotherapy with immune checkpoint inhibitors has become first line therapy 

in patients with metastatic melanoma.1 Nivolumab (MDX-1106) is a human 

immunoglobulin G4 (IgG4) monoclonal antibody which binds to the programmed 

death-1 (PD-1) receptor and blocks its interaction with PD-L (programmed death 

ligand) 1 and PD-L2.2 Activation of the PD-1 receptor inhibits T cell activity which 

is important in the inhibition and thus regulation of T cell immune responses. PD-

L1 and PD-L2 are expressed by antigen presenting cells and can be expressed by 

tumors cells.3,4 Nivolumab potentiates T cell responses against tumor cells through 

blockade of PD-1 receptor binding to PD-L1 and PD-L2. Ipilimumab is a fully human 

anti-cytotoxic T lymphocyte associated antigen 4 (CTLA-4) IgG1κ monoclonal 

antibody.5 CTLA-4 present on activated T cells can induce T cell inhibitory signals.6 

The combination of intravenous nivolumab and ipilimumab had a higher efficacy than 

intravenous nivolumab monotherapy in a randomized, double-blind, phase III study 

with 945 previously untreated patients with unresectable stage III or IV melanoma.7 

The general consensus with regard to antibody pharmacokinetics is that monoclonal 

antibodies cannot penetrate an intact BBB due to their large molecular size and 

thereby may lack clinical activity in the CNS.8–13 However, the BBB of blood vessels in 

brain metastases is partially disrupted leading to a higher permeability.14 Recently, 

two phase II studies have shown intracranial efficacy of nivolumab and ipilimumab 

in patients with melanoma with untreated brain metastases.15,16 With regard to the 

highly promising intracranial effects of immune checkpoint inhibitors administered 

intravenously in melanoma patients with brain metastases, we would like to give 

a perspective of the pharmacokinetics and pharmacodynamics on the intracranial 

antitumor activity of nivolumab and ipilimumab. In this paper, we argue against the 

consensus that monoclonal antibodies such as immune checkpoint proteins inhibitors 

cannot penetrate an intact BBB and thereby cannot be efficacious against CNS tumors 

via this direct intracranial mechanism. We show a concise mechanistic insight on the 

pharmacodynamics of the intracranial activity of nivolumab and ipilimumab.

The immune system in brain metastases

One of the characteristics of the CNS is the lack of a classical lymphatic drainage 

system. However, based on recent research, it is now accepted that the CNS 

undergoes constant immune surveillance within the meningeal compartment.17–19 

Soluble antigens derived from tumors within the CNS can reach the deep cervical 

lymph nodes via CSF drainage. Antigen presenting cells take up neo-antigens from 

the intracranial tumor and present them in the cervical lymphnodes to lymphocytes. 

To mediate a pharmacodynamic therapeutic effect in the brain, the systemically 
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activated effector immune cells or the checkpoint inhibiting antibody has to reach 

the intracranial tumor site. Lymphocytes activated in the cervical lymph node can 

enter the brain and CSF via the blood. Tumor cells are able to evade these activated 

lymphocytes by expressing PD-L1 to inhibit the activated T cell. Tumor infiltrating 

lymphocytes (TILs) are present in melanoma brain metastases.3,20,21 In a retrospective 

cohort of 43 melanoma brain metastases CD3+ TILs were present in 77% of the samples 

and CD8+ TILs were present in 91% of the samples.3 Fifty-one percent of melanoma 

brain metastases expressed PD-L1.3 The ligand and the effector immune cells are thus 

present in the tumor brain environment.

Methods

First Pubmed was searched using the following terms: nivolumab OR ipilimumab OR 

nivolumab AND ipilimumab AND melanoma brain metastases NOT radiotherapy  up 

to 24 December 2018. Prospective phase II-III studies in melanoma brain metastases 

were included. Modified Response Evaluation Criteria in Solid Tumors (RECIST) 

criteria for brain lesions or modified WHO response criteria were extracted from the 

clinical studies to assess efficacy. A second search was performed for (ipilimumab 

AND cerebrospinal fluid) OR (nivolumab AND cerebrospinal fluid) to identify additional 

papers in which CSF levels of nivolumab or ipilimumab are reported.

Results 

The Pubmed search resulted in 84 hits. Two prospective phase II studies with the 

combination nivolumab and ipilimumab and one prospective phase II study with 

ipilimumab monotherapy in melanoma brain metastases were included for this review 

as shown in Figure 1. No nivolumab or ipilimumab levels in CSF were reported in the 

phase II studies. Therefore, a second Pubmed search was performed specifically for 

nivolumab and CSF or ipilimumab and CSF. The search resulted in 16 hits as shown 

in Figure 2. One article was found in which drug levels of nivolumab in CSF were 

reported. No articles reported ipilimumab levels in CSF. 
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Figure 1. PRISMA diagram of clinical study selection 
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Figure 1. PRISMA diagram of clinical study selection

Clinical studies

In the fi rst clinical study 63 immunotherapy-naïve patients with asymptomatic brain 

metastases were randomized to intravenous nivolumab 1 mg/kg combined with 

intravenous ipilimumab 3 mg/kg every 3 weeks for four doses and were subsequently 

treated with nivolumab 3 mg/kg every 2 weeks in cohort A or nivolumab 3 mg/kg 

every 2 weeks patients in cohort B.16 In the non-randomized cohort C, patients with 

progressive brain metastases after local therapy, patients with symptomatic brain 

metastases or with leptomeningeal disease were treated with nivolumab 3 mg/

kg every 2 weeks. The primary endpoint was intracranial response defi ned as the 

percentage of patients with a confi rmed intracranial complete or partial response 

at week 12. At the data cutoff  with a median follow up of 17 months (IQR 8–25) 
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intracranial responses were achieved by 16 of 35 patients (46%; 95% CI 29–63) in 

cohort A, fi ve of 25 (20%; 95% CI 7–41)  in cohort B and one of 16 (6%; 95% CI 0–30) in 

cohort C. The median intracranial progression free survival has not been reached in 

cohort A. The intracranial progression-free survival at 6 months was 53%. 
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Figure 2. PRISMA diagram of study selection with reported CSF levels for nivolumab or ipilimumab 
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Figure 2. PRISMA diagram of study selection with reported CSF levels for nivolumab or 
ipilimumab

In the second clinical study, 94 patients with metastatic melanoma and at least 

one measurable, non-irradiated asymptomatic brain metastasis received nivolumab 

(1 mg/kg) plus ipilimumab (3 mg/kg) every 3 weeks for up to four doses, followed 

by nivolumab (3 mg/kg) every 2 weeks until progression or unacceptable toxicity.15 

The primary endpoint was the rate of intracranial clinical benefi t, defi ned as the 

percentage of patients who had stable disease for at least 6 months or a partial 
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response or a complete response. At a median follow-up of 14 months the rate of 

intracranial clinical benefit was 57% (95% CI 47-68), the complete intracranial response 

rate was 26% and the partial intracranial response rate was 30%. This resulted in 

an intracranial objective response of 55% (95% CI 45-66). The median duration of 

intracranial response has not been reached.

Ipilimumab monotherapy has been studied in a phase II study in 72 patients with 

melanoma and brain metastases.22 Patients received four doses of 10 mg/kg intravenous 

ipilimumab once every 3 weeks. Patients who were clinically stable at week 24 were 

eligible to receive 10 mg/kg ipilimumab every 12 weeks. Patients in cohort A were 

neurologically asymptomatic and were not receiving corticosteroids at inclusion. 

Patients in cohort B were symptomatic and received a stable dose of corticosteroids. 

The primary endpoint was the proportion of patients with disease control, defined as 

complete response, partial response or stable disease after 12 weeks, assessed with 

modified WHO criteria. CNS disease control assessed in 51 patients in cohort A was 

24% (95% CI 13-38) and 10% (95% CI 1-30) in cohort B, which consisted of 21 patients.

The above mentioned clinical trials clearly demonstrated intracranial responses 

of patients with melanoma brain metastases treated intravenously with immune 

checkpoint inhibitors. Four other clinical trials with nivolumab and ipilimumab in 

patients with melanoma brain metastases are ongoing.23 In a phase II trial nivolumab 

and ipilimumab is combined with radiotherapy (NCT03340129). In a phase III trial 

nivolumab and ipilimumab are combined with fotemustine (NCT02460068). Recently, 

a phase I/Ib trial (NCT03025256) of concurrent intravenous and intrathecal nivolumab 

for patients with leptomeningeal metastases has started.

Nivolumab pharmacodynamics

Nivolumab is a human IgG4 monoclonal antibody. IgG4 antibodies can undergo Fab 

(Fragment antigen binding)-arm exchange.24,25 Fab-exchange can be prevented by 

introducing a mutation in the hinge region of the antibody, as has been done for 

nivolumab.25,26 The constant region fragment (Fc) of the antibody determines the 

effector functions and kinetics.27 Antibodies with neonatal Fc receptor (FcRn) binding 

can enter cells via endocytosis and are prevented from degradation by the FcRn, 

resulting in a prolonged elimination half-life.27–29 Nivolumab is an IgG4 antibody with 

FcRn binding.30 IgG4 antibodies like nivolumab have a low potential to induce antibody 

dependent cell mediated cytotoxicity (ADCC) or complement dependent cytotoxicity 

(CDC).27,30 This prevents toxic effects of nivolumab on the lymphocytes themselves 

and thereby preserves T cell function. Nivolumab binds to native PD-1 molecules 

expressed on activated T cells with an EC50 of 0.64 nM.30 No dose response relation 
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has been observed in melanoma patients treated with intravenous nivolumab dosed 

from 0.1 to 10 mg/kg. The receptor occupancy of nivolumab has been investigated at 

a dose range from 0.1-10 mg/kg. The median PD-1 receptor occupancy by nivolumab 

was 64-70% across all dose levels. These results demonstrate that the majority of PD-1 

receptors are bound by nivolumab at the lowest dose level tested (0.1 mg/kg). No 

effect between dose and receptor occupancy was observed within the studied dose 

range. A sustained receptor occupancy above 70% of nivolumab on PD-1 on circulating 

T cells has been observed for more than 2 months after nivolumab infusion despite a 

serum half-life of nivolumab of 12 to 20 days regardless of dose.26

Nivolumab pharmacokinetics

Nivolumab is dosed intravenously and has linear pharmacokinetics within the studied 

dose range of 0.1-10 mg/kg.2 Based on population pharmacokinetic analysis at steady 

state at dose level 3 mg/kg every 2 weeks, the clearance, terminal half-life and average 

exposure were 7.9 ml/h, 25.0 days and 86.6 μg/ml, respectively. The registered dose 

interval was initial biweekly. However, in melanoma and in renal cell carcinoma the 

dose interval has been doubled to 4 weeks based on modelling of dose/exposure 

efficacy and safety relationships.2 The molecular weight of nivolumab is 146 kDa.31 

As stated earlier, the EC50 of nivolumab binding to native PD-1 molecules expressed 

on activated T cells is 0.64 nM.30 In a cohort of metastatic melanoma patients with a 

clinical suspicion on leptomeningeal metastases, treated with nivolumab 1-3 mg/kg 

every 2-3 weeks, nivolumab CSF levels have been quantified with a validated enzyme-

linked immunosorbent assay.32 The nivolumab concentrations ranged from 35-150 ng/

ml with a CSF/serum ratio of 0.88-1.9%.32 The CSF levels of nivolumab are in the range 

of the EC50 with a molar range of 0.24-1.0 nM. 

Ipilimumab pharmacodynamics

CTLA-4 induces T cell inhibitory signals.6 CTLA-4 is transiently expressed by a subset 

of activated T cells and binds to the B7 (CD80/CD86) receptor on antigen presenting 

cells.33,34 Ipilimumab is an IgG1κ anti-CTLA-4 monoclonal antibody.5 Ipilimumab has an 

EC50 of 0.2 μg/ml for the in-vitro binding of human CTLA-4 to B7.1 (CD80) and B7.2 

(CD86) with maximal blockage between 6 to 20 μg/ml and 1 to 3 μg/ml respectively.33 

The target trough concentration for ipilimumab is 20 µg/ml based on in vitro studies. 

Intravenous ipilimumab induces a dose dependent increase in absolute lymphocyte 

counts (ALC).5,35 This includes an increase of central memory CD4- and CD8 T cells 

and effector memory T cells.5 Given the rise in ALC it is unlikely that ADCC does occur 

at biological relevant levels during ipilimumab treatment.33 Partial and complete 

ongoing systemic responses of ipilimumab have been observed till months after 

the last ipilimumab administration.36 The persisted pharmacodynamic effects have 
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been maintained by the immune system in the absence of therapeutic ipilimumab 

concentrations for more than 710 days.36 

Ipilimumab pharmacokinetics

Ipilimumab has dose proportional pharmacokinetics over the dose range of  0.3 mg/kg 

to 10 mg/kg.33 The terminal half-life is 15.4 days.5 Ipilimumab accumulates due to the 

dose interval of once every 3 weeks and an estimated elimination half-life of 2 weeks. 

The molecular weight of ipilimumab is 148 kDa.33 Ipilimumab has a systemic clearance 

of 16.8 ml/h (percent coefficient of variation) (38.1%) and a volume of distribution of 

7.47 l (10.1%) at steady-state. The average steady state trough serum concentration 

(±SD) of ipilimumab was 21.8 μg/ml (± 11.2) at the 3 mg/kg induction regimen. The 

FcRn binding properties of ipilimumab have not been assessed.37 However, IgG1 binds 

to the FcRn and therefore it is assumed that ipilimumab also binds to the FcRn.27 

CTLA-4 immune checkpoint inhibitors block T cell inhibitory signals induced by the 

CTLA-4 pathway and increases the number of reactive T effector cells, which induce 

a direct T cell immune attack against tumor cells.5,35 CTLA-4 blockade can also inhibit 

the function of regulatory T cells which may provide an antitumor immune response. 

As ipilimumab is an IgG1 monoclonal antibody, it is expected that ipilimumab can also 

reach the CSF via FcRn mediated transcytosis. However, to the best of our knowledge, 

no studies have been published on ipilimumab concentrations in CSF. 

Discussion

Clinical studies in the recent years have shown a high intracranial effect of the 

combination of ipilimumab and nivolumab (55% intracranial response) on melanoma 

brain metastases, which is considered to be mediated by an intracranial increase of 

activated lymphocytes by blocking the two immune checkpoint proteins on T cells.15,16 

The general consensus on the intracranial effect of immune checkpoint inhibitors is 

that the expected pharmacodynamics effect is caused by activated peripheral T cells 

which then cross the BBB. Monoclonal antibodies are not believed to penetrate an 

intact BBB due to their large molecular size of ~150 kDa.8–12,38 A sustained receptor 

occupancy above 70% of nivolumab on PD-1 on circulating T cells has been observed 

for more than 2 months after infusion, despite a serum half-life of nivolumab of 12 

to 20 days regardless of dose.26 Nivolumab can bind the peripheral circulating T cells 

irreversibly which then cross the BBB. The antitumor effect of nivolumab is mediated 

by activated T cells given the low potential of nivolumab to induce ADCC or CDC 

activity.27,30 However, both nivolumab and ipilimumab are IgG monoclonal antibodies 

with FcRn binding, which can cross an intact BBB. FcRn binding of antibodies is known 
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to mediate transport of IgG antibodies over the placenta from mother to child and 

is involved in other transcellular transport processes.39,40 IgG antibodies with FcRn 

binding like nivolumab can enter cells, like macrophages in the choroid plexus and 

reach the CSF via endocytosis via FcRn mediated transcytosis.41,42 80% of the total CSF 

production of 500-600 ml per day is produced by the choroid plexus via fi ltration of 

the blood.41 Microglial cells, macrophages and dendritic cells reside in the choroid 

plexus and can mediate the nivolumab transport of the blood to the CSF. The proposed 

mechanism of nivolumab transport via the choroid plexus to the CSF is depicted in 

Figure 3. 
INTRACRANIAL ANTITUMOR RESPONSES 
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Figure 3. Proposed mechanism of nivolumab transport to the CSF 
Neonatal Fc receptor mediated antibody transport from the blood vessels in the choroid plexus to the CSF. The 
choroid plexus consists of a monolayer of cuboidal epithelial cells in which macrophages    reside.41 The epithelial cells 
have microvilli and are interconnected via tight junctions forming the blood-CSF barrier. The proposed mechanism of 
FcRn mediated endocytosis of IgG4 monoclonal antibodies with FcRn binding like nivolumab is via macrophages 
residing in the choroid plexus.29,41 Monoclonal antibodies with FcRn binding like nivolumab are prevented from 
degradation by the FcRn.29 The FcRn mediates antibody transport to the CSF. Abbreviations: FcRn=neonatal Fc 
receptor, CSF=cerebrospinal fluid, IgG4 =immunoglobulin G4. 

 
The FcRn mediated transcellular transport is a saturable system.38 High IgG concentrations will increase 
the antibody fraction that is being catabolized, leading to a decrease in the elimination half-life. IgG has 
an elimination half-life of 25 days and a plasma clearance of 10 ml/h.38 IgG4 is the least common antibody 
subclass in of the IgG subclasses 1-4 with a serum concentration of 0.5 mg/ml.43 Nivolumab has a 
clearance of 7.9 ml/h.2 This indicates that the FcRn receptor mediated transcytosis has not yet been 
saturated at therapeutic concentrations and that the maximum physiological capacity of this transport 
system has not been reached.27,28 The combination of nivolumab and ipilimumab has a higher systemic 
efficacy than monotherapy in a randomized, double-blind, phase III study with 945 previously untreated 
patients with unresectable stage III or IV melanoma.7 The systemic response rate for nivolumab 
monotherapy was 43.7% (95% CI 38.1-49.3), for ipilimumab monotherapy 19.0% (95% CI 14.9-23.8) and 
for the combination 57.6% (95% CI 52.0-63.2). In the CNS, a similar increase of antitumor activity has been 
observed for the combination of nivolumab and ipilimumab, with intracranial responses of 46% (95% CI 
29-63) for the combination of nivolumab and ipilimumab and 20% (95% CI 7-41) for nivolumab 
monotherapy.16 Currently, the pharmacodynamic effect of ipilimumab is considered to be on the 
peripheral T cells which then cross the BBB.10 The sustained pharmacological effect of ipilimumab can be 
attributed to an increase of central memory CD4 and CD8 T cells and effector memory T cells.5 Whether 
an additional, direct effect of ipilimumab in the brain occurs is unknown, as no data are available on 
ipilimumab FcRn binding and ipilimumab concentrations in the CSF. 
 
Conclusions 
Based on the described findings the general consensus that monoclonal antibodies do not penetrate into 
the CNS and that this mechanism does not contribute to intracranial activity of these agents needs to be 
reconsidered. The intracranial effects of immune checkpoint inhibitors can be due to a dual mechanism: 
they can bind irreversibly PD1 or bind to CTLA-4 on peripheral circulating lymphocytes which can 
subsequently penetrate the BBB (mechanism 1) and the antibodies themselves can cross the BBB and 
inhibit the TILs, being already present in the intracranial tumor (mechanism 2). For adequate brain 

Figure 3. Proposed mechanism of nivolumab transport to the CSF
Neonatal Fc receptor mediated antibody transport from the blood vessels in the choroid plexus 
to the CSF. The choroid plexus consists of a monolayer of cuboidal epithelial cells in which 
macrophages reside.41 The epithelial cells have microvilli and are interconnected via tight 
junctions forming the blood-CSF barrier. The proposed mechanism of FcRn mediated endocytosis 
of IgG4 monoclonal antibodies with FcRn binding like nivolumab is via macrophages residing in 
the choroid plexus.29,41 Monoclonal antibodies with FcRn binding like nivolumab are prevented 
from degradation by the FcRn.29 The FcRn mediates antibody transport to the CSF. Abbreviations: 
FcRn=neonatal Fc receptor, CSF=cerebrospinal fl uid, IgG4=immunoglobulin G4.

The FcRn mediated transcellular transport is a saturable system.38 High IgG 

concentrations will increase the antibody fraction that is being catabolized, leading to 

a decrease in the elimination half-life. IgG has an elimination half-life of 25 days and a 

plasma clearance of 10 ml/h.38 IgG4 is the least common antibody subclass in of the IgG 

subclasses 1-4 with a serum concentration of 0.5 mg/ml.43 Nivolumab has a clearance 

of 7.9 ml/h.2 This indicates that the FcRn receptor mediated transcytosis has not yet 

been saturated at therapeutic concentrations and that the maximum physiological 

capacity of this transport system has not been reached.27,28 The combination of 

nivolumab and ipilimumab has a higher systemic effi  cacy than monotherapy in a 

randomized, double-blind, phase III study with 945 previously untreated patients with 

unresectable stage III or IV melanoma.7 The systemic response rate for nivolumab 

monotherapy was 43.7% (95% CI 38.1-49.3), for ipilimumab monotherapy 19.0% (95% 

CI 14.9-23.8) and for the combination 57.6% (95% CI 52.0-63.2). In the CNS, a similar 

increase of antitumor activity has been observed for the combination of nivolumab 
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and ipilimumab, with intracranial responses of 46% (95% CI 29-63) for the combination 

of nivolumab and ipilimumab and 20% (95% CI 7-41) for nivolumab monotherapy.16 

Currently, the pharmacodynamic effect of ipilimumab is considered to be on the 

peripheral T cells which then cross the BBB.10 The sustained pharmacological effect of 

ipilimumab can be attributed to an increase of central memory CD4 and CD8 T cells 

and effector memory T cells.5 Whether an additional, direct effect of ipilimumab in 

the brain occurs is unknown, as no data are available on ipilimumab FcRn binding and 

ipilimumab concentrations in the CSF.

Conclusions

Based on the described findings the general consensus that monoclonal antibodies do 

not penetrate into the CNS and that this mechanism does not contribute to intracranial 

activity of these agents needs to be reconsidered. The intracranial effects of immune 

checkpoint inhibitors can be due to a dual mechanism: they can bind irreversibly 

PD1 or bind to CTLA-4 on peripheral circulating lymphocytes which can subsequently 

penetrate the BBB (mechanism 1) and the antibodies themselves can cross the BBB 

and inhibit the TILs, being already present in the intracranial tumor (mechanism 

2). For adequate brain penetration of antibodies, they need to be selected for the 

optimal IgG subclass with FcRn binding and favorable pharmacokinetics in the early 

drug development process. The highly promising clinical antitumor activity combined 

with the described mechanism of penetration of monoclonal antibodies into the CSF 

opens novel strategies to treat malignant diseases in the CNS. 
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Summary

Immunotherapy with monoclonal antibodies targeting the programmed-death-1 

(PD-1) receptor has become standard of care for an increasing number of tumor 

types. Pharmacokinetic studies may help to optimize anti-PD-1 therapy. Therefore, 

accurate and sensitive determination of antibody concentrations is essential. Here 

we report an enzyme linked immunosorbent assay (ELISA) capable of measuring 

nivolumab and pembrolizumab concentrations in serum and cerebrospinal fluid (CSF) 

with high sensitivity and specificity. The assay was developed and validated based 

on the specific capture of nivolumab and pembrolizumab by immobilized PD-1, with 

subsequent enzymatic chemiluminescent detection by anti-IgG4 coupled with horse 

radish peroxidase (HRP). The lower limit of quantification for serum and CSF was 2 ng/

mL for both anti-PD-1 agents. The ELISA method was validated and showed long term 

sample stability of >1 year. This method is reliable, relatively inexpensive and can be 

used in serum and CSF from pembrolizumab and nivolumab treated patients.
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Introduction

Nivolumab and pembrolizumab are both monoclonal antibodies against Programmed-

Death-1 (PD-1), which received FDA and EMA approval for immunotherapeutical 

treatment of a wide range of tumors including non-small cell lung cancer (NSCLC), 

melanoma, renal cell, urothelial, and microsatellite instability (MSI) high colorectal 

cancer. In the phase III trials both compounds showed better response rates with 

increased overall and progression free survival compared to standard chemotherapy.1,2 

Furthermore, nivolumab and pembrolizumab were associated with fewer high-grade 

treatment-related adverse events than other second-line therapy.3 Little is known, 

however, about the impact of immunotherapy in patients with metastatic disease to 

the central nervous system. Clinical trials of immunotherapy excluded patients with 

active brain metastases due to a poor prognosis and uncertainty about the ability of 

the drugs to cross the blood brain barrier (BBB). However, current studies suggest 

that systemically administered immunotherapeutic antibodies demonstrate a similar 

durable response in the brain as in extra-cerebral sites.4 Studies with other monoclonal 

antibodies indicate that median concentrations of monoclonal antibodies may be up 

to 400-fold lower in the central nervous system (CNS) than in serum, due to the BBB 

limiting penetration of molecules with molecular weights up to 200 kDa (nivolumab 

144 kDa, pembrolizumab 146 kDa).4–6 To the best of our knowledge no data has been 

published of nivolumab and pembrolizumab levels in cerebrospinal fluid (CSF). CSF 

is relatively easily accessible, and clinical studies suggest that drug concentrations 

in CSF are reasonably accurate in predicting CNS exposure.7 Therefore, CSF may be 

used as a surrogate for the interstitial fluid (ISF) in the CNS and may be used for 

assessing CNS exposure because tumor biopsies are considered unethical to collect 

for pharmacokinetic purposes.

Monitoring of nivolumab and pembrolizumab concentrations in serum and CSF may 

enable individualized treatment strategies and lead to a better understanding of 

pharmacokinetic (PK) –pharmacodynamic (PD) effect relationships of these agents. 

Puszkiel et al. recently reported the development and validation of an ELISA for 

the quantification of nivolumab in plasma from NSCLC patients.8 This assay has a 

lower limit of quantification (LLQ) of 5 μg/mL. Although this is sensitive enough 

for the quantification of trough plasma levels, a more sensitive assay is needed for 

the quantification in CSF. A five-fold more sensitive Liquid Chromatography–Mass 

Spectrometry (LC/MS) method has been developed that shows a LLQ of 0.977 μg/

mL.9 Although this method is more sensitive, it may still be not possible to accurately 

determine trough concentrations in CSF. In addition, LC/MS is unable to show if 

the measured antibodies are functionally active. Furthermore, this assay relies on 



Chapter 5

94

costly lab equipment that is not readily available at standard clinical laboratories. 

When properly optimized, chemiluminescent ELISA is one of the most sensitive 

immunoassays available with typical detection ranges of 0.01–0.04 fmole per mL.10 

Here, we report the successful development and validation of an ELISA with a lower 

limit of quantification of 2 ng/mL, which enables the accurate quantification of both 

nivolumab and pembrolizumab in serum and CSF. The applicability of the presented 

assay is demonstrated with the analysis of serum and CSF samples from cancer patients 

treated with these drugs.

Materials and methods

Reagents and chemicals

BD Vacutainer® SST II 5 mL tubes were obtained from Becton Dickinson (Franklin 

lakes, NJ, USA). Ficoll-paque™PLUS was obtained from General Electric Healthcare 

(Little Chalfont, UK). Nunc MaxiSorp™ white 96-well plates were purchased from VWR 

(Amsterdam, the Netherlands). Phosphate buffered saline (PBS) was purchased from 

GIBCO BRL (Gaithersburg, MD, USA). Protifar Plus low fat milk powder (ELK) was from 

Danone (Amsterdam, the Netherlands). Eppendorf® LoBind micro-centrifuge 2.0 mL 

tubes, bovine serum albumin (BSA), fetal calf serum (FCS), glycerol, thimerosal, and 

Tween-20 were purchased from Sigma (St. Louis, MO, USA). PBSTF consisted of PBS with 

0.1% (v/v) Tween-20 and 1% (v/v) Ficoll. Ipilimumab, nivolumab and pembrolizumab 

were a kind gift from the Antoni van Leeuwenhoek hospital pharmacy. Mouse anti-

human IgG4 Fc antibody-HRP conjugate originated from Thermo Fisher (Landsmeer, 

the Netherlands) as 200 μg lyophilized powder per vial, which was stored at −20 °C 

after reconstitution with 200 μl of 50% (v/v) glycerol, 0.05% (w/v) thimerosal, and 

1% (w/v) BSA. Recombinant human PD-1 (His Tag) protein was purchased from Sino 

Biological Inc. (Beijing, China) as 100 μg of lyophilized powder, which was stored at 

−80 °C in small aliquots after reconstitution with 5.0 mL PBS. Pierce™ standard Electro 

Chemical Luminescence (ECL) western blotting substrate was from Pierce (Waltham, 

MA, USA). The ECL reagent PeroxyGlow™ was from Trevigen (Gaithersburg, MD, US). 

Biorad Clarity ECL was from Biorad (Veenendaal, the Netherlands). Unless stated 

otherwise, serum used was pooled from 6 healthy human volunteers.

Nivolumab and pembrolizumab concentrations in the clinical stocks

The concentrations of nivolumab and pembrolizumab in the clinical stock vials were 

determined spectrophotometrically at 280 nm with a DS-11 (DeNovix, Wilmington, DE, 

USA) using the following formula:
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c Ab = 10·A280 nm /(εAb*L)

A280 = measured absorbance of nivolumab and pembrolizumab solution at 280 nm

c Ab = concentration of nivolumab and pembrolizumab (mg/mL)

ε Ab =extinction coefficient of human IgG4 (13.6 A280 nm · 1%−1  · cm−1)11

L = optical path length DS-11 (1 cm)

Serum preparation 

Blood was collected in 5 mL BD Vacutainer® SST II tubes. Tubes were immediately 

inverted 5 times. After 30 min of coagulation at room temperature (RT), tubes were 

centrifuged at 1200 g for 10 min in a swing-out rotor. Next, serum was snap-frozen in 

liquid nitrogen in 2.0 mL vials before storage at −80 °C.

ELISA

Nunc MaxiSorp™ white 96-well flat-bottom plates were coated overnight at 4 °C with 

50 μl of 2 μg/mL PD-1. The next day, wells were emptied and washed 4 times with 

300 μl of PBSTF.

Standard curves were prepared in 2 mL Eppendorf® LoBind vials on the day of analysis 

by serial dilution of a 11.0 mg/mL nivolumab clinical stock solution to 100, 50, 20, 10, 

5, 2, and 0 ng/mL in ice-cold 10% (v/v) serum in PBSTF. Quality controls (QCs) were 

prepared from different nivolumab and pembrolizumab stock solutions, independently 

from the standard curves, at 5, 20, and 160 μg/mL in serum, and stored at −80 °C. On 

the day of analysis, patient serum and QCs were diluted 10-fold with PBSTF, and CSF 

was diluted 2-fold with 20% serum (v/v) in PBSTF, in order to have the same 10% serum 

(v/v) in PBSTF final matrix. If necessary, CSF and serum were additionally diluted 

2- and 100-fold, respectively, with 10% (v/v) serum in PBSTF. The 10-fold diluted 

QCs were additionally diluted 100-fold to 5, 20, and 160 ng/mL with 10% (v/v) serum 

in PBSTF. Next, QC160 was further diluted 2-fold to 80 ng/mL with 10% serum (v/v) 

in PBSTF. Patient serum, CSF, and QCs were analyzed as 50 μl duplicates per plate. 

Samples were added as 50 μl triplicates per plate, which was subsequently sealed and 

incubated for 2 h at RT. Then, the plate was emptied and washed 4 times with 300 μl 

of PBSTF. After addition of 50 μl of 1 μg/mL anti-human IgG4-HRP in PBSTF, plates 

were sealed and incubated for 1 h at RT. Next, plates were emptied and washed 4 

times with 300 μl of PBSTF. Subsequently, 100 μl of Pierce standard ECL was added and 
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luminescence was measured within 15 min using a Tecan Infinite 200 Pro plate reader 

at 1 s per well of read time.

Optimization of anti-human IgG4-HRP concentration

Nivolumab standard curves were prepared at concentrations of 100, 50, 20, 10, 5, 2, 

and 0 ng/mL in ice-cold 10% (v/v) serum in PBSTF. In triplicate 50 μl of each standard 

was incubated for 2 h at RT on plate. After 3 washes with 300 μl of PBSTF, 50 μl of 

1:500, 1:1000, and 1:2000 in PBSTF diluted anti-human IgG4-HRP was added and 

incubated for 1 h at RT. Subsequently, the plate was washed and luminescence was 

measured after addition of ECL, as described in the ELISA section.

Serum matrix effect

The effect of different concentrations of serum on the quantification of nivolumab 

was determined in triplicate in standard curves prepared in 2 mL Eppendorf® LoBind 

vials on the day of analysis by serial dilution of 11.0 mg/mL nivolumab clinical stock 

solution to 100, 50, 20, 10, 5, and 2 ng/ml in ice-cold PBSTF containing 0, 10%, and 

20% (v/v) serum. To assess the dilution integrity, nivolumab was spiked in triplicate at 

1000 μg/mL in serum and 2 μg/mL in CSF. Next, serum and CSF were diluted 1000 and 

2-fold to 1 μg/mL, respectively, as described in ELISA. Further 2-fold serial dilutions 

with 10% serum (v/v) in PBSTF were then applied to serum and CSF to a final nominal 

nivolumab concentration of 62.5 ng/mL. The accuracies of the back-calculated 

nivolumab concentrations relative to the nominal spike concentrations at each serial 

dilution level were determined.

Specificity and limit of detection

Wells coated with and without PD-1 were incubated in triplicate with 100 μl of 0 and 

100 ng/mL nivolumab in PBSTF. Next, plates were washed and incubated with secondary 

antibody as described under ELISA. After 4 washes, 100 μl of Pierce standard, Biorad 

Clarity, and Trevigen Peroxyglow™ ECL were added and luminescence was measured. 

The effect of three of the most commonly used blocking agents was tested. Wells 

coated with PD-1 were incubated for 3 h at RT with 300 μl of 2% and 5% (w/v) BSA in 

PBS, 2% and 5% (w/v) ELK in PBS, 40% and 100% (v/v) FCS in PBS, and PBS as negative 

control. Next, wells were emptied and incubated for 2 h with 50 μl of 10% (v/v) serum 

in PBSTF. Treatment of nivolumab is sometimes combined with ipilimumab, which is a 

fully human monoclonal antibody against cytotoxic T-lymphocyte-associated antigen-4 

(CTLA-4). Although its target is different, a possible analytical interference cannot be 

ruled out. Therefore, we spiked 0, 20, and 80 ng/mL of nivolumab in 10% (v/v) serum 

in PBSTF and 50% (v/v) CSF containing 10% (v/v) serum in PBSTF. After addition of 0, 

100, 200, and 500 ng/mL of ipilimumab, these samples were analyzed by ELISA, as 
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described. The limit of detection (LOD) was defined as the average background level 

plus 5 times the standard deviation and was determined in serum from 10 healthy 

volunteers and in CSF from 10 immunotherapy naïve cancer patients.

Standard curve fitting

Calibration curves are commonly fit using polynomial or logistic models.12 We 

compared the goodness of fit of a quadratic and 4-parameter logistic model on 21 

standard curves using Graphpad Prism 6. Net luminescence was calculated as the 

luminescence of samples minus the average luminescence of the duplicate blank 

samples. Net luminescence of standards 2–100 ng/mL was plotted against the nominal 

nivolumab concentration. Curve fits were not forced through 0, and back-calculated 

concentrations had to be within 15% of the nominal concentrations for all 7 calibration 

standards.

Lower limit of quantification

The lower limit of quantification (LLQ) was determined in triplicate in ice-cold PBSTF, 

containing 10% (v/v) serum from 7 different volunteers, spiked with 1, 2, 3, 4, 5 ng/

mL of nivolumab or pembrolizumab. CSF from 6 immunotherapy naïve patients was 

diluted 2-fold with ice-cold PBSTF containing 20% (v/v) serum, which was spiked with 

1, 2, 3, 4, and 5 ng/mL of nivolumab or pembrolizumab. The LLQ was defined as the 

nominal input level at which the nivolumab and pembrolizumab concentrations could 

be determined with a precision ≤20% and an accuracy of 80–120%. Furthermore, the 

analyte response at the LLQ should be at least five times the response compared to 

the blank response.

Between- and within-day precision and accuracy

Samples containing 5, 20 or 80 ng/mL nivolumab in 10% (v/v) serum in PBSTF were 

measured in triplicate on six consecutive days. The between-day (BDP) and within-day 

precision (WDP) were calculated by one-way analysis of variance (ANOVA) for each 

spike level using the run day as classification variable using the software package SPSS 

v15.0 for windows (SPSS, Chicago, USA). The day mean square (DayMS), error mean 

square (ErrMS) and the grand mean (GM) of the observed concentrations across run 

days were used. 

The WDP% and BDP% for each spike level were calculated using the formulas:

WDP% = (ErrMS)0.5/GM × 100%

BDP% = [(DayMS – ErrMS)/n]0.5/GM × 100%



Chapter 5

98

With n being the number of replicates within each run.

Accuracy was determined as the relative difference between the nominal input 

concentration and measured concentration. Imprecisions ≤15% and accuracy between 

85–115% were considered acceptable.

Pembrolizumab quantification

Standard curves were prepared in 2 mL Eppendorf® LoBind vials on the day of analysis 

by serial dilution of 11.0 mg/mL nivolumab and 27.8 mg/mL pembrolizumab clinical 

stock solutions to 100, 50, 20, 10, 5, and 2 ng/mL in ice-cold 10% (v/v) serum in 

PBSTF. These standards were analyzed in triplicate on three consecutive days. 

The concentrations of the pembrolizumab standards (Mw = 146,286 Da) were back-

calculated from the nivolumab (Mw = 143,597 Da) standard curves. After correction 

for the 1.87% difference in molecular weight, the back-calculated pembrolizumab 

concentrations had to be within 15% of the nominal pembrolizumab concentrations.

Stability

To assess the long-term storage stability, nivolumab and pembrolizumab were 

spiked at 0.1, 1, 10, and 100 μg/mL in serum. This largely covers the whole range of 

concentrations found in patient serum along the PK curve. Aliquots of 50 μl of spiked 

serum were snap-frozen in liquid nitrogen and stored for 0, 7, 120, 360, and 480 

days at −80 °C. At these time points nivolumab and pembrolizumab concentrations 

were determined in triplicate, after dilution to 50 ng/mL in ice-cold 10% (v/v) serum 

in PBSTF. Stability of nivolumab and pembrolizumab at 10 and 50 ng/mL, diluted in 

ice-cold 10% (v/v) serum in PBSTF, was tested after 0, 6, and 24 h on ice, using freshly 

prepared nivolumab standard curves.

Freeze-thaw stability was tested for nivolumab and pembrolizumab spiked at 10 and 

100 μg/mL in serum. Nivolumab and pembrolizumab concentrations were determined 

after 0, 1, 2, and 3 snap-freeze/thaw cycles, after dilution to 100 ng/mL with 10% (v/v) 

serum in PBSTF. Nivolumab and pembrolizumab concentrations were considered stable 

if the determined concentrations were within 15% of the nominal concentrations.

Clinical applicability

The clinical application of the ELISA method was demonstrated in serum from 

seven patients treated once every 2 weeks with nivolumab (n = 4) or once every 3 

weeks with pembrolizumab (n = 3). Patient 1 received concomitantly ipilimumab at 

3.3 mg/kg (Table 3). Blood was drawn from these patients at day 0 (predose + end of 

infusion), and predose at cycle 2. To demonstrate clinical applicability of the ELISA 
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for determination of nivolumab in CSF, CSF was collected from 15 patients with a 

solid tumor and a clinical suspicion of leptomeningeal metastases but a normal or 

equivocal MRI who underwent a diagnostic lumbar puncture (LP). All patients have 

been included in a diagnostic CSF study at the NKI comparing the sensitivity and 

specificity of immunoflowcytometry assays for circulating tumor cells (CTC) detection 

with CSF cytology. Five patients were treated with nivolumab. Three out of these five 

patients had melanoma and concomitantly received ipilimumab at 3 mg/kg (Table 4). 

The other 10 patients had not received any immunotherapy prior to sampling and 

served as a negative control group. An aliquot of 1–2 mL of CSF was collected in 2.0 mL 

vials and stored at −80 °C. Both clinical studies have been approved by the Ethics 

Committee of the Netherlands Cancer Institute and subjects provided whole blood 

and CSF samples after written informed consent.

Statistical analysis

Statistical evaluation was performed using the unpaired two-tailed student t-test 

in Excel, unless indicated otherwise. Matrix effects were analyzed using the paired 

two-tailed t-test in Excel. The slopes and intercept of nivolumab and pembrolizumab 

standard curves were compared using linear regression analysis in Graphpad Prism 6. 

P-values of ≤0.05 were considered to be significant.

Method validation

Validation of the ELISA method was performed based on the guidelines for bioanalytical 

assays provided by the FDA.13

Results

Optimization of anti-human IgG4-HRP concentration

We tested anti-human IgG4-HRP at dilutions of 1:500, 1:1000, and 1:2000 in PBSTF. 

The 1:1000 dilution resulted in a significantly higher (P < 0.001) signal to noise ratio, 

as compared to the other dilutions, over the whole range of spiked nivolumab 

concentrations from 2 to 100 ng/ml (Supplementary Table 1).

Serum matrix effect

We found that addition of 10% and 20% (v/v) serum to PBSTF had a significant 

effect on the accuracy of nivolumab quantification over the whole standard curve 

concentration range with an average of decrease in nivolumab concentration of 14.1% 

at 10% (v/v) serum to PBSTF (P < 0.001) and 21.4% at 20% serum to PBSTF (P < 0.001) 

(Supplementary Table 2). Therefore, we used 10% (v/v) serum in PBSTF, for both 
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serum and CSF samples, as well as for the standard curves and quality controls 

(QCs), to assure accurate quantification of nivolumab. Next, dilution integrity was 

assessed in triplicate in quality controls, spiked with nivolumab at 160 μg/mL, after 

a standard 1000-fold dilution followed by an additional 2-fold dilution. The back-

calculated nivolumab concentration did not deviate more than 15% from the nominal 

spike concentration, which indicates good dilution integrity. Furthermore, samples 

spiked with nivolumab at 1000 and 2 μg/mL in serum and CSF, respectively, which 

required an additional 16-fold dilution after the standard 1000-fold dilution, also 

showed adequate dilution integrity (Table 1).

Table 1. 
Dilution integrity was assessed, after indicated number of serial 2-fold dilutions with 10% (v/v) 
serum in PBSTF, for serum spiked at 160 (Quality Control) and 1000 μg/mL, and CSF spiked at 
2 μg/mL nivolumab. Results are the average of three replicate measurements. PBSTF = phosphate 
buffered saline supplemented with 0.1% Tween-20 and 1% Ficoll.

Nivolumab 
spiked

Total 
dilution 
factor

Number 
of 2-fold 
serial 
dilutions

Nominal 
conc. 
ng/mL

Determined conc. ± SD 
μg/mL

Accuracy ± SD 
(%)

QC at 160 μg/mL 2000 1 80 153 ± 9.6 95.6 ± 6.0

Serum at 
1000 μg/mL

1000 1 1000 129 ± 5.7 13.4 ± 1.7

2000 2 500 251 ± 14.9 25.5 ± 5.3

4000 4 250 483 ± 21.7 48.2 ± 3.2

8000 8 125 880 ± 21.4 87.9 ± 3.4

16000 16 62.5 921 ± 44.4 94.9 ± 9.0

CSF at 2 μg/mL 2 1 1000 0.26 ± 0.011 12.9 ± 4.4

4 2 500 0.50 ± 0.030 25.1 ± 5.9

8 4 250 0.97 ± 0.043 48.3 ± 4.5

16 8 125 1.75 ± 0.085 87.2 ± 4.9

32 16 62.5 1.84 ± 0.089 96.3 ± 3.2

Specificity

The signal to noise ratios of nivolumab using Pierce standard ECL, Biorad Clarity, and 

Trevigen Peroxyglow were 363, 100, and 2000, respectively. Although, Peroxyglow 

showed superior signal to noise ratio, we chose to develop the ELISA with about 

10-fold less expensive Pierce standard ECL.

The detection of nivolumab was very specific: wells coated with PD-1 showed 

luminescence of 5762 ± 182, which was not significantly higher than the luminescence 

of 5439 ± 454 for wells not coated with PD-1. This ensures the absence of any 

meaningful interaction between the secondary antibody and PD-1, and indicates that 
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net luminescence, defined as measured luminescence minus background signal from 

ECL, originates only from the reaction of the secondary antibody with nivolumab. 

There was a large difference in background signal after blocking with different 

agents (PBS only, BSA, FCS, ELK). The lowest background of 10.2 × 103 ± 552 arbitrary 

luminescent units (ALU) was obtained without blocking, which are the wells incubated 

with PBS only. In sequence of increasing background signal, 2% BSA, 40 and 100% 

FCS, 5% BSA, and 2 and 5% ELK, resulted in significant (P < 0.001) higher backgrounds 

of 270 × 103, 338 × 103, 363 × 103, 423 × 103, 823 × 104, and 842 × 104 ALU, respectively 

(Figure 1). To put this in perspective, 100 ng/mL nivolumab resulted on average in net 

luminescence of 240 × 104 ALU. Based on these results, we concluded, that blocking 

should be omitted in this ELISA.

Figure 1.
Background signal after 3 h of incubation with 300 μl of the following blocking solutions in phosphate 
buffered saline (PBS): PBS as control ; 2%  and 5% bovine serum albumin (BSA); 2%   and 
5%   low fat milk powder; 40%  and 100%  fetal calf serum (FCS). Results ± SD of 3 different 
samples are shown. *Indicates significant P < 0.05 higher background relative to PBS.

Addition of ipilimumab had no significant effect on the quantification of nivolumab 

in both serum and CSF (Supplementary Table 3). Furthermore, the background level 

was not significantly increased by 500 ng/mL of ipilimumab (data not shown). The 

mean background level of 10% (v/v) serum from 10 different volunteers in PBSTF 

was 0.22 ± 0.039 (range 0.089–0.37) ng/mL. The mean background of 50% (v/v) CSF in 

PBSTF containing 10% (v/v) serum from 10 patients was 0.31 ± 0.011 (range 0.21–0.45) 

ng/mL. From these backgrounds, limits of detection (LOD) for nivolumab in serum and 

CSF of 0.65 ng/mL, and 0.75 ng/mL, respectively, were calculated.

Lower limit of quantification (LLQ)

The LLQ of nivolumab and pembrolizumab in serum and CSF was 2 ng/mL. In 

serum, nivolumab was determined at the LLQ with a mean accuracy of 101% (range 
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97.4%–110%, n = 7), and mean precision of 3% (range 0%–9.5%). Pembrolizumab was 

determined at LLQ with a mean accuracy of 100% (range 91.4%–105%, n = 7), and mean 

precision of 3.9% (range 1.6%–5.8%). In CSF, nivolumab was determined at LLQ with 

a mean accuracy of 103% (range 101%–106%, n = 6) and mean precision of 2.2% (range 

0.4%–4.2%). Pembrolizumab was determined at LLQ with mean accuracy of 102% 

(range 98.9%–105%, n = 6), and mean precision of 3.4% (range 0.4%–4.2%).

Between- and within-day precision

Nivolumab was measured at 6 consecutive days in triplicate at 5, 20, 80 ng/mL spiked 

in 10% (v/v) serum in PBSTF. The mean within- and between day imprecisions, and the 

nivolumab quantification accuracy at these nominal input levels were within 15%, and 

85–115%, respectively (Table 2).

Table 2.
Imprecisions and accuracy at indicated nivolumab and pembrolizumab nominal input levels 
after dilution of quality control samples prepared in 100% serum to a final matrix composition of 
10% (v/v) serum in PBSTF. Imprecisions were calculated from triplicate measurements on three 
consecutive days by one-way analysis of variance (ANOVA) for each spike level using the run day 
as classification variable. Accuracy is determined as the ratio between the measured and nominal 
concentration. WDP = within-day precision, BDP = between-day precision.

Nominal input ng/mL Nivolumab Pembrolizumab

WDP % BDP % accuracy % WDP % BDP % accuracy %

5 3.3 4.1 102.5 6.1 5.3 98.1

20 3.4 4.1 99.5 6.5 6.6 101.9

80 4.2 4.6 100.8 5.1 0.6 105.7

Table 3. 
Patients and treatment characteristics used to demonstrate applicability of the ELISA in 
serum. Patients received indicated dose of nivolumab at day 1 of every course. In addition, 
melanoma patients received 3 mg/kg ipilimumab, NSCLC = non-small cell lung cancer, q2w and 
q3w=administration every 2 and 3 weeks, respectively.

Patient # Tumor type Therapeutic antibody Dosing regime Dose mg/kg Dose mg

1 Melanoma Nivolumab q2w 1.3 100

2 Melanoma Pembrolizumab q3w 2.1 200

3 NSCLC Nivolumab q2w 2.8 140

4 NSCLC Nivolumab q2w 5.7 240

5 NSCLC Pembrolizumab q3w 3.0 200

6 Melanoma Pembrolizumab q3w 2.5 150

7 NSCLC Nivolumab q2w 2.6 240
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Table 4.
Measured nivolumab concentrations in serum and CSF from 5 patients receiving the indicated 
dose of nivolumab at day 1 of every course. In addition, melanoma patients received 3 mg/kg 
ipilimumab. Results are the average of three replicate measurements ± SD. CSF = cerebrospinal 
fluid, NSCLC=non-small cell lung cancer, PK=pharmacokinetics, C=course, D=day, q2w and 
q3w=administration of nivolumab every 2 and 3 weeks, respectively. 

Patient 
#

Tumor 
type

Nivolumab 
dosing 
regime

PK 
sample

Dose
 mg/kg

Dose 
mg

Measured nivolumab 
concentration ± SD in 
ng/mL

Ratio
serum/
CSF

serum CSF

137 Breast 
cancer

q3w C1D16 1 61 4481 ± 287 15 ± 0.9 299

123 Melanoma q3w C1D21 1 80 1831 ± 138 35 ± 0.9 52

113 Melanoma q3w C1D21 1 77 4410 ± 324 39 ± 1.9 113

135 Melanoma q2w C1D12 3 245 13,759 ± 311 150 ± 2.5 92

114 NSCLC q3w C3D14 3 240 33,454 ± 705 304 ± 11 110

Pembrolizumab quantification

Concentrations of nivolumab and pembrolizumab, back-calculated from nivolumab 

standard curves, were compared by linear regression analysis. No significant 

differences in slope and intercept were found, which indicates that assay response 

over the investigated standard curve concentration range is the same for both 

antibodies (Supplementary Table 4). In addition, the Pearson correlation coefficient 

(r) of 1.00 indicates good correlation between the quantification of both antibodies. 

Therefore, we conclude that pembrolizumab can be accurately quantified against 

standard curves prepared from nivolumab if the 1.87% molecular weight difference is 

taken into account.

Stability

Nivolumab and pembrolizumab were stable at 0.1, 1, 10, and 100 μg/mL spiked in 

PBSTF containing serum, in storage at −80 °C for at least 480 days. Furthermore, 

samples containing nivolumab and pembrolizumab, at 10 and 50 ng/mL in 10% 

(v/v) serum in PBSTF, could be stored on ice for 6 h without significant decrease in 

concentration of both antibodies. However, after 24 h of storage on ice nivolumab 

and pembrolizumab concentrations decreased significantly by 13% (P = 0.026) and 

19% (P = 0.005), respectively. Samples containing 10 and 100 μg/mL of nivolumab and 

pembrolizumab spiked in 10% (v/v) serum in PBSTF were subjected to 3 freeze-thaw 

cycles. The measured drug concentrations, after 1000-fold dilution of samples in 

10% (v/v) serum in PBSTF, did not differ significantly from the spiked concentrations 

(Supplementary Table 5).
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Clinical applicability

Nivolumab (n = 4 patients) and pembrolizumab (n = 3 patients) serum concentrations 

were determined in seven patients treated with diff erent doses of nivolumab and 

pembrolizumab (Figure 2). Predose nivolumab and pembrolizumab serum concentrations 

for all seven patients were below the limit of detection. At end of infusion, we found 

nivolumab Cmax concentrations of 43.9–65.1 μg/mL for two patients treated with 

nivolumab at 2.6 and 2.8 mg/kg, which is within the concentration range reported by EMA 

of 61.3 ± 26.4 μg/mL for patients treated with nivolumab at 3 mg/kg (n = 13 patients).14 

Patients 1 and 4 were treated with nivolumab doses that were about a factor 2 below 

and above this 3 mg/kg level, which resulted in nivolumab serum concentrations of 

19.6 and 107 μg/mL, respectively. Trough nivolumab serum concentrations ranged from 

3.1 for patient 1 (1.3 mg/kg) to 56.2 μg/mL for patient 4 (5.7 mg/kg). Pembrolizumab 

serum concentrations at end of infusion were 43.9, 46.5, and 65.1 μg/mL for the three 

patients treated with a 200 mg dose of pembrolizumab, which is within the range 

reported by EMA of 67.5 ± 23 μg/mL (n = 150) for patients treated at this dose.15 Trough 

pembrolizumab concentrations ranged from 8.01 to 22.8 μg/mL.NIVOLUMAB AND PEMBROLIZUMAB IN SERUM AND CSF 
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Figure 2. 
Pharmacokinetics of nivolumab (N; n = 4) and pembrolizumab (P; n = 3) in serum from 7 patients treated with 
indicated doses (mg/kg). Blood was drawn at baseline (0 min), end of infusion (30 min), and predose course 2 (336 
and 504 h). Results are expressed as the means ± SD of 3 different samples.  
 
The concentrations of nivolumab in CSF of five patients treated with 1 or 3 mg/kg nivolumab ranged from 
14.5 to 304 ng/mL and levels of nivolumab in concomitantly drawn serum ranged from 1.8 to 33.5 μg/mL 
(Table 4). The serum/CSF ratios of nivolumab ranged from 52–299. Although, the sample size is small and 
inter-patient variability in nivolumab levels in CSF is substantial, these data indicate that there is a low 
penetration of nivolumab in the brain. 
  

Figure 2.
Pharmacokinetics of nivolumab (N; n = 4) and pembrolizumab (P; n = 3) in serum from 7 patients 
treated with indicated doses (mg/kg). Blood was drawn at baseline (0 min), end of infusion 
(30 min), and predose course 2 (336 and 504 h). Results are expressed as the means ± SD of 3 
diff erent samples. 
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The concentrations of nivolumab in CSF of five patients treated with 1 or 3 mg/kg 

nivolumab ranged from 14.5 to 304 ng/mL and levels of nivolumab in concomitantly 

drawn serum ranged from 1.8 to 33.5 μg/mL (Table 4). The serum/CSF ratios of 

nivolumab ranged from 52–299. Although, the sample size is small and inter-patient 

variability in nivolumab levels in CSF is substantial, these data indicate that there is 

a low penetration of nivolumab in the brain.

Discussion

Pembrolizumab and nivolumab are both anti-PD-1 monoclonal IgG4 antibodies, 

which have been approved for various advanced cancers, showing improved overall 

and progression free survival compared to standard-of-care in phase III trials.16–20 

Intracranial activity of these agents has been observed in progressing brain metastases 

in patients with melanoma and NSCLC.21,22 Studies show a rapid and durable brain 

metastasis response rate of 22% in 18 melanoma patients and 33% in 18 NSCLC 

patients. Despite these encouraging data, many patients fail to respond to anti-PD-1 

treatment in the brain or on extra-cerebral sites. Additional combination therapies 

and biomarker development will be important, particularly in patients with brain 

metastases who may have a different disease biology than patients with extra-cerebral 

disease. It is unclear whether the effect of anti-PD-1 agents in brain metastases is due 

to systematically activated T-cells that cross the blood-brain barrier or whether the 

anti-PD-1 agent actually has its action mechanism in the brain itself and therefore has 

to cross the BBB.21 Our data now show that only minimal nivolumab concentrations 

reach the brain/CSF with serum to CSF ratios of 52–299. Recently, Puszkiel et al. 

reported the first ELISA for the determination of nivolumab in plasma.8 Puszkiel et al. 

have demonstrated that their ELISA is sensitive enough to measure trough nivolumab 

levels in patients receiving nivolumab at 3 mg/kg. However, our results indicate that 

treatment of patients with nivolumab at 1–1.3 mg/kg can result in trough levels below 

the 5000 ng/mL lower quantification limit of their ELISA (Figure 2 and Table 4).

Here, we report the development and validation of a sensitive, quick and inexpensive 

ELISA which can be used to measure both nivolumab and pembrolizumab concentrations 

in biological fluids. Most ELISAs describe the use of time consuming blocking steps 

with BSA, FCS, and ELK-based protein solutions to prevent nonspecific binding of 

antibodies.8 These blocking agents, however, prevented the sensitive detection of 

nivolumab in our ELISA due to an increase of background signal that originates from 

nonspecific binding of the secondary anti-IgG4-HRP antibody. Therefore, we tried the 

highly branched hydrophilic polysaccharide Ficoll as an alternative blocking agent, 
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as suggested by Huber et al.23  Furthermore, the original developers of the ELISA 

described that addition of Tween-20 in the antibody and washing solutions is sufficient 

to reduce nonspecific binding.24 Based on these findings, we omitted a separate 

blocking step and combined both the Ficoll and Tween-20 in the antibody and washing 

solutions. Further enhancement in sensitivity was obtained through chemiluminescent 

detection of the anti-IgG4-HRP. An advantage of this assay is a 100-fold reduction in 

the amount of recombinant PD-1 used for coating the ELISA plates, which significantly 

reduces the cost of the assay. The method has a LLQ of 2 ng/mL for both nivolumab 

and pembrolizumab, which will most likely be sensitive enough to allow quantification 

of both peak and trough levels of nivolumab and pembrolizumab in serum and CSF 

from most patients.

Clinical trials are showing promising results from the combination of nivolumab and 

pembrolizumab with ipilimumab.25,26 We showed that quantification of nivolumab 

with our ELISA was not affected by analytical interference from an 25-fold excess of 

ipilimumab. Moreover, the background of the assay was not significantly increased 

by 500 ng/mL of ipilimumab. Therefore, our ELISA can be used to accurately quantify 

nivolumab and pembrolizumab in plasma and CSF from patients receiving combination 

therapy.

Conclusions

We developed and validated a sensitive ELISA for the quantitative determination of 

nivolumab and pembrolizumab in serum and CSF. The ELISA has a LLQ of 2 ng/mL, 

which enables accurate quantification of the low levels of these anti-PD-1 antibodies 

found in CSF. To our knowledge, this is the first evaluation of nivolumab concentration 

levels in CSF. The concentrations of nivolumab in CSF ranged from 14.5 to 304 ng/

mL, at trough nivolumab serum levels in 5 patients receiving nivolumab at 1 and 

3 mg/kg, respectively. The method is accurate, precise, and shows good long-term 

sample storage stability using standard laboratory equipment and techniques. This 

quantitative ELISA for nivolumab and pembrolizumab can be used in future clinical 

trials.
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Supplement to:

Enzyme linked immunosorbent assay for the quantification 
of nivolumab and pembrolizumab in human serum and 
cerebrospinal fluid

Supplementary Table 1. 
Effect of indicated secondary antibody dilutions on the signal to noise ratio of the mean 
luminescence at different spiked (nominal) nivolumab concentrations in 10% (v/v) serum in PBSTF. 
Results are the average of three replicate measurements ± SD, *indicates a significant difference. 
ALU=arbitrary luminescence unit, S/N=signal to noise ratio i.e. ALU of nivolumab standard : ALU 
of standard 0.

Nominal
nivolumab
conc. 
ng/mL

Secondary antibody dilutions

1:500 1:1000 1:2000

ALU S/N ALU S/N ALU S/N

100 3026518  348 ± 5.05 2460188  452 ± 5.23* 1165947 202 ± 2.28

50 1382593  159 ± 6.46 1277491  235 ± 20.0* 609230 106 ± 0.58

20 496599 57.1 ± 0.96 429751 79.0 ± 0.93* 305220 53.0 ± 0.01

10 249029 28.6 ± 0.22 213621 39.3 ± 0.17* 153399 26.6 ± 0.26

5 128316 14.7 ± 0.09 106484 19.6 ± 0.08* 74215 12.9 ± 0.14

2 55591   6.4 ± 0.05 45401   8.3 ± 0.09* 35591 6.2 ± 0.05

0 8701 5442 5764

Supplementary Table 2.
Effect of 0, 10, and 20% serum on the measured concentrations of nivolumab relative to the spiked 
(nominal) concentrations of nivolumab in PBSTF (* indicates a significant difference). Results are 
the average of three replicate measurements ± SD. PBSTF=phosphate buffered saline supplemented 
with 0.1% Tween-20 and 1% Ficoll.

Nominal Measured nivolumab concentrations ± SD in ng/mL in PBSTF + serum

0% serum 0% serum 10% serum 20% serum

100 98.8 ± 4.05 87.5 ± 1.89 * 78.8± 3.57 *

50 52.3 ± 0.59 46.6 ± 0.70 * 43.6 ± 0.68 *

20 18.8 ± 0.02 15.9 ± 0.45 * 14.6 ± 0.25 *

10 10.1 ± 0.46 8.6 ± 0.07 * 7.9 ± 0.08 *

5 5.1 ± 0.06 4.1 ± 0.03 * 3.8 ± 0.02 *

2 2.0 ± 0.03 1.8 ± 0.03 * 1.6 ± 0.01 *

1 1.0 ± 0.03 0.8 ± 0.03 * 0.7 ± 0.04 *
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Supplementary Table 3.
Influence of indicated nominal concentrations of ipilimumab on the quantification of nivolumab 
spiked at 20 and 80 ng/mL in 10% (v/v) serum, and 50% (v/v) cerebrospinal fluid (CSF) in PBSTF 
containing 10% (v/v) serum. Results are the average of three replicate measurements ± SD.  
PBSTF=phosphate buffered saline supplemented with 0.1% Tween-20 and 1% Ficoll.

Nominal
ipilimumab
conc. ng/mL

Measured nivolumab concentrations ± SD in ng/mL
 at 20 and 80 ng/ml nivolumab spike level 

10% serum 50% CSF

20 80 20 80

0 18.5 ± 1.5 87.2 ± 2.5 20.4 ± 0.8 79.1 ± 2.5

100 18.5 ± 2.6 79.3 ± 4.1 20.6 ± 1.4 79.1 ± 3.9

200 19.4 ± 1.3 82.8 ± 3.9 20.2 ± 1.6 76.5 ± 5.5

500 18.9 ± 1.1 77.8 ± 3.3 20.9 ± 2.7 76.5 ± 2.6

Supplementary Table 4.
Comparison of assay response for nivolumab and pembrolizumab. Standard curves containing 
2, 5, 10, 20, 50, and 100 ng/mL nivolumab and pembrolizumab were measured in triplicate on 
three consecutive days. Concentrations, expressed in pM ± between day standard deviation, 
of both antibodies were back-calculated from the nivolumab standard curves. Subsequently, 
pembrolizumab concentrations were corrected by 1.87% to adjust for its higher molecular weight 
in comparison with nivolumab.

Nominal input concentration Back-calculated concentrations (n = 3)

Nivolumab Pembrolizumab Nivolumab Pembrolizumab

pM pM pM ± SD Accuracy % pM ± SD Accuracy %

696 684 675 ± 9.0 -3.1 672 ± 16.6 -1.7

348 342 361 ± 15 3.7 361 ± 20.7 5.7

139 137 143 ± 5.0 2.5 141 ± 8.7 3.3

  69.6   68.4   68.5 ± 3.7 -1.7   68.4 ± 5.0 0.1

  34.8   34.2   34.3 ± 1.8 -1.6   34.5 ± 2.2 0.9

  13.9   13.7   14.1 ± 0.1 0.9   14.0 ± 0.3 2.6
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Supplementary Table 5. 
Effect of indicated number of freeze-thaw cycles on the measured concentrations of nivolumab and 
pembrolizumab spiked at 10 and 100 µg/mL in 10% (v/v) serum in PBSTF. Samples were measured 
after 1000-fold dilution in 10% (v/v) serum in PBSTF. Results are the average of three replicate 
measurements ± SD.

Freeze-thaw cycle Spike concentration in µg/mL of

Nivolumab  Pembrolizumab

10 100 10 100

Measured concentrations ± SD in ng/mL

0 9.57 ± 0.52 99.5 ± 5.6 9.64 ± 0.33 98.0 ± 2.4

1 10.3 ± 0.22 99.4 ± 2.4 9.68 ± 0.35 97.9 ± 5.5

2 9.64 ± 0.58 98.5 ± 7.8 9.39 ± 0.75 104 ± 4.1

3 9.87 ± 0.47 95.2 ± 7.7 9.51 ± 0.53 99.5 ± 3.2
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Summary

A method for the quantitative analysis by ultra-performance liquid chromatography-

tandem mass spectrometry of the highly selective irreversible covalent inhibitor of 

EGFR-TK, osimertinib in human plasma was developed and validated, using pazopanib 

as an internal standard. The validation was performed in a range from 1 to 1000 ng/

ml, with the lowest level corresponding to the lower limit of quantitation. Gradient 

elution was performed on a 1.8 µm particle trifunctional bonded C18 column by 1% 

(v/v) formic acid in water, and acetonitrile as mobile phase. The analyte was detected 

in the selected reaction monitoring mode of a triple quadrupole mass spectrometer 

after positive ionization with the heated electrospray interface. Within-day precisions 

ranged from 3.4 to 10.3%, and between-day precisions from 3.8 to 10.4%, accuracies 

were 95.5 to 102.8%. Plasma (either lithium heparin or sodium EDTA) pretreatment 

was performed by salting-out assisted liquid-liquid extraction using acetonitrile and 

magnesium sulfate. This method was used to analyze the osimertinib blood plasma 

levels of five adult patients with metastatic T790M mutated non-small cellular lung 

carcinoma for therapeutic drug monitoring purposes.
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Introduction

With the fi rst generation epidermal growth factor receptor-tyrosine kinase inhibitors 

(EGFR-TKI), advanced non-small cell lung carcinoma (NSCLC) patients harboring a 

sensitizing EGFR mutation (EGFRm(+)) were provided an initial signifi cant improvement 

in terms of treatment.1 Unfortunately, most of these patients ultimately develop 

disease progression due to the acquiring of a second mutation in the EGFR-TK gene. 

In approximately 60% of these patients a T790M mutation leads to decreased affi  nity 

of the current TKIs.2 Osimertinib (AZD9291, Merelitinib, Tagrisso©; Figure 1) is a third 

generation, highly selective, irreversible covalent inhibitor of EGFR-TK, selective 

for both the EGFRm(+) sensitizing, as well as the T790M, L858R (IC50: 11.4 nM), and 

exon 19 deletion (IC50: 12.9 nM) EGFR-TKI resistance mutations, leaving the wild-type 

EGFR-TK (IC50: 493.8 nM) untouched.1,3–5
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Product spectra, chemical structures and proposed fragmentation patterns  
A. Osimertinib (m/z 500.2) at -25V collision energy. 
B. Internal standard pazopanib (m/z 438.2) at -30V. 
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Osimertinib was granted accelerated approval by the US-FDA for patients with 

advanced T790M mutated tumors, and developed disease progression after treatment 

with other EGFR-blocking therapy.6 Osimertinib has a relatively long plasma half-life 

of 48 hours, with the main metabolites circulating at approximately 10% of the parent 

compounds geometric mean exposure. The main active metabolites are the desmethyl 

metabolites AZ7550 and AZ5104.3 These metabolites could not be included in the 

assay due to the lack of analytical standards. To the best of our knowledge, one LC-

MS/MS method for the determination of osimertinib and metabolite concentrations 

in biological samples has been published hitherto, giving very little detail about the 

materials, procedure, and validation.7 This paper describes the development and 

validation of an ultra-performance liquid chromatographic tandem mass spectrometric 

method for the quantitative analysis of osimertinib in human plasma, using pazopanib 

as an internal standard. Samples were pretreated by an optimized salting-out assisted 
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liquid-liquid extraction (SALLE), using a system of plasma, acetonitrile and magnesium 

sulfate (MgSO4). This method provides a simple, fast and accurate method for the 

quantitative analysis of osimertinib. In this paper we describe the osimertinib blood 

plasma levels of five adult patients who have received 80 mg osimertinib once daily 

to support treatment with the drug.

Materials and methods

Chemicals and reagents

Osimertinib (>98% purity) and pazopanib (99.1% purity) were acquired from Sequoia 

Research Products (Pangbourne, UK). Water (LC-MS grade), and acetonitrile (HPLC-S 

grade) were purchased from Biosolve (Valkenswaard, The Netherlands). Anhydrous 

magnesium sulfate was supplied by Sigma Aldrich (St. Louis, MO). Formic acid was of 

analytical grade and originated from Merck (Darmstadt, Germany). Analytical grade 

dimethyl sulfoxide (DMSO) was supplied by Acros (Geel, Belgium). Pooled human 

lithium-heparinized plasma and EDTA plasma was obtained from Sera Laboratories 

(Haywards Heath, West Sussex, UK). For the evaluation of selectivity and matrix 

effect, lithium-heparinized plasma and EDTA plasma of six individual human donors 

was obtained from Innovative Research (Novi, MI, USA). Pure water used for other 

uses than mobile phase was prepared in house using a Synergy UV apparatus (Merck 

Millipore, Darmstadt, Germany).

Chromatography and MS/MS method

The UHPLC–MS/MS equipment consisted of an Accela pump and auto-injector, 

coupled through a diverter valve to a TSQ Quantum Ultra triple quadrupole mass 

spectrometer with a heated electrospray ionization interface (HESI; all from Thermo 

Fisher Scientific, San Jose, CA, USA). Partial loop injections of 10 µl were made onto 

a Waters® Acquity UPLC® BEH300 C18 column (50 mm × 2.1 mm, 1.7 μm, Waters, 

Milford, USA). The components were eluted by a gradient of A) 1.0% formic acid in 

water and B) acetonitrile. The 2-minute gradient was running linearly from 10% B to 

55% B in 1.2 min after injection, after which an 100% organic flush with acetonitrile of 

0.3 min was performed. The flush-period was followed by a 0.5 min re-equilibration 

of the column. The whole eluate was introduced into the HESI source in positive 

ionization mode, starting at 0.6 min after injection by switching the diverter valve, up 

to 1.3 min. For initial tuning of the MS parameters, a 10 µg/ml solution of osimertinib 

was infused at 5 µl/min, while introducing a 600 µl/min flow mixture of 0.1% (v/v) 

formic acid in water, and methanol (1:1; v:v). The highest response was obtained with 

a 5000 V spray voltage, 400˚C spray temperature, and a 329˚C capillary temperature. 
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The nitrogen sheath, ion sweep and auxiliary gasses were set at respectively 60, 0 

and 5 arbitrary units; the skimmer voltage was set off (0 V). The SRM mode with 0.2 s 

dwell times was used with argon as the collision gas at 1.5 mTorr. The tube lens offset 

was 114 V for osimertinib and 130 V for pazopanib. Osimertinib was monitored at m/z 

500.2 → 72.1 at -31 V collision energy, the internal standard pazopanib at m/z 438.2 

→ 377.15 at -28 V collision energy. The mass resolutions were set at m/z 0.7 for both 

separating quadrupoles.

Data processing

For acquiring chromatography-mass spectrometric data, Thermo Fisher Xcalibur 

software (version 2.0.7 SP1) was used. For further data processing Microsoft Excel 

(Office 2016, Version 15.11.2) was used. Averages (±SD), and outcomes of the 

validation were calculated using MS Excel. 

Standard solutions and quality controls

For osimertinib, a stock solution was made by weighing an amount of osimertinib, 

which was dissolved in an appropriate volume of DMSO, giving a final concentration 

of 500 µg/ml. The same method was used to create a 500 µg/ml stock solution of the 

internal standard pazopanib, which was then diluted to 25 ng/ml using acetonitrile. 

Serial dilution of the osimertinib stock standards using blank human plasma was 

performed to produce calibration standards at 1000, 500, 100, 50, 10, 5, and 1 ng/ml. 

From a separate stock solution, the QC samples of 800 (high), 200 (medium), 3 (low) 

and 1 ng/ml (LLoQ) were produced. Calibration and QC samples were aliquoted in 0.5 

ml polypropylene reaction tubes, and stored at -30˚C until further use. 

Sample preparation

Samples were prepared by SALLE. For this method, 20 µl of plasma was transferred to 

a 1.5 ml polypropylene reaction vial. Subsequently, 20 µl of a 2M MgSO4 solution and 

100 µl of 25 ng/ml pazopanib in acetonitrile were added. The tubes were closed and 

vortex mixed for approximately 10 s after which they were mixed further by inverting 

on a Rotamix RM1 mixer (ELMI, Riga, Latvia) at 45 RPM for 15 minutes. The reaction 

vials were then centrifuged for 5 min at 15,000 x g at 22˚C to aid phase separation. 

Of the upper organic liquid, 75 µl was transferred to an injection vial with a 200 µl 

insert. Before closing the vial, 75 µl water was added to ensure compatibility with the 

chromatographic system.

Analytical method validation

A laboratory scheme based on international guidelines, published by the EMA and FDA 

was used for the validation procedures.8,9
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Calibration and carry-over

The calibration samples were prepared and were processed for each daily calibration. 

Least squares linear regression (1/X2 weighted) was used to define the calibration 

curve, using the analyte/IS peak ratio. Auto injector carry-over was determined 

by injecting the highest calibration standard, followed by injection of three blank 

samples. The response of the blanks was then compared to the LLOQ.

Precision and accuracy

Separate stock solutions of 500,000 ng/ml of osimertinib were used to obtain 

validation samples in human heparin plasma (800, 200, 3, and 1 ng/ml). Precisions 

and accuracies were determined by sextuple analysis of each QC sample in three 

analytical runs on three separate days for all QCs (total: n = 18 per QC). Relative 

standard deviations and accuracies were calculated for both within- and between-day 

precisions. For EDTA samples precisions and accuracies were determined by sextuple 

analysis of each QC sample (n=6 per QC).

Selectivity

Selectivity of the method was determined by comparing the response of six individual 

human lithium heparin plasma samples and six individual human EDTA plasma samples. 

The relative and absolute effect was measured by processing samples spiked at LLoQ 

level (1 ng/ml), and blank samples with (blank) and without (double blank) internal 

standard. 

Recovery and matrix effect

To determine the recovery of osimertinib, processed QC samples (high, medium, and 

low, n=4) were compared to blank plasma extracts spiked with reference solutions 

at the same levels, representing 100% extraction efficiency. For evaluation of the 

matrix effect, the responses of the spiked reference solutions were compared to 

matrix-free solutions, at QC levels high, medium, and low. Relative matrix effects for 

both lithium heparin and EDTA were determined at the high and low QC levels. Matrix-

free solutions consisted of acetonitrile with water in the same proportions as the 

sample to insure the compatibility with the chromatographic system.  Additionally, 

an infusion experiment was performed, where the MS response was monitored while 

continuously infusing osimertinib and pazopanib (both 5 µg/ml, at 5 µl/min), during 

which extracted blank plasma samples were injected.
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Stability

Benchtop stability
Quadruplicate stability tests at room temperature were evaluated for heparinized 

plasma by comparing the response of QC samples at the low, medium, and high levels 

stored at room temperature for four hours, with fresh samples. 

Freeze-thaw stability
Quadruplicate analysis of human heparin plasma samples from separate tubes was 

performed after storage at 20˚C for 8 h, followed by three freeze-thaw cycles 

(thawing at 20˚C during ca. 2 h and freezing again at −30˚C for at least 12 hours).

Long term stability
QC samples at low, medium, and high levels were produced in lithium heparin, and 

stored at -30˚C for an extended period of 75 days. These samples were analyzed, and 

the relative responses were compared to freshly prepared QC samples. 

Auto injector stability 
An analytical run of 18 QC samples was re-injected after 24 hours. The auto injector 

cooling was turned off during this period, mimicking device failure. 

Stock stability
The responses of osimertinib from the stock solutions in DMSO, after 2 months at 

-30˚C (n = 2) were compared to fresh stock solutions with LC-MS/MS after appropriate 

dilution of the samples with 50% (v/v) acetonitrile, and adding internal standards. Of 

the diluted stock, 500 µl was transferred to a vial, and 500 µl water was added before 

closing the vial to increase the compatibility with the chromatographic system.

Patient samples

The method was used to determine blood-plasma levels for 34 patients receiving oral 

osimertinib therapy, 80 mg once daily. Drug analysis was part of a therapeutic drug 

monitoring service to support therapy. Sodium-EDTA plasma samples were taken after 

24 h (trough levels), and were analyzed in duplo. The samples were analyzed in two 

separate runs to evaluate the incurred sample analysis.
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Results and discussion method development

Chromatography and LC-MS/MS method 

The settings for ESI-MS/MS were optimized for osimertinib as to obtain maximal 

sensitivity; a product spectrum of osimertinib is presented in Figure 1 Formic acid 

provided the maximum response compared to other MS compatible additives, such 

as ammonium hydroxide and ammonium acetate. Acetonitrile resulted in narrower, 

sharper peaks than methanol when used as eluent. Gradient elution was optimized 

to facilitate the 10 µl injection volume and was therefore started at a relatively low 

percentage of 10% acetonitrile. Representative chromatograms of extracted human 

plasma, with and without analyte and/or IS are shown in Figure 2.
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Figure 2. Chromatograms of extracted human plasma
A. With and without analyte and/or IS.
B. Representative chromatogram, showing the retention times and overlap of osimertinib and the 
internal standard (pazopanib).

Column equilibration for 0.5 min (with an additional between run time of ca. 0.5 min 

for the autosampler duty cycle) showed suffi  cient equilibration based on retention 

time stability (RSD <0.5%). Osimertinib eluted at 1.09 minutes, the internal standard 

pazopanib at 1.14 min.

Incorporation of a high organic fl ush at the end of each run prevented the build-up of 

strongly retained plasma-components that could cause long term suppressive eff ects 

on ion formation, such as phospholipids. Positive ESI-MS/MS settings were optimized 
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for protonated osimertinib and the internal standard, pazopanib. The product 

spectrum of osimertinib is shown in Figure 1. Because the stable isotope labeled 

osimertinib was commercially unavailable at the time, pazopanib was chosen as an 

internal standard because is it not co-administered with osimertinib and because it 

shows similar retention under the selected conditions.

Sample preparation

Various methods have been used in the bioanalysis of small-molecule tyrosine kinase 

inhibitors, following either LC-MS/MS or less common, LC-UV.10 The most commonly 

used methods are simple crash-dilute-and-shoot protein precipitation or the more 

labor intensive and more selective liquid-liquid extraction and solid-phase extraction, 

following evaporation of non LC-MS/MS compatible solvents.11 Recently, another 

method emerged in this field: Salting-out Assisted Liquid-Liquid Extraction (SALLE).12 

The present SALLE method uses three simple steps, and avoids laborious steps, such 

as evaporation of non-compatible solvents. 

SALLE optimization

SALLE was chosen as the pretreatment method over protein precipitation (PP) and 

the more laborious regular liquid extraction (LLE) and solid-phase extraction (SPE). 

Extraction methods provide a cleaner sample compared to PP, and LLE uses organic 

solvents like TBME, whereas SALLE uses ACN that is more common and often less toxic 

for personnel and/or environmental impact. For ‘wetting’, equilibration and elution 

SPE usually uses up to 1 mL of solvent, whereas for PP and SALLE less than 100 µL 

is sufficient. The reduced volume, and LC-compatible solvent removes the need for 

solvent evaporation resulting in an improved handling speed of SALLE over LLE and 

SPE.10

Various salts were tested during optimization (namely CH3COONH4, KH2PO4, K2HPO4, 

NaCl, MgCl2, MgSO4, ZnSO4), in multiple concentrations. The concentration ranged 

from 0.3 to 1.5 M final concentration, or a saturated solution when saturation 

occurred below 3.0 M. MgSO4 provided the optimal signal-to-noise. Although some 

other salts showed comparable results, the advantage of MgSO4 over other salts is 

that after centrifugation a layer of precipitated protein is formed between the two 

liquid layers, effectively sealing the two layers from each other. This layer stabilizes 

the phase-separation and provides a good visual aid in pipetting off the upper layer. 

For the SALLE method, the volume ratio of acetonitrile versus water was determined 

experimentally by varying the amounts of both, as well as the concentration of 

MgSO4 (Figure 3). The optimization was focused on minimizing the acetonitrile 

volume to limit sample dilution by maximizing salt concentration, whilst avoiding 
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precipitation of salts. Based on the volume of the upper phase (mostly acetonitrile), 

a sample:saline:acetonitrile ratio of 1:1:5; v/v was used for sample pretreatment, 

with a saline concentration of 2.0 M MgSO4. The selected ratio resulted in a suffi  cient 

recovery of osimertinib.
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Figure 3. Effect of MgSO4 concentration and water to acetonitrile ratio on partitioning of water acetonitrile 
mixture 
At an ionic strength of 0.3 M and a ratio of 0.2, no phase separation occurred. 
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Analytical method validation

For this assay, the upper limit of quantitation was proposed at 1,000 ng/ml because 

initial drug levels were reported at approximately 50 to 1000 ng/ml.1,4 A range of 1000 

orders of magnitude was deemed suitable for quantifying osimertinib in patients, 

so the validation was performed at a range from 1 to 1000 ng/ml. The sensitivity 

reported by Planchard et al. (25 pg/ml) was far below the therapeutic range and was 

not required for our TDM application.7

Calibration

The calibration curves (n=5) were linear over the range examined, with a coeffi  cient 

of determination (R2) of 0.993 ± 0.004. Since the calibration curves of osimertinib 

did not show non-linearity (data not shown), a linear-regression model using least 

squares regression (quadratic weighting, 1/X2) was used. The linear functions were Y = 

(0.00151 ± 0.00055) * X + (0.000398 ± 0.000090) for osimertinib. Here, X is the ratio of 

the analyte response versus the internal standard response, and Y the concentration 

in ng/ml. Auto injector carry-over from the highest calibration sample was found to 

be less than 20% of the LLOQ, as required by the EMA and FDA guidelines.8,9 
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Precision and accuracy

In Tables 1 and 2, the accuracy and precision of the method in human lithium heparin 

and EDTA plasma are shown. The precisions and accuracies for three analytical runs 

were within the ±15% for high, medium, and low QC’s, and ±20% for the LLOQ QC’s, as 

required.8,9 For the spiked EDTA plasma samples the within day accuracy and precision 

were similar to heparin plasma samples.

Table 1. Within and between day precision, and accuracy of osimertinib in lithium heparin 
spiked human plasma samples (n=18)

Level 
(ng/ml) Within-day precision (%) Between-day precision (%) Accuracy (%)

800 3.4 3.8 95.5

200 2.8 3.6 96.9

3 6.5 10.2 99.5

1 10.3 10.4 102.8

Table 2. Within day precision, and accuracy of osimertinib in spiked human sodium-EDTA 
plasma samples (n=6)

Level (ng/ml) Within-day precision (%) Accuracy (%)

800 2.6 101.5

200 5.3 103.7

3 4.5 102.2

1 4.4 101.2

Selectivity

The analysis of six independent blank human plasma samples of both heparin and EDTA 

showed no interfering peaks in the SRM traces for osimertinib or the internal standard 

(data not shown). Blank osimertinib responses were all <20% of the LLOQ response 

(9.8% ± 3.6%) as required.8 Blank IS responses were below 1% (0.11% ± 0.05%) of the 

normal response. At the LLOQ of 1 ng/ml (n = 6) a mean concentration of 0.96 ± 0.07 

ng/ml for osimertinib in heparinized plasma (95.7±7.6%) was found, and 1.05±0.10 

ng/ml for EDTA plasma (105.3±9.9%) with one value >20% (120.2%), justifying the 

investigated LLOQ level in human plasma.9 The results of six different spiked plasma 

samples (lithium heparin and sodium EDTA) are shown in Table 3. 

Recovery and matrix effect

By performing infusion experiments, it was shown that along with chromatographic 

separation, any remaining endogenous substance does not cause any effect on ionization 

of osimertinib and internal standard. As shown in Table 4, the extraction recoveries 

showed no losses for both target compound and IS and ranged from 94% to 104% in 



Chapter 6

124

lithium heparin. No substantial matrix effects were observed, and recovery ranged 

from 87 to 89% for osimertinib at the investigated levels. Relative matrix effects for 

both matrices were determined (Table 5), and were found to be within the limits set 

in the international guidelines for analytical method validation. The high extraction 

recovery and low matrix effects aided the successful validation of the method. The 

low matrix effect can be attributed to the efficient sample pre-treatment procedure.

Table 4. Recovery and matrix effect for osimertinib in human plasma in lithium heparin 
(mean±SD; n = 4)

Level (ng/ml) Extraction Recovery Matrix Effect

High (800) 93.9% ± 5.5% 88.8% ± 9.2%

Med (200) 98.9% ± 2.7% 88.5% ± 1.7%

Low (3) 103.7% ± 9.8% 87.2% ± 13.7%

Table 5. Relative matrix effect 
Relative matrix effect at high (800 ng/ml) and low (3 ng/ml) QC levels for six spiked individual 
lithium heparin and sodium EDTA samples. 

  Heparin EDTA

Indiv. High (%) Low (%) High (%) Low (%)

1 92.3 115.5 94.1 110.8

2 96.9 102.0 92.3 97.5

3 93.8 100.4 96.3 105.5

4 90.7 96.8 97.8 106.3

5 96.0 101.1 88.2 95.0

6 95.3 95.8 98.1 101.2

Average 94.2 101.9 94.5 102.7

RSD 2.5 7.0 4.0 5.7

Table 3. Selectivity for six spiked plasma samples at LLOQ level (1 ng/ml)

 
 
 
 

Lithium Heparin Sodium EDTA
Calculated Diff. Calculated Diff.

Amount Spec. Amount. Amount Spec. Amount.

Replicate (ng/ml) (%) (ng/ml) (%)
1 0.90 89.8 1.05 105.4
2 1.03 102.8 1.04 103.9
3 1.01 100.5 1.20 120.2
4 0.92 91.7 0.88 88.4
5 1.03 103.0 1.03 103.0
6 0.86 86.5 1.11 110.7
Average 0.96 95.7 1.05 105.3
%VC 7.6 7.6 9.9 9.9
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Stability

Quadruplicate stability tests at room temperature was (22˚C) for six hours, compared 

with fresh samples showed minimal degradation of osimertinib. Analysis of samples 

after three freeze-thaw cycles (thawing at room temperature (ca 22˚C), during 

ca. 4 h and freezing again at −30˚C for at least 12 hours) resulted in less than 15% 

degradation. Based on these findings we concluded that osimertinib could undergo 

multiple freeze-thaw cycles. The final results are noted in Table 6. For long term 

stability QC samples (low, medium, and high levels) were stored at -30˚C for an 

extended period of 75 days. These samples were analyzed, and the relative response 

was compared to freshly prepared QC samples. This experiment indicated that 

osimertinib is stable in human plasma at -30˚C. The complete results are shown in 

Table 6.

Table 6. Stability of osimertinib 
Stability of osimertinib at 4 hours at room temperature, after three freeze thaw cycles, and -30˚C 
for 75 days (mean±SD, n = 4)

 Level (ng/ml) Short term stability (%) Freeze-thaw stability (%) Long term stability (%)

High (800) 88.6 ± 1.9 95.7 ± 2.4 92.5 ± 4.7

Med (200) 92.6 ± 10.1 91.8 ± 1.8 97.7 ± 9.8

Low (3) 89.8 ± 6.5 89.1 ± 10.0 89.1 ± 2.5

Auto injector stability

An analytical run of 18 QC samples was re-injected after 24 hours at room temperature, 

showing similar results for osimertinib, with no QC exceeding ±15% (data not shown). 

Osimertinib and the internal standards proved stable in the auto-sampler under the 

tested conditions.

Stock stability

The responses of osimertinib from the stock solutions in DMSO, after 2 months at 

-30˚C (n = 2) compared to fresh stock solutions resulted in unchanged concentrations 

(99.3% recovery) proving the stability of osimertinib under the tested condition.

Patient samples

Plasma levels were analyzed for all 34 patients (66.1±11.5 y) receiving oral osimertinib 

therapy (80 mg once daily) to support drug treatment. The average plasma-levels 

were 301.6±164.1 ng/ml with none of the samples showing a concentration outside 

the set range of 1 to 1,000 ng/ml. These findings are in line with previous literature 

and a plot of the measured plasma concentrations of the 34 plasma-samples are 

shown in Figure 4B.1,4 The available plasma samples were collected using EDTA as an 

anticoagulant, opposed to heparin. To show the validity of the change in anticoagulant, 
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additional experiments were performed, including precision and accuracy, selectivity, 

and relative matrix effect. Incurred sample analysis of these initial samples showed 

that the method can reliably report the subject sample analyte concentrations with 

less than 20% difference (4.6±3.3% difference).8 

Figure 4.
A. Chromatograms from five initial patient samples. 
B. Average plasma-concentrations of osimertinib in 34 patients (two replicates per sample).

Conclusions

An LC–ESI-MS/MS method has been developed and validated for the rapid and precise 

quantitation of osimertinib in human plasma. The method can be used for both lithium 

heparin samples, as well as sodium EDTA samples. The method used was successfully 

validated, was shown adequate in the analysis of osimertinib in samples from patients 

with a T790 EFGR mutated form of NSCLC, and is the first published validated assay for 

this drug. Accuracy and precision met the limits as they are described in international 

guidelines. Long-term, bench-top, freeze-thaw and auto-sampler stability of the 

samples met these criteria as well. In the analysis of osimertinib in human plasma 

we found no samples out of the validated range showing that the chosen range is 

adequate.
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Summary

More than 90% of colorectal cancers (CRC) have alterations in WNT signaling. Eight 

to ten percent of patients with metastatic KRAS-WT colorectal cancer have BRAF 

mutations and do not benefit from EGFR antibodies like cetuximab and panitumumab. 

In two phase I studies the combination of the BRAF inhibitor vemurafenib or encorafenib 

and cetuximab induced response rates of 35% and 19% in this patient population. 

Addition of a WNT inhibitor seems an attractive approach to increase the response 

rate in patients with BRAFV600 mutated KRAS-WT CRC with WNT alterations. Patients 

with BRAFV600E mutated KRAS-WT CRC with WNT alterations in RNF43 and/or RSPO 

fusion were treated with a BRAF inhibitor (encorafenib), plus a monoclonal antibody 

targeting EGFR (cetuximab) and a porcupine inhibitor (WNT974). The primary objective 

was to determine the maximum tolerated dose (MTD) or a recommended phase II 

dose. The triplet combination (WNT974 + encorafenib + cetuximab) demonstrated 

clinical activity with a confirmed overall response rate of 10% and a disease control 

rate of 85%. Overall, the combination of encorafenib plus WNT974 and cetuximab 

was associated with a high incidence of bone toxicities. These observations led to the 

decision to discontinue the study.
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Introduction

In total 774 000 people died from colon cancer worldwide in 2015.1 Eight to ten 

percent of patients with metastatic colorectal cancer (mCRC) have a v-Raf murine 

sarcoma viral oncogene homolog B (BRAF) mutation.2–4 Patients with BRAFV600E mCRC 

have a poor prognosis with a  median overall survival (OS) of less than 1 year.3–5 

Patients with mCRC with BRAF mutations in the absence of Kirsten rat sarcoma viral 

oncogene homolog (KRAS) mutations lack treatment benefit of epidermal growth 

factor receptor (EGFR) antibodies like cetuximab and panitumumab.2 In two phase 

I studies the combination of the BRAF inhibitor vemurafenib or encorafenib and 

cetuximab induces response rates of 35% and 19% in this patient population.6,7 In 

colon cancer, WNT signaling is often upregulated.8,9 WNT ligands stimulate multiple 

signaling cascades in various tissues, including the ‘canonical’ β-catenin pathway and 

are being classified as ‘canonical’ on the basis of their ability to inhibit glycogen 

synthase kinase 3 phosphorylation of β-catenin.10 Up to 94% of 224 colorectal tumors 

had alterations in WNT signaling.8 Mutations in the WNT pathway frequently co-occur 

with BRAF-mutations and induce tumor growth.11 Inhibition of the WNT pathway in 

addition to BRAF and EGFR inhibition therefore seems to be an attractive approach 

to increase the response rate of targeted agents in mCRC. WNT974/LGK974 is an 

inhibitor of the WNT pathway via porcupine inhibition.12 Porcupine is a membrane 

bound O-acyl transferase which adds a palmitoyl group to WNT ligands. Palmitoylation 

of WNT ligands is necessary for release of WNT ligands from the Golgi membrane to 

the cell plasma.13 WNTs bind to receptor complexes containing one of 10 frizzled (Fzd) 

receptors and also to the low-density lipoprotein receptor-related protein (LRP) 5 or 

6 co-receptors. Under normal conditions the E3 ubiquitin-protein ligase RING finger 

43 (RNF43) inhibits WNT signaling.14 Mutations in RNF43 lead to activation of WNT 

signaling. R-spondin (RSPO) gene fusions in RSPO2 and RSPO3 have a prevalence of 

10%  in colon cancer and potentiate WNT signaling.15 Combination therapy with EGFR-

inhibitors, BRAF-inhibitors and WNT-inhibitors could potentially inhibit tumor growth 

in patients with KRAS-WT mCRC with mutations in BRAF and in the WNT-pathway. 

This strategy has been explored in the phase IB/II clinical trial NCT02278133. In this 

phase 1b study patients with BRAFV600-mutant KRAS-WT metastatic colorectal cancer 

harboring WNT pathway mutations in RNF43 and/or RSPO fusion received a fixed dose 

of cetuximab at the recommended dose as defined in its label and encorafenib 200 mg 

once daily together with WNT974. The starting dose of WNT974 was 10 mg once daily 

and was escalated to determine the MTD or the recommended phase 2 dose (RP2D). 

In this phase 1b trial the safety and efficacy of this drug combination was assessed. 

Here, we report the results of the phase 1b trial.
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Methods

Study design 

The primary objective of phase Ib was to determine the MTD and/or RP2D of the triple 

combination of WNT974, encorafenib and cetuximab in patients with BRAFV600-mutant 

KRAS wild-type metastatic colorectal cancer harboring WNT pathway mutations. 

Adult patients with mCRC were enrolled on the basis of documented wild-type KRAS 

and a BRAF v600 mutation with RNF43  mutations and/or RSPO fusions. Eligibility 

criteria included Eastern Cooperative Oncology Group performance status (ECOG PS) 

of ≤2, progression of disease after at least one prior standard of care regimen or 

intolerance to irinotecan based regimens. All patients gave written informed consent 

per declaration of Helsinki recommendations, and the protocol was reviewed and 

approved by a properly constituted institutional review board prior to study start. The 

study is registered with ClinicalTrials.gov (NCT02278133). 

Study treatment

Cetuximab was dosed intravenously according to the label for patients with mCRC: a 

400 mg/m2 loading dose (cycle 1 day 1) and 250 mg/m2 for subsequent weekly doses. 

The recommended phase II dose of encorafenib 200 mg once daily was given orally.7 

Treatment cycles were 28 days. The starting dose of 10 mg WNT974 orally was based 

on the recommended dose for expansion cohorts in the NCT01351103 study.16 The MTD 

was not determined in the phase 1 single agent study of WNT974. Several dose ranges 

and schedules of 5-30 mg QD; 30-45 mg QD 4 days on, 3 days off; and 5 mg BID have 

been explored in the single agent study. Preclinical data indicated a potential drug 

drug interaction (DDI) between WNT974 and encorafenib due to CYP3A4 interactions. 

WNT974 is primarily metabolized by CYP3A4 and encorafenib is a strong inducer of 

CYP3A4. Simcyp modeling at several doses of WNT974 (10 to 50 mg QD) and encorafenib 

(100 to 450 mg QD) indicated that WNT974 exposure was expected to decrease by 

approximately 90% in the presence of encorafenib. The starting of WNT974 was based 

on pharmacokinetic (PK), pharmacodynamic (PD) and tolerability data.

Selection of the actual dose for the next cohort of patients was guided by the Bayesian 

logistic regression model (BLRM) with escalation overdose control (EWOC) criteria. 

Dose-escalation decisions were based on data from all evaluable patients, including 

safety information, DLTs, together with medical review of available relevant clinical, 

PK, PD and laboratory data. A DLT was defined as an adverse event (AE) or abnormal 

laboratory value assessed as unrelated to disease, disease progression, inter-current 

illness, or concomitant medications that occurs within the first 28 days of treatment 
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with the triple combination of WNT974, LGX818 and cetuximab and meets any of the 

criteria included in supplementary table S1.

Study assessments

Tumor response was evaluated locally by the investigator according to guidelines 

based on RECIST version 1.1. Each patient was evaluated for all potential sites of 

tumor lesions at screening/baseline and every 6 weeks after starting study treatment 

until disease progression. All complete responses (CR) and partial responses (PR) were 

to be confirmed by a second assessment at least 4 weeks after the initial assessment. 

The disease control rate (DCR) was defined as: CR + PR + stable disease (SD). Safety was 

assessed at screening and throughout the treatment period by physical examination 

and collection of AEs. AEs were assessed according to the CTCAE version 4.03. Serial 

PK blood samples were collected on day 1 and day 15 of cycle 1, and predose blood 

samples were collected on day 2, 8, 16 and day 22 of cycle 1 and day 1 of cycles 2 

through 4. Samples were analyzed using validated liquid chromatography (LC) mass 

spectrometry (MS) (LC/MS-MS). PK parameters were defined as follows: Area Under 

the plasma Concentration-time curve during a dosing interval (tau) (AUCtau) (amount 

x time x volume-1; Cmax: maximum (peak) observed plasma concentration (mass x 

volume-1); Tmax: time to reach maximum peak plasma concentration; Cmin,ss: minimum 

drug concentration observed during a dosing interval at steady state (mass x volume-1); 

Cmax,ss: maximum drug concentration observed during a dosing interval at steady state 

(mass x volume-1); T1/2: the elimination half-life associated with the terminal slope 

(λΖ) of a semilogarithmic concentration-time curve. Pre and post treatment tumor 

biopsies were collected for immunohistochemistry assessments of changes in cMyc, 

Mucin and Ki67. For the biomarker cMyc  (nuclear H-score), the median percent 

change from baseline was assessed with Alcian  blue (percent tumor area) and Alcian 

blue (percent tumor cells) staining. Pre and post treatment matched skin biopsies 

were collected for biomarker assessments by reverse transcription polymerase chain 

reaction of a β-catenin target gene AXIN2. 

Statistical methods

An adaptive BLRM guided by the EWOC principle directed the dose escalation to the 

MTD/RP2D.17 Selection of the actual dose for the next cohort of patients was guided 

by the BLRM with EWOC criteria. A 10 parameter BLRM for combination treatment 

was fitted on the cycle 1 DLT data accumulated throughout the dose escalation to 

model the dose-toxicity relationship of WNT974, encorafenib and cetuximab given in 

combination.
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Results

Patient disposition and characteristics

A total of 138 patients were screened and 20 patients were assigned to treatment. 

Currently, all 20 patients discontinued treatment. The most common reasons for 

treatment discontinuation were disease progression in 15 patients (75%) and AEs in 

3 patients (15%). There were two deaths (10%) during the study treatment period or 

within 30 days after treatment period. One death was reported during treatment and 

was noted as the primary reason for treatment discontinuation and one death occurred 

during the posttreatment phase. Both deaths were related to disease progression. The 

patient characteristics at baseline are shown in Table 1.

Table 1. Patient characteristics at baseline

Sex, n (%)

Female 11 (55)

Male 9   (45)

Age, median (range), years 61 (50-75)

ECOG PS, n (%)

0 9 (45)

1 10 (50)

2 1 (5)

Number of prior treatment regimens, n (%)

1 1 (5)

2 11 (55)

3 3 (15)

>3 5 (25)

Best response to last prior therapy, n (%)

Partial response 3 (15)

Stable disease 5 (25)

Progressive disease 6 (30)

Unknown / not applicable 5 (25) / 1(5)

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group performance status.

Dose escalation

Eighteen patients who were dosed with WNT974 + encorafenib + cetuximab were 

considered evaluable for dose-finding. Four patients were enrolled in cohort 1 at 

10 mg QD WNT974 + 200 mg QD encorafenib + cetuximab. Two patients reported 

DLTs (increased lipase grade 4 and dysgeusia grade 2). Five patients were enrolled 

in cohort 2 at 5 mg QD WNT974 + 200 mg QD encorafenib + cetuximab. No patients 

reported a DLT. Six patients were enrolled in cohort 3 at 7.5 mg QD WNT974 + 200 
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mg QD encorafenib + cetuximab. One patient reported a DLT (hypercalcaemia grade 

3). Once cohort 3 was completed, an enrichment cohort was reopened for further 

elaboration of safety and PK parameters at dose level 5 mg QD WNT974 + 200 mg QD 

encorafenib + cetuximab. Five patients were enrolled. No further DLTs were reported. 

After a review of the efficacy and safety data from the ongoing study, the sponsor 

decided to discontinue further enrollment in the study. Therefore, the MTD for the 

triplet combination was not determined. 

Safety

There were fifteen (75%) patient deaths in the study of which two (10%) occurred 

while the patient was on study treatment or within 30 days of discontinuing study 

treatment. Both fatalities were attributed to CRC and were related to disease 

progression. There were 15 serious adverse events (SAEs) reported (75% of patients). 

Nine patients (45%) had SAEs suspected to be study drug related. The most frequently 

reported study drug related SAEs for ≥10% of patients were rib fracture (n=3, 15%) 

spinal compression fracture (n=3, 15%) and hypercalcaemia (n=2, 10%). All 20 patients 

experienced at least 1 AE that was suspected to be drug related and of those, 13 

patients (65%) experienced AEs that were of grade 3 or 4 severity. An overview of AEs 

occurring in >20% of patients is given in Table 2.

Bone-related (serious) adverse events 

There were 9 patients (45%) with reported bone-related SAEs (6 bone fractures 

and 3 other bone-related SAEs). The median(range) study day of bone-related SAE 

occurrence was 127 (29-344). There were 9 patients (45%) with at least 1 bone fracture, 

including rib fracture (7 patients 35%), spinal compression fracture (4 patients 20%), 

pathological fracture (2 patients 10%), foot fracture (1 patient 5%), hip fracture (1 

patient 5%) and lumbar vertebral fracture (1 patient 5%). Other bone-related AEs 

occurred in 16 patients (80%) overall and included hypercalcaemia (14 patients 70%), 

hypocalcaemia (5 patients 25%), osteoporosis (5 patients 25%), bone pain (2 patients 

10%) and osteopenia (2 patients 10%). 

Efficacy

The phase 2 part of the study was not initiated, there was no primary efficacy endpoint 

assessed. The secondary efficacy endpoints included overall response rate (ORR) and 

the DCR and are presented in Table 3. Based on confirmed responses, the ORR was 10% 

(95% confidence interval 1-32%). Most patients achieved SD (75%) and the confirmed 

DCR was 85%. 



Chapter 7

136

Table 2. Adverse events, regardless of treatment attribution, occurring in >20% of patients

WNT974 5 mg 
QD+ Encorafenib 
200 mg QD+ 
Cetuximab 

n = 10

WNT974 7.5 mg 
QD+ Encorafenib 
200 mg QD+ 
Cetuximab

n = 6

WNT974 10 mg 
QD+
 Encorafenib 
200 mg QD+ 
Cetuximab 
n = 4

All Patients

n = 20

Adverse event
n (%)

All 
grades

Grade 
3/4

All 
grades

Grade 
3/4

All 
grades

Grade 
3/4

All 
grades

Grade 
3/4

Hypercalcaemia 5 (50) 1 (10) 5 (83) 2 (33) 4 (100) 4(100) 14 (70) 7 (35)

Arthralgia 5 (50) 0 4 (67) 4(100) 4 (100) 0 13 (65) 0

Fatigue 6 (60) 0 2 (33) 0 3 (75) 0 11 (55) 0

Anaemia 5 (50) 1 (10) 2 (33) 0 3 (75) 2 (50) 10 (50) 3 (15)

Constipation 5 (50) 0 2 (33) 0 2 (50)	 0 9 (45) 0

Nausea 4 (40) 0 4 (67) 0 1 (25) 0 9 (45) 0

Back pain 3 (30) 1 (10) 3 (50) 1 (17) 2 (50) 0 8 (40) 2 (10)

Hypophosphatemia 4 (40) 3 (30) 2 (33) 1 (17) 2 (50) 1 (25) 8 (40) 5 (25)

Pyrexia 5 (50) 0 2 (33) 0 1 (25) 0 8 (40) 0

Vomiting 4 (40) 0 2 (33) 0 1 (25) 0 8 (40) 0

Decreased appetite 3 (30) 0 2 (33) 1 (17) 2 (50) 0 7 (35) 1 (5)

Dysgeusia 2 (20) 0 2 (33) 0 3 (75) 0 7 (35) 0

Hypokalaemia 3 (30) 0 2 (33) 0 2 (50) 1 (25) 7 (35) 1 (5)

Hypomagnesaemia 3 (30) 0 1 (17) 0 3 (75) 1 (25) 7 (35) 1 (5)

Myalgia 3 (30) 0 2 (33) 0 2 (50) 0 7 (35) 0

Oedema peripheral 3 (30) 0 0 0 4 (100) 0 7 (35) 0

Rib fracture 4 (40) 1 (10) 2 (33) 1(17) 1 (25) 0 6 (30) 0

Abdominal pain 2 (20) 0 2  (33) 0 2 (50) 0 5 (25) 0

Diarrhoea 3 (30) 0 1 (17) 0 1 (25) 0 5 (25) 0

Hypocalcaemia 1 (10) 0 1 (17) 0 3 (75) 1 (25) 5 (25) 1 (5)

Osteoporosis 2 (20) 0 2 (33) 0 1 (25) 0 5 (25) 0

Pain in extremity 2 (20) 0 1 (17) 0 2 (50) 1 (25) 5 (25) 1 (5)

Weight decreased 1 (10) 0 2 (33) 0 2 (50) 0 5 (25) 0

Abbreviation: QD=once daily.
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Table 2. Continued

WNT974 5 mg 
QD+ Encorafenib 
200 mg QD+ 
Cetuximab 

n = 10

WNT974 7.5 mg 
QD+ Encorafenib 
200 mg QD+ 
Cetuximab

n = 6

WNT974 10 mg 
QD+
Encorafenib 200 
mg QD+ 
Cetuximab 
n = 4

All Patients 

n = 20

Adverse event
 n (%)

All 
grades

Grade 
3/4

All 
grades

Grade 
3/4

All 
grades

Grade 
3/4

All 
grades

Grade 
3/4

Aspartate 
aminotransferase 
increased

2 (20) 0 1 (17) 1 (25) 1 (25) 4 (20) 4 (20) 4 (20)

Blood bilirubin 
increased

1 (10) 0 2 (33) 1 (17) 1 (25) 1 (25) 4 (20) 2 (10)

Blood creatinine 
increased

0 0 1 (17) 0 3 (75) 1 (25) 4 (20) 1 (5)

Chills 2 (20) 0 1 (17) 0 1 (25) 0 4 (20) 0

Dyspnoea 2 (20) 0 2 (33) 1 (17) 0 0 4 (20) 1 (5)

Headache 2 (20) 1(10) 2 (33) 1 (17) 1 (25) 0 4 (20) 1 (5)

Infusion related 
reaction

1 (10) 0 2 (33) 1 (17) 1 (25) 4 (20) 1 (5)

Musculoskeletal 
pain

4 (40) 0 0 0 0 0 4 (20) 0

Peripheral sensory 
neuropathy

1 (10) 0 2 (33) 0 0 1 (25) 4 (20) 0

Spinal compression 
fracture

2 (20) 0 1 (17) 0 1 (25) 1 (25) 4 (20) 1 (5)

Table 3. Best overall response to treatment

Response, n (%)

Complete response (CR) 0

Partial response (PR) 2 (10.0)

Stable disease (SD) 15 (75.0)

Progressive disease (PD) 1 (5.0)

Unknown 2 (10.0)

Overall response rate (CR + PR) (%) 10

Disease control rate (CR +PR + SD) (%) 85

Biomarker analyses

For cMyc the median percent change from baseline was -28%. For mucin, the median 

percent change from baseline was 0%. For KI67 the median percent change from 

baseline was 33%. There was no significant correlation between the best percentage 
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change from baseline in sum of longest diameters of tumor size and RNF43 mutation 

status. No dose-effect of WNT974 on skin AXIN2 expression was observed.

Pharmacokinetics

Exposure to WNT974 was approximately dose-proportional (Supplementary Table S2). 

Following a fixed oral dose of encorafenib at 200 mg QD in combination with WNT974 

oral doses ranging from 5 to 10 mg QD, PK parameters were generally comparable 

across all WNT974 dose levels. Mean Cmin,ss for WNT974 ranged from 1.30 to 2.59 ng/

mL across all dose groups on day 15 with the statistical assessment indicating that 

steady state was achieved approximately on day 8. Median Tmax ranged from 1.0 to 

4.0 hours across all WNT974 doses, and mean T1/2 was similar with increasing doses 

of WNT974, ranging from 3.8 to 5.4 hours. Mean Cmin,ss  for the active metabolite of 

WNT974 LHA333 ranged from 1.22 to 2.54 ng/mL across all dose groups on day 15 with 

the statistical assessment indicating that steady state was achieved by day 15. Median 

Tmax and ranged from 1.9 to 4.0 hours across all dose groups, and mean T1/2 was similar 

across all WNT974 dose levels, ranging from 7.28 to 7.95 hours. For encorafenib, 

the mean AUC and values were generally comparable across all WNT974 dose levels. 

Median Tmax was observed at approximately 2 hours for all cohorts, and mean T1/2 was 

similar with increasing doses of WNT974, at 3.95 and 4.29 hours.

Discussion

The combination of encorafenib plus WNT974 and cetuximab in patients with KRAS-

WT and BRAFV600E mutated CRC harboring RNF43 mutations or RSPO fusions was 

associated with a high incidence of bone toxicities, demonstrated by increased 

susceptibility to fractures, including SAEs of spinal compression fracture, hip 

fracture and pathological fracture. SAEs of bone pain and hypercalcaemia were also 

reported. An indirect comparison of the triplet treatment combination (WNT974 + 

encorafenib + cetuximab) versus the doublet treatment combination (encorafenib 

+ cetuximab) demonstrated limited improvement in clinical activity relative to the 

efficacy observed with the doublet treatment combination in patients with BRAF v600 

mutated mCRC in a separate ongoing clinical phase 1b trial.7 The ORR with doublet 

treatment combination was 19% and the DCR 77%. The ORR for the triplet treatment 

was 10% and the DCR 85%. The safety profile observed with the triplet combination, 

suggested that more restrictive patient selection, additional on-treatment monitoring 

and, potentially, prophylactic treatments to prevent bone resorption were indicated. 

This would have hampered the further development of the combination. The time of 

onset of the severe bone related toxicities ranged from 29-344 days. The early onset 
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of some of these SAEs was not expected based on the experience of the phase I single 

agent study of WNT974 (NCT01351103).16 In the phase I single agent trial of WNT974 

the MTD was not determined. The median duration of exposure was 29 days with a 

range of 1-119 days. In the study abstract of the single agent study no specific bone 

related toxicity was mentioned. However, hypercalcaemia occurred in 13% of the 

patients. The incidence of fractures in patients with mCRC cancer is unknown. Colon 

cancer and rectum cancer (n=3869) was not associated with an increased fracture risk 

in a case control study of fracture risk in patients with different types of cancer.18 In 

a retrospective study with 104 colorectal cancer patients with bone metastases the 

median time from bone metastasis to the first skeletal related event was 1 month 

and fractures occurred in 10% of the patients.19 The reported frequency of bone 

related AEs or hypocalcaemia was below 20% in the phase Ib study of encorafenib 

and cetuximab in BRAF-mutant mCRC.7 A high rate of hypophosphatemia (27%, with 

19% grade 3-4) was observed with this doublet which can lead to secondary bone 

resorption. Prolonged hypophosphatemia results in decreased bone mineralization and 

osteomalacia. The triplet combination with WNT974 was associated with a high rate of 

hypophosphatemia of 40% (25% grade 3-4).  In the Food and Drug Administration (FDA) 

drug label of cetuximab the incidence of bone pain is described.20 The incidence of 

grade 1-4  bone pain was 15% (4% grade 3-4) in mCRC patients treated with cetuximab 

monotherapy versus 8%  (2% grade 3-4) of patients who received best supportive care. 

In patients with squamous cell carcinoma of the head and neck treated with cetuximab 

plus platinum-based therapy with 5-FU or platinum-based therapy with 5-FU alone the 

incidence of grade 1-4 hypocalcaemia was 12% (4% grade 3-4) versus 5% (1% grade 

3-4). No further bone or skeleton related toxicities were mentioned. In the summary 

of product characteristics of the European Medicines Agency (EMA) hypocalcaemia is 

described as a common undesirable effect of cetuximab.21 No further bone or skeleton 

related toxicities were mentioned.

WNT ligands are a large family of 19 secreted cysteine rich glycoproteins that 

trigger multiple signaling cascades essential for control of gene expression, cell fate 

determination, proliferation and migration.22,23 WNT ligands are required for several 

processes such as embryonic development, tissue regeneration and protein synthesis 

and are also involved in bone remodeling.22,24–26 Palmitoylation of WNT ligands is 

necessary for release of WNT ligands from the Golgi membrane to the cell plasma.13 

An overview of WNT signaling in bone homeostasis has been published.24 WNT ligands 

stimulate multiple signaling cascades in various tissues, including the ‘canonical’ 

β-catenin pathway and are being classified as ‘canonical’ on the basis of their ability 

to inhibit glycogen synthase kinase 3 phosphorylation of β-catenin.10 WNT ligands 

bind to receptor complexes containing one of 10 Fzd receptors and also to the LRP 
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5 or 6 co-receptors.25 In bone phosphorylation of β-catenin results in its subsequent 

degradation and prevents translocation of β-catenin to the nucleus to stimulate bone 

formation and to inhibit bone resorption. WNT activation leads to bone formation, 

whereas WNT-inhibition leads to bone resorption. The increase in bone resorption 

could elucidate the high incidence of hypercalcaemia. WNT974/LGK974 inhibits 

porcupine27, a membrane bound O-acyl transferase which adds a palmitoyl group to 

WNT ligands. Inhibition of palmitoylation of WNT ligands could have contributed to 

the severe bone toxicity seen in this trial. In mice it has recently been shown that 

porcupine inhibition by WNT974/LGK974 induces deleterious effects on bone mass and 

strength.28 These effects could be mitigated by the addition of the bisphosphonate 

alendronate in mice.29 Further clinical trials with WNT pathway inhibitors need to 

coincide with intensive monitoring of bone homeostasis and include bone protective 

measurements in their clinical trial protocols. It would also be of interest to analyze 

the LRP 5/6 receptors for possibly molecular differences between tumor cells and 

osteoblast. This would enable a more specific targeting of tumor cells rather than 

osteoblasts. 

The results and conclusions of the PK for WNT974 should be interpreted with caution 

due to a potential PK sample stability issue. Overall, 129 (29%) of 446 WNT974 and 

LHA333 samples were analyzed between 348 and 614 days after sample collection, 

which was outside of the validated storage stability range of 345 days. Of these, 91 

(20%) were included in the calculation of the WNT974 and LHA333 PK parameters.

Taken together, the decision was made to discontinue enrollment and to not initiate 

phase 2 of the study. Therefore, the MTD for the triplet combination was not 

determined and there was no primary efficacy endpoint assessed.

Role of the funding source:

The trial was planned, initiated, and sponsored by Novartis Pharmaceuticals and Array 

BioPharma.
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Supplement to:

A phase Ib/II multi-center, open label, dose escalation study of 
WNT974, encorafenib and cetuximab in patients with BRAFV600-
mutant KRAS wild-type metastatic colorectal cancer harboring 
WNT pathway mutations

Supplementary Table S1.

Table S1. Criteria for defining dose-limited toxicities

Toxicity DLT criteria

Blood and lymphatic system
disorders

Febrile neutropenia CTCAE Grade ≥ 3 (ANC < 1.0 x 109/L or 1000/
mm3 with a single temperature of >38.3°C (101°F) or a sustained 
temperature of ≥38 °C (100.4°F) for more than one hour)

Investigations (Blood) Neutrophila count CTCAE Grade ≥ 3 for > 7 consecutive days
Neutrophila count CTCAE Grade 4
Platelet count CTCAE Grade 3 for > 7 consecutive days and/or 
with signs of bleeding
Platelet count CTCAE Grade 4

Vascular disorders
Hypertension

Persistent hypertension CTCAE Grade 3 for > 7 consecutive days 
despite treatment.
Hypertension CTCAE Grade 4

Nervous system disorders Dysgeusia Grade 2 that results in clinically significant anorexia 
and/or dehydration.

General disorders and
administration site 
conditions

Fatigue CTCAE Grade ≥ 3 for > 7 consecutive days

Ophthalmologic Eye disorders-Retinopathy/Uveitis
-CTCAE Grade 3 for > 21 consecutive days confirmed by 
ophthalmologic examination
-CTCAE Grade 4 confirmed by ophthalmologic examination
Eye disorders – Retinal Vein Occlusion 
-Any grade
Eye disorders- any other
- CTCAE Grade 3 for > 14 consecutive days
- CTCAE Grade 4

Skin and subcutaneous tissue
disorders:
Rash, Hand foot skin 
reaction
(HFSR) and/or
photosensitivity

Rash, HFSR or photosensitivity HFSR CTCAE Grade ≥ 3 for > 7 
consecutive days despite skin toxicity treatment
Rash, HFSR or photosensitivity Grade 4
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Table S1. (continued)

Toxicity DLT criteria

Gastrointestinal disorders Diarrheab CTCAE Grade 3 for ≥ 2 days, despite the optimal use of 
anti-diarrhea therapy
Diarrheab CTCAE Grade 4
Nausea/ vomiting CTCAE Grade ≥ 3 for ≥ 2 days, despite the 
optimal use of anti-emetic therapy
Pancreatitis CTCAE Grade ≥ 3

Investigations (Renal) Serum creatinine CTCAE Grade ≥ 3

Investigations (Hepatic) Blood bilirubinc CTCAE Grade ≥ 3
AST or ALT CTCAE Grade ≥3 in conjunction with blood bilirubin 
CTCAE
Grade ≥ 2 of any duration
AST or ALT CTCAE Grade ≥ 3 for > 7 consecutive days
AST or ALT CTCAE Grade 4
Serum alkaline phosphatase CTCAE Grade 4 for > 7 consecutive 
days

Investigations (Metabolic) Serum lipase and/or serum amylase (asymptomatic) CTCAE Grade 
3 for > 7 consecutive days
Serum lipase and/or serum amylase (asymptomatic) CTCAE Grade 
4
Serum CK/CPK CTCAE Grade ≥ 3 for > 7 consecutive days
Serum CK/CPK CTCAE Grade 4

Infections Infection or fever in the absence of neutropenia if they are 
CTCAE Grade 3 and last > 5 days
Infection or fever in the absence of neutropenia if they are 
CTCAE Grade 4

Electrolytes CTCAE Grade 3 electrolyte abnormalities if they persist > 7 days 
despite treatment or are clinically significant
CTCAE Grade 4 electrolyte abnormalities

Other toxicities Any other CTCAE Grade ≥ 3 toxicity except:
- Grade 3 laboratory values that are deemed clinically 
insignificant by the investigator
-Cetuximab-induced infusion reactions will not be considered a 
DLT

Other adverse events Other clinically significant toxicities, including a single event or 
multiple
occurrences of the same event that lead to a dosing delay 
of > 7 days in Cycle 1, may be considered to be DLTs by the 
Investigators and the Sponsor, even if not CTCAE Grade 3 or 
higher

Infections Infection or fever in the absence of neutropenia if they are 
CTCAE Grade 3 and last > 5 days
Infection or fever in the absence of neutropenia if they are 
CTCAE Grade 4

Electrolytes CTCAE Grade 3 electrolyte abnormalities if they persist > 7 days 
despite treatment or are clinically significant
CTCAE Grade 4 electrolyte abnormalities
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Table S1. (continued)

Toxicity DLT criteria

Other toxicities Any other CTCAE Grade ≥ 3 toxicity except:
- Grade 3 laboratory values that are deemed clinically 
insignificant by the investigator
-Cetuximab-induced infusion reactions will not be considered a 
DLT

Other adverse events Other clinically significant toxicities, including a single event or 
multiple
occurrences of the same event that lead to a dosing delay 
of > 7 days in Cycle 1, may be considered to be DLTs by the 
Investigators and the Sponsor, even if not CTCAE Grade 3 or 
higher

Abbreviations: ALT=alanine aminotransferase, ANC=absolute neutrophil count, AST=aspartate
aminotransferase, CK/CPK=creatine kinase, CTCAE=Common Terminology Criteria for Adverse 
Events, DLT=dose-limiting toxicity, HFSR=hand foot skin reaction.
Note: CTCAE version 4.03 will be used for all grading.
a G-CSF may be used to treat patients who have developed dose-limiting neutropenia, as per 
institutional guidelines, following discontinuation of WNT974 and LGX818 treatment.
b Optimal therapy for vomiting or diarrhea will be based in institutional guidelines, with 
consideration of the prohibited medications listed in this protocol.
c Refers to total bilirubin.
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Supplementary Table S2.

Table S2. Pharmacokinetic parameters of WNT974, LHA333 and encorafenib in patients at 
steady state (cycle 1 day 15)

Treatment Cmax (ng/mL)* Tmax (h)† AUCtau (h.ng/mL)*

WNT974 PK

5 mg WNT974  (n = 9) 51.0 (23.2) 1.0 (0.5-5.5) 227 (83.1)

7.5 mg WNT974  (n = 5) 93.4 (55.7) 1.0 (0.5-3.0) 384 (109)

10 mg WNT974  (n = 3) 42.9 (37.1) 4.0 (1.0-7.2) 542 (101)

LHA333 PK

5 mg WNT974  (n = 9) 13.3 (7.48) 2.0 (0.9-6.5) 141a (96.7)

7.5 mg WNT974  (n = 5) 25.5 (8.03) 2.0 (0.5-4.0) 241 (63.7)

10 mg WNT974  (n = 3) 14.0 (12.9) 4.0 (2.0-7.2) 291b (101)

Encorafenib PK

5 mg WNT974  (n = 9) 3080 (1440) 2.0 (0.5-5.5) 13500 (5380)

7.5 mg WNT974 (n = 5) 3250 (1170) 1.0 (1.0-4.0) 13000 (3450)

10 mg WNT974  (n = 3) 1440 (1340) 4.0 (1.0-7.2) 17400b (7470)

*Mean (SD)
†Median (minimum, maximum) Abbreviations: AUCtau, area under the plasma concentration time 
curve for a dosing interval, Cmax, maximum plasma concentration, PK, pharmacokinetics; Tmax, time 
of maximum plasma concentration.
a n=8
b n=2
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Summary

More than 90% of colorectal cancers (CRC) have alterations in WNT signaling. Eight 

to ten percent of patients with metastatic KRAS-WT colorectal cancer have BRAF 

mutations and do not benefit from EGFR antibodies like cetuximab and panitumumab. 

Addition of a porcupine inhibitor seems an attractive approach to increase the 

response rate in patients with BRAFV600 mutated KRAS-WT metastatic (mCRC) with 

WNT alterations. Patients with BRAFV600E mutated KRAS-WT CRC with WNT alterations 

in RNF43 and/or RSPO fusion were treated with a BRAF inhibitor (encorafenib), plus a 

monoclonal antibody targeting EGFR (cetuximab) and a porcupine inhibitor (WNT974). 

The combination of encorafenib plus WNT974 and cetuximab was associated with 

severe bone toxicities. A 66-year-old male patient with BRAF V600E mutated KRASwt 

mCRC and a RNF43 mutation and a 70-year-old man diagnosed with stage IV BRAF 

V600E mutated KRASwt mCRC and a RNF43 mutation are described in this case report. 

Limited efficacy data, safety concerns and the need for more restrictive patient 

selection led to the decision to discontinue the enrolment. Moreover, additional 

on-treatment monitoring and, potentially, prophylactic treatments to prevent bone 

resorption could have been required, which would have hindered further development 

of the combination. Therefore, the decision was made to discontinue enrollment and 

to not initiate phase 2 of study CWNT974X2102C.



151

Bone toxicity with EGFR, BRAF and WNT inhibition 

1

5

3

7

9

2

6

4

8

10

Introduction

WNTs are a large family of 19 secreted cysteine rich glycoproteins that trigger multiple 

signaling cascades essential for control of gene expression, cell fate determination, 

proliferation and migration.1,2 WNTs are required for several processes such as 

embryonic development, tissue regeneration and protein synthesis and are also 

involved in bone remodeling.1,3–5 Palmitoylation of WNT-ligands is necessary for release 

of WNT ligands from the Golgi membrane to the cell plasma.6 WNTs bind to receptor 

complexes containing one of 10 Frizzled (Fzd) receptors and also to the low-density 

lipoprotein receptor-related protein (LRP) 5 or 6 co-receptors where they stimulate 

multiple signaling cascades in various tissues, including the “canonical” β-catenin 

pathway and are being classified as “canonical” on the basis of their ability to inhibit 

glycogen synthase kinase 3 phosphorylation of β-catenin.4,7 In bone, phosphorylation 

of β-catenin results in its degradation and prevents translocation of β-catenin to the 

nucleus to stimulate bone formation and to inhibit bone resorption.3 WNT inhibition 

can therefore result in a reduced bone formation and an increased resorption. Since 

the discovery of the WNT pathway, many attempts have been explored to address this 

pathway as a therapeutic target to reduce tumor growth and to treat osteoporosis. 

However, finding a tissue specific WNT inhibitor is challenging. In colon carcinoma, 

WNT signaling is often upregulated.8,9 Accordingly, WNT974 (formerly LGK974) has 

been developed, which is an inhibitor of the WNT pathway by porcupine inhibition.10 

Porcupine is a membrane bound O-acyl transferase which adds a palmitoyl group 

to WNT ligands. WNT974/LGK974 inhibits porcupine and can inhibit WNT signaling. 

E3 ubiquitin-protein ligase RNF43 inhibits WNT-signaling under normal conditions.11 

Mutations in RNF43 lead to activation of WNT signaling. Mutations in the WNT pathway 

co-occur frequently with BRAF-mutations and induce tumor growth.12 Combination 

therapy with EGFR inhibitors, BRAF inhibitors and WNT inhibitors could potentially 

inhibit tumor growth in patients with mutations in BRAF and in the WNT pathway. This 

strategy has been explored in the phase IB/II clinical trial NCT02278133. Unfortunately, 

some patients in this trial developed severe bone toxicity. Two of these patients are 

described in this case report.

Patient 1 (115)

This patient was initially diagnosed with stage IIIB colorectal cancer (CRC). The 

66-year-old male patient underwent hemicolectomy with adjuvant capecitabine-

oxaliplatin treatment for colon carcinoma. After 11 months he developed progressive 

disease with liver metastasis. Next, the patient was treated with irinotecan-

bevacizumab. The patient had stable disease for 14 months. At disease progression, 

stage IVB, the patient was referred to The Netherlands Cancer Institute to explore 
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treatment opportunities in clinical trials. The patient was screened for a phase I 

clinical trial with an EGFR inhibitor, a BRAF inhibitor and a porcupine inhibitor in CRC 

because of his tumor type. Molecular prescreening revealed a KRASwt and a RNF43 

mutation besides the BRAF V600E mutation therefore, the patient was eligible for the 

trial and treated with the EGFR inhibitor cetuximab, the BRAF inhibitor encorafenib 

and the porcupine inhibitor WNT974. The patient’s best response was stable disease 

after 4 treatment cycles (16 weeks). Nonetheless, he gradually developed back pain 

after treatment initiation, due to vertebral collapse of Th10, which had not been 

present at the baseline CT-scan. No DEXA scan or data at baseline for this patient 

regarding bone density status was available. After two months of treatment, a grade 

2 hypercalcemia developed and zoledronic acid was administered as a single infusion, 

rapidly resolving the hypercalcemia but inducing hypocalcemia as well. WNT974, 

encorafenib, cetuximab and perindopril were temporary interrupted. Thereafter, 

the patient developed an acute renal dysfunction with elevated creatinine and a 

hypocalcemia. The patient also developed a hypophosphatemia two days after study 

drug interruption. Calcium and cholecalciferol treatment were started eight days 

after the treatment interruption. Four days later cetuximab was restarted followed 

by encorafenib two days later followed by the restart of WNT974 two days later. A 

relationship of the hypercalcemia with the study drugs is suspected due to a decrease 

in calcium levels which rapidly increased again after rechallenge, despite recent 

zoledronic acid administration. The calcium levels were above the reference range 

without the presence of bone metastasis. See Figure 1 for the calcium levels of patient 

1 before and during the study.

A CT-scan confirmed the osteoporotic thoracic 10 collapse and a thoracic 11 increased 

collapse. Thereafter, he received an analgesic corset. On cycle 5 day 8 the patient 

was hospitalized due to back-pain, dyspnea and pleural fluid right. By then, severe 

bone toxicity in this trial was evident, however, the patient decided to continue the 

treatment. Due to a pleural drainage the study medication was shortly interrupted, 

but was reintroduced the next day. Due to progressive disease (malignant ascites) and 

clinical deterioration the patient stopped treatment 4 days later. Because of excessive 

pain palliative sedation was started and the patient died a few hours later. Autopsy 

revealed 6 rib fractures right, 3 rib fractures left and thoracic 10 and 11 collapse. 

Metastases were not observed at the sites of the bone fractures. Bone histology of two 

fragments of the iliac crest, showed a thin and porous cortex and a poor trabecular 

structure (see Figure 2).
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Figure 2.
Bone specimen showing a thin porous cortex bone and impaired trabecular structure with thin 
trabeculae and low connectivity. Goldner’s trichrome staining, magnification 10x.
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Figure 1. Calcium levels of patient 1 
Patient 1 received zoledronic acid, furosemide and rehydration therapy with saline therapy 
due to hypercalcemia 2.1 months after the start of the study treatment. WNT974, encorafenib, 
cetuximab and perindopril were temporary interrupted (arrow 1). The patient developed an acute 
renal dysfunction with elevated creatinine and a hypophosphatemia two days after study drug 
interruption. Calcium and cholecalciferol treatment were started eight days after the treatment 
interruption. Four days later cetuximab was restarted followed by encorafenib two days later 
followed by the restart of WNT974 two days later (arrow 2). The reported calcium reference 
laboratory values are 2.28-2.74 mmol/L. 



Chapter 8

154

Goldner’s trichrome staining total osteoid surface (bone surface covered with 

non-mineralized bone). Total osteoclast number was low indicating a low turnover 

state, as can be expected after bisphosphonate therapy. Immunohistochemistry was 

performed to detect the presence of known factors involved in the WNT signaling 

pathway including sclerostin, a bone specifi c endogenous WNT-antagonist, LRP5 and 

non-phospho β-catenin (Figure 3 - 5).13 Sclerostin expression was normal (Figure 3).
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Figure 3. Immunohistochemical detection of sclerostin in cortical bone  
Black arrows point to osteocytes expressing sclerostin and arrow heads point to the osteocytes negative for sclerostin. 
Note the similar expression pattern in which both positive and negative osteocytes are shown in the cortical bone of 
the patient (3A) and the control bone (3B). 
 
Since osteoblasts, the cell type expressing LRP5, were rarely observed, LRP5 expression was low (Figure 4).  
 

 
 
Figure 4. Immunohistochemical detection of LRP5 in trabecular bone of patient 1  
(A) and control bone (B). In control bone LRP5 is expressed in osteoblasts covering bone surface as indicated by the 
arrow in figure 4B. In the patient osteoblasts were hardly present and thus no LRP5 expression in osteoblasts was 
observed. However, osteocytes expressed LRP5 instead as indicated by the arrows in figure 4A. Arrow heads indicate 
negative osteocytes.  

  

A B 

B A 

Figure 3. Immunohistochemical detection of sclerostin in cortical bone 
Black arrows point to osteocytes expressing sclerostin and arrow heads point to the osteocytes 
negative for sclerostin. Note the similar expression pattern in which both positive and negative 
osteocytes are shown in the cortical bone of the patient (3A) and the control bone (3B).

Since osteoblasts, the cell type expressing LRP5, were rarely observed, LRP5 

expression was low (Figure 4). 
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Figure 4. Immunohistochemical detection of LRP5 in trabecular bone of patient 1 
(A) and control bone (B). In control bone LRP5 is expressed in osteoblasts covering bone surface 
as indicated by the arrow in fi gure 4B. In the patient osteoblasts were hardly present and thus 
no LRP5 expression in osteoblasts was observed. However, osteocytes expressed LRP5 instead as 
indicated by the arrows in fi gure 4A. Arrow heads indicate negative osteocytes. 

Non-phospho β-catenin, a sign of activated WNT signaling in bone, expression was 

seen in osteocytes (Figure 5), but not in osteoblasts since osteoblast numbers were 

low. 
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Non-phospho β-catenin, a sign of activated WNT signaling in bone, expression was seen in osteocytes 
(Figure 5), but not in osteoblasts since osteoblast numbers were low.  
 

 
 
 
 
 
 
 

 
 
 
 

Figure 5. 
Shows an immunohistochemical staining in bone for non phospho ß-catenin in patient 1 (A) and a transiliac bone 
biopsy from a osteoporosis patient as control (B). Note the presence of non phospho ß-catenin in the osteocytes of 
the patient as indicated by the black arrows in Figure 5A. Osteoblast show a low expression of non phospho ß-catenin 
as indicated by the red arrows in Figure 5A. Regularly non phospho ß-catenin is expressed in osteoblasts as is 
demonstrated in the control biopsy (arrows in 5B) but not in osteocytes (arrowheads). This indicates low bone 
formation in the patient. 

 
In conclusion we observed increased skeletal fragility with multiple severe osteoporotic fractures with 
histological signs of extreme low turnover and biochemical signs of increased resorption on treatment 
(hypercalcemic episodes).  
 
Patient 2 (117) 
A 70-year-old man was diagnosed with stage IV BRAF V600E mutated metastasized CRC. The patient was 
treated with folinic acid, fluorouracil and oxaliplatin (FOLFOX). At the second cycle bevacizumab was 
added. The patient progressed after 3 months and was screened for a phase I clinical trial with an EGFR-
inhibitor, a BRAF inhibitor and a porcupine inhibitor in colon carcinoma because of his tumor type. The 
molecular profile of the tumor showed KRASwt, a BRAF V600E mutation and a RNF43 mutation. The 
patient was therefore treated with the EGFR inhibitor cetuximab, the BRAF inhibitor LGX818 and the 
porcupine inhibitor WNT974, which has resulted in a Partial Response (PR) for 1.5 years. Similar to patient 
1, this patient also developed severe bone toxicity. Four months after initiation of the combination 
therapy the patient experienced a toe fracture. One month later the patient had several rib fractures. The 
patient had not experienced trauma or bone metastases. A DEXA scan of lumbar spine and hips showed 
osteopenia of the right hip and lumbar spine, normal bone density of the left hip and no indication of 
vertebral compression (no DEXA scan had been performed at baseline). WNT974 treatment was stopped 
and zoledronic acid was started, encorafenib and cetuximab were continued. A similar pattern as in 
patient 1 was observed. Initiation of the triple combination study treatment induced a rise in calcium 
levels which was reversed after stopping WNT974 definitely and starting zoledronic acid. (Figure 6).  
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Figure 5.
Shows an immunohistochemical staining in bone for non phospho ß-catenin in patient 1 (A) and 
a transiliac bone biopsy from a osteoporosis patient as control (B). Note the presence of non 
phospho ß-catenin in the osteocytes of the patient as indicated by the black arrows in Figure 5A. 
Osteoblast show a low expression of non phospho ß-catenin as indicated by the red arrows in Figure 
5A. Regularly non phospho ß-catenin is expressed in osteoblasts as is demonstrated in the control 
biopsy (arrows in 5B) but not in osteocytes (arrowheads). This indicates low bone formation in the 
patient.

In conclusion we observed increased skeletal fragility with multiple severe osteoporotic 

fractures with histological signs of extreme low turnover and biochemical signs of 

increased resorption on treatment (hypercalcemic episodes). 

Patient 2 (117)

A 70-year-old man was diagnosed with stage IV BRAF V600E mutated metastasized 

CRC. The patient was treated with folinic acid, fl uorouracil and oxaliplatin (FOLFOX). 

At the second cycle bevacizumab was added. The patient progressed after 3 months 

and was screened for a phase I clinical trial with an EGFR-inhibitor, a BRAF inhibitor 

and a porcupine inhibitor in colon carcinoma because of his tumor type. The molecular 

profi le of the tumor showed KRASwt, a BRAF V600E mutation and a RNF43 mutation. 

The patient was therefore treated with the EGFR inhibitor cetuximab, the BRAF 

inhibitor LGX818 and the porcupine inhibitor WNT974, which has resulted in a Partial 

Response (PR) for 1.5 years. Similar to patient 1, this patient also developed severe 

bone toxicity. Four months after initiation of the combination therapy the patient 

experienced a toe fracture. One month later the patient had several rib fractures. 

The patient had not experienced trauma or bone metastases. A DEXA scan of lumbar 

spine and hips showed osteopenia of the right hip and lumbar spine, normal bone 

density of the left hip and no indication of vertebral compression (no DEXA scan had 

been performed at baseline). WNT974 treatment was stopped and zoledronic acid was 

started, encorafenib and cetuximab were continued. A similar pattern as in patient 

1 was observed. Initiation of the triple combination study treatment induced a rise 
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in calcium levels which was reversed after stopping WNT974 definitely and starting 

zoledronic acid (Figure 6). 
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Figure 6. Calcium levels of patient 2 
Calcium levels during treatment. The reported calcium reference laboratory values are 2.28-2.74 
mmol/L. Patient 2 received zoledronic acid and WNT974 was stopped, encorafenib and cetuximab 
were continued. WNT974 was not resumed. Abbreviations used: WNT974=porcupine inhibitor.

In this patient we were able to evaluate biochemical markers of bone turnover before 

zoledronic acid administration. The patient gave written informed consent and 

donated additional fasted blood during regular laboratory visits, in order to further 

investigate the effect of study treatment on bone homeostasis. Bone metabolism was 

monitored by measuring serum levels of specific collagen fragments which are released 

into the circulation during bone remodeling.14 Procollagen type 1 amiNo-terminal 

Propeptide (P1NP) is a bone formation marker specific for proliferating osteoblasts 

and fibroblasts.15 Carboxy-Terminal cross-linked telopeptides of type 1 collagen (CTX) 

is cleaved from type 1 collagen by cathepsin-K during bone resorption and is used as 

a bone resorption marker. Bone biomarkers in serum may be affected by circadian 

rhythm and food effects therefore fasting blood samples were obtained at the same 

time of the day in the morning. The levels of P1NP and CTX are shown in Figure 7.
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 Figure 7.
The levels of the bone biomarkers P1NP (▲) and CTX (■) of patient 2. Propeptide (P1NP) is a bone 
formation marker specific for proliferating osteoblasts and fibroblasts. The reference value of 
P1NP is 22-87 µg/L. Carboxy-Terminal cross-linked telopeptides of type 1 collagen (CTX) is a bone 
resorption marker and cleaved from type 1 collagen by cathepsin-K during bone resorption. CTX 
values below 854 ng/L are considered normal. WNT974=porcupine inhibitor. 

During treatment with encorafenib, cetuximab and WNT974 CTX was up to 1.3x the 

upper limit of normal, although no baseline value was measured. P1NP was low during 

treatment, but increased after stopping WNT974 and starting zoledronic acid to 1.8x 

the upper limit of reference values. Furthermore, we measured serum sclerostin 

levels at time of starting zoledronic acid and twice during bisphosphonate therapy 

at 2.2 and 2.3 months since the start of study treament which were 36 pg/mL, 31 

pg/mL and 49 pg/mL respectively indicating that changes in sclerostin did not cause 

the change in bone turnover (reference value sclerostin 40.0 pg/mL; 95% CI 37.2 to 

42.9 pg/mL).16 The changes in bone turnover markers after starting zoledronic acid 

are consistent with its known effects. On study day 210 a DEXA scan of the lumbar 

spine and hips showed normal bone density of both hips and osteopenia of the lumbar 

spine without indication of vertebral compression. On study day 211, approximately 

2 months after discontinuation of WNT974 and initiation of zoledronic acid, a CT of 

the chest and abdomen showed stable disease with unchanged liver metastases and 

three rib fractures right and two rib fractures left. The patient continued on doublet 

therapy with encorafenib and cetuximab and on study day 253, a repeated CT scan 

of the chest and abdomen showed stable disease and a large number of rib fractures 

of varying ages bilaterally. In summary, this patient developed skeletal fragility with 

biochemical signs of suppressed bone formation and increased bone resorption, thus 

uncoupling of formation and resorption during study treatment.
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Discussion

Detailed overviews about WNT signaling in bone homeostasis have been published.3 

WNT activation leads to bone formation, whereas WNT inhibition leads to bone 

resorption. WNT974/LGK974 inhibits porcupine, a membrane bound O-acyl transferase 

which adds a palmitoyl group to WNT ligands.10 The palmitoylation of WNT ligands 

is necessary for release of WNT-ligands from the Golgi membrane to the plasma. 

Inhibition of palmitoylation of WNT ligands could have contributed to the severe bone 

toxicity seen in this trial. Since the biopsy material was gathered post mortem and 

especially post-bisphosphonate therapy we have to rely on the biochemistry obtained 

during treatment since zoledronic acid induces osteoclast apoptosis.17 However, the 

specimens obtained are still very useful to fully comprehend the observed toxicity. In 

mice it has been shown that porcupine inhibition increased bone marrow adiposity.18 

Inhibition of DNA methylation by 5-aza-2′-deoxycytidine in preadipocytes inhibited 

adipogenesis and promoted osteoblastgenesis.19 This coincided with up-regulation of 

Wnt10a. The effects of 5-aza-2′-deoxycytidine on osteoblastgenesis were prevented 

by the porcupine inhibitor IWP-2. Perhaps alterations of bone cell differentiation 

by the study treatment in patient 1 could explain the observation that osteoblasts 

were hardly present in trabecular bone of patient 1 shown in Figure 4. Osteocytes 

have a long-life span and constitute 90% of the bone cells and express LRP5 and 

were present in trabecular bone of patient 1.20,21 In patient 2 bone turnover makers 

(BTMs) P1NP a marker for bone formation and CTX, a marker for bone resorption 

were measured while on study treatment, after starting zoledronic acid and starting 

WNT974. Bone resorption was high while bone formation was low during study 

treatment, suggesting there might be an uncoupling between bone formation and 

resorption. However, baseline values were not available so the attribution to study 

treatment is unclear. In mice it has been shown that WNT974 had detrimental effects 

on bone and reduced the serum levels of P1NP and increased the serum levels of 

CTX.22 Considering these biochemical findings we hypothesize that WNT974 induced 

this uncoupling and accordingly is responsible for the high calcium levels and severe 

osteoporosis, shown in the biopsy material. Importantly, however, a contribution of 

encorafenib and cetuximab to this process cannot be excluded, particularly as this 

doublet combination was reported to result in high rates of hypophosphatemia, which 

can lead to secondary bone resorption.23 Moreover, the rate of hypercalcemia reported 

in patients treated with encorafenib, cetuximab, and WNT974 was 70%, compared to 

13% in patients treated with single agent WNT974.24

The CTX levels in patient 2 after zoledronic acid therapy cannot be considered a 

reliable marker of the effects of WNT974 withdrawal since zoledronic acid is known 
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to be a very potent anti-bone resorption drug. Nevertheless, bone formation markers 

are higher than to be expected after antiresorptive therapy which further supports 

our hypothesis of a disruption of the bone formation/resorption balance in patients 

treated with the combination of cetuximab, encorafenib and WNT974.25 A similar 

phenomenon has been observed after cessation of anti-RANKL therapy.26 Upfront we 

did not expect this severe bone toxicity in the adult population. The results of the 

phase 1 monotherapy study of WNT974 were published in an abstract.24 A maximum 

tolerated dose was not determined and 10 mg WNT974 once daily was chosen for the 

expansion cohorts based on pharmacokinetics, pharmacodynamics and tolerability. 

Of the 68 patients enrolled in the trial one patient had stable disease with tumor 

shrinkage of -27% at time of data cut-off. Bone toxicity was not reported in the 

abstract. However in 13% of the patients hypercalcemia was reported. By contrast, 

the combination of encorafenib, cetuximab and WNT974 resulted in hypercalcemia in 

70% of the patients (35% grade 3-4).

The incidence of fractures in patients with mCRC cancer is unknown. Colon cancer 

and rectum cancer (n=3869) was not associated with an increased fracture risk in a 

case control study of fracture risk in patients with different types of cancer.27 In a 

retrospective study with 104 colorectal cancer patients with bone metastases the 

median time from bone metastasis to the first skeletal related event was 1 month 

and fractures occurred in 10% of the patients.28 The reported frequency of bone 

related AEs or hypocalcaemia was below 20% in the phase Ib study of encorafenib 

and cetuximab in BRAF-mutant mCRC.23 A high rate of hypophosphatemia (27%, with 

19% grade 3-4) was observed with this doublet, which can lead to secondary bone 

resorption. Prolonged hypophosphatemia results in decreased bone mineralization 

and osteomalacia. The triplet combination of encorafenib, cetuximab, and WNT974 

resulted in a high rate of hypophosphatemia of 40% (25% grade 3-4). Although the 

single agent WNT974 report included only suspected related adverse events of any 

grade occurring in >10% of patients, hypophosphatemia was not reported.

In the Food and Drug Administration (FDA) drug label of cetuximab the incidence of 

bone pain is described.29 The incidence of grade 1-4  bone pain was 15% (4% grade 3-4) 

in mCRC patients treated with cetuximab monotherapy versus 8% (2% grade 3-4) of 

patients who received best supportive care. In patients with squamous cell carcinoma 

of the head and neck treated with cetuximab plus platinum-based therapy with 5-FU 

or platinum-based therapy with 5-FU alone the incidence of grade 1-4 hypocalcaemia 

was 12% (4% grade 3-4) versus 5% (1% grade 3-4). No further bone or skeleton related 

toxicities were mentioned. In the summary of product characteristics of the European 
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Medicines Agency (EMA) hypocalcaemia is described as a common undesirable effect 

of cetuximab.30 No further bone or skeleton related toxicities were mentioned.

Adult bone homeostasis is a dynamic process in which 2-5% of cortical bone is being 

remodeled each year in a normal situation.31 In elderly cancer patients, several 

treatments will influence bone remodeling that will make them already more prone 

to fractures. Disruption of the bone remodeling process by the combination of 

cetuximab, encorafenib and WNT974 may therefore cause effects leading to toxicity 

as observed in this trial with excessive fracture incidence. The supportive function 

of the skeleton becomes affected by inhibiting bone formation during the remodeling 

process. Drugs altering the WNT pathway need detailed pre-clinical investigation 

before initiating clinical studies, particularly when used in combination with other 

agents that may affect bone homeostasis. Possibly molecular differences between 

LRP5/6 receptors between tumor cells and osteoblasts exist, enabling more specific 

targeting of tumor cells rather than osteoblasts. In mice it has recently been shown 

that porcupine inhibition by WNT974/LGK974 induces deleterious effects on bone 

mass and strength, and that these effects could be mitigated by the addition of the 

bisphosphonate alendronate.18,22

In conclusion, combined inhibition of porcupine, BRAF, and EGFR seems to have 

detrimental effects on the skeleton and should be proceeded with caution in patients 

with mCRC. The safety profile observed with the triplet combination, suggested 

that more restrictive patient selection, additional bone biomarker monitoring and 

concurrent treatment with bisphosphonates needs to be considered.
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Summary

Purpose

This open-label phase I trial (NCT02316197) aimed to determine the maximum-

tolerated dose (MTD) and/or recommended phase II dose (RP2D) of M3814, a DNA-

dependent protein kinase inhibitor in patients with advanced solid tumors. Secondary/

exploratory objectives were to explore the safety, tolerability, pharmacokinetic and 

pharmacodynamic profiles, and clinical activity.

Patients and Methods

Patients aged ≥18 years with advanced solid tumors received M3814 continuously 

in 21-day cycles starting at 100 mg once daily (QD). Subsequent cohorts received: 

200 mg QD; 150 mg twice daily (BID); 200 mg BID; 300 mg BID; and 400 mg BID. 

Results

Thirty-one patients were included (median age 66 years, 61% male, 87% Caucasian). 

One dose-limiting toxicity was reported (300  mg BID cohort): a combination of 

non-serious adverse events (AEs) and a long recovery duration following treatment 

discontinuation. Nausea (n=8), vomiting (n=6), fatigue (n=6), and pyrexia (n=5) 

were the most frequently reported M3814-related AEs. The most common grade 3 

M3814-related AEs were maculo-papular rash (n=4) and nausea (n=2). M3814 was 

quickly absorbed into the systemic circulation (median Tmax: 1.1–2.5 hours). Overall, 

a consistent and marked decrease in the pharmacodynamic biomarker (phospho-DNA-

PK/total DNA-PK) level was observed in peripheral blood mononuclear cells at 3 and 6 

hours after intake. Twelve patients (39%) had a best overall response of stable disease 

(seven of these patients experienced stable disease for ≥12 weeks).

Conclusions

M3814 showed an acceptable safety profile. The MTD of M3814 was not reached at 

400 mg BID. The RP2D for M3814 monotherapy was declared as 400 mg BID.
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Introduction

DNA double-strand breaks (DSBs) are the most cytotoxic type of DNA lesions, which if 

left unrepaired, can cause cell-cycle arrest via checkpoint activation and subsequent 

cell death.1 Complex signaling pathways, collectively termed the DNA damage response 

(DDR), exist within cells to detect and repair DNA damage, including DNA DSBs.1 

Defects in DDR pathways can lead to the accumulation of non-lethal DNA damage and 

genomic instability, which is a hallmark of many cancers and drives tumorigenesis.2 

Many anticancer treatments, such as radiotherapy and some chemotherapies, work by 

inducing DNA DSBs in tumor cells. The efficacy of such treatments can be compromised 

by the efficient repair of DNA damage through activation of the DDR, including DNA-

dependent protein kinase (DNA-PK).3 DNA-PK is a serine/threonine protein kinase that 

plays a critical role in the DDR and regulates DNA DSB repair via the non-homologous 

end joining (NHEJ) pathway.4,5 M3814 (previously known as MSC2490484A) is an orally 

administered, small-molecule, selective DNA-PK inhibitor that blocks DNA-PK kinase 

activity at sub-nanomolar concentrations, inhibiting its ability to function in the DNA 

repair process leading to the persistence of DNA DSBs and subsequent cell death.6-8 

M3814 demonstrated selectivity against a broad panel of kinases, including wild-type 

and mutant kinases belonging to the phosphoinositide 3 kinase (PI3K) family, which 

were affected by strongly reduced potency (>100-fold split).7 Additionally, M3814 

demonstrated synergy with radiotherapy and selected chemotherapies in preclinical 

studies, by preventing the repair of radiation- or chemotherapy-induced DNA DSBs 

via the NHEJ pathway.6-10 The purpose of this first-in-man, open-label phase I trial 

(NCT02316197) was to determine the maximum-tolerated dose (MTD) and/or the 

recommended phase II dose (RP2D) of M3814, and to explore the safety, tolerability, 

pharmacokinetic (PK) and pharmacodynamic (PD) profiles, and clinical activity of 

M3814 administered as a single agent in patients with advanced tumors likely to have 

alterations in DNA repair mechanisms. To our knowledge, this is the first full report 

of an oral DNA-PK inhibitor in humans. The results of this study have been partially 

presented at the American Society for Clinical Oncology Annual Meeting in 2017 and 

the European Society for Clinical Oncology Annual Meeting in 2018.11,12

Patients and Methods

Trial design

This phase I, first-in-man, open-label, dose-escalation study (NCT02316197) was 

designed to explore the safety, tolerability, PK and PD profile, and clinical activity 

of M3814 administered daily as a single agent to patients with advanced solid tumors 
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likely to have alterations in DNA repair mechanisms. Following screening and baseline 

evaluations, patients received M3814 until disease progression, unacceptable toxicity, 

withdrawal of consent, or other reasons necessitating withdrawal (Supplementary 

Figure 1).

Dose escalation was by use of a standard “3+3” design, based on the presence/

absence of dose-limiting toxicities (DLTs). Patients in the first dose cohort received 

M3814 continuously in 21-day cycles at a starting dose of 100 mg once daily (QD). 

This starting dose was considered to have acceptable safety and be close to the 

predicted biological effective dose range of 200–800 mg daily (100–400 mg BID) in 

the monotherapy setting based on predicted human PK parameters and the results of 

nonclinical PK/PD modeling (unpublished data). Patients in the second cohort received 

M3814 at a dose of 200 mg QD. Subsequent cohorts received ascending doses of M3814 

as follows: 150 mg twice daily (BID); 200 mg BID; 300 mg BID; and 400 mg BID. The 

study was conducted in accordance with the ethical principles of the International 

Council for Harmonisation guideline for Good Clinical Practice and the Declaration of 

Helsinki, as well as with applicable local regulations.

Patients

Patients aged ≥18 years with advanced solid tumors, preferably those likely to harbor 

alterations in DNA repair mechanisms (triple-negative breast, serous epithelial ovary, 

bladder, microsatellite instability-high colon, lung, castration-resistant prostate, 

stomach, or uterine cancer) for whom no other standard surgical, radiation, or 

systemic anticancer therapies were available, and with tumor accessible for biopsies, 

and measurable or evaluable disease by Response Evaluation Criteria in Solid Tumors 

(RECIST) version 1.113 were eligible for inclusion in the study. Patients were excluded 

from the study if they had an Eastern Cooperative Oncology Performance Status (ECOG 

PS) >1; had received any anticancer therapy (except for luteinizing hormone-releasing 

hormone analogs) or any other investigational agent within 28 days of the first dose 

of M3814; had received extensive radiotherapy on >30% of bone marrow reserves or 

prior bone marrow/stem cell transplantation within 5 years of study start; or were 

receiving medications/herbal supplements known to be potent inhibitors or inducers 

of CYP3A. All patients provided written informed consent. As preclinical studies found 

M3814 to have a weak inhibitory effect after ADP-induced platelet aggregation, but 

not after arachidonic acid activation (data not shown), the clinical relevance of this 

observation was evaluated in six aspirin-naïve patients (defined as being off aspirin for 

at least 14 days before study Day 1) treated at the RP2D were tested for alterations 

in platelet aggregation.
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Study objectives and endpoints

The primary objective was to determine the MTD and/or the RP2D of M3814 assessed 

as the proportion of patients who experienced at least one DLT during the first 21-day 

treatment cycle. The MTD was to be determined as the dose level below the dose 

at which two out of six patients experienced a DLT. Once the MTD was established, 

the RP2D was to be defined by the Safety Monitoring Committee (SMC), either at 

the MTD level or another dose level, depending on the available safety, efficacy, 

PK, and PD data. A DLT was defined as any of the following toxicities considered 

to be possibly related to M3814 by the sponsor and/or investigator during Cycle 1: 

a treatment-emergent adverse event (TEAE) of potential clinical significance such 

that further dose escalation would expose patients to unacceptable risk; evidence 

of possible treatment-related hepatocellular injury for ≥3 days, any grade 4 liver 

enzyme elevation; any grade ≥3 toxicity (defined according to National Cancer 

Institute Common Terminology Criteria for Adverse Events [NCI CTCAE] version 4.03, 

and excluding diarrhea, nausea, and vomiting of <3 days duration following adequate 

therapy, grade 3 skin toxicity resolving to grade ≤2 with supporting measures within 

7 days, fatigue or headache of <7 days duration following initiation of adequate 

supportive care, any other single laboratory value out of the normal range that was 

not correlated to clinically significant symptoms, grade 3 thrombocytopenia without 

bleeding; neutropenia lasting for ≥5 days and not associated with fever); any toxicity 

related to study drug resulting in ≥20% of the planned dose to be missed in Cycle 1. 

In addition, a DLT could be identified by the SMC as any TEAE that impaired daily 

function or abnormality occurring in patients treated with M3814 at any time during 

the dose escalation part of the study. Secondary objectives included evaluation of 

the safety and tolerability of M3814, assessment of PK, and exploration of antitumor 

activity. Safety was assessed through the recording, reporting, and analysis of baseline 

medical conditions, AEs, physical examination findings, including vital signs and 

monitoring for bleeding, laboratory tests, ECOG PS, and 12-lead electrocardiograms. 

PK was assessed using blood samples collected pre-treatment and on-treatment. 

The following PK parameters were evaluated: maximum observed concentration 

(Cmax); dose-normalized Cmax (Cmax/dose); time to Cmax (tmax); area under the plasma 

concentration–time curve (AUC) from 0 to 12 hours (AUC0–12); dose-normalized AUC0–12 

(AUC0–12/dose); AUC from 0 to infinity (AUC0–∞ ; Day 1 only); apparent elimination half-

life (t1/2); apparent total body clearance of drug (CL/f); apparent total body clearance 

at steady state of drug (CLss/f; Cycle 2 only); apparent volume of distribution during 

terminal phase (Vz/f); accumulation ratio for AUC (Racc(AUC)); and accumulation ratio 

for Cmax (Racc(Cmax)). Tumor response was evaluated according to RECIST (version 1.1). 

Target and nontarget lesions were measured by computed tomography or magnetic 

resonance imaging. Exploratory objectives included assessing the PD of M3814 in 
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peripheral blood mononuclear cells (PBMCs), isolated from serial blood samples 

collected pre-treatment and on-treatment. PBMCs were stimulated ex vivo with the 

DNA-damaging agent bleomycin to induce DNA-PK activity. The PD biomarker of M3814 

was the level of autophosphorylated form of DNA-PK on Ser2056 (p-DNA-PK) normalized 

by the total DNA-PK (t-DNA-PK), as measured by the Erenna® Immunoassay System 

in the PBMC lysates, and was calculated as the p-DNA-PK concentration (ng/mL)/  

t-DNA-PK concentration (ng/mL). DNA-PK inhibition by M3814 on-treatment was 

expressed as the percentage change of the PD biomarker versus pre-treatment value. 

Analyses

The cut-off for the final analysis was when the last patient completed the dose-

escalation phase. The All Patients Analysis Set comprised all patients who provided 

informed consent (screening failures plus enrolled patients) and used to describe 

patient disposition and deaths. The Safety Analysis Set included patients who received 

at least one dose of M3814 and used for all baseline and safety (except for DLTs) 

summaries. The Efficacy Analysis Set, including patients who received at least one 

treatment dose, was used for all efficacy summaries. The Dose-Escalation Analysis 

Set included patients treated in dose-escalation cohorts who received at least 80% 

of M3814 planned doses in the first treatment cycle or who experienced a DLT during 

the first treatment cycle regardless of the amount of drug received (used for DLT 

summary). The PK Analysis Set (Cycles 1 and 2) included patients who received at 

least the first dose of M3814 and provided PK samples as per protocol for at least 24 

hours following the first dose on Day 1 of Cycle 1 for the QD regimen, or for at least 

12 hours following first dose on Day 1 of Cycle 1 for the BID regimen. The Biomarker/

Pharmacogenomics Analysis Set included patients who received at least the first dose 

of study drug and provided at least one pre-dose sample and one post-dose sample.  

TEAEs, defined as AEs observed from the first dose of M3814 to 30 days after the 

last dose, were summarized according to MedDRA (v20.0) preferred term and system 

organ class. All statistical analyses (except for PK) were performed using SAS 9.1.3 or 

higher. Tumor assessments, based on investigator evaluations of target, non-target, 

and new lesions according to RECIST (version 1.1) were used to derive the best overall 

response. Trial data were summarized by dose level.

Results 

Patient baseline demographics and disease characteristics

Patient disposition is shown in Figure 1. Overall, 39 patients were screened. Eight 

patients did not receive M3814: six did not meet the eligibility criteria, one withdrew 
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consent, and one did not continue beyond screening due to a serious adverse event 

(intestinal obstruction). Thirty-one patients were included in the study (100 mg QD, n 

= 3; 200 mg QD, n = 3; 150 mg BID, n = 3; 200 mg BID, n = 3; 300 mg BID, n = 9; 400 mg 

BID, n = 4; 400 mg BID [declared as the RP2D], aspirin-naïve, n = 6). The numbers of 

patients included in each of the analysis sets were as follows: Safety/Effi  cacy Analysis 

Set, n = 31; Dose-Escalation Analysis Set, n = 21; PK Analysis Set, n = 31; Biomarker 

Analysis Set, n = 31.
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Figure 1. Patient disposition
aThe six patients in the RP2D cohort were aspirin-naïve.
bPatients were treated until disease progression or death.
Abbreviations: BID=twice daily, RP2D=recommended phase II dose, QD=once daily.

Baseline characteristics are presented in Table 1. The median (range) age was 66 

(25–78) years; 19/31 (61%) patients were male; 27/31 (87%) were Caucasian; ECOG PS 

at baseline was 0 in 32% of patients and 1 in 68% of patients.

All patients were treated until disease progression or death, except for two patients 

in the 300 mg BID cohort (one discontinued due to an AE [DLT, due to a combination of 

non-serious AEs and the long duration of recovery following treatment discontinuation] 

and the other due to patient request), and fi ve patients in the 400 mg BID (RP2D) 

cohort who discontinued due to AEs (n = 3; colitis in one patient [unrelated to M3814]; 

maculo-papular rash in one patient [related to M3814]; nausea and papular rash in 

one patient [both related to M3814]; all were considered serious and all were grade 3) 
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and other reasons (n = 2; both clinical progressive disease). The study was terminated 

once the RP2D was declared. 

Table 1. Baseline patient demographics and disease characteristics 

Parameter Categories/characteristics Total

Sex, n (%) Male 19 (61)

Female 12 (39)

Race, n (%) Caucasian 27 (87)

Other 4 (13)

Age (years) Mean (SD) 62 (12)

Primary tumor location*, n (%) Colorectal
Head and neck
Liver
Lung
Bone
Skin
Bladder 
Breast
Kidney
Lymph nodes 
Ovary
Pancreas
Urinary system
Uterus

10 (33)
3 (10)
3 (10)
2 (6)
2 (6)
2 (6)
1 (3)
1 (3)
1 (3)
1 (3)
1 (3)
1 (3)
1 (3)
1 (3)

*Site of primary tumor not recorded for 1 patient. Abbreviations: SD=standard deviation.

Dose-limiting toxicities and maximum tolerated dose

Safety evaluation was based on M3814 exposure of up to a maximum of 484 days (69 

weeks). One DLT was reported for one patient in the 300 mg BID cohort: no individual 

AE qualified as a DLT; however, a combination of non-serious AEs (stomatitis, decreased 

appetite, dysgeusia, erythema, urticaria, fatigue, and nausea) and a long recovery 

duration following treatment discontinuation was considered as a DLT. The MTD of 

M3814 was not reached at 400 mg BID (dose expansion was stopped at 400 mg BID), 

and it was decided not to conduct the dose-expansion part of the study as the tumor 

response to M3814 dose escalation did not support a monotherapy dose-expansion 

cohort.  As there were no DLTs reported at the 400 mg BID dose level, this dose was 

declared as an acceptable RP2D. Six aspirin-naïve patients (see above) were enrolled 

at the RP2D to confirm the safety and tolerability and to explore the PK and PD profile 

of M3814. 

Safety

The median (range) treatment duration with M3814 was 6.0 (0.3–69.0) weeks. All 31 

patients had at least one TEAE and most (71%) had at least one TEAE related to M3814. 
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Nausea (n = 17), fatigue (n = 14), pyrexia (n = 11) and constipation (n = 10) were the 

most common TEAEs. Nausea (n = 8), vomiting (n = 6), fatigue (n = 6), and pyrexia 

(n = 5) were the most frequently reported TEAEs related to M3814 (Table 2). Twenty-

one patients (68%) had at least one TEAE of grade ≥3. M3814-related grade 3 TEAEs 

occurred in seven (23%) patients. The most common grade 3 M3814-related TEAEs were 

maculo-papular rash (n = 4) and nausea (n = 2). There were no M3814-related grade 

4 TEAEs. Seventeen patients (55%) had a serious TEAE. M3814-related serious TEAEs 

occurred in four (13%) patients, all at the highest dose level of 400 mg BID. M3814-

related serious TEAEs were rash maculo-papular in two patients; pyrexia and rash 

maculo-papular in one patient; and nausea and rash maculo-papular in one patient. 

One patient in the 400 mg BID cohort had a TEAE leading to death (grade 5 general 

physical health deterioration considered unrelated to M3814). Three patients died 

due to disease progression; there were no treatment-related deaths (Supplementary 

Table 1). In the aspirin-naïve cohort (400 mg BID, RP2D) a very weak effect on platelet 

aggregation was observed, which was not considered a safety signal.

Pharmacokinetics 

Following oral administration, M3814 was quickly absorbed into the systemic 

circulation with a median tmax of 1.1–2.5 hours. The exposure parameters of M3814 

showed high inter-individual variability across all doses as indicated by moderate to 

high geometric mean %CV values (15.5–117% for Cmax; 12.5–124% for AUC0–12). Minimal 

to slight accumulation of M3814 after QD and BID dosing, respectively, was observed 

on Cycle 2 Day 1, following multiple dosing, in line with the observed mean t1/2 of 

~5.5 hours (Figure 2, Supplementary Table 2). Plasma exposure of M3814 increased 

with increasing doses. However, high inter-individual variability in dose-normalized 

exposure prevented conclusive estimation of dose‑proportionality (Figure 2; 

Supplementary Table 2).

Pharmacodynamics 

Overall, a consistent and marked dose-dependent decrease in the PD biomarker level 

(p-DNA-PK/total DNA-PK ratio) was observed in peripheral blood mononuclear cells 

(PBMCs, as a surrogate of tissue) at early time points (3 and 6 hours) after M3814 

administration (Figure 3). A typical profile is shown in Figure 3A. In addition, M3814 

concentration-dependent p-DNA-PK inhibition could be clearly established (Figure 3B) 

with half-maximal inhibition (IC50) observed at M3814 concentrations of approximately 

200 ng/mL (95% confidence intervals, 149–286). These results demonstrate that M3814 

inhibits DNA-PK in a time- and concentration-dependent manner, providing evidence 

of target engagement.
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Figure 2. 
Plasma concentration–time profiles of M3814 following daily (QD, A) and twice-daily (BID, B) dosing 
(linear scale). Dose-normalized AUC0-12h for M3814 by dose on (C) Cycle 1 Day 1 (QD and BID; PK 
Analysis Set; n = 25) and (D) Cycle 2 Day 1 (BID; PK Analysis Set; n = 17).

 
Figure 3. 
DNA-PK inhibition by M3814. In (A) typical time-course profiles of PK (grey circles) and DNA-PK 
inhibition (black squares) after M3814 treatment from one patient treated with M3814 100 mg QD. 
DNA-PK inhibition on treatment is expressed as percentage change of p-DNA-PK/t-DNA-PK from the 
pretreatment value (time h=0) In (B) concentration-dependent inhibition of DNA-PK in response 
to M3814 treatment. Experimental concentration-response data are shown as (o) and the line 
represents the Emax model fit to the data.
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Efficacy

No objective tumor responses (complete responses or partial responses) were 

reported. Twelve patients (39%) had a best overall response of stable disease during 

treatment and/or follow-up (7 of these patients experienced stable disease for ≥12 

weeks), 14 patients (45%) had a best response of progressive disease, and five patients 

(16%) were not evaluable (tumor assessment at screening only) (Figure 4).

Figure 4.
Waterfall plot showing best percentage change in tumor size from baseline and best overall 
response. M3814 dose (mg)/frequency of administration is shown for each patient on the x axis. 
Dashed lines show the 20% threshold for disease progression and the 30% threshold for partial 
response. Abbreviations: PD=progressive disease, SD=stable disease.

Discussion

M3814 is a sub-nanomolar potent and selective inhibitor of DNA-PK catalytic activity.6-8 

In this first-in-man study, M3814 showed an acceptable safety profile when given orally 

QD or BID to patients with advanced solid tumors. The MTD of M3814 was not reached 

at 400 mg BID (dose expansion was stopped at 400 mg BID), and it was decided not to 

conduct the dose-expansion part of the study as the response to M3814 dose escalation 

did not support a monotherapy dose-expansion cohort. Therefore, the RP2D for M3814 

monotherapy was declared as 400 mg BID. A combination of non-serious AEs and the 

long duration of recovery after treatment discontinuation was considered a DLT in one 

patient treated with 300 mg M3814 BID. Based on an extrapolation from preclinical 

data available at the time of study initiation, no unexpected clinical safety signals 
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for M3814 were observed. Doses up to 400 mg M3814 BID were tolerated and AEs were 

manageable. 

M3814 may cause an inhibitory, yet reversible effect, on platelet aggregation; 

therefore, platelet function was evaluated in this study, and only a weak effect on 

platelet aggregation in some patients was observed. These findings do not support 

the exclusion of patients taking oral anticoagulation medication from receiving 

M3814 treatment. In preclinical studies, M3814 was shown to inhibit PI3K lipid kinases 

with strongly reduced potency, despite the high similarity in their kinase domain.7 

Nevertheless, the occurrence of rash has been observed with clinical PI3K inhibitors, 

and grade 3 maculo-papular rashes were reported in the present study.14 Further data 

are required to confirm any association between the occurrence of rash and PI3K 

inhibition by M3814. Together, these data indicate that the safety and tolerability 

of M3814 in humans are consistent with the results of preclinical studies, and as 

expected based on its mechanism of action. 

To date, the use of DNA-PK inhibitors in clinical studies has been limited by the 

pharmacokinetic profiles of currently available molecules.15 Here, we show that the 

tested M3814 formulation was quickly absorbed into the systemic circulation, with 

slight accumulation observed with multiple QD and BID dosing. M3814 plasma exposure 

increased with increasing dose, but dose proportionality could not be evaluated due to 

the large inter-patient variability in exposure. A novel formulation will be developed 

for future clinical trials. 

DNA-PK is a component of the DDR and a key driver of DNA DSB repair via the NHEJ 

pathway; this mechanism is functional throughout all phases of the cell cycle and 

repairs the majority of DSBs induced by radiotherapy in cancer cells.16 DNA-PK 

autophosphorylation and subsequent activation is essential for the repair process.5,17 

In preclinical studies, M3814 was shown to inhibit DNA DSB repair and enhance existing 

sensitivity to radiation in cancer cells through inhibition of DNA-PK kinase activity, 

consistent with studies in cervical cancer cells and mouse embryonic fibroblasts 

showing that loss of DNA-PK activity leads to radiosensitization.6,7,18-20 Consistent with 

this, high expression of the DNA-PK catalytic subunit (DNA-PKcs) has been reported in 

patient tumor samples, and has been associated with resistance to radiotherapy.26,27 

In addition, combination drug profiling of M3814 with antitumor agents revealed 

synergy with chemotherapeutics that work by generating DNA DSBs.7,10, 21-25 These 

data indicate that M3814 may function predominantly through the inhibition of NHEJ 

repair.7 However, the prognostic effect of increased DNA-PK expression appears to be 

context-dependent.22-24 The lack of partial response according to RECIST (version 1.1) 
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with M3814 monotherapy is consistent with its mechanism of action, and with the 

findings of preclinical studies, which support combining M3814 with DNA DSB-inducing 

agents such as radiotherapy and DNA-DSB-inducing chemotherapeutic agents.6,7,10 

These results, along with preclinical data, support further clinical evaluation of 

M3814 and a phase I trial in combination with radiotherapy/chemotherapy is ongoing 

in patients with advanced solid tumors (NCT02516813).6,10,28 

In conclusion, M3814 showed an acceptable safety profile and the RP2D for M3814 

monotherapy was declared as 400 mg BID.
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Supplement to:

A first-in-man phase I study of the DNA-dependent protein kinase 
inhibitor M3814 in patients with advanced solid tumors

Supplementary Figure 1. Study schematic
aThe DLT observation period was 21 days of the first cycle of treatment. DLTs were evaluated 
in order to make decisions regarding dose escalation or evaluation of intermediate dose levels. 
Abbreviations: DLT=dose-limiting toxicity, EOT=End of trial visit. 

Supplementary Table 1. Overall summary of treatment-emergent adverse events

Number of patients, 

n (%), with:

M3814 dose (mg)/frequency of administration
Total

n = 31

100/
QD

n = 3

200/
QD

n = 3

150/
BID

n = 3

200/
BID

n = 3

300/
BID

n = 9

400/
BID

n = 4

400/
BID 
(RP2D)
n = 6

Any TEAE 3 (100) 3 (100) 3 (100) 3 (100) 9 (100) 4 (100) 6 (100) 31 (100)

Any M3814-related TEAE 1 (33) 2 (67) 2 (67) 0 (0) 8 (89) 3 (75) 6 (100) 22 (71)

Any serious TEAE 1 (33) 1 (33) 2 (67) 1 (33) 5 (56) 3 (75) 4 (67) 17 (55)

Any M3814 related serious 
TEAE

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (25) 3 (50) 4 (13)

Any grade ≥ 3 TEAE 2 (67) 1 (33) 3 (100) 2 (67) 5 (56) 3 (75) 5 (83) 21 (68)

Any grade ≥ 4 TEAE 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (50)a 0 (0) 2 (6)

Any M3814 related grade 
≥ 3 TEAE

0 (0) 0 (0) 0 (0) 0 (0) 3 (33) 1 (25) 3 (50) 7 (23)

Any M3814 related grade 
≥ 4 TEAE

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Any TEAE leading to study 
discontinuation

0 (0) 0 (0) 0 (0) 0 (0) 1 (11) 1 (25) 2 (33) 4 (13)

Any TEAE leading to death 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (25) 0 (0) 1 (3)

Any M3814 related TEAE 
leading to death

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

aAdverse events of blood alkaline phosphatase increased were not considered a TEAE for one 
patient (occurred prior to the start of study treatment). Abbreviations: RP2D=recommended 
phase II dose, TEAE=treatment‑emergent adverse event.
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Conclusions and perspectives

Part I Biomarker development and assessment

Promising results are described in the review of circulating tumor cells (CTC) assays 

for the detection of epithelial cell adhesion molecule (EpCAM) positive CTC from 

cerebrospinal fluid (CSF) in Chapter 1. The reported sensitivities and specificities of the 

EpCAM-based CTC assays for the diagnosis of leptomeningeal metastases (LM) across 

the different studies are high and vary between 76-100%. In Chapter 2 we investigated 

the diagnostic performance of an EpCAM based immunoflow cytometry CTC assay in 

patients clinically suspected for LM with a negative or equivocal magnetic resonance 

imaging (MRI). The results of this prospective study has led to the transfer of the CTC 

analysis from a research laboratory setting to the Department of Laboratory Medicine 

at The Netherlands Cancer Institute, Amsterdam, the Netherlands. This highlights 

the urgent unmet medical need for better diagnostic tools in this patient population. 

Due to the low sensitivities of both MRI and cytology these techniques should not be 

used for treatment response monitoring in LM in clinical trials. CTC analysis provides 

a quantitative tool which could be used as an early treatment response marker in 

CSF.1–3 Slow patient accrual due to the diagnostic challenges and poor prognosis of 

patients with LM has hampered the development of LM specific treatments.4,5 These 

difficulties could be overcome by introducing CTC analysis of CSF in clinical trials 

in patients with a clinical suspicion of LM. The disease could be diagnosed in an 

earlier stage at which patients could have sufficient time to respond to treatment. 

In Chapter 3 we presented the first results of an immunoflow cytometry assay for 

circulating melanoma cells (CMC) in CSF. These CMC are captured and detected by 

melanoma-associated sulfate proteoglycan (MCSP) and CD146 based immunoflow 

cytometry. CMC were detected in CSF in 11 of 12 patients with confirmed LM. Control 

patients and non-LM patients were negative for CMC. Driver mutation analysis of 

BRAFV600E was performed on paired cell free CSF, isolated CMC from CSF and plasma 

samples in 15 patients with BRAFV600E mutated melanoma. Cell-free CSF samples of 

all four tested patients with BRAFV600E mutated melanoma and cytology confirmed 

LM were positive for the BRAFV600E driver mutation. CMC isolated from CSF in 2 of 

these patients with confirmed LM were BRAFV600E positive. Both assays need further 

validation for diagnostic accuracy in a larger patient cohort. Driver mutation analysis 

of cell free CSF and isolated CTC or CMC from CSF can be used to guide future therapy 

of central nervous system (CNS) metastases and unravel the pathophysiological and 

genetic mechanisms of tumor cells metastasizing to the CSF.
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Cancer in the CNS is difficult to treat due to the blood brain barrier (BBB) which normally 

protects the CNS from toxic agents. The general consensus with regard to antibody 

pharmacokinetics is that monoclonal antibodies cannot penetrate an intact BBB due 

to their large molecular size and thereby may lack clinical activity in the CNS.6–11 

Recently, two phase II trials showed intracranial activity of the immune checkpoint 

inhibitors nivolumab and ipilimumab in patients with melanoma brain metastases.12,13 

In Chapter 4 a pharmacodynamic and pharmacokinetic perspective on the intracranial 

antitumor responses of immunotherapy with the monoclonal antibodies nivolumab and 

ipilimumab was given. The intracranial effects of these immune checkpoint inhibitors 

can be due to a dual mechanism: nivolumab can bind irreversibly to programmed 

death receptor 1 (PD1) and ipilimumab can bind to cytotoxic T lymphocyte associated 

antigen 4 (CTLA-4) on peripheral circulating lymphocytes which can subsequently 

penetrate the BBB or the antibodies themselves can cross the BBB and inhibit 

tumor infiltrating lymphocytes, being already present in the intracranial tumor. For 

adequate brain penetration of antibodies, they need to be selected for the optimal 

immunoglobulin G4 subclass with neonatal Fc receptor (FcRn) binding. FcRn binding 

mediates transcytosis of IgG antibodies. The highly promising clinical antitumor 

activity combined with the described mechanism of penetration of monoclonal 

antibodies into the CSF opens novel strategies to treat malignant diseases in the CNS. 

Based on the described findings the general consensus that monoclonal antibodies do 

not penetrate into the CNS needs to be reconsidered. In Chapter 5 we described the 

method development and validation of an enzyme linked immunosorbent assay for 

the quantification of nivolumab and pembrolizumab in human serum and CSF. With 

this assay we can investigate the pharmacokinetics of nivolumab and pembrolizumab 

in both serum and CSF. The dose response curves of nivolumab and pembrolizumab 

have been poorly characterised. Together with the pharmacodynamics of these agents 

more rational and cost saving dosing regimens could be developed. In Chapter 6 we 

presented a liquid chromatography–tandem mass spectrometric assay for the T790M 

mutant EGFR inhibitor osimertinib in human plasma. This method can be used for 

therapeutic drug monitoring for instance in the case of drug-drug interactions via the 

drug metabolizing cytochrome (CYP) P450 3A4 and CYP3A5 enzymes which metabolize 

osimertinib. In Chapter 7 severe bone toxicities were observed with the treatment 

combination of WNT974, LGX818 and cetuximab in patients with BRAFV600-mutant 

KRAS wild-type metastatic colorectal cancer harbouring Wnt pathway mutations. The 

bone toxicities were not expected based on the experience of the phase I single 

agent study of WNT974 (NCT01351103).14 The maximum tolerated dose (MTD) was 

not determined in the phase I single agent trial of WNT974, also known as LGK974. 

In the study abstract of the single agent study no specific bone related toxicity 
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was mentioned. Two patients who experienced severe bone toxicity in the trial of 

WNT974, encorafenib and cetuximab were described in Chapter 8. Future clinical 

trials with WNT pathway inhibitors need to coincide with intensive monitoring of 

bone homeostasis and inclusion of bone protective measurements in their clinical trial 

protocols. WNT974 is still under clinical investigation in combination with PDR001, 

also known as spartalizumab, an anti-PD-1 monoclonal antibody.15 

In Chapter 9 we presented the first-in-man study of the DNA-protein kinase inhibitor 

M3814. The trial aimed to determine the MTD and/or recommended phase II dose 

(RP2D) of M3814, a DNA‑dependent protein kinase inhibitor in patients with advanced 

solid tumors. Secondary and exploratory objectives were to explore the safety, 

tolerability, pharmacokinetic and pharmacodynamic profiles, and clinical activity. 

M3814 showed an acceptable safety profile. The MTD of M3814 was not reached at the 

dose level of 400 mg twice daily (BID). The RP2D for M3814 monotherapy was declared 

as 400  mg BID. The lack of partial responses as evaluated by Response Evaluation 

Criteria in Solid Tumors (RECIST) version 1.1 with M3814 monotherapy is consistent 

with its mechanism of action and the findings of preclinical studies. Preclinical studies 

support combining M3814 with DNA double-strand breaks (DSBs) inducing agents such 

as radiotherapy and DNA-DSB-inducing chemotherapeutic agents.16,17 A phase I trial in 

combination with radiotherapy/chemotherapy is ongoing in patients with advanced 

solid tumors.18 M3814 is currently under investigation in combination with avelumab, 

a monoclonal antibody directed against programmed death ligand 1 (PD-L1), with 

or without radiotherapy in patients with selected advanced solid tumors.19 M3814 is 

also under investigation in combination with capecitabine and radiotherapy in rectal 

cancer.20
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Part I Biomarker development and assessment

Leptomeningeal metastases (LM), also known as leptomeningeal carcinomatosis or 

neoplastic meningitis, is a diffuse dissemination of tumor cells into the cerebrospinal 

fluid (CSF) and leptomeninges. Approximately ten per cent of patients with cancer 

ultimately develop LM. Survival of patients with LM varies from several weeks to more 

than a year, depending on the tumor type, performance status and treatment of LM, 

consisting of radiotherapy of symptomatic sites and/or systemic therapy. The median 

survival is 6-8 weeks without treatment. Gadolinium enhanced magnetic resonance 

imaging (MRI) of the symptomatic sites of the central nervous system (CNS) is the 

radiological method of choice as diagnostic technique when LM is clinically suspected. 

The sensitivity of MRI with gadolinium for the diagnosis of LM is approximately 75% and 

the specificity approximately 77%. When MRI does not show equivocal abnormalities, 

CSF cytology needs to be performed. Sensitivity of CSF cytology is also low: 44-67% 

at first LP, increasing to 84-91% upon second sampling. Therefore, improved CSF 

diagnostics for LM are needed to either rule out the diagnosis or expedite treatment 

without further delay. The isolation, molecular characterization and quantification of 

circulating tumor cells (CTC) in CSF is described in patients with a suspicion on LM in 

part I of this thesis.

Epithelial cell adhesion molecule (EpCAM) is expressed by solid tumors of epithelial 

origin like non-small-cell lung cancer, breast cancer or ovarian cancer. An overview 

of the different EpCAM-based laboratory techniques for the enumeration of CTC in 

CSF is given and a comparison is made with CSF cytology for the diagnoses of LM from 

epithelial tumors in Chapter 1. The reported sensitivities and specificities of the 

EpCAM-based CTC assays for the diagnosis of LM across the different studies are highly 

promising and vary between 76-100%. 

We report the results of the performance of an EpCAM based immunoflow cytometry 

CTC assay versus CSF cytology in a prospective study in 81 patients with a clinical 

suspicion of LM but a non-confirmatory MRI in Chapter 2. In a non-small cell lung 

cancer (NSCLC) subcohort we analyzed circulating tumor (ct)DNA of the selected 

driver mutations by digital droplet (dd)PCR. The sensitivity of the CTC assay was 94% 

(95% CI 80-99) and the specificity was 100% (95% CI 91-100) at the optimal cut-off 

of 0.9 CTC/ml. The sensitivity of cytology was 76% (95% CI 58-89). Twelve of the 23 

NSCLC patients had a mutation in the  epidermal growth factor receptor (EGFR). All 

five tested patients with LM demonstrated the primary EGFR driver mutation in cell 

free CSF. The driver mutation could also be detected in CTC isolated from CSF. It was 
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concluded that CTC in CSF are detected with a high sensitivity for the diagnosis of LM. 

ddPCR can determine EGFR mutations in both cell free CSF and isolated CTC from CSF 

of EGFR mutated NSCLC in patients with LM. 

The enumeration of circulating melanoma cell (CMC) in CSF was investigated in 

42 patients with a clinical suspicion of LM and described in Chapter 3. Thirty-six 

of them had a negative or equivocal MRI and 6 showed typical leptomeningeal 

contrast enhancement on MRI. Furthermore, CMC in CSF were enumerated in 10 

non-oncological control patients. EANO-ESMO clinical practice guidelines were used 

to classify LM diagnosis. Driver mutation analysis of BRAFV600E was performed on 

paired cell free CSF, isolated CMC from CSF and plasma samples in 15 patients with 

BRAFV600E mutated melanoma. CMC were detected in CSF in 11 of 12 patients with 

confirmed LM in whom CSF was available (1.9 – 5587 CMC/ml). In one of 12 patients 

no CMC were found. One patient with probable LM had 180 CMC/ml and 2 out of 8 

patients with possible LM had 9.8 CMC/ml and 3.5 CMC/ml, respectively. Control 

patients and non-LM patients had ≤0.3 CMC/ml. Cell-free CSF samples of all four 

patients with BRAFV600E mutated melanoma and cytology confirmed LM were positive 

for the BRAFV600E driver mutation. CMC isolated from CSF in 2 of these patients 

with confirmed LM were BRAFV600E positive. The newly developed MCSP/CD146 

immunoflow cytometry assay is a promising tool to detect melanoma cells in CSF. 

Driver mutation analysis can be used to detect BRAFV600E mutations in both cell-free 

CSF and CMC isolated from CSF. Both assays need further validation for diagnostic 

accuracy in a larger patient cohort.

Part II Clinical pharmacology of anticancer agents

A systematic Pubmed search for prospective phase II and III studies on nivolumab and 

ipilimumab in melanoma brain metastases and studies in which CSF levels of nivolumab 

and ipilimumab are reported is described in Chapter 4. Two phase II studies with 

the combination nivolumab and ipilimumab and one phase II study with ipilimumab 

monotherapy in melanoma brain metastases were included in this review. One article 

reported drug levels of nivolumab in CSF. Intracranial responses were achieved in 16 of 

35 patients (46%; 95% confidence interval (CI) 29–63) in a phase II study with nivolumab 

and ipilimumab. The rate of intracranial clinical benefit was 57% (95% CI 47-68) in a 

second phase II study in 94 patients. The CSF/serum ratio of nivolumab was 0.88-

1.9% in a cohort of metastatic melanoma patients treated with nivolumab 1-3 mg/kg. 

Nivolumab concentrations in CSF ranged from 35-150 ng/ml in these patients, which is 

in the range of the half maximal effective concentration (EC50) of 0.64 nM. The results 

are discussed and a perspective on the pharmacodynamics and pharmacokinetics for 

the intracranial activity of these agents was given. Ipilimumab and nivolumab are 
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active in melanoma brain metastases. Nivolumab penetrates into the CSF. Based on the 

described findings the general consensus that monoclonal antibodies do not penetrate 

into the CNS and cannot have a direct intracranial effect needs to be reconsidered. 

Immunotherapy with monoclonal antibodies targeting the programmed-death-1 (PD-

1) receptor has become standard of care for an increasing number of tumor types. 

Pharmacokinetic studies may help to optimize anti-PD-1 therapy. Therefore, accurate 

and sensitive determination of antibody concentrations is essential. We developed 

and validated an enzyme linked immunosorbent assay (ELISA) capable of measuring 

nivolumab and pembrolizumab concentrations in serum and CSF with high sensitivity 

and specificity as reported in Chapter 5. The assay was developed and validated based 

on the specific capture of nivolumab and pembrolizumab by immobilized PD-1, with 

subsequent enzymatic chemiluminescent detection by anti-IgG4 coupled with horse 

radish peroxidase (HRP). The lower limit of quantification for serum and CSF was 2 ng/

ml for both anti-PD-1 agents. The ELISA method was validated and showed long term 

sample stability of >1 year. This method is reliable, relatively inexpensive and can be 

used in serum and CSF from pembrolizumab and nivolumab treated patients. 

Another analytical technique for quantitative analysis is described in Chapter 6. A 

method for the quantitative analysis by ultra-performance liquid chromatography-

tandem mass spectrometry of osimertinib, a highly selective covalent inhibitor of 

EGFR T790M mutated tyrosine kinase, in human plasma has been developed. The 

validation was performed in a range from 1 to 1000 ng/ml, with the lowest level 

corresponding to the lower limit of quantitation. Gradient elution was performed 

on a 1.8 µm particle trifunctional bonded C18 column by 1% (v/v) formic acid in 

water, and acetonitrile as mobile phase. The analyte was detected in the selected 

reaction monitoring mode of a triple quadrupole mass spectrometer after positive 

ionization with the heated electrospray interface. Within-day precisions ranged from 

3.4 to 10.3%, and between-day precisions from 3.8 to 10.4%, accuracies were 95.5 to 

102.8%. Plasma (either lithium heparin or sodium-ethylenediaminetetraacetic acid 

(EDTA) pre-treatment was performed by salting-out assisted liquid-liquid extraction 

using acetonitrile and magnesium sulphate. This method was used to analyse the 

osimertinib blood plasma levels of adult patients with metastatic EGFR T790M mutated 

NSCLC for therapeutic drug monitoring purposes. 

More than 90% of colorectal cancers (CRC) have alterations in WNT signalling. Eight to 

ten per cent of patients with metastatic Kirsten rat sarcoma viral oncogene homolog 

wild-type (KRAS-WT) colorectal cancer have v-Raf murine sarcoma viral oncogene 

homolog B (BRAF) mutations and do not benefit from EGFR antibodies like cetuximab 
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and panitumumab. In two phase I studies the combination of the BRAF inhibitor 

vemurafenib or encorafenib and cetuximab induced response rates of 35% and 19% 

in this patient population. Addition of a WNT inhibitor seems an attractive approach 

to increase the response rate in patients with BRAFV600 mutated KRAS-WT CRC with 

WNT alterations. A phase Ib/II multi-centre, open label, dose escalation study of 

WNT974, encorafenib and cetuximab in patients with BRAFV600-mutant KRAS wild-

type metastatic colorectal cancer harboring WNT pathway mutations is described in 

Chapter 7. Patients with BRAFV600E mutated KRAS-WT CRC with WNT alterations in 

RNF43 and/or RSPO fusion were treated with a BRAF inhibitor (encorafenib), plus a 

monoclonal antibody targeting EGFR (cetuximab) and a porcupine inhibitor (WNT974). 

The primary objective was to determine the maximum tolerated dose (MTD) or a 

recommended phase II dose (RP2D). The triplet combination (WNT974 + encorafenib 

+ cetuximab) demonstrated clinical activity with a confirmed overall response rate 

of 10% and a disease control rate of 85%. Overall, the combination of encorafenib 

plus WNT974 and cetuximab resulted in a high incidence of bone toxicities. These 

observations led to the decision to discontinue the study. 

A case report of two patients who experienced severe bone toxicity in the trial of 

WNT974, encorafenib and cetuximab is described in Chapter 8.

A first-in-man phase I study of the DNA-dependent protein kinase inhibitor M3814 

in patients with advanced solid tumors is described in Chapter 9. The aim was to 

determine the MTD and/or RP2D of M3814, in patients with advanced solid tumors. 

Secondary objectives were to explore the safety, tolerability, pharmacokinetic and 

pharmacodynamic profiles, and clinical activity. M3814 was administrated continuously 

in 21-day cycles starting at 100 mg once daily (QD). Subsequent cohorts received: 

200 mg QD; 150 mg twice daily (BID); 200 mg BID; 300 mg BID; and 400 mg BID. 

Thirty-one patients were included. One dose-limiting toxicity was reported (300 mg 

BID cohort): a combination of non-serious adverse events (AEs) and a long recovery 

duration following treatment discontinuation. Nausea (n=8), vomiting (n=6), fatigue 

(n=6), and pyrexia (n=5) were the most frequently reported M3814-related AEs. The 

most common grade 3 M3814-related AEs were maculo-papular rash (n=4) and nausea 

(n=2). M3814 was quickly absorbed into the systemic circulation (median Tmax: 

1.1–2.5 hours). Overall, a consistent and marked decrease in the pharmacodynamic 

biomarker (phospho-DNA-PK/total DNA-PK) level was observed in peripheral blood 

mononuclear cells at 3 and 6 hours after intake. Twelve patients (39%) had a best 

overall response of stable disease. M3814 showed an acceptable safety profile. The 

MTD of M3814 was not reached at 400 mg BID. The RP2D for M3814 monotherapy was 

declared as 400 mg BID.
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Deel I Biomarker onderzoek

Leptomeningeale metastasen (LM) zijn uitzaaiingen van tumoren naar het hersen-/

ruggenvocht. Het stellen van de diagnose LM is lastig door de lage sensitiviteit 

van de huidige technieken die gebruikt worden in de klinische praktijk. ‘Magnetic 

resonance imaging’ (MRI) heeft een sensitiviteit van 76% voor het opsporen van LM. 

Bij een negatieve of twijfelachtige MRI-uitslag wordt middels een lumbaalpunctie 

(LP) hersenvocht afgenomen. Dit hersenvocht, ook wel de cerebrospinale vloeistof 

genoemd, wordt dan door de patholoog onderzocht op de aanwezigheid van tumor 

cellen middels cytologie. Cytologie heeft een sensitiviteit van 44-67% bij de eerste 

LP, die toeneemt naar 84-91% bij een tweede LP. Recent zijn een aantal nieuwe 

laboratoriumtechnieken ontwikkeld om circulerende tumor cellen (CTC) op te sporen 

in de cerebrospinale vloeistof. Deze technieken worden in deel I van dit proefschrift 

besproken. Deel II van dit proefschrift gaat over de klinische farmacologie van anti-

kanker middelen.

Hoofdstuk 1 geeft een overzicht van de literatuur van een aantal nieuwe 

laboratoriumtechnieken om CTC op te sporen zoals de CELLSEARCH® assay en diverse 

flowcytometrie assays. Deze laboratoriumtechnieken kunnen CTC opsporen die het 

epitheliale cel adhesie molecuul (EpCAM) tot expressie brengen. Tumoren die EpCAM 

tot expressie brengen zijn onder andere longkanker, borstkanker en ovariumkanker. 

De beschreven sensitiviteit en specificiteit van de op EpCAM gebaseerde CTC analyse 

methoden bij een verdenking op LM is veelbelovend en varieert van 76 tot 100%.

Hoofdstuk 2 beschrijft een prospectieve studie naar de sensitiviteit en specificiteit van 

EpCAM+ CTC bepaling in de cerebrospinale vloeistof met immunoflow cytometrie in 81 

patiënten met een klinische verdenking op LM en een negatieve of twijfelachtige MRI. 

Ook zijn de CTC en de cerebrospinale vloeistof onderzocht op de aanwezigheid van 

‘driver’ mutaties in een subcohort van patiënten met niet-kleincellig longcarcinoom 

met mutaties in de epidermale groeifactor receptor (EGFR). De mutatieanalyse is 

uitgevoerd met behulp van ‘digital droplet polymerase chain reactie’ (dd)PCR 

technologie. In de controlegroep met 10 patiënten zonder kanker werden geen CTC 

gevonden. De gevonden sensitiviteit van de CTC bepaling bij patiënten met een 

klinische verdenking op LM was 94% (95% betrouwbaarheid interval (BI) 80-99) en de 

specificiteit was 100% (95% BI 91-100) bij de optimale afkapwaarde van 0.9 CTC/ml. 

De sensitiviteit van de cytologie was 76% (95% BI 58-89). Twaalf van de 23 patiënten 

met niet-kleincellig longkanker die geïncludeerd waren in de studie hadden een 

mutatie in de EGFR. In vijf patiënten met LM is de ‘driver’ mutatie ook aangetoond 
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in de celvrije fractie van de cerebrospinale vloeistof. De ‘driver’ mutatie kon ook 

aangetoond worden in de CTC geïsoleerd uit de cerebrospinale vloeistof. De studie 

toont aan dat CTC met een hoge sensitiviteit gedetecteerd kunnen worden in de 

cerebrospinale vloeistof bij patiënten met een klinische verdenking op LM en een 

negatieve of twijfelachtige MRI. 

In Hoofdstuk 3 worden de initiële resultaten van circulerende melanoom cel bepaling 

met immunoflow cytometrie beschreven bij 42 patiënten met een klinische verdenking 

op LM. Eerst is een immunoflow cytometrie assay ontwikkeld voor het opsporen van 

circulerende melanoom cellen (CMC) met de celoppervlaktemarkers ‘melanoma-

associated chondroitin sulfate proteoglycan’ (MCSP) en CD146. In een prospectieve 

studie is vervolgens de cerebrospinale vloeistof van patiënten met melanoom en een 

klinische verdenking op LM geanalyseerd. Tevens is de cerebrospinale vloeistof van 

10 controlepatiënten zonder melanoom geanalyseerd voor CMC. Ook zijn de CMC en 

de cerebrospinale vloeistof onderzocht op ‘driver’ mutaties in een subcohort van 

patiënten met v-Raf muis sarcoom viraal oncogen homoloog B (BRAF) BRAFV600E 

gemuteerd melanoom. In 11 van de 12 patiënten met een bevestigde diagnose LM 

werden CMC aangetoond. De CMC aantallen varieerde van 1.9 – 5587 CMC/ml. De 

controlepatiënten en de patiënten zonder LM hadden minder dan 0.3 CMC/ml in de 

cerebrospinale vloeistof.  In vier patiënten met LM is de BRAFV600E ‘driver’ mutatie 

ook aangetoond in de celvrije fractie van de cerebrospinale vloeistof. Bij twee van 

deze patiënten werden ook CMC geïsoleerd en kon de BRAFV600E mutatie aangetoond 

worden in de CMC. Voor de gebruikte laboratoriumtechnieken is verdere klinische 

validatie in een groter patiënten cohort nodig. 

Deel II Klinische farmacologie van anti-kanker middelen

In Hoofdstuk 4 wordt in een verkennend systematisch literatuuronderzoek de 

effectiviteit van nivolumab en ipilumumab beschreven bij naar de hersenen 

gemetastaseerd melanoom. Ook wordt een visie gegeven op de farmacokinetiek 

en farmacodynamiek van de antitumor activiteit van nivolumab en ipilimumab bij 

patiënten met naar de hersenen gemetastaseerd melanoom. Nivolumab en ipilimumab 

grijpen aan op het immuunsysteem door blokkade van immuuncontrole punten van 

de T-cellen. Nivolumab bindt irreversibel aan de geprogrammeerde celdood-1 (PD-

1)-receptor en blokkeert de interactie met de liganden PD-L1 en PD-L2. Ipilimumab 

blokkeert anti-cytotoxisch T-lymfocyt geassocieerd antigen 4 (CTLA-4). Hierdoor 

kunnen de immuuncellen van het afweersysteem de tumorcellen weer herkennen en 

opruimen. In een fase 2 studie werd een intracraniële tumorrespons bereikt bij 16 

van de 35 patiënten. In een tweede fase 2 studie met 94 patiënten werd bij 57% 

een intracranieel klinisch behandelresultaat bereikt. In een cohort van patiënten 
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met gemetastaseerd melanoom zijn nivolumab concentraties aangetoond in de 

cerebrospinale vloeistof die in dezelfde range liggen als de concentratie waarbij 50% 

remming van het maximaal te bereiken effect optreedt (EC50) in vitro. Nivolumab 

en ipilimumab zijn immunoglobulinen behorend tot de IgG subklasse. Ze worden 

intraveneus toegediend en zijn relatief groot in vergelijking tot de moleculen die 

oraal toegediend kunnen worden. Over het algemeen wordt aangenomen dat grote 

moleculen de bloed-hersenbarrière niet kunnen passeren. Het therapeutisch effect 

van nivolumab en ipilimumab wordt toegeschreven aan een toename van het aantal 

geactiveerde T-lymfocyten. De T-lymfocyten kunnen systemisch geactiveerd worden 

en vervolgens de hersenmetastase infiltreren of de T-lymfocyten kunnen lokaal 

geactiveerd worden bij de hersentumor. Voor een lokale werking moet het antilichaam 

ook bij de hersenmetastase komen. Bepaalde subklassen van immunoglobulines 

kunnen ondanks hun hoge molecuulgewicht door cellen heen getransporteerd worden 

middels transcytose. Hiervoor dient het antilichaam te binden aan de neonatale Fc 

receptor. Van nivolumab is aangetoond dat het aan de neonatale Fc receptor bindt. 

De neonatale Fc receptor komt voor op macrofagen die zich ook in de choroid plexus 

bevinden. De choroid plexus produceert het grootste deel van de cerebrospinale 

vloeistof en de macrofagen in de choiroid plexus zouden dus kunnen zorgen voor 

nivolumab transport naar de cerebrospinale vloeistof. 

In Hoofdstuk 5 wordt een ‘enzyme linked immunosorbent assay’ (ELISA) beschreven 

waarmee de concentraties van nivolumab en pembrolizumab bepaald kunnen worden 

in serum en de cerebrospinale vloeistof. Met de beschreven methode kunnen de 

concentraties van nivolumab in serum en in de cerebrospinale vloeistof bepaald 

worden met een hoge sensitiviteit en specificiteit. De assay is gebaseerd op specifieke 

binding van nivolumab en pembrolizumab aan geïmmobiliseerd PD-1 gevolgd door 

enzymatische chemoluminescentie door anti-IgG4 gekoppeld aan paard radijs 

peroxidase (HRP). De ondergrens van de kwantificeringsrange in de cerebrospinale 

vloeistof is 2 ng/ml voor zowel nivolumab als pembrolizumab. De monsters waren 

voor langer dan een jaar stabiel bij -80 °C. De analysemethode is betrouwbaar en kan 

gebruikt worden voor het bepalen van de nivolumab en pembrolizumab spiegels bij 

patiënten. 

Hoofdstuk 6 beschrijft een analysemethode voor de kwantitatieve analyse van 

osimertinib, een covalent bindende EGFR tyrosine kinase remmer. Middels hoge 

prestatie vloeistof chromatografie gevolgd door tandem massa spectrometrie is de 

concentratie van osimertinib in plasma bepaald. De methodevalidatie is uitgevoerd 

over een concentratierange van 1 tot 1000 ng/ml met laagste concentratie 

corresponderend met de ondergrens van de kwantificeringsrange. Gradiënt elutie is 
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uitgevoerd op een 1.8 µm trifunctionele bindende C18 kolom met 1% (v/v) mierenzuur 

in water en acetonitriel als mobiele fase. De analiet werd gedetecteerd in de 

geselecteerde reactie monitoringsmodus van de triple quadrupel massaspectrometer 

na positieve ionisatie met een verwarmd electrospray grensvlak. De precisie binnen 

één dag varieerde van 3.4 tot 10.3% en de dag tot dag precisie varieerde van 3.8 

tot 10.4%. De juistheid bedroeg 95.5 tot 102.8%. Plasma voorbehandeling is gedaan 

door uitzouten en vloeistof-vloeistof extractie met behulp van acetonitriel en 

magnesiumsulfaat. Bovenstaande methode is vervolgens gebruikt voor het bepalen 

van osimertinib bloed plasmaspiegels bij patiënten met EGFR T790M gemuteerd 

gemetastaseerd niet-kleincellig longkanker. 

In Hoofdstuk 7 wordt een fase Ib/II studie beschreven waarin patiënten met Kirsten 

rat sarcoom viraal oncogen homoloog wild-type (KRAS-WT) colorectaal kanker met een 

BRAFV600E mutatie en mutaties in de WNT celsignaleringsroute worden behandeld 

met doelgerichte therapie. Meer dan 90% van de colorectale tumoren hebben 

veranderingen in de WNT celsignaleringsroute. Acht tot tien procent van alle patiënten 

met gemetastaseerd KRAS-WT, BRAF gemuteerd colorectaal kanker reageren niet op 

een behandeling met de EGFR antilichamen cetuximab en panitumumab. In twee fase 

I studies met de combinatie van de BRAF remmer vemurafenib of encorafenib gegeven 

samen met cetuximab respondeerde 35% en 19% van de patiënten. Toevoeging van 

een WNT remmer is een aantrekkelijke mogelijkheid om het slagingspercentage van 

de combinatietherapie verder te verhogen binnen deze patiëntenpopulatie. Deze 

strategie is onderzocht bij 20 patiënten met gemetastaseerd colorectaal kanker met 

KRAS-WT, BRAFV600E gemuteerd en veranderingen in de WNT celsignaleringsroute via 

R-spondin (RSPO) of E3 ubiquitine-protein ligase RING vinger 43 (RNF43) mutaties. 

De patiënten werden behandeld met de BRAF remmer encorafenib, de EGFR remmer 

cetuximab en de WNT remmer WNT974. Het primaire doel van de studie was het bepalen 

van de maximaal tolereerbare dosis van WNT974 in combinatie met encorafenib en 

cetuximab of het bepalen van een aanbevolen dosering voor fase II studies met deze 

combinatie. De combinatie van WNT974, encorafenib en cetuximab had antitumor 

activiteit. Bij tien procent van de patiënten werd de tumor meer dan 30% kleiner. Bij 

85% van de patiënten zorgde  de combinatie voor het stoppen van de tumorgroei en 

hield zo de ziekte onder controle. De triplet behandeling ging echter gepaard met een 

hoge incidentie van bottoxiciteit. Deze observaties hebben uiteindelijk geleid tot het 

beëindigen van deze studie. 

In Hoofdstuk 8 worden twee patiënten beschreven die ernstige bottoxiciteit hebben 

ontwikkeld in de studie met de combinatie van WNT974, encorafenib en cetuximab.



207

Nederlandse samenvatting

In Hoofdstuk 9 worden de resultaten van een ‘first-in-man’ fase I studie van de DNA-

proteïne kinase (DNA-PK) remmer M3814 beschreven. DNA-PK is een serine/threonine 

proteïne kinase die een essentiële rol speelt in de ‘DNA damage response’ en reguleert 

DNA dubbelstrengsbreuk reparatie via ‘non-homologous end joining (NHEJ)’. Het 

primaire doel van de studie was het bepalen van de maximaal tolereerbare dosis of het 

bepalen van een aanbevolen dosering voor fase II studies. In de fase I studie werden 

31 patiënten geïncludeerd met gevorderde solide tumoren. Een standaard 3+3 design 

werd gebruikt voor de dosisescalatie. M3814 werd in een continue doseerschema oraal 

toegediend in cycli van 21 dagen. De startdosering was 100 mg één keer per dag (dd). De 

daaropvolgende cohorten kregen een dosering van 200 mg 1 dd, 150 mg 2 dd, 200 mg 2 

dd, 300 mg 2 dd en 400 mg 2 dd. Bij één patiënt trad een dosis limiterende bijwerking 

op die bestond uit een combinatie van verschillende bijwerkingen. Misselijkheid 

(n=8), braken (n=6), vermoeidheid (n=6) en koorts (n=5) werden het vaakst gemeld 

als bijwerking gerelateerd aan M3814. M3814 werd snel geabsorbeerd en de mediane 

Tmax was 1.1-2.5 uur. Perifeer bloed-mononucleaire cellen (PBMC’s) werden gebruikt 

als een surrogaat voor weefsel om de farmacodynamisch activiteit te kunnen 

aantonen. Een afname van de farmacodynamische biomarker (gefosforyleerd-DNA-PK 

/ totaal DNA-PK) werd waargenomen. M3814 had een acceptabel veiligheidsprofiel. 

De maximaal tolereerbare dosis werd niet bereikt bij 400 mg 2 dd. De aanbevolen 

dosering als monotherapie voor fase II studies is 400 mg 2 dd. 
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