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General introduction and
thesis outline

GENERAL INTRODUCTION
Biomarkers play an important role in the treatment of cancer by functioning 
as signposts of the pathogenic process (1). In clinical cancer trials, biomarkers 
are used for the selection of patients most likely to benefit from a certain 
(personalized) treatment (2). Biomarkers can also facilitate the early detection 
of treatment outcome, which may provide essential guidance for treatment 
modification or discontinuation (3, 4). For these reasons, the interest in the use 
of biomarkers in cancer trials has grown considerably over the past 60 years. In 
1959, there were just 0.02% of papers with mentions of the words ‘’cancer” and 
“biomarker” listed in Pubmed, whereas by 2019 this had increased to 13.8% (5). 
Of all oncology trials in 2018, 55% involved the use of biomarkers, as compared 
with 15 percent in 2000 (6). Almost half of the total trials with biomarkers 
specifically highlighted interrogation of two or more biomarkers in 2018, 
compared with just about 14 percent in 2000. Interestingly, the increased use 
of biomarkers in oncology coincides with a rise in drug approvals from nine out 
of 41 (about 22%) in 2014 of the U.S. Food and Drug Administration’s (FDA) new 
molecular entity approvals to 16 out of 59 (about 27%) in 2018 (6). It is nowadays 
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generally recognized that the use of biomarkers in clinical trials leads to a higher 
drug approval rate (7). 

The biomarkers used in clinical cancer trials mostly have molecular (chemicals, 
proteins, or genes) characteristics. Less frequently they have histologic (cells), 
radiographic (X-ray, CT, PET or MRI features), or physiologic (heart rate, blood 
pressure etc.) characteristics (8). Based on their clinical application, biomarkers 
can be subdivided into pharmacodynamic, diagnostic, predictive, prognostic, 
monitoring, safety, and risk/tolerability categories (9). Pharmacodynamic 
biomarkers are used to provide proof of target engagement by a treatment drug. 
Diagnostic biomarkers are used to detect or confirm the presence of cancer, 
or to classify the cancer based on subtypes. Predictive biomarkers are used to 
select the most appropriate patients for (personalized) treatment. Prognostic 
biomarkers provide information about the likely clinical outcome. Monitoring 
biomarkers provide insight into the disease progress or the therapeutic effect. 
Safety biomarkers are used to assess and monitor toxicities. Risk/susceptibility 
biomarkers can be used to predict the chance of developing cancer in an 
individual who does not yet have this disease (10). Sometimes a biomarker can be 
used for more than one clinical application (9). 

Many challenges are encountered in the development of the methods 
used for the measurement of molecular biomarkers (11, 12). Firstly, molecular 
biomarkers need to be detected in patient material such as body fluids and 
tissues that contain a complex mixture (the matrix) of similar endogenous 
molecules. Secondly, endogenous enzymes may affect the stability of a 
biomarker, or the biomarker is susceptible to post-translational modification 
(PTM). Thirdly, obtaining biomarker-free matrices for the method development 
is often impossible because biomarkers are endogenous compounds. Lastly, 
sometimes a pure and certified biomarker is not available to serve as reference 
standard. Therefore, the reference standards are often isolated from cell lines, 
and the extent of their purification may differ between manufacturers, resulting 
in high lot-to-lot deviations of up to 76% in an European Bioanalysis Forum (EBF) 
case study (13). These challenges complicate the design of reliable and robust 
biomarker methods. 

After the method development, biomarker methods need to be validated to 
establish whether they are reliable and robust, which gives biomarker methods 
the best chance to live up to their expectations in clinical trials. For this purpose, 
the FDA in their 2018 guideline for bioanalytical method validation recommends 
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full analytical validation of biomarker methods used in clinical trials (14). A draft 
guideline similar to this 2018 FDA validation guideline has existed since 2013. 
The FDA guideline recommends to establish the method specificity, sensitivity, 
accuracy (mean % deviation from nominal concentration), linearity, dilution 
integrity, upper and lower limits of quantification, precision (% coefficient of 
variation (CV), and reagents and sample storage stability. 

THESIS OUTLINE
This thesis will focus on the development, analytical validation, and (pre)clinical 
application of molecular biomarker methods for pharmacodynamic and diagnostic 
purposes. We demonstrate their full analytical validation, in accordance with the 
recommendations from the FDA 2018 validation guideline (14). Furthermore, we 
demonstrate the preclinical and clinical application of these validated methods.

In chapter 1 of this thesis, we show the development and analytical validation 
of several novel or improved molecular pharmacodynamic biomarker methods. 
These methods are based on a broad spectrum of common analytical techniques, 
such as flow cytometry, radio-isotope scintillation, enzyme linked-immunosorbent 
assays (ELISA), and high performance liquid chromatography (HPLC). 

Chapter 1.1 of this thesis provides a review of the validation quality of 
quantitative biomarker methods used in clinical cancer trials over the past seven 
years. The recommendations for biomarker method validation from the 2018 FDA 
validation guideline were used as a reference (14).

Chapter 1.2 describes a new method to correct for the variable and large 
amounts of hemoglobin contamination found in peripheral blood mononuclear 
cell (PBMC) lysates. If left uncorrected, hemoglobin negatively influences the 
accuracy and variability of methods used for the determination of enzyme 
activities in PBMC. 

Chapters 1.3 – 1.5 describe 3 novel biomarker methods that we developed for 
the quantification of thymidylate synthase (TS), dihydropyrimidine dehydrogenase 
(DPD), and thymidine phosphatase (TP) enzyme activities in PBMC. These enzymes 
are involved in the metabolism of fluoropyrimidines, which are the most widely 
used chemotherapeutic agents for the treatment of many solid tumors, including 
gastrointestinal, head and neck, pancreas, and breast cancers (15). 

Chapter 1.6 describes an improved biomarker method for the quantification 
of poly-ADP-ribose polymerase (PARP) activity in PBMC. The main role of PARP 
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is to detect and initiate an immediate cellular response to metabolic, chemical, 
or radiation-induced single-strand DNA breaks (SSB) by signaling the enzymatic 
machinery involved in the SSB repair. In the clinic, PARP inhibitors have shown 
synergistic toxicity in combination with DNA damaging agents, and they show 
synthetic lethality against tumors deficient for double strand break repair.

Chapter 1.7 present a novel biomarker method for measuring the amount 
of nivolumab or pembrolizumab bound to their biological target, programmed 
death-1 (PD-1), on the surface of different immune cell subsets. Nivolumab and 
pembrolizumab are commonly used immunotherapeutic antibodies that act as 
PD-1 checkpoint inhibitors, and are both approved by the FDA for treatment of 
several cancers like melanoma, non-small cell lung cancer (NSCLC), and urothelial 
cancer (16).

Chapter 1.8 presents a new method for the enumeration of epithelial 
circulating tumor cells (CTC) in blood, which can also be used for the quantification 
of phosphorylated Extracellular-Signal-Regulated Kinase (p-ERK) in CTC. 

Chapter 2 describes four pre(clinical) human studies in which the validated 
biomarker methods from chapter 1 and 2.5 of this thesis have been applied.

Chapter 2.1 describes the application of our new and validated biomarker 
methods for quantification of DPD, TS, and TP enzyme activities in a healthy 
volunteer study to investigate possible circadian variability in these biomarkers. 

Chapter 2.2 describes the application of our DPD, TS, and TP biomarker 
methods in a phase I clinical study using continuous chronomodulated 
capecitabine treatment. Capecitabine is an oral administered prodrug of the 
active metabolite 5-fluorouracil (5-FU) and is frequently used for the treatment 
of colorectal, breast and gastric cancer. Other investigators have shown that the 
biological activities of DPD and TS are subject to circadian rhythmicity in healthy 
volunteers. In this study, we assessed the maximum tolerated dose and safety 
of chronomodulated treatment with capecitabine. We investigated the circadian 
rhythms of TS and DPD, and also established whether capecitabine affects TP 
phenotype. 

Chapter 2.3 provides a literature review of the sensitivity and specificity of 
the reported EpCAM based analysis methods available for the quantification of 
epithelial CTC in cerebrospinal fluid (CSF).

Chapters 2.4 and 2.5 describe the results of two clinical studies performed to 
establish the diagnostic value of circulating epithelial and melanoma cancer cells 
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for the early detection of leptomeningeal metastases (LM) in the CSF. For this 
purpose, we present a novel analysis method for the enumeration of circulating 
melanoma cells in human blood in chapter 2.5. In these two clinical studies, the 
results of our CTC analysis methods were cross-validated against CSF cytology, 
which is still the golden standard method for LM diagnosis.

Lastly, we highlight some of the most important aspects of the design of 
biomarker methods, and we draw conclusions and give our perspective on the 
importance of analytical validation of biomarker methods for their successful 
application in (pre)clinical studies.



General introduction and thesis outline

12

applications; Experimental Biology and 
Medicine 2018;243:213-221.
10. Dumbrava EI, Meric-Bernstam F, and Yap 
TA, Challenges with biomarkers in cancer 
drug discovery and development. Epert 
Opinion on Drug Discovery 2018;13:685-
690.
11. Goossens N, Nakagawa S, Sun X, and 
Hoshida Y. Cancer biomarker discovery and 
validation. Transl Cancer Res 2015;4:256-
269.
12. Wu L, and Qu X. Cancer biomarker 
detection: recent achievements and 
challenges. Chem Soc Rev 2015;44:2963-
2997. 
13. Kunz U, Goodman J, Loevgren U, Piironen 
T, Elsby K, Robinson P, Pihl S, Versteilen 
A, Companjen A, Scheel Fjording M, and 
Timmerman P. Addressing the challenges of 
biomarker calibration standards in ligand-
binding assays: a European Bioanalysis 
Forum perspective. Bioanalysis 2017;9:1493-
1508.
14. Food and Drug Administration; 
Bioanalytical Method Validation Guidance 
for Industry 2018; http://www.fda.gov/
Drugs/GuidanceComplianceRegulatroy
Information/Guidances/default.htm
15. Del Re M, Cinieri, S., Michelucci, A., 
Salvadori, S., Loupakis, F., Schirripa, M., 
Cremolini, C., Crucitta, S., Barbara, C., Di Leo, 
A., Pia Latiano, T., Pietrantonio, F., Di Donato, 
S., Simi, P., Passardi, A., De Braud, F., Altavilla, 
G., Zamagni, C., Bordonaro, R., Butera, A., 
Maiello, E., Pinto, C., Falcone, A., Mazzotti, 
V., Morganti, R., Danesi, R.; DPYD*6 plays an 
important role in fluoropyrimidine toxicity 
in addition to DPYD*2A and c.2846A>T: a 
comprehensive analysis in 1254 patients; 

REFERENCES
1. Srinivas PR, Kramer BS, and Srivastava 
S. Trends in biomarker research for cancer 
detection; Lancet Oncol 2001;2:698-704.
2. Chau CH, Rixe O, McLeod H, and Figg 
WD. Validation of Analytical Methods for 
Biomarkers Employed in Drug; Clin Cancer 
Res 2008;14:5967–5976.
3. Sarker D, and Workman P; 
Pharmacodynamic biomarkers for molecular 
cancer therapeutics. Adv Cancer Res 2007; 
96:213-268.
4. Sarker D et al. Use of pharmacokinetic/
pharmacodynamic biomarkers to support 
rational cancer drug development. Biomark 
Med 2007; 1:1-18.
5. Vadas A., Bilodeau, TJ, and Oza C. The 
evolution of biomarker use in clinical trials 
for cancer treatments; J. Precision Medicine 
2019 special report:1-25.
6. Pritchard D, Wells C. Raising the Bar: FDA 
Accelerates the Push Toward Personalized 
Medicine; J Precision Medicine 2019;5:36-
39.
7. Paul SM, Mytelka DS, Dunwiddie, CT, 
Persinger CC, Munos, BH, Lindborg SR, et 
al. How to improve R&D productivity: the 
pharmaceutical industry’s grand challenge. 
Nature reviews Drug Discovery 2010; 9:203-
214.
8. Atkinson AJ, Colburn WA, DeGruttola 
VG, DeMets DL, Downing GJ, Hoth DF, 
Oates JA, Peck CC, Schooley RT, Spilker BA, 
Woodcock J, and Zeger SL. Biomarkers and 
surrogate endpoints: Preferred definitions 
and conceptual framework; Clinical 
pharmacology and Therapeutics 2001; 
69:89-95.
9. Califf RM. Biomarker definitions and their 



13

The Pharmacogenomics Journal 2019;19: 
556-563.
16. Cui, P., Li, R., Huang, Z., Wu, Z., Tao, H., 
Zhang, S., Hu, Y.; Comparative effectiveness 
of pembrolizumab vs. nivolumab in patients 
with recurrent or advanced NSCLC; Nature 
Scientific Reports 2020;10:13160. 



14

General introduction and thesis outline



15

CHAPTER 1
Development and validation of  
pharmacodynamic and diagnostic
cancer biomarker methods

1.1
Analytical validation of  quantitative

pharmacodynamic methods used in clinical

cancer studies

Dick Pluim, Jos H. Beijnen

Int Arch Clin Pharmacol 2021; 7: 
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ABSTRACT
Quantitative pharmacodynamic (PD) methods are used to assess the effect of 
a drug on its target. The use of these methods in clinical cancer studies has 
increased enormously with the advent of targeted therapies in the past years. To 
ensure that quantitative PD methods meet their expectations, methods need to 
be validated according to internationally recognized standards for amongst others 
specificity, accuracy, sensitivity, precision and stability. We show that 87% of our 
selected clinical cancer studies, published in the last 7 years, used quantitative PD 
methods that were on average only validated for half of the 10 main validation 
parameters. Here, we offer our view on the quality of, and the challenges 
encountered in validation of quantitative PD methods. Finally, we provide future 
directions and considerations for improvement of the method validation quality.
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INTRODUCTION 

The need for pharmacodynamic (PD) biomarker methods continues to grow 
with the explosive increase of targeted agents in clinical cancer therapy. PD 
biomarkers are endogenous biological indicators that can be measured objectively 
and provide insight about the target engagement, and proof of concept i.e. the 
extent of the biological effect of a drug. Poor target validation or insufficient 
target engagement is the main reason for failure of 42% of clinical phase I and 
63% of phase II clinical cancer trials (1). Early recognition of these failures is 
important, which can be accomplished by using PD biomarkers to provide proof 
of mechanism for the drug-target engagement. PD biomarkers may include 
molecular, histologic, radiographic, or physiologic characteristics. Most PD 
biomarkers are, however, molecular biomarkers, which encompass among others 
protein modifications, enzyme activities, receptor expression and occupancies, 
and cell counts. In early clinical trials, PD biomarkers can provide useful 
information for patient management, e.g., whether to continue treatment or to 
adjust dose (schedule) (2). They can also help to guide drug dose individualization 
in targeted/personalized cancer therapy with the aim of treating cancer more 
effectively and with less toxicity (3). An illustrative example of the potential 
usefulness of PD evaluations is the monitoring of B-lymphocyte suppression as 
PD biomarker in clinical trials to find doses of anti-CD20 monoclonal antibodies 
required to maximally reduce this cell population. The reduction of the amount 
of B-cells is presumed to underlie the clinical benefits of these drugs in treating 
cancer, and has become an established indicator for treatment success (4). 
Another example is the monitoring of the inhibition of PARP (target) enzyme 
activity in white blood cells as PD biomarker for the target engagement of the anti-
cancer drug olaparib (5). 

Quantitative PD biomarker methods are used to determine biomarker 
activity or concentration in different biological matrices such as blood, bile, 
serum, plasma, urine, tumor cells, and tissue such as skin. For this purpose, 
these methods need calibration standards prepared in biomarker-free surrogate 
matrices that are fully defined and representative for the measured biomarkers 
and their biological matrices. Full analytical validation of these methods is 
essential to assure accurate and specific biomarker quantification to prevent 
interference from other compounds in these matrices. Often biomarkers can fail 
not because of the underlying science, but because of poor choice of methods and 
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lack of analytical validation (2). The development and validation of quantitative 
biomarker methods is, however, more complicated than that of bioanalytical 
drug methods used for pharmacokinetics due to the following complications. 
Firstly, sometimes biomarkers need to be detected in more complex biological 
matrices such as tumor tissues. Secondly, the stability of biomarkers and other 
endogenous compounds in the biological matrix is often poor. Thirdly, biomarkers 
are endogenous substances, thus obtaining biomarker-free surrogate matrices 
for validation of method specificity, and preparation of the calibration curve may 
be more difficult. Lastly, the biomarker molecule is often not available to act as a 
certified calibration standard (6).

The last decade has seen significant progress in harmonisation of acceptance 
criteria, definitions, and guidelines for bioanalytical method validation 
(BMV) of chromatography and ligand binding methods (7). For this purpose, 
the International Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use (ICH) recently released BMV Guidance M10 
(8). Fundamentally, ICH-M10 validation involves demonstration of bioanalytical 
method specificity, accuracy (mean % deviation from nominal concentration), 
linearity, dilution integrity, sensitivity, limit of quantification, precision (% 
coefficient of variation (CV), and stability for drugs (Table 1). However, 
international harmonization of guidelines for biomarker method validation is 
lacking. In their BMV 2018 guideline, the Food and Drug Administration (FDA) 
recommends to “conduct a full validation of any new bioanalytical method for 
the analysis of a new drug entity, its metabolite(s), or biomarkers.” (9). The 
validation of biomarkers thus needs to be consistent with the validation principles 
applied to bioanalytical drug methods validation (9). This guideline further states 
that exploratory quantitative biomarker methods, that are not used to support 
regulatory decision making, may not require such stringent validation. Exploratory 
biomarker methods are for instance used to better understand the mechanism of 
action of drugs, which may ultimately lead to improved future cancer treatments. 
However, in light of their importance, and to make sure that these methods life up 
to their expectations, we would argue that also exploratory quantitative biomarker 
methods, used in clinical trials, need to be fully validated.

 Herein, we present our viewpoint on the degree of compliance with the FDA 
BMV 2018 guideline of quantitative PD biomarker methods used in our selection 
of clinical cancer trials. Challenges encountered in the process of PD biomarker 
method development and validation are discussed. 
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Table 1. Definition and main criteria of the biomarker validation parameters from the 
Food and Drug Administration (FDA) Bioanalytical Method Validation (BMV) guideline 
2018 (5).

* Because of the narrow range of the calibration standard curve, it is necessary to 
demonstrate with quality control samples that the analyte of interest, when present in 
concentrations exceeding the range of quantification (above ULOQ), can be accurately 
measured by the assay after dilution in blank matrix to bring the biomarker concentrations 
into the validated range for analysis. An additional reason for conducting dilution linearity 
experiments is to detect a possible prozone or “hook effect” for ligand binding assays. # 
The effect of dilutions used for samples with normal biomarker concentrations on accuracy 
and precision. LOD = limit of detection; ULOQ and LLOQ = upper and lower limit of 
quantification.

Figure 1. Flow diagram of the published articles selection process

Validation Parameters Definition and Criteria 
I specificity ability to detect and differentiate biomarker from other (related) substances 

II matrix effects interfering sample matrix component(s) may not affect accuracy 

III accuracy measured and nominal biomarker concentration differ ≤ 15% 

IV dilution linearity* extra dilution of quality controls exceeding ULOQ is accurate and precise    

V dilution integrity# normal dilution of samples is accurate and precise 

VI sensitivity/LOD lowest biomarker concentration that is significantly above background level 

VII LLOQ lowest concentration that can be measured with accuracy and precision ≤ 20% 

VIII precision variation in concentration between repeated measurements ≤ 15% 

IX quality controls prepared in matrix independently from  standards; run together with samples to 
assure validity; should be within 20% of their nominal concentration  

X storage stability effect storage conditions on biomarker concentration ≤ 15% 
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The implications of poorly validated methods used for assessment of drug 
effects are described. In the final section, we offer some considerations and 
suggestions that may help to improve the quality of PD biomarker methods and 
consequently their usefulness in clinical cancer trials. 

Analytical methods validation

For the assessment of the status of analytical validation of quantitative PD 
methods used in clinical cancer trials, a focused PubMed literature query was 
performed on the 8th of December 2020, including the keywords "2013/04/12" 
[PDAT] : "2020/12/08" [PDAT] AND "humans" [MeSH Terms] AND ("Clinical Trials, 
Phase I as Topic" [Mesh] OR "Clinical Trials, Phase II as Topic" [Mesh] OR "Clinical 
Trials, Phase III as Topic" [Mesh] OR "Clinical Trials, Phase IV as Topic" [Mesh] OR 
phase I [tiab] OR phase 1 [tiab] OR phase II [tiab] OR phase 2 [tiab] OR phase III 
[tiab] OR phase 3 [tiab] OR phase IV [tiab] OR phase 4 [tiab] OR "Clinical Trials, 
Phase I as Topic" [Mesh] OR "Clinical Trials, Phase II as Topic" [Mesh] OR "Clinical 
Trials, Phase III as Topic" [Mesh] OR "Clinical Trials, Phase IV as Topic" [Mesh]) AND 
(pharmacodynamic* [tiab] AND method AND methods AND cancer NOT modeling 
[tiab] NOT review [tiab]). The query returned 199 articles. After review, 4 articles 
were excluded for failure to provide details about used validation criteria and 
guidelines. Another article was excluded for referencing to validation data in a 
submitted, but never published, other article from the authors. Yet another article 
was excluded for serial referencing. After applying additional exclusion criteria, 
78 (39%) of articles were found suitable for our evaluation using quantitative PD 
methods in human clinical cancer studies (Fig. 1.) (10,11,20–29,12,30–39,13,40–
49,14,50–59,15,60–69,16,70–79,17,80–87,18,19). From each of these articles one 
quantitative PD method was evaluated and qualitatively scored for compliance 
with the 10 main validation criteria defined by the FDA BMV 2018 guideline 
(Tables 1 and 2).

 We found, that 10 PD biomarker methods (13%) were fully validated in 
accordance with all 10 main FDA BMV 2018 validation parameters. However, 53 
PD methods (68%) were validated for just on average 5 parameters. Total absence 
of PD method validation was found for 17 (22%) of published clinical studies. 
Compared to chromatographic and ligand binding methods, flow cytometry (FC) 
methods were relatively less well validated. FC methods were validated for on 
average just 2 parameters and 50% lacked any validation. In order to effectively 
utilize biomarkers to draw meaningful conclusions, it is imperative that the 
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measured concentration or activity of the biomarker in study samples is as close 
as possible to the actual value at the time of sample collection. The FDA guideline 
states that investigators should always evaluate their PD methods for stability 
themselves, referencing the limited sample stability data published in literature is 
not considered sufficient (9). For this purpose, stability needs to be assessed for 
all stocks and reagents used, and for biomarkers during all different parts of the 
experimental procedure: 1. From sample collection in the clinic to the start of the 
sample work-up in the lab 2. On the bench-top or in the autosampler after sample 
work-up 3. Long term storage 4. Freeze-thaw stability. Stability during the sample 
work-up procedure is by definition not part of the validation, but should be 
assessed during method development. Nevertheless, only 26 PD methods (33%) 
were evaluated for reagent and stock solution stability, and biomarker stability 
during one or more parts of the experimental procedure. 

Challenges and considerations 

Commercial immuno-assay kits were used in 33 (77%) of PD methods. These 
kits are usually developed for general use and therefore may need some level of 
optimisation, such as adding more calibrators and/or replacing the kit controls in 
a buffer with controls that mimic the sample matrices. This may prevent accuracy 
problems from a lack of parallelism between standard curves prepared in buffer 
and matrix. Many reagents are “research use only” (RUO) with considerable 
batch to batch variation. The use of good manufacturing practice (GMP) reagents 
or pooled RUO batches should be preferred if possible. A common complaint 
from scientists is that suppliers do not provide the data required to evaluate a 
given antibody’s specificity or its lot-to-lot variability (88). Companies might ship 
a batch of antibodies with characterization information derived from a previous 
batch (88). And any validation data that are given are often derived under ideal 
conditions that do not reflect typical experiments (89). Investigators should 
be aware that certain suppliers are releasing with a fast pace antibodies and 
ELISA kits of questionable quality (88). The largest vendors often buy antibodies 
from smaller suppliers, relabel them and offer them for sale (88). Such products 
can lead to unfounded conclusions, waste of many months of research and 
publications that subsequently need to be retracted. In one illustrative example, 
the investigators spent 2 years and $500.000 because the commercial kit they 
were using did not recognize Zona Pellucida-like domains protein 1 but cancer 
antigen 125 (90). Investigators should realise that validation of specificity is the 
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Table 2. Qualitative validation scores for PD assays from 78 phase 1-3 clinical cancer 
studies.

 

Biomarkers 
(alphabetically) 

Assay Origin Validation parameters Drug Phase Year Ref.# 
I II III IV V VI VII VIII IX X 

ADA ELISA LDA + + + + + + + +/+ + + Blinatumomab 1 2018 34 
ADA LBA Comm. + + + + + - + +/+ + + Regorafenib 1 2016 13 
ADA ELISA LDA - - - - - + - -/- - - TAS-266 1 2015 75 
ADA ELISA LDA - - - - - + - -/- - - Angiocal 1 2013 67 
Ang2 ELISA Comm. + + + + + + + +/+ + + Docetaxel 2 2014 52 

B/T-cells FC LDA - - - - - - - -/- - - Birinapant 2 2016 86 
BTK LBA LDA + - + + - + + +/+ - + Tirabrutinib 1 2018 26 
BTK ELISA LDA + - - - - + - -/- - - Acalabrutinib 1 2018 25 

ccK18 ELISA Comm. + + + + + + - +/+ + + SOR-C13 1 2017 51 
CD137 xMAP ELISA Comm. + - + + + + + +/+ + + Utomilumab 1 2018 56 
CD26 FC LDA + - - - - - - -/- - - YS-110 1 2017 58 

CD3/14/20 cells FC LDA - - - + - - - -/- - - CC-223 1 2015 45 
CEC FC LDA + - + - - - - +/- - - Pazopanib 1 2014 36 
CgA RIA Comm. - - - - - - + +/+ - - Lanreotide 3 2016 31 

Collagen IV ELISA Comm. + - - + - + - -/- - - Cediranib 1 2015 35 
CRP LBA n.d. - - - - - - + -/- - - Siltuximab 1 2013 21 
CTC FC Comm. + - + + + + + +/+ + + ASP-9521 1/2 2014 85 
CTC FC Comm. + - + + + + + +/+ + + ARN-509 1 2013 44 
CTC FC LDA - - - - - + - -/- - - Alisertib 1/2 2017 79 
CTC FC LDA - - - - - - - -/- - - TRC105 2 2016 61 

mCTC FC LDA + + + + + + + +/+ + + 5-F-2′-dC 1 2020 24 
CTX1 ELISA Comm. + - - + - + + +/+ + - GLPG-0187 1 2016 17 

Cytokines xMAP ELISA Comm. + - + + + + + +/+ + + TMX-101 1 2015 10 
dFdC-TP LC-MS/MS LDA + - + + + + + +/+ + + Gemcitabine 1/2 2015 38 

DNA LC-MS/MS LDA + + + + + + + +/+ + + LY2603618 2 2017 62 
EGF LBA LDA - - - - - - - -/- - - Sorafenib 1 2015 37 
EPO LBA Comm. + + + + - + - +/+ + - PT2385 1 2018 66 
FGF ELISA Comm. + - - + - - + +/+ - - S49076 1 2017 70 

FGFR ELISA LDA - - - - - - - -/- - - JNJ-42756493 1 2015 71 
G-CSF ELISA Comm. + + + + + + + +/+ + - Lenvatinib 1 2013 43 

GSH-GSSH Spectrometry Comm. - - - - - + - -/- - - IACS-010759 1 2020 30 
γ-H2AX FC LDA - - - - - - - -/- - - MK-8776 1 2015 42 
HSP70 ELISA n.d. - - - - - - - -/- - - NVP-AUY922 2 2014 77 
γ-IF FC LDA - - - - - - - -/- - - Cixutumumab 2 2014 12 
IGF1 ELISA Comm. + - + + - + - +/+ + - Polyphenon E 2 2017 39 
IGF1 ELISA Comm. + - + + - - + +/+ + - MEDI-573 1 2015 54 

IGF1R FC LDA - - - - - - - -/- - - BIIB-022 1 2014 72 
IGFBP2 ELISA Comm. + + + + + + - +/+ + - CNF-1010 1 2013 65 

Il-2 ELISA n.d. - - - - - - - -/- - - RO4929097 2 2015 29 
Il2-10 ELISA Comm. - - - - - - - -/- - - Ponatinib 2 2019 74 

Il-8 ELISA Comm. + + + + + + + +/+ + + Sunitinib 3 2013 87 
LFA102 ELISA LDA - - - + - - - -/- - - LFA-102 1 2016 83 

lymphocytes FC LDA - - - - - - - -/- - - Dinaciclib 1 2013 33 
monocytes FC LDA - - - - - - - -/- - - Emactuzumab 1 2019 19 

p-AKT ELISA Comm. - + + + + + - +/+ + - PX-866 2 2019 82 
p-AKT xMAP ELISA Comm. + - + + - + - +/+ - - Pictilisib 1 2016 41 
p-AKT xMAP ELISA Comm. + - + + + + + +/+ + + Pictilisib 1 2015 59 
PAR ELISA Comm. + + + + + + + +/+ + + Olaparib 1 2018 16 
PAR ELISA Comm. + + + + + + + +/+ + + ABT-888 1 2017 57 

p-BAD ELISA Comm. + - - + - + - +/- - - AZD1208 1 2018 46 
p-CREB FC LDA + - - - - - - +/- - - AB-928 1 2018 80 

PD1  ELISA LDA + + + + + + + +/+ + + SHR-1210 1 2018 18 
PDGF LBA Comm. + - - + + - + +/+ + - Motesanib 2 2015 48 
PDGF xMAP ELISA Comm. + - + + + + + +/+ + + MEDI-575 1 2014 40 
PDGF ELISA Comm. + + + + + + - +/+ + - Pazopanib 1 2013 47 
PD-L1 FC LDA + - - - - - - -/- - - Velumab 1a 2017 53 
p-ERK FC LDA - - - - - - - -/- - - TAK-733 1 2016 73 
p-FAK ELISA Comm. + - + + + + - +/+ + - BI 853520 1 2019 60 
PI3K FC LDA - - - - - - - -/- - - Temsirolimus 1 2017 78 

p-RAD50 MRM-MS LDA + - + + + + + +/+ + + AZD0156 1 2018 14 
PRAS40 ELISA Comm. + - + + + + - +/+ + - Azacitidine 1 2017 32 
p-SCR ELISA Comm. + - - - - - - -/- - - Dasatinib 2 2019 23 

Rhodamine Spectrometry LDA + - + - - - - +/+ - - Tariquidar 1 2015 68 
RON8 ELISA Comm. + - - + - - - -/- - - Narnatumab 1 2017 55 

Serum IgG xMAP ELISA Comm. + - + + + + + +/+ + + Sipuleucel-T 3 2015 15 
serum proteins xMAP ELISA Comm. + + + + + + + +/+ + + Cediranib 3 2014 84 

s-VEGF ELISA Comm. + - + + - + + +/+ + - Bevacizumab 2 2014 81 
s-VEGF1/2 ELISA n.d. - - - - - - - -/- - - Lenvatinib 1 2014 69 
s-VEGF1/2 ELISA Comm. + + + + + + + +/+ + + Ramucirumab 3 2020 22 
s-VEGFR2 ELISA n.d. - - - - - - - -/- - - XL-647 1 2018 49 

Testosterone HPLC LDA + - + + + + + +/+ + + Abiraterone 2 2018 64 
Testosterone LC-MS/MS LDA + + + + + + + +/+ + + Relugolix 1 2015 11 
Testosterone LC-MS/MS LDA - - - - - - + -/- - - Orteronel 1 2015 27 

TSA radio-assay LDA + + + + + + + +/+ + + Capecitabine 1 2020 63 
VEGF ELISA Comm. + - + + - + + +/+ + + Cediranib 1 2015 76 
VEGF ELISA Comm. + - + + - - + +/+ + - TRC105 1 2015 20 

VEGF-A LBA LDA - - - - - - - -/- - - Ramucirumab 1 2015 50 
virus infectivity Microscopy LDA - - - - - - - -/- + - Enadenotucirev 1/2a 2019 28 
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basis of every reliable method. Ideally, researchers would refuse to buy antibodies 
and immune-assays without extensive validation and quality control data, or 
would perform the validation themselves. Antibodies should be tested for off-
target binding using positive and negative controls e.g. control experiments that 
involve engineering cell lines to both express and stop expressing the protein of 
interest. We recommend additional in-house validation before using commercial 
antibodies and kits, also when obtained from suppliers with a proven track-record, 
and subsequent entry of the in-house validation data in centralized antibody 
validation registries such as CiteAb (www.citeab.com) (91). CiteAb mines the 
scientific literature for publications citing the use of individual antibodies, to 
generate a comprehensive searchable database of literature citations, together 
with suppliers, blog and news.

Establishing methods “fit for purpose” requires extensive validation and is 
a continuous process. Scientists, however, often claim that their methods are 
validated in a very casual way, often without explaining which guidelines were 
followed or any reference to experimental data to back up their claim. The 
validation process should start with a description of the purpose of the method, 
followed by method development and the definition of the performance 
characteristics. It continues with documentation of the methodology and the 
validation results. Once the method has been validated, it is crucial that the 
method is consistently executed as it was validated. The same materials should 
be used, and system suitability and method controls are applied with the same 
specifications as during the validation process. During the in-use phase of 
the methods, there is continuous monitoring to assure that the method still 
generates results in accordance with the performance characteristics as originally 
determined. Revalidation is needed if the method is changed, or has been out of 
use for a while, when it is applied for another material or for a new purpose. For 
this, the validated method is carefully documented in a procedure or a standard 
protocol often called a Standard Operating Procedure or ‘SOP’. The documentation 
is not limited to a general description of the methods, but preferably includes all 
relevant aspects that contribute to the performance of the method.

Future directions and outstanding questions

Validation of PD biomarker methods is a necessary component for obtaining 
high-quality PD biomarker data from clinical studies. For this purpose, FDA 
draft guidelines for the validation of quantitative PD biomarker methods have 
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existed since 2013 (9). In this light, the incomplete and sometimes total absence 
of validation for 87% of quantitative PD biomarker methods in phase 1-3 
clinical cancer trials, published in the last 7 years, is quite disturbing. A possible 
explanation for this lack of validation may be that most quantitative biomarkers 
used in clinical trials originate from preclinical research in laboratories that are 
not used to working in accordance with good laboratory practice (GLP). GLP 
guidelines mandate full validation of quantitative bioanalytical drug methods. 
For quantitative biomarker methods these guidelines did not exist till the FDA 
recommended them in their 2013 draft BMV guideline, which became final in 
2018 (9). 

The FDA BMV 2018 guideline is, however, limited to recommendations for 
chromatographic and ligand binding method validation (9). This may explain why 
we found that validation was most often lacking for quantitative FC biomarker 
methods (92). These FC methods are used to quantify cell subpopulations and 
antigen expression per cell (93). Quantitative FC methods are used in many 
clinical biomarker studies, and their importance is increasing (93). Several factors 
complicate the validation of these FC methods (94). One of the most important 
limitations is lack of standardization in methods, instrument setup, and quality 
controls. There is an urgent need to address these limitations by establishing 
internationally harmonized guidelines for quantitative FC biomarker methods used 
for clinical trials. 

Currently, journals apparently do not mandate the use of properly validated 
quantitative PD methods for clinical studies. Investigators should, however, realize 
that quantitative PD methods used in clinical trials can only generate reliable 
and robust results if these methods are fully validated, reliable and robust. In 
that respect, it does not matter whether these methods are used for regulatory 
decision making, or for exploratory purposes. Full validation will increase the 
credibility of PD studies and may increase the discovery rate of qualified clinical 
PD biomarkers. For this purpose, we recommend that all quantitative PD methods 
used in clinical trials are fully validated as in the international guidelines for 
bioanalytical method validation (9). 
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ABSTRACT
Pharmacodynamic (PD) analysis requires accurate and precise quantification of 
enzyme activity targeted by anticancer agents in surrogate cells like peripheral 
blood mononuclear cells (PBMCs). Enzyme activity is normally reported per 
mass unit of protein input. However, high and fluctuating hemoglobin (Hb) 
contamination strongly influences the protein content of PBMC cytosolic lysate. 
We present the development and validation of a spectrophotometrical Hb 
quantification method to correct for this contamination. The applicability of 
Hb correction was demonstrated by determination of the dihydropyrimidine 
dehydrogenase enzyme activity in PBMC cytosolic lysates.
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INTRODUCTION
Peripheral blood mononuclear cells (PBMCs) are used extensively in 
pharmacodynamic (PD) assays as surrogate tissue for predicting the effect of 
anticancer agents on their molecular target in tumor cells [1;2]. Surrogate tissues 
or cells like PBMCs have several advantages over tumor biopsies for monitoring 
the PD effects of targeted anticancer agents, including minimally invasive sample 
collection and the ability to collect multiple samples for longitudinal assessment of 
drug effect. 

Most protocols used today for isolation of PBMCs from peripheral blood are 
based on Ficoll density gradient centrifugation that allows separation of PBMCs 
from granulocytes and red blood cells [3;4]. 

An accurate measurement of the amount of protein from the isolated PBMCs 
is critical since the result is used in the calculation of a selected enzyme activity, 
which is usually expressed relative to the amount of isolated protein [5]. In most 
protocols for the quantification of enzyme activity in PBMCs protein content is 
used as a marker for the number of PBMCs isolated. 

Manufacturers of Ficoll and the methodologically related cell preparation tubes 
(CPT) report an average of 6.3% and 16.9% red blood cell (RBC) contamination, 
respectively [6;7]. In this technical note we present contamination levels of PBMC 
cytosolic lysates with variable and high amounts (1 – 59% range, average 20.3%) 
of hemoglobin (Hb). When applying the Bradford assay for protein quantification, 
the amount of PBMC cytosolic lysate protein is overestimated due to the amount 
of Hb, which can not be discriminated. We and others have reported this problem 
before and subsequently developed relatively laborious DNA based methods for 
quantification of PBMCs [8], or a RBC lysis buffer is sometimes used to eliminate 
RBCs [9]. We now present data indicating that the Hb contamination is not 
significantly reduced after treatment of samples with RBC lysis buffer, thus intact 
RBCs are probably not the main cause of the Hb contamination.

In this technical note we present the validation of a spectrophotometric 
method for the correction of the total protein concentration for the amount 
of Hb contamination in PBMC cytosolic lysates. This method is useful in those 
cases where the PD parameter of interest is absent or low in RBCs as compared 
to PBMCs [9]. The applicability of the method is demonstrated by a PD enzyme 
activity assay of dihydropyrimidine dehydrogenase (DPD), which is extensively 
expressed in PBMCs and can be determined ex vivo [9]. 
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DPD enzyme activity in PBMCs from 12 healthy volunteers was compared before 
and after Hb correction to illustrate the implications of the presented Hb correction 
method.

EXPERIMENTAL
PBMC isolation and cytosolic lysate preparation

Peripheral blood was drawn at 9:00 am from 18 healthy volunteers into 10 ml 
heparin blood collection tubes. PBMCs were isolated immediately after blood 
collection using Ficoll-Paque™ PLUS (GE Healthcare, Little Chalfont, UK) gradient 
centrifugation. Briefly, 8 ml of peripheral blood was mixed with an equal volume 
of phosphate buffered saline (PBS) at room temperature (RT) and carefully layered 
on top of a 12.5 ml Ficoll Paque™ PLUS layer in a 50 ml tube. After centrifugation 
at 720g for 20 min at RT, the PBMC layer was transferred to a new 50 ml tube, 
washed with 50 ml ice-cold PBS, and centrifuged at 1000g for 10 min at 4°C. In 
addition, the PBMC pellet from 6 volunteers was suspended on ice in 10 ml ice-
cold PBS and 40 ml RBC lysis buffer consisting of 0.83 (w/v%) ammoniumchloride, 
0.1 (w/v%) sodiumbicarbonate and 1 mM ethylenediaminetetraacetatic acid. After 
incubation for 20 min on ice, samples were centrifuged at 1000g for 10 min at 4°C. 
The supernatant was discarded. Next, the PBMCs from all volunteers were washed 
with another 50 ml of ice-cold PBS and centrifuged at 1000g for 10 min at 4°C. The 
supernatant was discarded, the PBMCs were suspended in 1 ml ice-cold PBS and 
transferred to a 1.5 ml cryo vial. After centrifugation at 1000g for 5 min at 4°C the 
supernatant was discarded and the PBMC pellet was snap frozen in liquid nitrogen 
and subsequently stored at -80°C.

PBMC cytosolic lysates were prepared by resuspending the -80°C stored 
PBMCs, after defrosting on ice, in 300 µl of PBS pH 7.4, which was subsequently 
equally divided over three 1.5 ml vials on ice. Next, the cell membranes were 
disrupted by stick sonication using 15 pulses with a Branson 250 tip sonicator 
(Branson, Danbury, CT, USA) at power input setting level 3 and a 50% duty cycle 
on ice. After centrifugation at 11000g for 20 min at 4°C, the cytosolic lysate was 
transferred to a new 1.5 ml vial on ice for immediate determination of protein 
amount, Hb content and determination of DPD enzyme activity. 
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Protein determination

Total protein concentrations were determined using the Bio-Rad protein assay 
(Bio-Rad, Hercules, CA, USA). Briefly, 10 µl of PBMC cytosolic lysate was diluted 
with 90 µl of MilliQ water (Millipore, Billerica, MA, USA). Five bovine serum 
albumin standards were prepared in concentrations ranging from 32.5 to 500 
mg/ml. In duplicate 10 µl of diluted cytosolic lysate and the standard curve 
were transferred to a clear 96-well flat bottom plate. After the addition of 200 
µl dye solution, the plate was incubated for 15 min at RT and subsequently the 
absorption was measured at 590 nm using an EL340 microplate reader (Bio-Tek, 
Winooski, VT, USA). 
 

Hb determination and correction

The oxygenation of Hb in the PBMC cytosolic lysates was determined with a 
Rapidpoint 405 (Siemens, Tarrytown, NY, USA). 

The molar extinction coefficient of Hb at 413 nm was determined by using 
lysed RBCs from a healthy volunteer, isolated as the precipitate of 10 ml peripheral 
blood centrifuged for 5 min at 1500g. The RBCs were washed twice with 50 ml ice-
cold PBS and centrifuged at 1000g for 10 min. After suspending the RBCs in 10 ml 
ice-cold PBS, the total volume was adjusted to 50 ml with RBC lysis buffer. After 
incubation for 20 min on ice the sample was centrifuged at 1000g for 10 min at 
4°C. The lysation was successful if only a clear RBC lysate remained. A 10 µl aliquot 
of the RBC lysate was diluted 100 times with Milli-Q water and subsequently 
used for determining the protein concentration as described. The complete 50 
ml RBC lysate was freeze-dried and the dry mass of the RBCs was determined by 
subtracting the freeze-dried mass of a blank sample containing 10 ml PBS and 40 
ml RBC lysis buffer.

A 10 µl aliquot of the RBC lysate was diluted 20 times with Milli-Q water and 
subsequently used for the measurement of the Hb absorption at the Soret peak at 
413 nm using a Nanodrop 1000 (Thermo Scientific, Ashville, NC, USA). The molar 
extinction coefficient of Hb at 413 nm was determined with the formula:

ε Hb = (A413nm · MwHb) / (c Hb · l)

ε Hb = molar extinction coefficient of Hb (A413nm · M-1 · cm-1)
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A413nm = Absorption of Hb at 413 nm 

MwHb = 64500 (g/mol)

c Hb = Hb protein concentration (mg/ml)

l = path length Nanodrop 1000 (0.1 cm)

Next, the concentration of Hb in 10-fold diluted PBMC lysates, left-over from the 
Bradford assay, was calculated by substitution of this ε Hb and the measured 
absorption of these samples at 413 nm in this formula. The correction for Hb 
contamination was performed by subtracting the Hb concentration from the total 
protein concentration.

DPD activity

DPD activity was determined according to the method adapted from Van 
Kuilenburg et al. [9]. Briefly, 60 µg of PBMC cytosolic lysate was adjusted to a total 
volume of 100 µl with 35 mM potassium phosphate (pH 7.4) containing 250 µM 
β-NADPH, 12.5 mM MgCl2, 1 mM dithiotreitol, and 12.5 µM thymine. The thymine 
solution consisted of radio-labeled 3H-thymine plus thymine (in a ratio of 1:125). 
After incubation for 1 h at 37 °C, reactions were stopped by heatshock treatment 
for 3 min at 100 °C. Thymine and the reaction product dihydrothymine were 
chromatographically separated by isocratic elution with 50 mM KH2PO4 (pH 4.5) 
in 2% methanol through an Interchrom C18-column (150 x 4.6 mm, 5 µm particle 
size, Interchim) for 15 minutes. The flow rate was maintained at 0.8 mL/min, 
reaching typical retention times of 13.0 minutes for thymine, and 10.5 minutes 
for dihydrothymine. 3H-thymine and 3H-dihydrothymine were detected by on-
line radioactivity detection using a flow scintillation analyzer (Canberra Packard, 
Meridan, USA) with a 500 µL 3H-LSC cell (Canberra Packard, Meridan, USA) and 
Ultima-Flow M scintillation fluid (Perkin Elmer Inc., Waltham, USA) at a 1:1 ratio 
of column effluent to scintillation fluid. The DPD activity was expressed as nmol of 
thymine degraded per mg protein per h.

Effect of hemoglobin on DPD activity

DPD activity was determined in samples containing 80 µg of PBMC cytosolic lysate 
spiked with 0, 25, 50, and 100 µg of human hemoglobin (Sigma, St. Louis, USA), 
corresponding to 0, 24, 38, and 56% of hemoglobin relative to total protein. 
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Linearity and lower limit of quantification (LLoQ)

Ten hemoglobin standards were prepared from RBC lysate in the range of 0.020 
– 2.00 mg/ml in PBS pH 7.4. The absorption was measured at 413 nm using the 
Nanodrop 1000. Linearity was assessed using weighted (x-1) least square linear 
regression analysis. A Pearson coefficient ≥ 0.95 was considered significant.

The LLoQ was defined as the lowest Hb concentration that could be 
determined with an accuracy and precision better than 20%. 

Within- and between day precision and accuracy

PBMC cytosolic lysates from a healthy volunteer were spiked with 0.100, 0.250, 
and 1.000 mg/ml hemoglobin using RBC lysate and the Hb content was assessed 
on three different days (n = 5). The within- and between day precision were 
determined using one way ANOVA with the run day as classification variable.
 

Stability 

The stability of the hemoglobin concentration was assessed in threefold in non-
lysed PBMC pellets. The same batch of PBMC was used to prepare cytosolic lysates 
containing 0.123 mg/ml Hb, which were stored at -80°C for 0, 1, 2, 4, 8, and 16 
weeks. The stability of the cytosolic lysates was also tested during storage at RT for 
0, 1, 2, and 4 h, and after 3 freeze (-80°C)-thaw cycles.

Statistics

Statistical significance calculations were performed using SPSS statistics version 
17.0 (Chicago, IL, USA). Paired student t-tests were used, except when stated 
differently, P values ≤ 0.05 were considered significant. Accuracy and stability 
of the method of between 85 – 115%, and a precision better than 15%, were 
considered acceptable.
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RESULTS
Hb determination

We measured a Soret peak for Hb in the PBMC cytosolic lysates at 413 nm, 
corresponding with oxygen (O2) saturated Hb, which was confirmed by a 99.1% 
O2 saturation as determined with a Rapidpoint 405. In freshly prepared RBC lysate 
we determined an ε Hb of 483031 M-1 · cm-1 by combining the results of freeze 
drying, protein analysis, and absorption at 413 nm. The Hb concentration in PBMC 
cytosolic lysates was determined by using this ε Hb. 

Linearity and lower limit of quantification (LLoQ)

Hb concentrations in the range of 0.040 – 2.00 mg/ml were linearly related with 
the absorption at 413 nm (Pearson coefficient = 0.9998). The back-calculated Hb 
concentrations deviated in the range of 0.3 – 12.8% from the nominal concentrations, 
and the precision was better than 9.2% at all calibration levels. The lower limit of 
quantification was 0.040 mg/ml. 

Within- and between day precision and accuracy

The precision and accuracy of the Hb determination were better than 9.0%, and 
107%, respectively, in Hb spiked cytosolic lysates at nominal concentrations of 
0.100, 0.250, and 1.00 mg/ml, which correspond to the low, mid and high region 
of the linear range of the Hb determination (Table 1). 

 Nominal 

Hb conc. 

(mg/ml) 

Measured 

Hb conc. 

(mg/ml) 

Accuracy  

(%) 

WDP 

(%) 

BDP 

(%) 

0.100 

0.250 

1.000 

0.107 

0.262 

0.954 

107 

105 

95.4 

8.1 

5.6 

3.6 

9.0 

7.2 

5.4 

Table 1. Within-day precision (WDP) 
and between-day precision (BDP) for 
hemoglobin (Hb) in peripheral blood 
mononuclear cell (PBMC) cytosolic 
lysates. Samples containing PBMC 
cytosolic lysate spiked with Hb at 
three concentrations were analyzed 
in fivefold in three separate analytical 
runs
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Table 2. Stability of hemoglobin (Hb) in lysed and non-lysed peripheral blood 
mononuclear cells (PBMCs) stored under three different conditions. Results are the mean 
of three replicate samples.

 

Matrix Condition 

 

Initial 

concentration 

(mg/ml) 

Measured 

concentration 

(mg/ml) 

CV 

(%) 

Dev 

(%) 

Non-lysed  3 months -80°C 0.123 0.120 8.2 2.4 

lysate 3 months -80°C 0.118 0.110 9.3 6.8 

lysate 4 h RT 0.119 0.111 11.2 6.7 

lysate 3 freeze (-80°C) - thaw cycles 0.121 0.114 6.4 5.8 

CV = coefficient of variation, Dev = deviation

Figure 1. The effect of red blood cell (RBC) 
lysis buffer on the relative hemoglobin 
(Hb) contamination (%) in peripheral blood 
mononuclear cell (PBMC) cytosolic lysates 
isolated from whole blood drawn at 9:00 
am from 6 healthy volunteers. Results are 
the mean ± inter-individual SD of the Hb 
contamination before (-) and after (+) RBC 
lysis of three replicate samples.

Figure 2. The effect of hemoglobin (Hb) 
correction on the mean and spread in 
dihydropyrimidine dehydrogenase (DPD) 
activity determined in PBMC cytosolic 
lysates from peripheral blood collected 
at 9:00 am from 12 healthy volunteers. 
Results are the mean ± SD of three 
replicate samples without (-) or with (+) 
Hb correction.
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Stability

Hb levels were stable under the tested storage conditions (Table 2) in both non-
lysed PBMC as well as PBMC cytosolic lysate samples. The measured Hb levels 
deviated less than 15% from the initial concentration. 

Effect of RBC lysis on Hb contamination

PBMCs isolated from 6 healthy volunteers were treated with or without RBC lysis 
buffer. No effect of this additional treatment on the Hb contamination was found 
(Fig. 1). 

Effect of hemoglobin on DPD activity

The DPD activity was not affected by addition of 0, 25, 50, and 100 µg of Hb to 
samples containing 80 µg of PBMC cytosolic lysate (Supplementary Material Fig. 
1). The lysate contained an endogenous Hb background level of only 1%, which 
amounts to 0.08 µg of Hb per sample. 

Utility Hb correction in DPD activity determination

The DPD activity in PBMC cytosolic lysate from 12 volunteers was determined 
with and without correction for Hb contamination (Fig. 2). After correction the 
average DPD activity was significantly (P = 0.003) increased by 20.3% (range 1 – 
59%, w/w%) due to an equal percentage of Hb contamination present in the 
isolated PBMCs. Furthermore, the coefficient of variation (%CV) in the DPD activity 
decreased from 31.5% to 18.6% after Hb correction. 

DISCUSSION 
Blood plasma and PBMC cytosolic lysates from clinical samples were sometimes 
colored red, which seemed to correlate with high protein levels in the PBMC 
cytosolic lysates. We investigated the possibility of contamination by RBCs. For 
quantification of the amount of RBC contamination we developed and validated 
a spectrophotometrical Hb determination method. We found an average of 
20.3% (range 1 – 59%, w/w%) Hb contamination in the PBMC cytosolic lysates of 
12 healthy volunteers. The DPD activity was not directly affected by hemoglobin. 
By examining PBMC cytosolic lysates before and after RBC lysis we discovered 
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that the amount of Hb contamination was not altered. Therefore, intact RBCs 
are most likely not responsible for the Hb contamination. We assume that RBCs, 
which have a dry mass that consists for 97.1% of Hb [10], are partly lysed during 
and after blood collection releasing the Hb into the plasma, which explains the 
red colorization of some samples. The free Hb in the plasma possibly binds to 
haptoglobin (Hp) [11], and is subsequently internalized as Hb – Hp complex by 
monocytes, which constitute about 13.6% of the total cells after isolation by Ficoll 
[7]. With the Hb correction method we demonstrate an increase in the accuracy 
of the DPD activity determination in PBMCs. We believe that application of the Hb 
correction method is important and will result in an increase of the accuracy of 
most protein based biomarker assays in PBMCs.
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SUPPLEMENTARY MATERIAL

Figure S1. The effect of spiking indicated amount of hemoglobin (Hb) on the 
dihydropyrimidine dehydrogenase (DPD) activity determined in samples containing 80 
µg of PBMC cytosolic lysate. Results are the mean ± RSD of three replicate samples and 
were expressed relative to the unspiked samples.
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ABSTRACT
We developed and validated a simple, selective and sensitive method 
utilizing tritium (3H) release from 3H-dUMP substrate for accurate and precise 
determination of the low basal Thymidylate synthase activity (TSA) in normal 
healthy peripheral blood mononuclear cells (PBMCs). The method is based on 
the removal of the remaining substrate after the TSA reaction by absorption 
onto activated carbon and measurement of the supernatant fluid by liquid 
scintillation counting. The method background was substantially decreased 
by using lyophilized substrate and optimized binding conditions of remaining 
substrate onto carbon after TSA reaction. The concentration of cofactor N5,N10 
methylene-(6R,S)-tetrahydrofolate (MTHF) was increased to obtain maximal TS 
activity. Method sensitivity was further increased by omission of EDTA from the 
reaction mix (RM), and by using longer reaction times. The validation parameters 
included specificity, linearity, sensitivity, precision and stability. The lower limit of 
quantification was 25 µg PBMC cytosolic lysate, which released 1.4 pmol 3H / h. 
TSA was stable in PBMC pellets stored for 6 months at - 80°C. The applicability of 
the method was demonstrated by the successful determination of TSA in PBMC 
cytosolic lysates from 10 healthy volunteers with and without the specific TSA 
inhibitor FdUMP.
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INTRODUCTION
Thymidylate synthase (TS) is the unique enzyme capable of de novo synthesis 
of 2’-deoxythymidine 5’-monophosphate (dTMP), which is essential for DNA 
biosynthesis. Therefore, TS is an important target of anticancer agents such 
as 5-Fluorouracil and its derivatives [1]. The level of TS expression is increased 
in highly proliferative cells, and an increased abundance in a broad range of 
tumors is associated with a poor treatment response and clinical outcome [2]. 
Thymidylate synthase activity (TSA) is highest in actively dividing cells, and low 
basal TSA is found in non dividing cells [3]. There is growing interest in the use of 
surrogate tissue to determine anti-cancer drug response. Thus far, most methods 
for determining TSA are applied on leukocyte populations that are isolated from 
whole blood, but failed to demonstrate TSA above background levels [4;5]. We 
decided to use peripheral blood mononuclear cells (PBMCs) instead, because 
PBMCs, in contrast to total leukocyte populations, are a more homogenous cell 
population consisting mostly of lymphocytes. Therefore, TSA determinations in 
PBMCs are possibly less distorted by differences in relative cellular composition. 
Furthermore, PBMCs are used extensively in pharmacodynamic (PD) studies 
as a source of surrogate markers for predicting the effect of anticancer agents 
on their molecular target in tumor cells [6;7]. Surrogate cells like PBMCs have 
several advantages over tumor biopsies for monitoring the PD effects of targeted 
anticancer agents, including minimally invasive sample collection and the ability to 
collect multiple samples for longitudinal assessment of drug effect. 

 In this paper we present the development and validation of the first radio-
isotopic method for the quantification of TSA in non cultured human PBMCs by 
tritium release from the substrate 5-3H-2’-deoxyuridine 5’-monophosphate 
(5-3H-dUMP). TSA assays can be divided in spectrophotometric [8] and radio-
isotopic methods [9]. Although the radioisotopic TSA methods possess the highest 
sensitivity, TSA quantification in human PBMCs has remained impossible. We 
based our method on the tritium release method, with subsequent binding of 
excess substrate by carbon, first reported by Dewayne Roberts [10]. The sensitivity 
of that method was increased by preparing PBMC cytosolic lysates directly in the 
reaction mix (RM) enabling higher protein input per sample. A further increase of 
sensitivity was obtained by using the recently available pure N5,N10 methylene-
(6R,S)-tetrahydrofolate (MTHF) cofactor in a 20 to 1 ratio relative to substrate, 
which resulted in increased TSA that was independent of MTHF concentration. By 
omitting ethylenediaminetetraacetic acid (EDTA) from the reaction mix sensitivity 
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was also increased due to an increase of TSA in combination with a decrease 
of background. An additional increase of method sensitivity was reached by 
prolonging the reaction times. 

The applicability of the method was demonstrated in PBMCs from healthy 
volunteers with or without ex vivo exposure to the specific TS inhibitor dFdUMP. 

Although we report results in PBMC, we believe that this method will be more 
widely applicable for the quantification of TSA in other cell types with low TSA, or 
for the accurate determination of the effect of TS inhibitors.

MATERIALS AND METHODS
Reagents and chemicals

N5,N10 methylene-(6R,S)-tretrahydrofolate-sodium (MTHF) salt was a kind gift 
from Merck Eprova (Schaffhausen, Switserland). Ficoll-paquetmPLUS was procured 
from General Electric Healthcare (Little Chalfont, UK). Phosphate buffered saline 
(PBS) was purchased from GIBCO BRL (Gaithersburg, MD, USA). Tris-HCl was 
obtained from Roche (Woerden, the Netherlands). Ethylenediaminetetraacetic 
acid (EDTA), MgCl2.6H2O, DL-dithiotreitol (DTT), NaF, 2-mercaptoethanol (BME), 
carbon, and 2’-deoxyuridine 5’-monophosphate (dUMP) were purchased from 
Sigma (St. Louis, MO, USA). 5-3H-dUMP was purchased from Moravek (Brea, CA, 
USA). Dextran T500 was procured from Pharmacia (Uppsula, Sweden). Ultima Gold 
was purchased from Canberra Packard (Meriden, CT, USA). Buffers and water were 
deoxygenized by a 1 L/min bubble stream of nitrogen for 40 min [11]. Reaction 
mix (RM) consisted of 20 mM MgCl2, 1.5 mM NaF, 1 mM DTT in 50 mM Tris-HCl 
pH 7.5, after deoxygenation 0.47 (v/v%) BME was added. The substrate consisted 
of a mixture of 1 ml 1 mM dUMP and 500 kBq of lyophilized 5-3H-dUMP. A 10 mM 
MTHF solution was prepared in water and 500 µl aliquots were lyophilized in 500 
µl vials, closed under an atmosphere of nitrogen. Carbon suspension (CS) was 
prepared by vigorously shaking of 5 g carbon, and 20 mg Dextran T500 in 50 ml 
PBS. 

Cell culture 

The human breast cancer cell line T47D (ATCC, Rockvile, USA) was cultured 
as monolayer in RPMI medium supplemented with 10% fetal calf serum. 
Exponentially growing cells were harvested by trypsinization and subsequently 
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washed with 50 ml of ice-cold PBS. After centrifugation at 1000g for 10 min at 4°C 
the supernatant was discarded. Subsequently, dry cell pellets for storage at -80°C 
and cytosolic lysates were prepared as described next for PBMCs.

PBMC isolation and cytosolic lysate preparation

Peripheral blood was drawn between 9:00 and 10:00 am from 10 healthy 
volunteers into 10 ml heparin blood collection tubes. Study participants were 
informed of the investigational nature of this analysis and had given written 
informed consent in accordance with institutional and national guidelines. 
PBMCs were isolated immediately after blood collection using Ficoll gradient 
centrifugation [12]. Briefly, 8 ml of peripheral blood was mixed with an equal 
volume of PBS at room temperature (RT) and carefully layered on top of a 12.5 ml 
Ficoll layer in a 50 ml tube. After centrifugation at 720g for 20 min at RT, the PBMC 
layer was transferred to a new 50 ml tube, washed with 50 ml of ice-cold PBS, and 
centrifuged at 1000g for 10 min at 4°C. The supernatant was discarded. Next, the 
pellet was washed with another 50 ml of ice-cold PBS and centrifuged at 500g for 
10 min at 4°C. The supernatant was discarded, and the pellet was suspended in 
1 ml of ice-cold PBS and transferred to a 1.5 ml cryo vial. After centrifugation at 
500g for 5 min at 4°C, the supernatant was discarded and the PBMC pellet was 
snap frozen in liquid nitrogen and subsequently stored at -80°C.

After defrosting PBMC pellets were suspended in 300 µl ice-cold RM. The 
PBMC suspension was subsequently equally divided into three separate vials 
on ice. Next, PBMC lysates were prepared on ice by applying 15 pulses with a 
Branson 250 tip sonicator (Branson, Danbury, CT, USA) at power input setting 
level 3 with a 50% duty cycle. After centrifugation at 11000g for 20 min at 4°C, 
95 µl of supernatant was transferred to a clean 1.5 ml vial on ice for immediate 
determination of protein followed by TSA analysis. 

Protein assay

Protein concentrations in PBMC cytosolic lysates were determined using the Bio-
Rad protein assay (Bio-Rad, Hercules, CA, USA). Briefly, 5 µl of PBMC cytosolic 
lysate was diluted with 45 µl of MilliQ water (Millipore, Billerica, MA, USA). Five 
bovine serum albumin standards were prepared in concentrations ranging from 
32.5 to 500 mg/ml to obtain a standard curve. In duplicate 10 µl of diluted lysate 
and the standard curve were transferred to a clear 96-well flat bottom plate. After 
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the addition of 200 µl dye solution, the plate was incubated for 15 min at RT and 
subsequently the absorption was measured at 590 nm using an EL340 microplate 
reader (Bio-Tek, Winooski, VT, USA). 

Carbon binding of substrate

Samples were prepared at RT with a total volume of 100 µl, containing 85 µl of 
RM, 10 µl of 10 mM MTHF, and 5 µl of 1 mM 3H-dUMP (100.000 DPM/sample). 
Next, 200, 400, and 800 µl of CS was added, followed by vortex mixing for 5 s at 
full speed setting and subsequent vertical disk rotation mixing at 50 rpm and 4°C. 
After 0, 0.25, 0.5, 1, 4, and 24 h 100 µl 6.5 N of HCl was added to three samples 
at each CS input level. Subsequently, the samples containing 200, 400, and 800 µl 
of CS containing samples were centrifuged at 11,000g for 5 min at 4°C, followed 
by transfer of 200, 300, and 500 µl of clear supernatant to a 20 ml polyethylene 
vial, respectively. After mixing with 10 ml of Ultima Gold, samples were assayed 
for radioactivity for 10 min using a LSC2800 Tri-Carb liquid scintillation counter 
(Packard, Meriden, CT, USA).
 

Thymidylate Synthase activity assay

The assay was carried out according to the method described by Dewayne 
Roberts [10] with modifications. Immediately before the start of the reaction 
a vial containing 2.51 mg of lyophilized MTHF was reconstituted in 500 µl of 
deoxygenized water and 10 µl was added to a 1.5 ml vial on ice. To this vial 85 µl 
of ice-cold PBMC or T47D cytosolic lysate, or in case of background controls 85 
µl of ice-cold RM was added. Next, 5 µl of 1 mM ice-cold substrate was added, 
and after mixing, the samples were incubated for 3 h at 37°C in a shaking water 
bath. The reaction was terminated by adding 100 µl of 6.5 N HCl, and the 
remaining substrate was bound onto 400 µl CS by vertical disk rotation mixing of 
the samples at 50 rpm at 4°C. After centrifugation at 11,000g for 5 min at 4°C, 300 
µl of clear supernatant was transferred to a 20 ml polyethylene vial, mixed with 10 
ml of Ultima Gold, and subsequently assayed for radioactivity for 10 min using a 
LSC2800 Tri-Carb liquid scintillation counter.

TS enzyme kinetics

All samples concerning TSA kinetics were prepared on ice and analyzed in 
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threefold. All samples were adjusted with RM to a total volume of 100 µl. 
Samples were incubated for 3 h at 37°C, unless indicated differently. Reactions 
were terminated and TSA was determined as described above. The influence of 
MTHF concentration on the TSA reaction was determined in samples containing 
0.05, 0.1, 0.5, 1, 2.5, and 5 mM MTHF, 50 µg of T47D cytosolic lysate, and 50 µM 
substrate. The time dependency of the TSA reaction was assessed in samples 
containing 50 µg of T47D cytosolic protein, 50 µM of 3H-dUMP and 1 mM MTHF. 
After incubation for 0.5, 1, 2, 3, 4, 6 and 24 h at 37°C, reactions were terminated 
and TSA was determined as described above. The concentration dependency of 
the TSA reaction was determined in samples containing 1, 2, 5, 10, 25, 50, and 100 
µM of 3H-dUMP, 1 mM of MTHF, and 50 µg of T47D cytosolic lysate. The results 
were displayed in a Eadie Hofstee Plot for determination of Km and Vmax.

pH optimum

The pH optimum of TSA using 100 µg T47D cytosolic protein was determined using 
50 µM of 3H-dUMP and 1 mM of MTHF. RM prepared with 50 mM of potassium 
phosphate was used from pH 5.0 to 6.5, and 50 mM of Tris-HCl from pH 7.0 to 9.0, 
both in pH 0.5 increments.

Specificity

The background signal from three separate blank control samples containing RM 
instead of cytosolic cell lysate was assessed during each batch analysis. TSA was 
also determined in threefold in samples from 10 healthy volunteers containing 200 
µg of PBMC cytosolic lysates with and without 100 µM of the strong and specific 
TS inhibitor FdUMP [13]. 

Linearity and Lower limit of quantification (LLOQ)

The linearity and LLOQ were determined in threefold in samples spiked with 5, 10, 
15, 20, 25, 30, 50, 75, 100, 150, 200, and 300 µg of PBMC cytosolic lysate protein 
from a healthy volunteer. TSA in samples at the highest linear spike level was 
defined as nominal. The LLOQ and linear range were defined as the protein input 
level or protein input range, respectively, at which TSA could be determined with 
precision ≤ 20%, and accuracy between 80 – 120% of the nominal TSA.
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Within- and between-day precision 

Samples containing 50, 100 or 200 µg of PBMC cytosolic lysate were measured 
in triplicate on three consecutive days. The between-day (BDP) and within-day 
precision (WDP) were calculated by one-way analysis of variance (ANOVA) for each 
spike level with 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 cell 
concentrations across run days were used. The WDP% and BDP% for each spike 
level was calculated using the formulas:

WDP% = (ErrMS)0.5 / GM x 100%

BDP% = [(DayMS – ErrMS)/n]0.5 / GM x 100%

(Where n is the number of replicates within each run).

Stability

All PBMCs used for stability tests originated from a single volunteer. The stability 
of TSA in PBMCs isolated from whole blood stored ex vivo at RT for 6 h was 
assessed. Next, we determined the stability of TSA in PBMC cytosolic lysates 
stored for 24 h on ice. Long term storage stability of TSA was assessed in a single 
batch of PBMCs and T47D tumor cells after 180 days of storage at -80°C as dry cell 
pellets. RM and 3H-dUMP solution stored for 6 months at -20°C, and lyophilized 
MTHF stored for 6 months at -80°C was used for the determination of TSA in 
lysates prepared from stably stored T47D dry cell pellets at -80°C.

Statistical Analysis

Statistical evaluation was performed using the unpaired two-tailed student t-test 
unless indicated otherwise. P-values of 0.05 were considered to be significant.
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RESULTS
RM development

The reaction mix of typical tritium release methods contains 20 mM Mg2+, 1.5 
mM NaF, 1 mM DTT, 0.47% (v,v%) BME, and 2 mM EDTA, which are necessary for 
an optimal release of tritium from the substrate as reported by others [14]. We 
tested the influence of these components on the background and TSA using RM 
from which one of these components was omitted (Fig. 1). Omission of Mg2+ and 
NaF had no effect on the background, however, TSA was reduced by 11.8% (P = 
0.028) and 12.6% (P = 0.0021), respectively. Omission of DTT, and BME increased 
the background by 9.6% (P = 0.036) and 15.8% (P = 0.013), respectively, and a 
decrease of TSA by 16.0% (P = 0.0014) and 52.3% (P = 0.0009), respectively. The 
omission of EDTA caused a 22% (P = 0.0012) decrease of the background, and a 
56.8% (P = 0.0008) increase in TSA. Based on these results we decided to use RM 
containing 20 mM Mg2+, 1.5 mM NaF, 1 mM DTT, and 0.47% (v,v%) BME for low 
background and high TSA. Compared to the original RM described by others [14], 
EDTA was omitted from the RM.

Figure 1. Influence of different reaction mix (RM) components on background after 
substrate binding to carbon suspension (A), and thymidylate synthase activity (B). 
Samples with a total volume of 100 µl were prepared, containing 300 µg of peripheral 
blood mononuclear cell cytosolic lysate with RM containing all components or RM without 
one of the indicated components, and incubated for 3 h at 37°C. Results ± SD of 3 different 
samples are shown relative to samples prepared with RM containing all components, 
which was set at 100%.
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Carbon binding of substrate

No significant difference in carbon binding of substrate was found between 
samples processed with 400 and 800 µl of CS (Supplementary Fig. 7). However, 
samples processed with 200 µl of CS contained significantly more remaining 
substrate. The binding of substrate was maximal at 99.92% after 15 min of 
incubation using 400 µl of CS. Longer incubations and/or using more CS did not 
result in significantly increased binding of remaining substrate. 

Figure 2. Linearity between thymidylate 
synthase activity and protein input. 
Indicated amounts of cell line T47D 
cytosolic lysate protein were incubated in 
a total volume of 100 µl for 3 h at 37°C. 
Results are expressed as means ± S.D. of 3 
different samples. 

Figure 3. Time dependency of TSA. 
Samples, containing 50 µg of T47D 
cytosolic lysate in a total volume of 100 µl, 
were incubated for the indicated time at 
37°C. Results are expressed as the means ± 
S.D. of 3 different samples.
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Figure 4. MTHF dependency of 
thymidylate synthase activity. Samples, 
containing 50 µg of cell line T47D 
cytosolic lysate protein and indicated 
concentration of MTHF in a total volume 
of 100 µl, were incubated for 3 h at 37°C. 
Results are expressed as the means ± S.D. 
of 3 different samples.

Figure 5. Effect of the specific 
thymidylate synthase inhibitor FdUMP 
on thymidylate synthase activity (TSA) 
from 10 healthy volunteers. Samples, 
containing 300 µg of peripheral blood 
mononuclear cell cytosolic lysate, were 
incubated in the absence ( - ) or presence 
( + ) of 100 µM FdUMP in a total reaction 
volume of 100 µl for 3 h at 37°C. Results 
are shown as the mean TSA of 3 separate 
samples for 10 healthy volunteers, as 
well as the interindividual mean ± S.D.

Figure 6. Linearity of thymidylate 
synthase activity (TSA) with protein 
input. TSA was assessed after incubation 
of samples containing indicated amounts 
of peripheral blood mononuclear 
cell cytosolic lysate protein in a total 
volume of 100 µl for 3 h at 37°C. Data 
are expressed as the means ± S.D. of 3 
different samples.
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TS enzyme kinetics

We determined the dependency of the TSA reaction on the cofactor MTHF, which 
acts as ‘one-carbon donor’ during the reaction, using 50 µM of substrate (Fig. 2). 
An increase in MTHF concentration from 50 µM to 1 mM resulted in an increase of 
TSA from 0.189 to 4.43 nmol/mg/h, respectively. TSA was maximal at 1 mM MTHF 
and decreased at higher MTHF concentrations e.g. a decrease of 16% (P = 0.018) 
in TSA was found using 5 mM of MTHF. 

The time dependency of the TSA reaction was determined in reactions 
containing 1 mM of MTHF and 50 µM of substrate (Fig. 3). Although TSA 
decreased over time, the total amount of released 3H2O increased from 0.47 to 
2.18 nmol in reactions incubated for 0.5 and 3 h, respectively. We decided to use 3 
h incubations for all subsequent TSA reactions as a compromise between maximal 
method sensitivity and time needed for analysis of sample batches during a 
standard 8 h working day. 

In order to determine the substrate concentration dependency, TSA reactions 
were performed using different concentrations of substrate, and 1 mM of MTHF 
(Fig. 4). 

The Km of TS was 8.49 µM and 10.03 µM as determined from the substrate 
dependency curve (Fig. 4.) and Eadie Hofstee Plot (Supplementary Fig. 8), 
respectively. TSA was saturated at substrate concentrations higher than 25 µM, 
which is demonstrated by a decrease of only 6.9% in TSA after 50% of the initial 50 
µM of substrate has been used by the reaction. Therefore we decided to perform 
all subsequent TSA reactions using 50 µM substrate, allowing for a maximum of 
50% conversion of substrate with only a small negative effect on TSA.

pH optimum

RM with 50 mM potassium phosphate or 50 mM Tris-HCl was used containing 
Mg2+, NaF, DTT, and BME. RM with potassium phosphate was used to assess 
TSA from pH 4.0 to 6.5 and Tris-HCl based RM was used from pH 7.0 to 9.0. We 
prepared 1 M MgCl2 stock solutions in Tris-HCl pH 7.5, because the MgCl2 we used 
had a high acidity of pH 4 at 1 M concentration in water resulting in a significant 
decrease of the final pH of the RM (data not shown). The pH dependency of TSA 
shows a hyperbolic curve (Supplementary Fig. 9) with lowest TSA levels of 0 and 
0.772 nmol/mg/h at pH 4.0 and 9.0, respectively. TSA peaked at pH 7.5 with no 
significant difference in TSA from pH 6.5 to 8.0. 
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 Nominal  
cytosolic 
lysate  
input level 
(µg) 
 

Measured 
TSA 
(nmol/mg/h) 

WDP 
(%) 

BDP 
(%) 

50 
 
100 
 
200 
 

0.0589 
 
0.0639 
 
0.0618 
 

6.8 
 
2.9 
 
9.2 
 

2.2 
 
1.5 
 
6.0 
 

Table 1. Within-day precision (WDP) 
and between-day precision (BDP) for 
Thymidylate Synthase activity (TSA) 
determination at three peripheral blood 
mononuclear cell (PBMC) cytosolic 
lysate input levels. Three replicate 
measurements were performed at each 
spike level. Within- and between-day 
precision were calculated using one-way 
analysis of variance (ANOVA).

component storage 

temperature (°C) 

storage 

period 

initial TSA 

(nmol/mg/h) 

measured TSA 

(nmol/mg/h) 

change 

(%) 

whole blood 0 6 h 0.0541± 0.0043 0.022 ± 0.0021 - 60.3* 

whole blood RT 6 h 0.140 ± 0.013 0.146 ± 0.026 - 4.4 

PBMC cytosolic  

lysate 

0 24 h 0.0701 ± 0.0039 0.068 ± 0.0027 - 2.5 

T47D dry pellet -80 180 days 4.97 ± 0.215 5.11 ± 0.198 5.8 

PBMC dry pellet -80 180 days 0.078 ± 0.0037 0.084 ± 0.0035 7.7 

RM -20 180 days 4.68 ± 0.306 4.85 ± 0.193 3.6 

dUMP -20 180 days 4.52 ± 0.127 4.38 ± 0.265 - 3.1 

MTHF -80 180 days 4.69 ± 0.265 4.45 ± 0.290 - 5.1 

 

Table 2. Stability of different components of the Thymidylate Synthase activity (TSA) 
reaction under various storage conditions. Results for initial and measured TSA are the 
average of three replicate measurements ± SD (* indicates a significant difference). 
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Specificity

Removal of free 3H2O from the substrate by freeze drying resulted in a 4.33 fold 
reduction of background level of control samples prepared without cytosolic 
lysate to 170 ± 25 DPM (n = 12), which was 0.162% of the total radioactivity input, 
or 0.0077 nmol/mg/h using 300 µg of PBMC cytosolic lysate. The average TSA 
in samples from 10 healthy volunteers was 0.0687 ± 0.0266 nmol/mg/h (range: 
0.0345 – 0.123 nmol/mg/h). In the presence of 100 µM FdUMP the TSA activity 
in these samples was significantly reduced by 98.7% (range: 97.5 – 99.3%, P < 
0.001), indicating that the radioactive signal minus background originated almost 
completely from TSA (Fig. 5).
 

Linearity and Lower limit of quantification (LLOQ)

The TSA levels in samples containing 25 to 300 µg of PBMC cytosolic lysate did not 
differ significantly which indicated good linear correlation between the amount 
of protein input and TSA (Fig. 6). The amount of tritium release using 5, 10, or 20 
µg of PBMC cytosolic lysate was too low for an accurate determination of TSA. 
The LLOQ was 287 DPM, corresponding to 0.28% of total radioactivity input, or 
25 µg of PBMC cytosolic lysate with a TSA of 0.0706 nmol/mg/h. At the LLOQ the 
accuracy was 8.9%, and the precision was 12.6%. The LLOQ of 25 µg corresponded 
on average to 1 million PBMCs which can be isolated from approximately 0.8 ml of 
whole blood.

Within- and between-day precision 

The WDP and BDP precisions of the TSA determination were better than 9.2%, 
and 6.0%, respectively, in samples spiked with PBMC cytosolic lysate at nominal 
concentrations of 50, 100, and 200 µg. These protein levels corresponded to the 
low, mid and high region of the linear range of the TSA determination (Table 1). 
The precisions of all selected cases were well within the limits that are considered 
acceptable for bio-analytical methods [15].

Stability

We tested the stability of different components of the TSA reaction under various 
storage conditions (Table 2). Whole blood was stored on ice for 6 h prior to PBMC 
isolation, which resulted in a significant reduction of TSA by 60.3% (P = 0.0014). 
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However, stable TSA levels were found in PBMCs isolated from whole blood 
stored at RT for 6 h. Cytosolic lysates could be stored on ice for 24 h without a 
significant deterioration in TSA. The long term storage at -80°C of T47D and PBMCs 
dry cell pellets was possible for 7 months without significant deterioration of TSA. 
Furthermore, TSA was not affected when RM, dUMP, and MTHF were stored for 
180 days at -20°, -80°C, and -80°C, respectively. We noticed a 52% reduction (P 
< 0.001) in TSA using MTHF solutions stored on ice for 24 h under exposure to 
white fluorescent tube light. Therefore we recommend immediate preparation 
of the MTHF solution, on ice and shielded from light, just before start of the TSA 
reaction.

DISCUSSION
We applied several sensitivity increasing modifications to the tritium release 
method described by Dewayne Roberts et al. [10], that enabled the determination 
of TSA in non dividing cells like PBMC. By preparing PBMC cytosolic lysates in 
RM we were able to increase the amount of lysate per sample resulting in more 
tritium release per sample, which consequently increased method sensitivity. 
Next, we optimized the RM composition by determining the effect of the RM 
components Mg2+, NaF, DTT, BME, and EDTA on TSA and background signal. Our 
results confirmed other findings [16] about the importance of Mg2+, DTT, and BME 
for TSA. However, omission of the RM component EDTA had a large positive effect 
of 56.8% on TSA, which is in agreement with the findings of Dewayne Roberts et 
al., but it is in disagreement with a negative effect reported by Silber et al. [14]. 
We assume that EDTA inhibits TSA by the chelation of Mg2+. DTT and BME had a 
small but significant effect on the background, possibly caused by the scavenging 
of oxygen radicals that might otherwise have reacted with labile tritium on the 
5-carbon of the substrate [17]. 

Earlier developed tritium release methods depend [9;10] on the spontaneous 
formation of MTHF from a mixture of formaldehyde and tetrahydrofolate during 
the TSA reaction. This reaction is, however, very oxygen sensitive and possibly the 
cause of inconsistent results reported with previous tritium release methods [18]. 
Therefore, we used the recently available p.a. grade MTHF. We showed a linear 
23-fold increase in TSA over a MTHF concentration range from 0.05 to 1 mM. At 
MTHF concentrations above 1 mM saturation of TSA occurred, which was possibly 
caused by binding of formaldehyde, which could be formed as a result of MTHF 
degradation, to TS [19]. We further increased the sensitivity of the method by 
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applying 3 h instead of 1 h TSA time, which resulted in the release of 2.4 times 
more tritium. Prolongation of incubation times beyond 3 h would probably 
increase the method sensitivity even further, but batch analysis of samples during 
a normal 8 h working day would be impossible.

In our studies and possibly those of others [20-23] we have noted a potential 
problem associated with the tritium release assay, described by the inability to 
demonstrate either low levels or complete inhibition of TSA due to incomplete 
binding of remaining substrate after the TSA reaction. Armstrong et al. [24] 
showed that incubations of 48 h using 200 µl CS per 500 µl of total reaction 
volume resulted in 99.5% binding of remaining substrate in no enzyme containing 
control samples. We showed, however, maximal binding of 99.84% of remaining 
substrate after just 15 min by using 400 µl CS per 100 µl of total reaction volume 
for binding of remaining substrate in negative control samples. 

Our method is very specific for TSA, since TSA is inhibited by 98.7% in samples 
containing 100 µM of the specific TS inhibitor FdUMP [13] and 300 µg of PBMC 
cytosolic lysate. Therefore, we believe only a small part of the released tritium 
is caused by non enzymatic nucleophilic attack on the labile 5-carbon of the 
substrate [25].

In conclusion, a method has been developed and validated for the 
determination of TSA in PBMCs isolated from whole blood. The sensitivity was 
increased substantially over existing tritium release assays. The method is simple, 
sensitive, precise, robust, and shows long-term TSA stability, using standard 
laboratory equipment and techniques. We have shown that the method enables 
reproducible determination of TSA in PBMCs isolated from 10 healthy volunteers. 
We have successfully applied the method in a volunteer study for determining 
the circadian rhythm of TSA, as described earlier [26], in PBMCs (for submission). 
We believe that application of the method in clinical trials for monitoring the 
inhibitory effect of TS inhibitors is possible.
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SUPPLEMENTARY MATERIAL

Figure 7. Remaining background after 
binding of substrate to carbon suspension 
(CS). Samples containing 50 µM substrate 
(100.000 DPM) were incubated with 200, 
400, and 800 µl of CS for the indicated times 
on a rotation mixer at 4°C. Data is expressed 
as the means ± S.D. of 3 different samples. 

Figure 8. Eadie Hofstee Plot of thymidylate 
synthase activity. Samples containing 50 µg of 
cell line T47D cytosolic lysate were incubated 
with indicated substrate concentrations 
in a total volume of 100 µl for 3 h at 37 °C. 
Data are expressed as the means ± S.D. of 3 
different samples. 

Figure 9. pH dependency of TSA. RM 
containing 50 mM of potassium phosphate 
was used between pH 5.0 and 7.0, and 50 
mM of Tris-HCl was used between 7.0 and 
9.0. Data is expressed as the means ± S.D. of 
3 different samples.
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ABSTRACT

Background: Dihydropyrimidine dehydrogenase (DPD) activity determination in 
peripheral blood mononuclear cells of DPD deficient patients was hitherto very 
inaccurate due to hemoglobin (Hb) contamination.

Results: DPD activity was determined by high performance liquid chromatography 
with online radio-isotope detection using liquid scintillation counting. Hb was 
determined spectrophotometrically. Method accuracy and precision were 
significantly improved by using cumulative area of all peaks as internal standard. 
PBMC lysates from DPD deficient patients were highly contaminated with on 
average 23.3% (range 2.7 – 51%) of Hb resulting in up to twofold underestimated 
DPD activity. DPD activities were corrected for Hb contamination. The method was 
validated and showed good long term sample stability.

Conclusion: This method has increased specificity allowing accurate identification 
of DPD deficient patients.
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INTRODUCTION
Dihydropyrimidine dehydrogenase (DPD) catalyzes the reduction of the pyrimidine 
bases uracil and thymine into 5,6-dihydrouracil and 5,6-dihydrothymine, 
respectively [1]. DPD also facilitates the rate-limiting step in the metabolism of 
the anti-cancer drug 5-fluorouracil (5-FU). Approximately 85% of the administered 
5-FU is metabolized into inactive metabolites by DPD. Because reduced DPD 
activity results in a higher exposure to 5-FU, patients with a complete or partial 
DPD deficiency who are treated with 5-FU or capecitabine are at high risk for 
developing severe, and sometimes fatal, fluoropyrimidine-induced toxicity [2-4].

Severe fluoropyrimidine related toxicity due to decreased DPD activity can be 
caused by point mutations, such as c.1905+1G>A (IVS 14 + 1G>A, DPYD*2A) in the 
5’ splicing site of intron 14, c.2846A>T, or c.1679T>G [5]. So far, an additional 50 
polymorphisms spread over the entire DPYD coding region have been identified 
[6], but their clinical relevance is uncertain. Other genetic and epigenetic 
regulations such as promoter hypermethylation or variations in transcriptional 
factor expression may play a critical role in DPYD expression [7,8]. In addition, also 
non-genetic causes, such as drug-drug interactions and circadian variations might 
explain the large inter-patient variability in DPD activity [9]. 

For these reasons, phenotypic testing of DPD activity is likely to be a more 
sensitive way to detect DPD deficiency in patients compared to genetic screening 
for DPYD polymorphisms alone. In fact, recent studies using phenotypic screening 
have evidenced reduced DPD enzyme activity in between 36 - 71% of the patients 
with fluoropyrimidine-induced severe toxicities [10]. Phenotypic screening for 
DPD deficiency is most often performed in peripheral blood mononuclear cells 
(PBMCs) [11]. Only methods for determining DPD activity using radio-isotopic 
substrates of DPD have high enough sensitivity to establish the presence of a 
complete DPD deficiency [12]. However, several technical challenges limit the 
applicability of these methods. The original method by van Kuilenburg et al. 
[13,14] is based on the conversion of [14C]-thymine into [14C]-dihydrothymine 
with subsequent detection by high performance liquid chromatography and on-
line liquid scintillation counting (HPLC-LSC). This method is relatively expensive 
and requires a laborious and hazardous purification process. Second, precision 
of the method is likely to be less than optimal due to experimental errors which 
are not corrected for. In addition, previous studies reported highly variable red 
colorization of PBMC lysates [15]. Recently, we demonstrated that the accuracy 
of the DPD activity was strongly affected by this hemoglobin (Hb) contamination 
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in PBMC lysates, by 20.3% (range 1-59%, n = 12) [16]. We evidenced that this 
contamination is exclusively caused by hemoglobin (Hb) and introduced a simple 
spectrophotometrical method for the quantification of Hb in PBMC lysates.

Here we developed and validated an improved radio-isotopic method for the 
quantification of DPD activity in human PBMCs using the substrate [3H]-thymine, 
eliminating the need of hazardous [14C]-thymine. We based our DPD activity 
method on the method first reported by van Kuilenburg et al. [13,14], with 
modifications.

DPD activity was quantified using the peak area of the DPD enzyme reaction 
product [3H]-dihydrothymine (DHT). We demonstrate, that DPD activity can 
also be quantified using the area of the substrate [3H]-thymine. This opens the 
possibility for determining DPD activity in e.g. liver extracts and other tissues 
containing, in contrast to PBMCs, DHT metabolizing enzymes.

We improved method precision and accuracy by using the ratio between the 
average total peak area of five negative controls and total sample peak area to 
compensate for experimental errors in measurement of DPD activity.

Our improved method was applied for the determination of DPD activity in 
PBMCs from eight patients experiencing severe capecitabine-induced toxicity 
in order to establish the effect of Hb contamination on the accuracy of DPD 
phenotyping. Lastly, since data on long-term storage stability of these samples 
is missing, we performed stability experiments and validated different storage 
conditions to allow batch analysis of stored samples.

MATERIALS AND METHODS
Reagents and chemicals

Ficoll-paquetmPLUS was obtained from General Electric Healthcare (Little 
Chalfont, UK). Phosphate buffered saline (PBS) was purchased from GIBCO BRL 
(Gaithersburg, MD, USA). Complete® EDTA-free Protease Inhibitor was from Roche 
(Woerden, the Netherlands). Ammonium chloride (NH4CL), sodium bicarbonate 
(NaHCO3), ethylenediaminetetraacetate (EDTA), β-nicotinamide adenine 
dinucleotide phosphate (NADPH), dipotassium hydrogenphophate (K2HPO4), 
potassium dihydrogenphosphate (KH2PO4), magnesium chloride hexahydrate 
(MgCl2.6H2O), dithiotreitol (DTT-DL), and thymine were purchased from Sigma 
(St. Louis, MO, USA). [3H-methyl]-thymine (1.85 – 2.59 TBq/mmol) was purchased 
from Moravek (Brea, CA, USA). Ultima Flow M was from Canberra Packard 
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(Meriden, CT, USA). Cofactor solution consisted of 2.5 mM NADPH in water, and 
was stored in 500 µl aliquots at -80 °C. PBS Complete® buffer consisted of 17.5 
mM K2HPO4 pH 7.4 and 2 mM DTT-DL in PBS supplemented with 1 Complete® 
EDTA-free Protease Inhibitor tablet per 10 ml, and was stored in 1 ml aliquots 
at -20 °C. Thymine mix consisted of 125 µM thymine, 2 µM [3H-methyl]-thymine 
and 12.5 mM MgCl2 in water, and was stored at -20 °C. Reaction mix was freshly 
prepared on ice each day shielded from light by aluminium foil, and consisted of a 
1:1 (v/v) mixture of cofactor solution and thymine mix. 

Subjects

Subjects asked for study participation included 19 healthy volunteers aged ≥ 18 
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 of eight patients who experienced severe capecitabine-induced 
toxicity (grade III/IV) were used for testing the accuracy of the developed DPD 
activity method. Patients had not been on treatment for at least 4 weeks before 
blood was drawn for determination of DPD activity. The study received approval 
from the institutional medical ethical review board and subjects provided whole 
blood after written informed consent. 

Pharmacogenetics

From all volunteers and patients participating in this study a volume of 3 mL blood 
was collected in EDTA blood tubes at the same time blood for DPD activity analysis 
was drawn. Genomic DNA was isolated using the QIAamp DNA mini kit (Qiagen, 
Inc. Valencia, CA). Polymorphisms for DPYD IVS14+1G>A (DPYD*2A), c.496A>G, 
c.1236G>A, c.2194G>A, c.2846A>T, c.1601G>A, and c.1679T>G were determined 
using real-time PCR (RT-PCR) assays using allele-specific TaqMan probes (Applied 
Biosystems, Bleijswijk, The Netherlands), and polymorphisms for DPYD 1627A>G 
were determined by sequencing [17]. 

PBMC isolation and cytosolic lysate preparation

Peripheral blood was drawn from subjects between 9:00 and 10:00 am into 10 
ml heparin containing blood collection tubes. PBMCs were isolated immediately 
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after blood collection using Ficoll gradient centrifugation [18,19]. Briefly, 8 ml of 
peripheral blood was mixed with an equal volume of PBS at room temperature 
(RT) and carefully layered on top of a 12.5 ml Ficoll layer in a 50 ml tube. After 
centrifugation at 720g for 20 min at RT, the PBMC layer was transferred to a new 
50 ml tube, washed with 50 ml of ice-cold PBS, and centrifuged at 500g for 10 
min at 4°C. Next, the supernatant was discarded, and the pellet was washed with 
another 50 ml of ice-cold PBS. After centrifugation at 500g for 10 min at 4°C, the 
supernatant was discarded. Next, the pellet was suspended in 1 ml of ice-cold 
PBS and transferred to a 1.5 ml cryo vial. After centrifugation at 500g for 5 min at 
4°C, the supernatant was discarded and the PBMC pellet was snap frozen in liquid 
nitrogen and subsequently stored at -80°C.

PBMC lysates were prepared by resuspending the stored PBMC pellet in 
100 µl of ice-cold PBS Complete® buffer after defrosting on ice and applying 15 
pulses with a Branson 250 tip sonicator (Branson, Danbury, CT, USA) at power 
input setting level 3 with a 50% duty cycle. After centrifugation at 11,000g for 20 
min at 4°C, 95 µl of supernatant was transferred to a clean 1.5 ml vial on ice for 
immediate determination of protein content and DPD activity. 

Protein assay

Protein concentrations in the PBMC lysates were determined using the Bio-Rad 
protein assay (Bio-Rad, Hercules, CA, USA). Briefly, 5 µl of PBMC lysate was diluted 
with 45 µl of MilliQ water (Millipore, Billerica, MA, USA). Five bovine serum 
albumin standards were prepared in concentrations ranging from 32.5 to 500 mg/
ml. In duplicate, 10 µl of diluted lysate and the standard curve were transferred 
to a clear 96-well flat bottom plate. After the addition of 200 µl dye solution, 
the plate was incubated for 15 min at RT and subsequently the absorption was 
measured at 590 nm using an EL340 microplate reader (Bio-Tek, Winooski, VT, 
USA). 

Determination of and correction for hemoglobin content

Hemoglobin concentration was determined spectrophotometrically at 413 nm 
with a Nanodrop1000 (Thermo Scientific, Ashville, NC, USA) in ten-fold diluted 
PBMC lysate [16]. Next, the corrected protein concentration in the PBMC lysate 
was calculated by subtracting the contaminating Hb concentration from the 
total protein concentration. DPD activity was expressed relative to the protein 
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concentration after correction for Hb.

DPD activity assay

The assay was a modification of the method described by Van Kuilenburg et al. 
[13], with modifications. A volume of PBMC lysate, typically corresponding to 60 – 
100 µg of protein, was diluted on ice with PBS complete buffer to a total volume of 
80 µl. Five negative control samples containing 80 µl of PBS complete buffer were 
prepared for each batch analysis. Next, 20 µl of ice-cold reaction mix was added to 
the samples, and after mixing, the samples were incubated for 60 min at 37°C in a 
shaking water bath. The reactions were terminated by boiling for 3 min at 100°C. 
After centrifugation at 11,000g for 5 min at 4°C, 90 µl of clear supernatant was 
transferred to a reversed phase high pressure liquid chromatography (HPLC) vial.

High performance liquid chromatography analysis

Separation and quantification of [3H]-thymine and the reaction product [3H]-DHT 
was performed using HPLC (Beckman Coulter, CA, USA). A C18 HDO Uptisphere® 
column (Interchim, Montluçon Cedex, France), particle size 5 µm, 150 x 4.6 mm 
was used at ambient temperature at an eluent flow of 0.8 ml/min, which was 
mixed 1:1 (v,v) with Ultima-Flow M for on-line tritium radioisotope detection 
(Packard Instrument Co, CT, USA). The mobile phase consisted of eluent A (50 mM 
KH2PO4 pH 4.5, and 1.0% (% v,v) MeOH) and eluent B (50 mM KH2PO4 pH 4.5, and 
40% (% v,v) MeOH). The following gradient was used: t0 - t20 min 100% eluent A, 
t20 – t30 min 100% eluent B, t30 – t35 min 100% eluent A. 

Calculation of DPD activity 

Formulas 1 and 2 were used for calculation of the DPD activity (nmol/mg/h) using 
the [3H]-DHT and [3H]-thymine peak, respectively:

 1. ((A1 – A2)* A3 * nmol T) / ( A4 * A5 * mg * t)

 2. ((nmol T – ( A6 * A3 * nmol T / A4 * A5))/( mg * t)

A1 = area of the DHT peak in the sample in counts per minute (cpm) 

A2 = average area of the DHT peaks in the 5 negative control samples (cpm)

A3 = average area of the sum of all peaks in the 5 negative control samples (cpm)

A4 = average area of all thymine peaks in the 5 negative control samples (cpm)
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A5 = sum of the area of all peaks in the sample (cpm)

A6 = area of the thymine peak in the sample in counts per minute (cpm) 

nmol T = input level of thymine (= 1.27 nmol) 

mg = amount of Hb corrected protein (mg)

t = incubation time in hours (h)

DPD enzyme kinetics 

The dependency of the DPD reaction on the concentration of the cofactor NADPH 
was determined in threefold in samples containing 0, 0.05, 0.1, 0.25, 0.5, 1.25, and 
2.5 mM of NADPH, 100 µg of PBMC lysate protein, and 12.5 µM of thymine in a 
total volume of 100 µl.

To determine at which concentration of thymine the method would 
discriminate best between DPD poor and extensive metabolizers, the Michaelis-
Menten constant (Km) and maximum DPD enzyme velocity (Vmax) were 
determined in blood obtained from a genetically-confirmed partial DPD-deficient 
(DPYD*2A, heterozygous) volunteer, and in PBMCs from a patient who was wild 
type for all tested mutations. The Km and Vmax were determined in triplicate in 
samples containing 0, 0.25, 2.5, 5.0, and 25 μM of thymine, 2.5 mM of NADPH, 
and 100 µg of PBMC lysate protein in a total volume of 100 µl. 

Specificity and limit of detection

Five negative control samples containing 80 µl PBS complete and 20 µl RM were 
assessed during each batch analysis. The limit of detection of the DPD method 
was defined as the DPD activity (nmol/h) that resulted in a DHT peak area that 
was equal to the average DHT background signal from these five negative control 
samples plus three times the standard deviation (SD). The specificity of the DPD 
reaction was determined in triplicate from the effect on DPD activity of 200 and 
1000 nM of the specific DPD inhibitor gimeracil [20] in samples containing 80 µg 
of PBMC lysate protein obtained from a healthy volunteer. The 50% inhibitory 
concentration of gimeracil was earlier estimated to be 95 nM [20]. 

Linearity and lower limit of quantification (LLOQ)

The linearity and LLOQ were determined in triplicate in samples spiked with 
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5, 9.3, 19, 29, 40, 48, 60, 79, 100, 100, 120, and 140 µg of PBMC lysate protein 
from a healthy volunteer. DPD activities were determined using the peak areas 
of thymine and DHT with and without using the total sample peak area as 
internal standard. The DPD activity determined at the highest linear spike level 
was defined as nominal. The LLOQ and linear range were defined as the protein 
input level or protein input range, respectively, at which DPD activity could 
be determined with a precision of ≤ 20%, and an accuracy of 80 – 120% of the 
nominal DPD activity.

Within- and between-day precision 

Samples containing 20, 60 or 100 µg of PBMC lysate protein were measured in 
triplicate on 7 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 (Chicago, USA). The day mean square (DayMS), error mean 
square (ErrMS) and the grand mean (GM) of the observed cell concentrations 
across run days were used. The WDP% and BDP% for each spike level was 
calculated using the formulas:

WDP% = (ErrMS)0.5 / GM x 100%

BDP% = [(DayMS – ErrMS)/n]0.5 / GM x 100%

(Where n is the number of replicates within each run).

Stability

The stability of DPD activity in PBMCs, isolated from whole blood of a healthy 
volunteer stored ex vivo at RT for 0, 0.5, 1, 2 and 3 h, was determined. In addition 
the stability of DPD activity in PBMC lysates stored for 0, 2, 3, 5, 6, 24 and 28 h on 
ice was determined. Long term storage stability of DPD activity was assessed in 
triplicate in a single batch of PBMCs stored as dry cell pellets at -80°C for 0, 1, 7, 
14, 45, 120, 180, and 1020 days. For these stability experiments 500 µl aliquots of 
2.5 mM NADPH in water were prepared at day 0 and immediately stored at -80°C.  
NADPH was thawed on ice in the dark, and immediately refrozen after use. After 
two freeze/thaw cycles the NADPH was discarded. Furthermore, we determined 
the stability of processed samples in the HPLC autosampler during 0, 24, 48 and 72 
h of storage at RT.



78

Development and validation of pharmacodynamic and diagnostic biomarker methods

Clinical applicability

A total of 19 healthy volunteers (nine female, ten male) of Caucasian race 
provided blood on one occasion between 09:00 and 10:00 a.m. for the 
determination of the average DPD activity in the control population. Their median 
age (range) was 28.7 (22.9 – 39.8) years. 

We also tested the DPD activity of eight cancer patients (4 female / 4 male). All 
patients experienced severe grade III / IV capecitabine-induced toxicity. 

Statistical Analysis

Statistical evaluation was performed using Student’s t-test, unless indicated 
otherwise. DPD activities in PBMCs from healthy volunteers were tested for 
normal Gaussian distribution using the Kolmogorov-Smirnov test. DPD deficiency 
was defined as a DPD deficiency was defined as a DPD activity within the lower 
quartile (25th percentile) determined by quartile analysis of DPD activities in the 
control population. Analysis was performed with the Statistical Package for the 
Social Sciences (SPSS, Chicago, USA)

RESULTS

Method development

The original method of Van Kuilenburg was based on [14C]-thymine as substrate 
for DPD. Our DPD activity method is based on [3H]-thymine for cost and safety 
reasons. The cost of an equal amount of [3H]-thymine is approximately seven 
times less than the cost of [14C]-thymine. [3H]-thymine is also less dangerous 
as indicated by the annual limit of intake that is forty times higher than for [14C 
]-thymine [21]. 

Furthermore, the original method uses 25 µl of perchloric acid for reaction 
termination. This, however, lowers the pH-values of the final samples to below the 
advised working range of most HPLC columns, which strongly reduces column life-
span. Therefore, in our method the DPD reactions are terminated by boiling for 3 
min. There proved to be no significant loss of thymine and DHT during this boiling 
step (data not shown). 

The separation of DHT and thymine by HPLC was optimised by testing different 
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Figure 1. High performance liquid 
chromatograms of a negative control 
sample (A) and a dihydropyrimidine 
dehydrogenase reaction (B) performed 
with 100 µg of peripheral blood 
mononuclear cell lysate protein. The [3H]-
dihydrothymine and [3H]-thymine peaks 
were indicated as DHT and T, respectively. 
Liquid scintillation detector response was 
in counts per minute (CPM).

eluents A containing 0, 0.5, 1.0, 1.5 and 2.0 (% v,v) of methanol. Complete 
baseline separation of DHT from thymine was only achieved using eluent A 
containing 1% of methanol (Fig. 1). 

Immediately after purchase the radiochemical impurities of the [3H]-thymine 
stock were 5% and 4%, consisting of unknown compounds eluting between 2 and 
7 min, and [3H]-DHT at 12.5 min, respectively (Fig.1.). The radiochemical purity 
of the [3H]-thymine stock further deteriorated at 1% per month resulting in an 
increase of the area of the peaks between 2 and 7 min, however, [3H]-DHT content 
remained stable at about 4%. 

DPD enzyme kinetics 

The dependence of the DPD reaction on the NADPH concentration is depicted in 
figure 2A. The Km and Vmax were 4.3 µM and 8.24 nmol/mg/h, respectively, as 
calculated from the Eadie-Hofstee plot (Fig. 2B). DPD activity did not significantly 
increase at NADPH concentrations above 125 µM.
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Figure 2. Effect of β-nicotinamide adenine dinucleotide phosphate (NADPH) concentration 
on dihydropyrimidine dehydrogenase (DPD) activity in peripheral blood mononuclear cell 
lysate from a healthy volunteer. Data are shown as Michaelis-Menten (A) and Eadie-Hofstee 
plots (B). Results are expressed as means ± S.D. of 3 different samples.

 

Figure 3. Enzyme kinetics of the dihydropyrimidine dehydrogenase (DPD) activity 
in peripheral blood mononuclear cell lysate from a genetically-determined partial 
DPD-deficient (DPYD*2A) volunteer ( ), and in lysate from a subject who was 
wild type for DPYD*2A ( , extensive metabolizer).  
Data are shown as Michaelis Menten (A) and Eadie Hofstee plots (B). Results are 
expressed as means ± S.D. of 3 different samples.      
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Table 1. Effect of determination of dihydropyrimidine dehydrogenase (DPD) activity 
using thymine and DHT with or without internal standard correction on the lower limit 
of quantification (LLOQ), mean DPD activity, precision, and linear range. 

 

 
Thymine based DHT based 

- IS + IS - IS + IS 
mean DPD act.a 

(nmol/mg/h) 7.62 ± 0.57 8.18 ± 0.35 8.57 ± 0.44 8.12 ± 0.28 

LLOQ (µg) 60  40 9.3 9.3 
linear range (µg) 60 - 120 40 - 120 9.3 - 120 9.3 - 120 
linear thymine 

conversion range (%) 
37.1 ± 1.2 – 
73.5 ± 3.0 

23.7 ± 1.0 – 
74.6 ± 2.7 

6.6 ± 1.0 - 
80.5 ± 5.1 

6.1 ± 0.8 - 
77.1 ± 3.8 

a mean DPD activity over the linear range 

Figure 4. Correlation between the amount of peripheral blood mononuclear cells (PBMC) 
lysate protein and the dihydropyrimidine dehydrogenase (DPD) activity calculated using 
the thymine (T) peak and dihydrothymine (DHT) peak. Both calculations were performed 
with or without using the total peak area as an internal standard for correction of 
experimental errors. Results are expressed as means ± S.D. of 3 different samples. 
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The substrate dependency of the DPD reaction is depicted in figure 3A. Vmax 
for the extensive and poor metabolizer were 9.96 and 3.51 nmol/mg/h, and Km 
was 1.11 and 0.97 µM, respectively, as determined from the Eadie-Hofstee plot 
(Fig. 3B). DPD activity did not significantly increase at thymine concentrations 
above 5 µM, which indicates saturation of DPD activity. Based on this, we decided 
to perform all future DPD reactions with 12.5 µM of thymine (~ 10 times Km), 
which would theoretically results in only 8% reduction of enzyme activity after 
50% of substrate is consumed [22]. 

Specificity

The lower limit of detection of the method determined from five background 
control samples was 16.25 pmol DHT, which corresponds to 1.3% of the total 
thymine input of 1267 pmol per sample. The DPD reaction was inhibited by 67% 
and 96% using 200 and 1000 nM of gimeracil, respectively.

Linearity and lower limit of quantification 

The nominal DPD activity using the DHT peak and internal standard correction was 
8.12 ± 0.28 nmol/mg/h (Table 1). The linear range was from 9.3 to 120 µg PBMC 
lysate (Fig. 4) corresponding with a thymine conversion of 6.1 ± 0.3% to 77.1 ± 
3.8%, respectively. At the LLOQ of 9.3 µg accuracy and precision were 102.3 and 
13.4%, respectively. Internal standard correction had no effect on the linear range, 
however average precision improved from 5.0% to 3.1%. 

The DPD activity method using the thymine peak and internal standard 
correction was 8.18 ± 0.35 nmol/mg/h (Table 1). The linear range was from 40 
to 120 µg PBMC lysate (Fig. 4) corresponding with a thymine conversion of 23.7 
± 1.2% to 74.6 ± 2.7%, respectively. At the LLOQ of 40 µg accuracy and precision 
were 97.4% and 3.6%, respectively. Internal standard correction extended 
the lower part of the linear range from 60 to 40 µg of PBMC lysate protein and 
improved the average precision from 9.3% to 4.3%. Furthermore, internal 
standard correction reduced the difference in mean DPD activity between both 
methods from a significant 12% (P = 0.003) to a non significant 0.8%. 
 

Within- and between-day precision

DPD activity based on DHT with internal standard correction was determined at 
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20, 40, and 60 µg of PBMC lysate protein input. The average DPD activity was 8.5 ± 
0.4 nmol/mg*h. BDP was 4.2, 3.8, and 5.1 % and WDP was 4.7, 3.6 and 2.4% at 20, 
40, and 60 µg of PBMC lysate protein input, respectively. 

DPD activity based on thymine with internal standard correction was 8.3 ± 0.5 
nmol/mg*h. BDP was 6.3, 4.8, and 4.7 % and WDP was 4.0, 2.9 and 5.4% at 20, 40, 
and 60 µg of PBMC lysate protein input, respectively. 

Internal standard correction had no significant effect on BDP, however WDP 
was significantly improved by on average 46% (P = 0.004) and 34% (P = 0.01) using 
the DHT and thymine based methods, respectively.

Stability

The stability of different components of the DPD reaction under various storage 
conditions was determined (Table 2). Whole blood was stored on ice for 3 h 
prior to PBMC isolation and subsequent lysate preparation, which resulted in 
stable DPD activity levels. In addition, PBMC lysates could be stored on ice for 24 
h without a significant deterioration in DPD activity. Long term storage of PBMC 
dry cell pellets at -80°C was possible for 1020 days without significant reduction 
of DPD activity. NADPH was stable when stored as a 2.5 mM solution at -80°C for 
1020 days. We noticed, however, a significantly lower DPD activity after 30 days of 
storage of the NADPH solution at -20°C (P = 0.018, data not shown).

Clinical applicability of DPD phenotyping

The average DPD activity before and after Hb correction in the healthy volunteers 
was 8.0 ± 2.6 (range 5.0 – 11.8, n= 19) and 9.6 ± 2.2 nmol/mg/h (range 6.0 – 14.0, 
n = 19), respectively. No significant difference was found between the average Hb 
contamination of 19.4% (range 2.0 – 54.3) and 23.3% (range 2.7 – 51, n = 8) in 
PBMC lysates from healthy volunteers and patients, respectively. 
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processing stages storage 

temperature 

(°C) 

storage 

period 

initial DPD 

activity 

(nmol/mg/h) 

measured 

DPD activity 

(nmol/mg/h) 

change 

(%) 

whole blood RT 3 h 5.17 ± 0.18 4.78 ± 0.13 - 7.6 

PBMC cytosolic  lysate 0 28 h 9.10 ± 0.70 8.01 ± 0.35 - 11.9 

PBMC dry pellet -80 1020 d 4.99 ± 0.31 4.91 ± 0.39 2.5 

autosampler RT 72 h 4.54 ± 0.10 4.61 ± 0.16 1.5 

 

Table 2. Stability of dihydropyrimidine dehydrogenase (DPD) activity in samples at 
different processing stages under various storage conditions. Results for initial and 
measured DPD activity are the average of three replicate measurements ± SD.
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Patient # 

(Gender 

(f/m) / 

Age 

(years)) 

Treatment 

regimen 

(conventional 

capecitabine 

dose) 

Grade 3 – 4 

CAP related 

toxicities 

DPD activity a 

(nmol/mg/h) 

+/- 

(s.d.) 

DPD activity b 

(nmol/mg/h) 

+/- 

(s.d.) 

DPYD 

Polymorphism(s) 

1 (f / 39) 

CAP 

(1000 mg/m2 

BID) 

Mucositis 3.80 (0.07)1 7.56 (0.10) 1 
1627A>G 

(heterozygous) 

2 (f / 71) 
EP + CIS + CAP 

(500 mg/m2 BID) 
Mucositis 5.68 (0.27) 1 8.61 (0.39) 2 

1236G>A  

(heterozygous) 

3 (f / 73) 

CAPOX 

(1000 mg/m2 

BID) 

Mucositis 10.06 (0.08) 2 10.56 (0.11) 2 None detected 

4 (f / 61) 

CAPOX 

(1000 mg/m2 

BID) 

Mucositis 5.51 (0.12) 1 6.05(0.13) 1 

2194G>A  

496A>G 

(heterozygous) 

5 (m / 69) 
 CAP + RT 

(825 mg/m2 BID) 
Diarrhea 3.37 (0.16) 1 4.36 (0.21) 1 None detected 

6 (m / 65) 

CAP  

(1000 mg/m2 

BID) 

Yes 

(type 

unknown) 

3.51 (0.05) 1 4.23 (0.06) 1 
IVS14+1G>A 

(heterozygous) 

7 (m / 67) 

CAPOX  

(1000 mg/m2 

BID) 

Mucositis 4.75 (0.17) 1 5.64 (0.21) 1 None detected 

8 (m / 56) 
CAP + OX + Doc  

(850 mg/m2 BID) 

Mucositis 

Neutropenia 
6.94 (0.81) 1 10.03 (1.03) 3 

2194G>A  

(heterozygous) 

 

Table 3. Summary of patients suspected of experiencing capecitabine induced toxicity. 
Measured dihydropyrimidine dehydrogenase (DPD) activities were compared to DPD 
activity in healthy volunteers (n=19). 
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The findings with respect to DPD activity measurements in cancer patients, 
their DPYD genotypes, and the experienced toxicity are presented in table 3. DPD 
deficiency was found in seven out of eight patients (88%) if no correction for Hb 
contamination was applied. However, two out of these seven patients (29%) with 
higher than average Hb contamination levels (31% and 34%, respectively), were 
shown to have normal DPD activity levels after correction for Hb. The lowest 
DPD activity was found in patient 6 who was heterozygous for the IVS14+1G>A 
(DPYD*2A) polymorphism. We measured DPD deficiency in two out of three 
patients that tested negative for any tested genetic DPYD mutation. The other 
three DPD deficient patients had point mutations at c.1627A>G, c.1236G>A, and 
c.496A>G.

DISCUSSION
We developed a simple, accurate and precise method for the determination 
of DPD activity in PBMCs. The method was substantially simplified by using 
commercially available [3H]-thymine without additional HPLC removal of 
remaining traces of [3H]-DHT. The method showed to be highly specific for DPD, 
since 200 and 1000 nM of the specific DPD inhibitor gimeracil inhibited the DPD 
reaction by 67% and 96%, respectively. This level of inhibition of DPD by gimeracil 
is in line with the 50% inhibitory concentration of 95 nM [20].

Method accuracy and precision were significantly improved by using the ratio 
of the average total peak area of five controls and total peak area of samples as 
internal standard to correct for experimental errors. After applying this internal 
standard correction DPD activities calculated based on thymine and DHT were 
the same over the linear ranges of 40 – 120, and 9.3 - 120 µg of PBMC lysate, 
respectively. The DHT based method had the highest sensitivity with a lower 
limit of quantification of 9.3 µg PBMC lysate, which corresponds to an amount of 
500.000 PBMCs. The WDP and BDP precisions were both well within the limit of 
15% which is common for analytical assays [23]. Our innovative way of using the 
cumulative area of all peaks in the chromatogram as internal standard can also be 
applied for the development and optimization of other HPLC-based radioassays.

We demonstrated the clinical applicability of our improved method in eight 
cancer patients. Although DPD activity was determined in PBMCs, which is used 
as a surrogate marker for systemic 5-FU catabolising capacity, the results provide 
information that could explain the observed capecitabine-induced toxicities such 
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as mucositis, diarrhea, and neutropenia in these patients. Earlier studies already 
demonstrated a highly significant correlation between DPD activity in PBMCs and 
liver cells [11], illustrating that DPD activity in PBMCs is a valid marker for systemic 
DPD activity. 

All patients treated with fluoropyrimidine anti-cancer agents in the Antoni 
van Leeuwenhoek Hospital are prospectively screened for DPYD IVS14+ 
1G>A (DPYD*2A) prior to start of treatment. Although this strategy proves to 
significantly reduce the incidence of severe toxicity in mutation carriers and is 
cost-effective [24], there are many more polymorphisms in DPYD that may result 
in fluoropyrimidine-induced severe toxicity [6]. By phenotyping DPD activity, the 
consequences of all possible polymorphisms in DPYD are taken into account. 

The results from this case series show the importance of correction of 
DPD activity for Hb contamination in PBMC lysates. We and others [15,16] 
have reported about wide inter-individual variability in red colorization of 
PBMCs isolated by Ficoll. Recently, we evidenced that the origin of this red 
color was Hb instead of intact RBCs [16]. As expected, we found an equal mean 
amount and range of Hb contamination in PBMC lysates from volunteers and 
patients. Importantly, we found that above average Hb contamination can 
result in significant underestimation of DPD activity and consequently lead 
to misidentification of DPD deficient patients. In our case series, two out of 
seven patients were wrongfully identified as being DPD deficient. The chance of 
underestimating DPD activity is, of course, higher in samples containing above 
average Hb contamination. After Hb correction five out of eight (= 63%) patients 
were identified as DPD deficient. Patient 6 with a DPYD*2A mutation was DPD 
deficient with the lowest DPD activity, which is in line with literature [25]. Patients 
1, 4, and 8 were DPD deficient and had mutations at c.1627A>G, c.2194G>A 
+ c.496A>G, and c.2194G>A, respectively. However, the association of these 
mutations with DPD deficiency is questionable [5]. Interestingly, patient 2 had 
the c.1236G>A mutation, but no DPD deficiency. Although this mutation has been 
associated with severe toxicity, little is known about the effect of this mutation 
on DPD activity [5,26]. Three patients screened wild type for all tested mutations. 
However, two of these patients were found to be DPD deficient, which indicates 
that other genetic alterations in DPYD might be involved and confirms the added 
value of DPD phenotyping compared with genetic screening alone. The limitation 
of these observations is of course the small sample size of the case series. Other 
factors, such as co-medication, epigenetic factors and polymorphisms within other 
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genes were not taken into account. To determine whether upfront phenotyping 
of DPD activity has any clinical implications, and if this is possibly linked to other 
polymorhisms in DPYD, a well-powered controlled clinical trial is warranted, a 
study, which will be performed at the Antoni van Leeuwenhoek hospital.

CONCLUSION
We developed and validated an improved method for the determination of DPD 
activity in PBMCs isolated from whole blood. The method is simple, sensitive, 
precise, and robust. We showed long-term stability of samples, thereby making 
the method suitable for batch analysis. Importantly, this DPD activity method is 
more accurate than previously developed methods, due to the application of an 
internal standard and by correcting for highly variable levels of Hb contamination 
that are found in Ficoll isolated PBMCs lysates. We have successfully applied our 
method in a volunteer study for determining the circadian rhythm of DPD activity, 
as described earlier [27], in PBMC (for submission). Our method has increases 
precision and accuracy, enabling better identification of DPD deficient patients in 
the clinical setting.

FUTURE PERSPECTIVE
We believe that this improved method for establishing DPD deficiency can 
help in the identification of DPD deficient patients with increased specificity. 
Furthermore, false positive identification of DPD deficient patients due to above 
average hemoglobin contamination of the PBMC lysates can possibly be prevented 
using our method. This may prevent the treating physician from lowering the 
dose of fluoropyrimidine anti-cancer agent based on wrongfully identified DPD 
deficiency, which can negatively affect treatment outcome. 
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ABSTRACT 
The enzyme thymidine phosphorylase (TP) is important for activation of 
capecitabine and 5-fluorouracil. Assessment of TP phenotype might be suitable 
for identification of patients at risk of fluoropyrimidine-induced toxicity. In this 
paper, we describe the development and validation an assay for TP activity in 
peripheral blood mononuclear cells (PBMCs). The assay was based on ex vivo 
conversion of the TP substrate thymidine to thymine. The amount of thymine 
formed was determined by high-performance liquid chromatography – ultraviolet 
detection (HPLC-UV) with 5-bromouracil as internal standard. Lymphocytes and 
monocytes were purified from isolated PBMCs to examine cell-specific TP activity. 
TP activity in PBMCs demonstrated Michaelis-Menten kinetics. The lower limit of 
quantification was 2.3 µg PBMC protein and assay linearity was demonstrated up 
to 22.7 µg PBMC protein. Within-day and between-day precisions were ≤9.2% and 
≤6.0%, respectively. Adequate stability TP activity was demonstrated after long-
term storage of PBMC dry pellets and lysates at -80 °C. In monocytes, TP activity 
was approximately 3 times higher than in lymphocytes. Clinical applicability was 
demonstrated in samples that were collected from five cancer patients. A simple, 
precise and sensitive HPLC-UV assay for quantification of TP activity in PBMCs was 
developed that can be applied for clinical research.
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1. INTRODUCTION
Capecitabine is an orally available pre-prodrug of 5-fluorouracil (5-FU) that is 
used for treatment of colorectal, gastric and breast cancer. After administration, 
capecitabine is rapidly absorbed and enzymatically converted to subsequently 
5’-deoxy-5-fluorocytidine (dFCR) and 5’-deoxy-5-fluoro-uridine (dFUR) [1–5]. 
Conversion of dFUR to 5-FU is catalyzed by thymidine phosphorylase (TP) and 
uridine phosphorylase (UP) [6, 7]. Because of relatively high TP and UP expression, 
formation of 5-FU preferentially occurs within tumor and liver tissue [4, 8, 9]. 
Approximately 80% of 5-FU is catabolized to inactive metabolites by the enzyme 
dihydropyrimidine dehydrogenase (DPD) and about 1-3% of 5-FU is intracellularly 
anabolized to active metabolites. The metabolite 5-fluoro-2’-deoxyuridine-
5’-monophosphate (FdUMP) possesses the highest anticancer potency. This 
metabolite inhibits the enzyme thymidylate synthase (TS), which leads to 
disrupted DNA synthesis and cell death [10]. Formation of FdUMP also depends on 
TP, since TP catalyzes intracellular conversion of 5-FU to 5-fluoro-2-deoxyuridine 
(FdUrd), which, in turn, is converted to FdUMP by thymidine kinase. The activation 
pathway of capecitabine is illustrated in more detail in Figure 1.

About 10-30% of the patients treated with capecitabine develop severe, 
sometimes even lethal, toxicity [11]. Recent studies by us and others showed that 
some single nucleotide polymorphisms (SNPs) in the gene encoding DPD (DPYD) 
are associated with capecitabine-induced toxicity [12, 13]. Genotyping for relevant 
SNPs in DPYD alone, however, has limited sensitivity for identification of patients 
at risk of severe toxicity [13].

Recently, a single nucleotide mutation (1412C>T, rs11479) in the gene for 
TP (TYMP) was found to be associated with relatively high expression of TP and 
capecitabine-induced diarrhea and hand-foot syndrome in patients [14, 15]. In 
vitro studies have demonstrated that the cytotoxic effects of the TP substrate 
dFUR are increased after upregulation of TP [16]. Furthermore, upregulation of 
TP has been found in tumor tissue of patients after treatment with docetaxel, 
adriamycin and epirubicin [17–19]. Studies of xenograft models and in vitro 
experiments also demonstrated TP induction after exposure to vorinostat, 
vinorelbine, lidamycin and X-ray irradiation [20–23]. Based on these findings, it 
seems likely that the availability of a marker for the TP phenotype could attribute 
to the identification of patients at risk of capecitabine-induced toxicity. Since TP 
activity seems to be affected by other treatments, the ideal TP phenotype marker 
should allow for longitudinal assessments of TP activity.
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Figure 1. Activation pathway of capecitabine. The role of thymidine phosphorylase is 
highlighted in bold.

Abbreviations: dFCR, 5’-deoxy-5-fluorocytidine; dFUR, 5’-deoxy-5-fluorouridine; 5-FU, 
5-fluorouracil, FdUMP, 5-fluoro-2’-deoxyuridine-5’-monophosphate; TS, thymidylate 
synthase; FUMP, 5-fluorouridine-5’-monophosphate; FUDP, 5-fluorouridine-5’-
diphosphate; FUTP, 5-fluorouridine-5’-triphosphate; FdUDP, 5-fluoro-2’-deoxyuridine-5’-
diphosphate; FdUTP, 5-fluoro-2’-deoxy-5’-triphosphate

Peripheral blood mononuclear cells (PBMCs) are extensively used as a source 
of surrogate tissue for quantification of a phenotype marker [6, 7]. Collection of 
PBMCs is minimally invasive and can be repeated at several time points in order to 
assess treatment effects. A method for phenotyping TP activity in total leukocytes 
has previously been described [24]. This method is based on quantification of 
the amount of thymine formed after ex vivo incubation with the TP substrate 
thymidine. Importantly, TP activity significantly differed among leukocyte 
subpopulations [25]. The PBMC population mainly consists of lymphocytes and 
a small percentage of monocytes. Therefore, the PBMC population is more 
homogenous than the total leukocyte population and is possibly less distorted by 
alterations in relative sample composition.

The primary objective was to develop and validate a simple assay for 
quantification of TP activity in PBMCs (TPApbmc). In addition, we explored the TP 
activity in the purified lymphocytes and monocytes. 

 2 MATERIALS AND METHODS

2.1 Chemicals 

Thymidine, thymine, 5-bromouracil (5-BU), dithiothreitol (DTT), potassium 
dihydrogenphosphate (KH2PO4), dipotassium hydrogenphosphate (K2HPO4), 
high-performance liquid chromatography (HPLC)-grade methanol, bovine serum 
albumin (BSA) and Hoechst33258 were purchased from Sigma (St. Louis, MO, 
USA). The water used for the experiments was Milli-Q grade (Millipore, Billerica, 
MA, USA). Ficoll-paquetm PLUS was obtained from General Electric Healthcare 
(Little Chalfont, UK). Phosphate buffered saline (PBS) was purchased from Gibco 
BRL (Gaithersburg, MD, USA). Perm/Washtm was obtained from Becton Dickinson 
(Heidelberg, Germany) and formaldehyde was purchased from Merck (Darmstadt, 
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Germany). Magnetic antibody cell sorting (MACS) columns, anti-CD14 microbeads, 
anti-CD45 fluorescein isothiocyanate (FITC), anti-CD14 allophycocyanin (APC) were 
obtained from Miltenyi (Bergisch Gladbach, Germany). 

2.2 Isolation of PBMCs

Heparinized blood (8 mL) was mixed with an equal volume PBS. Isolation of 
PBMCs was achieved using Ficoll density gradient centrifugation at 720g for 20 
min at room temperature. The leukocyte layer containing PBMCs was transferred 
to a clean 50 mL tube, washed with PBS and centrifuged at 1000g for 10 min at 
4 °C. Then, PBMCs were washed twice with PBS, centrifuged at 500g for 10 min 
at 4 °C and transferred to a 1.5 mL cryovial. After centrifugation, supernatant was 
removed and the PBMCs were snap-frozen in liquid nitrogen and stored at -80 °C 
until further processing. 

2.3 Sample preparation for TP activity measurement

After defrosting, PBMCs were resuspended in 300 µL assay buffer (35 mM 
potassium phosphate, 1 mM DTT; pH 7.4) and divided into three 100 µL aliquots 
that were independently processed. Samples were sonicated for 15 pulses using a 
Branson 250 tip sonicator (Branson, Danbury, USA) that was set on program 3 and 
50% duty. PBMC cytosolic lysate was isolated after centrifugation at 11,000g for 20 
min at 4 °C. Protein concentration was determined using the Bradford assay (Bio-
Rad protein assay kit, Bio-Rad, Hercules, CA, USA) [26]. The amount of hemoglobin 
contamination in PBMC cytosolic lysate was quantified using a validated 
spectrophometrical method and subtracted from the total PBMC cytosolic protein 
[27]. 

2.4 TP enzyme activity assay 

The assay was based on a method for TP activity of the total leukocyte population, 
with modifications [24]. TPApbmc was expressed by the amount of thymine 
formed after incubation of the TP substrate thymidine. Incubation started 
when PBMC cytosolic lysate was added to 2 mM thymidine in assay buffer in a 
total reaction volume of 500 µL. Three negative control samples consisting of 2 
mM thymidine in assay buffer were freshly prepared for each run. Samples were 
incubated for 1 hour at 37 °C. Directly after incubation, 50 µL of the ice-cold 
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internal standard solution (100 µg/mL 5-BU in Milli-Q water) was added and 
the reaction was terminated by placing the samples on a heat block for 4 min at 
100 °C. After centrifugation at 11,000g for 5 minutes at 4°C, clear supernatant 
was transferred to a glass vials and a volume of 60 µL was injected into the HPLC 
system coupled with ultraviolet detection (HPLC-UV).

2.5 HPLC-UV analysis 

Thymine and 5-BU concentrations were quantified using an UltiMate 3000 
HPLC-UV system (Dionex, Sunnyville, CA, USA). Chromatographic separation was 
achieved on an Interchrom C18 column (150 x 4.6 mm ID, particle size 5 µm; 
Interchim, Montluçon Cedex, France). The autosampler and the column were at 
room temperature. Eluent A consisted of 50 mM KH2PO4 (pH 4.5) and 1.0% (v/v) 
methanol in water and eluent B consisted of 50 mM KH2PO4 (pH 4.5) and 40% (v/v) 
methanol in water. The following gradient was used: 20% B from 0-8 min, 20-100% 
B from 8-9 min, 100% B from 9-14 min, 20% B from 14-20 min. The flow rate was 
0.8 mL/min. Thymine and 5-BU were quantified at 265 nm. An external calibration 
curve was prepared in duplicate with thymine concentrations ranging from 0.76 to 
500 µM. The amount of thymine in the negative control samples was subtracted 
from the amount of thymine in study samples. Chromeleon software (Dionex, 
Sunnyville, CA, USA; version 6.8) was used to control the HPLC-UV system and for 
data processing.

2.6 Method validation

2.6.1 TP enzyme kinetics

The influence of thymidine concentration on TPApbmc was investigated by 
running the assay with 0.98, 1.95, 3.9, 7.8, 15.6, 31.2, 62.5, 125, 250, 500 and 
1000 µM thymidine. For all reactions, the amount of PBMC cytosolic protein 
was 10 µg. Non-linear regression, using the Michealis-Menten equation, was 
performed to determine the Vmax and Km. A linearized model of Michealis-
Menten, the Eadie-Hofstee model, was used for data visualization. 

Assay linearity and the lower limit of quantification (LLoQ) were determined 
by running the assay with 0.9, 2.3, 4.5, 9.1, 18.2 and 22.7 µg of PBMC cytosolic 
protein. Linear regression of TPApbmc versus protein input was performed. 
TPApbmc values were back-calculated from the regression line and deviations 
from the measured TP activities were determined. Back-calculated TPApbmc 
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should not deviate from the observed TPApbmc by more than ±20% at the LLoQ 
level and ±15% for higher protein input levels. Assay precision of ≤20% at the 
LLoQ level and ≤15% at the higher cytosolic protein input levels was considered 
acceptable. The limit of detection (LoD) of the TP method was defined as the 
average thymine background (µM) signal from three negative control samples plus 
three times the standard deviation.

Time dependency of the TP reaction was assessed in samples that were 
incubated for 15, 30, 60, 90, 120 and 210 minutes at 37 °C using 12.5 µg PBMC 
cytosolic protein. The effect of temperature on TPApbmc was assessed by running 
the assay at 0, 25, 37, 50, 60 and 70 °C with 10 µg of PBMC cytosolic protein. 
Samples were equilibrated for 15 minutes at the different temperatures before 
thymidine was added. Kinetics of TP was assessed using pooled PBMCs from three 
healthy volunteers. 

2.6.2 Within-day and between-day precision

Within-day precision (WDP) and between-day precision (BDP) were determined 
from quantification of TPApbmc in 5 consecutive analytical runs. PBMCs of one 
healthy volunteer were aliquoted in 5 cryovials and stored at -80 °C. On each 
day, one sample was thawed, prepared and analyzed in triplicate using 5 and 15 
µg of PBMC cytosolic protein for the enzymatic reaction. One-way analysis of 
variance (ANOVA) with run day as classification variable was performed in order 
to calculate WDP and BDP [26]. Assay precision was considered acceptable in case 
WDP and BDP were <15%.

2.6.3 Specificity

Specificity was determined using three batches of blank PBMCs. Samples with 
20 µg of PBMC cytosolic protein were subsequently spiked with 2.5, 12.5 and 
50 µM of thymine. Deviations from the nominal thymine concentrations were 
determined. 

2.6.4 Stability 

The stability of TPApbmc was examined after storage of whole blood for 4 and 
24 hours at room temperature and for 4 hours on ice-water. Long-term stability 
of TPApbmc was assessed after storage of PBMC dry pellets and PBMC cytosolic 
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protein lysates for 60 days at −80 °C. The stability of processed samples in the 
HPLC autosampler was assessed after 24 hours of storage at room temperature. 
Assay buffer and thymidine (50 mM) stock solution were stored for 2 months at 
−20 °C, before the effect on TPApbmc was determined. Stability of TPApbmc was 
considered acceptable if 85-115% of the initial activity was obtained.

2.7 Clinical applicability

Clinical applicability of the developed assay was assessed by quantification of 
TPApbmc in patient samples. The samples were collected from cancer patients 
who participated in a phase I clinical study of chronomodulated capecitabine 
therapy (http://www.trialregister.nl, study identifier: NTR4639). From each 
patient, 4 mL of blood was drawn within 3 days prior to treatment with 
capecitabine (screening sample), at the 7th day of capecitabine treatment and 
at the end of treatment. Samples were collected at 9:00 h to avoid possible 
interference of circadian variability in enzyme kinetics. Immediately after blood 
collection, PBMCs were isolated and stored as dry pellets at −80 °C until further 
processing. The study was approved by the Ethics Committee of the Antoni van 
Leeuwenhoek Hospital, Amsterdam, The Netherlands.

2.8 TP activity PBMC subpopulations

2.8.1 Isolation of monocytes and lymphocytes

TP activities in the monocyte and lymphocyte subpopulations were explored in 
samples that were obtained from six healthy volunteers. PBMCs were isolated 
from 24 mL of heparinized blood using Ficoll density gradient. After washing 
the PBMCs three times with PBS, the cells were resuspended in 1 mL of beads 
buffer (BB) that consisted of 0.5% BSA and 2 mM EDTA in PBS. A total of 15 x 106 
PBMCs were used for separation and isolation of the monocyte and lymphocyte 
subpopulations. The remaining PBMCs were used for assessment of TP activity in 
the total PBMC population. A volume of 8 µL of anti-CD14 microbeads, which was 
used for positive selection of monocytes, was added to the 15 x 106 PBMCs in a 
total volume of 200 µL and incubated for 30 minutes at room temperature. After 
incubation, PBMCs were washed three times with 1 mL BB in order to remove 
unbound anti-CD14 microbeads. The PBMCs were resuspended in 500 µL BB and 
the cell suspension was loaded on a MACS column for magnetic enrichment. 
The lymphocytes, which are CD14-negative, were collected by rinsing the MACS 
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column three times with 500 µL BB. After removal from the magnetic field, the 
column was flushed twice with 1 mL of BB in order to elute the monocytes. The 
samples were centrifuged at 1000g for 4 min at 4 °C. After centrifugation, the 
supernatant was removed, leaving 100 µL buffer on the pellets. Sample purity 
was assessed by analyzing 5 µL of each sample by flow cytometry. The isolated 
monocytes, lymphocytes and the sample containing the total PBMC population 
were washed twice with PBS and once with TP assay buffer, before the TP activity 
was assessed. Differences in TP activity among monocytes, lymphocytes and total 
PBMC populations were assessed by one-way analysis of variance and Tukey’s 
post-hoc tests.

2.8.2 Flow cytometry analysis

Fluorescence-activated cell sorting (FACS) analysis was performed to assess the 
amount of monocytes and lymphocytes in the processed samples. From each 
sample, a 5μL aliquot was fixed in 1 mL of 2% formaldehyde in BB (v/v) for 15 
minutes at room temperature. The samples were centrifuged for 4 minutes at 
1000g at 4°C and washed twice with 1 mL BB. After discarding the supernatant, 1 
mL of Perm/Washtm was added and the samples were inverted 10 times, followed 
by centrifugation at 1000g for 4 minutes at 4 °C. Supernatants were carefully 
removed, leaving 100 μL on the cell pellets. The cells were stained with 3 μL anti-
CD45-FITC, 1.5 μL anti-CD14-APC and Hoechst33258. After incubation for 1 hour 
at room temperature, the cells were washed twice with 1 mL Perm/Washtm. 
Samples were centrifuged at 1000g for 4 minutes at 4 °C and supernatants were 
removed, leaving 100 μL on the cell pellets. A volume of 300 μL BB was added. 
Flow cytometry was performed with a CyAn ADP Analyzer (Beckman Coulter, Brea, 
CA, USA). Summit software (Dakota Cytomation, Fort Collins, CO, USA; version 4.3) 
was used for data analysis. 

2.9 Statistics

Statistical analyses were performed using Prism 6 (GraphPad, La Jolla, CA, USA). 
P-values ≤ 0.05 were considered statistically significant.
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3 RESULTS 
3.1 Method development

Quantification of TPApbmc was achieved by determining the amount of thymine 
formed after incubation of thymidine in the presence of PBMC cytosolic protein 

Figure 2. Representative chromatograms of thymine and the internal standard 
5-bromouracil in A) a negative control sample of 20 μg PBMC cytosolic protein in assay 
buffer B) a negative control sample of 20 μg of PBMC protein spiked with thymidine C) 
a negative control sample of 2 mM thymidine and internal standard in assay buffer D) a 
control sample of 20 μg PBMC cytosolic protein and internal standard E) a study sample 
incubated with 15 μg of PBMC cytosolic protein and 2 mM thymidine in assay buffer.
Abbreviations: PBMC, peripheral blood mononuclear cells; I.S., internal standard
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and the co-factor phosphate. We used a previously optimized method for isolation 
of PBMC cytosolic lysate [26, 28]. For the current method, we adapted the same 
procedures for processing PBMCs. 

In order to quantify DPD activity in PBMCs, we previously established a HPLC 
method for chromatographic separation of thymine and dihydrothymine [28]. 
The same HPLC column was used for the current assay. We used 5-BU as an 
internal standard because this substance closely resembles the physicochemical 
properties of thymine. The proportion of eluent B was titrated up to a level that 
allowed for adequate separation of thymine and 5-BU. Typical retention times for 
thymine and 5-BU were 6.6 and 7.8 min, respectively. Thymidine eluted after 12.1 
min and was not quantified during the HPLC-UV analysis, since the reduction in 
thymidine levels after incubation with PBMC cytosolic lysate was relatively small 
and could not be accurately quantified. The chromatogram of a sample that was 
processed with 20 µg of PBMC cytosolic protein without thymidine and internal 
standard did not reveal interfering peaks at the retention times of thymine and 
5-BU (Figure 2A). A small peak was observed at the expected retention time of 
thymine in a sample with heat-treated PBMC lysate (20 µg) that was spiked with 
2 mM thymidine (Figure 2B). In addition, this small peak was also observed at 
the expected retention time of thymine in a sample that only contained 2 mM 
thymidine in assay buffer (Figure 2C). There was no thymine peak in the sample 
that only contained heat-treated PBMC cytosolic protein and 5-BU (Figure 2D). 
The chromatogram of a representative study sample that was incubated with 15 
µg PBMC cytosolic protein resulted in a relatively large increase of the thymine 
peak (Figure 2E). Because of the background signal in control samples of 2 mM 
thymidine in assay buffer and heat-treated PBMC lysate (Figure 2B-C), three 
negative control samples were freshly prepared for each analytical run. The 
average thymine concentration in the background samples was subtracted from 
the thymine levels in the study samples.

3.2 Method validation

3.2.1 TP enzyme kinetics

The kinetics of TPApbmc with varying thymidine concentrations is illustrated 
in Figure 3. TPApbmc clearly demonstrated Michaelis-Menten kinetics. The 
estimated Vmax and Km were 1278 nmol/mg/h (95% confidence interval (CI) = 
1255-1301 nmol/mg/h) and 78.1 µM (95% CI = 73.2-83.0 µM), respectively.
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Figure 3. The effect of thymidine 
concentration on thymidine 
phosphorylase activity in peripheral blood 
mononuclear cells that were pooled 
from 3 volunteers. Data are visualized 
by a Michaelis-Menten and linearized 
(Eadie-Hofstee) plot (insert). Results are 
expressed by the average ± s.d. of three 
samples. Abbreviations: TP, thymidine 
phosphorylase; Vmax, maximum enzyme 
velocity; Km, Michaelis-Menten constant 

Figure 4. Linearity of thymidine 
phosphorylase activity in peripheral blood 
mononuclear cells with protein input 
(A) incubation time (B) and the effect of 
incubation temperature (C). Thymidine 
phosphorylase activity was determined 
in pooled samples from three volunteers. 
Results are expressed by the average ± s.d. of 
three samples. Abbreviation: TP, thymidine 
phosphorylase
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The amount of thymine increased linearly between 2.3 and 22.7 µg of PBMC 
cytosolic protein that was used for the enzymatic reaction (Figure 4A). At the 
LLoQ level of 2.3 μg protein input level, the average (± s.d.) thymine concentration 
was 6.78±0.13 µM and highly exceeded thymine levels in blank control samples 
(1.61±0.02 µM). The assay LoD was 1.67 µM. Assay accuracy and precision were 
94.4% and 2.8% at the LLoQ level. At protein input levels of 4.5, 9.1, 18.2 and 
22.7 µg, the accuracy and precision ranged between 98.8-107.5% and 1.6-3.6%, 
respectively. 

There was a linear association between the amount of thymine formed and the 
duration of incubation (Figure 4B). TPApbmc was highly temperature-dependent 
and peaked at 60 °C (Figure 4C). Incubation at this temperature resulted in a 3-fold 
increase of TPApbmc compared to incubation at 37 °C. There was no significant 
TPApbmc observed at 70 °C.

3.2.2 Within-day and between-day precision

Average TPApbmc in samples spiked with 5 and 15 µg of PBMC cytosolic protein 
were 910 nmol/mg/h and 916 nmol/mg/h, respectively. The WDP and BDP of the 
TP assay were 8.1% and 4.6% in samples that were spiked with 5 µg protein. For 
samples spiked with 15 µg, the WDP and BDP were 9.2% and 6.0%. 

3.2.3 Specificity

No significant interferences were observed. The deviations from the nominal 
thymine concentrations were between -0.3 and 6.5% (Supplementary table 1), 
showing that the specificity of this assay is acceptable.

3.2.4 Stability

Results of stability experiments are shown in Table 1. TPApbmc was stable in 
whole blood that was stored for 24 hours at room temperature. Storage of whole 
blood for 4 hours on ice-water resulted in significant reduction of TPApbmc. 
Long-term stability of PBMC dry pellets and cytosolic lysates was demonstrated 
for at least 6 months at -80°C. There was no significant change in TPApbmc after 
storage of assay buffer and thymidine stock solutions for two months at -20°C. 
Furthermore, re-injection analysis showed that final extracts were adequately 
stored in the HPLC autosampler for at least 24 hours at room temperature.
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3.3 Clinical applicability

Figure 5 illustrates the TPApbmc of five patients. These analyses demonstrated 
the feasibility of quantification of TPApbmc in samples that were collected from 
cancer patients. TPApbmc demonstrated between-subject variability but did not 
seem to be altered after seven days of capecitabine treatment or at the end of 
treatment. 

3.4 TP activity in monocyte and lymphocyte subpopulations

The TP activities in monocytes, lymphocytes and PBMCs of six volunteers are 
shown in Figure 6. Average (± s.d.) TP activity in monocytes was 2710±490 nmol/
mg/h and in lymphocytes 906±134 nmol/mg/h (P<0.001). The average TPApbmc 
was 1286±190 nmol/mg/h and was significantly different from TP activity in 
lymphocytes and monocytes (P<0.01). Purity of the monocyte and lymphocyte 
populations ranged between 93.5-98.6%. The percentage of monocytes in the 
total PBMC fractions ranged between 14.8-21.9%.

3.4 TP activity in monocyte and lymphocyte subpopulations

The TP activities in monocytes, lymphocytes and PBMCs of six volunteers are 
shown in Figure 6. Average (± s.d.) TP activity in monocytes was 2710±490 nmol/
mg/h and in lymphocytes 906±134 nmol/mg/h (P<0.001). The average TPApbmc 
was 1286±190 nmol/mg/h and was significantly different from TP activity in 
lymphocytes and monocytes (P<0.01). Purity of the monocyte and lymphocyte 
populations ranged between 93.5-98.6%. The percentage of monocytes in the 
total PBMC fractions ranged between 14.8-21.9%.
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Component Condition 
Initial TP 
activity 

(nmol/mg/h) 

Measured TP 
activity 

(nmol/mg/h) 

Deviation 
(%) 

CV 
(%) 

      
Whole blood Ice-water, 4 hours 1020 792 -22.3 9.7 

      
Whole blood Ambient, 4 hours 1020 987 -3.2 5.9 

      
Whole blood Ambient, 24 hours 1020 1015 -0.5 2.0 

      
PBMC dry pellet -80 °C, 6 months 934 856 -8.4 5.5 

      
PBMC cytosolic lysate -80 °C, 6 months 950 871 -8.3 4.1 

      
Re-injection stability 

(final extract) Ambient, 24 hours 1020 1060 3.9 5.9 

      
Assay buffer -20 °C, 2 months 1129 1118 -1.0 3.8 

      
Thymidine stock 

solution -20 °C, 2 months 1041 1118 7.4 3.8 

 
Table 1. Stability of thymidine phosphorylase activity in peripheral blood mononuclear 
cells at different processing stages and storage conditions. 
Abbreviations: TP, thymidine phosphorylase; CV, coefficient of variation; PBMC, peripheral 
blood mononuclear cell
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DISCUSSION 

The primary aim was to develop and validate a simple and accurate method for 
the quantification of TPApbmc. We successfully developed a method that is based 
on ex vivo conversion of the TP substrate thymidine to the reaction product 
thymine. By applying the widely available HPLC-UV technique, this method can be 
implemented in most laboratories. The use of the internal standard 5-BU helps to 
reduce variation due to sample preparation.

Figure 5. Thymidine phosphorylase activity 
in peripheral blood mononuclear cells 
of five cancer patients before treatment 
(Screening) with capecitabine, on the 
7th day of capecitabine treatment and 
at the end of treatment. The patients 
participated in a phase I clinical trial of 
chronomodulated capecitabine therapy. 
Abbreviation: TP, thymidine phosphorylase

Figure 6. Thymidine phosphorylase 
activity in purified monocytes, 
purified lymphocytes and peripheral 
blood mononuclear cells of six 
volunteers. Abbreviation: TP, thymidine 
phosphorylase
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We found a small background signal at the retention time of thymine in the 
chromatogram of a sample of 2 mM thymidine. The thymine background signal 
was not noticeable in samples that did not contain the thymidine stock solution. 
Based on these results it can be concluded that thymine is an impurity in the 
thymidine dry powder, which is ≥99% pure, and directly causes the background 
signal. By quantifying the amount of thymine in three negative control samples, 
thymine background signals can be easily quantified and corrected for in study 
samples. 

Validation experiments showed that assay linearity was observed for PBMC 
cytosolic protein levels between 2.3 – 22.7 µg. Within this range, assay accuracy 
and precision met the predefined criteria and were considered acceptable. 
Using only 2.3 µg PBMC cytosolic protein, the amount of thymine formed highly 
exceeds background levels. The minimum amount of PBMC protein needed 
for quantification of TPApbmc can be extracted from approximately 125,000 
cells, which can already be isolated from about 0.1 mL of whole blood. Since 
only a limited amount of blood is required, the developed assay can be easily 
implemented for sequential quantification of TPApbmc in cancer patients. Clinical 
applicability of the assay was confirmed by the quantification of TPApbmc in five 
patients that were sampled at 3 time points during the treatment course. 

The estimated Km was 78.1 µM and is comparable to the previously 
determined Km of TP activity in the total leukocyte population [24]. It can be 
anticipated that a thymidine concentration of 2 mM, which corresponds to 
approximately ~25 times the estimated Km, saturation of the TP enzymes occurs. 
Therefore, a thymidine concentration of 2 mM can be considered adequate for 
quantification of TP in PBMCs. The Vmax of TP activity is approximately 3-fold 
higher in PBMCs compared to TP activity in total leukocytes [24].

Assay precision was tested using 5 and 15 µg PBMC protein. These protein 
input levels were at the lower and higher end, respectively, of the established 
linear range. For both protein input levels, the within-day and between-day 
precision met the predefined criteria for adequate precision. Therefore, we 
conclude that the assay shows good precision within the validated linear range of 
protein input levels.

Changes in temperature highly affect TPApbmc. Shaw et al. previously found 
that incubation at a temperature slightly above 40 °C increases the conversion 
of thymidine to thymine compared to samples that were incubated at 37 °C 
[29]. We also determined TPApbmc at temperatures above 40 °C and found the 
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highest TPApbmc at 60 °C. In order to obtain reliable and reproducible results, it 
is of major importance to keep the incubation temperature constant. We choose 
to maintain the incubation temperature at 37 °C because this best resembles the 
in vivo physiological conditions, and may better predict the role of TP inducers 
or inhibitors on TP activity. In addition, future experiments might be performed 
to study the role of TP inducers or inhibitors on TP activity. Such experiments 
normally require incubation at a temperature that resembles the in vivo situation. 

Previous studies demonstrated that changes in pH might affect TP enzyme 
kinetics [24, 29]. Therefore, all experiments were performed using an assay buffer 
with a fixed pH of 7.4. The pH of the freshly prepared assay buffer should be 
examined before usage. 

Other assays have been described for quantification of TP activity of the total 
leukocyte population [24, 30]. Leukocyte subpopulations, however, showed 
high variability in TP activity [25]. A more homogenous population, like PBMCs, 
is most probably more appropriate for longitudinal observation of TP activity 
than the total leukocyte population. The PBMC fraction consists for 70 – 90% 
of lymphocytes and for 10-30% of monocytes. We found that TP activity was ~3 
times higher in monocytes than in lymphocytes. Other researchers previously 
found that monocytes also possess higher DPD activity in comparison with 
lymphocytes [31]. Although the proportion of monocytes in PBMCs is relatively 
low, changes in the sample composition with respect to the relative amount of 
monocytes could affect the TP activity. Our analysis by flow cytometry provides 
a simple way for monitoring the amount of monocytes in the PBMC samples and 
their potential effect on TPApbmc.

A limitation of the method is that it is focused on the enzyme TP. The 
activities of other enzymes that are involved in the activation and degradation of 
capecitabine, such as DPD, TS and UP, are not determined using the current assay 
and warrant the use of other methods. 

The applicability for quantification of TP might not be limited to prediction of 
fluoropyrimidine-induced toxicity. Fairbanks et al. previously described a quality 
control (QC) method for a pharmaceutical formulation of erythrocytes that 
were encapsulated with TP [32]. This QC method also employs the conversion of 
thymidine to thymine in order to quantify TP activity. The TP-loaded erythrocytes 
can be administered to patients with TP deficiency, a mutation that causes 
mitochondrial neurogastrointestinal encephalomyopathy. 

Other researchers demonstrated the potential role of TP protein and gene 
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expression as a predictor for patient prognosis [33, 34] and sensitivity to 
capecitabine treatment [35, 36]. TP expression is therefore a promising biomarker 
for the treatment of cancer patients. Additional clinical research is needed to 
determine the clinical validity and applicability of TP phenotyping methods.

In conclusion, we successfully developed and validated a simple, accurate and 
precise assay for quantification of TPApbmc. Clinical applicability of the assay 
was demonstrated. Therefore, we believe that the developed assay is suitable for 
quantification of TPApbmc in clinical studies. 
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Nominal thymine concentration 
(µM) 

Average measured thymine concentration 
(µM) 

Deviation 
(%) 

CV 
(%) 

    
2.5 2.49 -0.3 0.2 

    
12.5 13.28 6.3 0.4 

    
50 53.24 6.5 0.2 

    

SUPPLEMENTARY MATERIAL
Table S1. The specificity of thymine in heat-treated PBMC lysate protein (20 µg). 
Abbreviation: PBMC, peripheral blood mononuclear cells; CV, coefficient of variation
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ABSTRACT
Background: PARP inhibitors are currently evaluated in combination with 
radiotherapy and/or chemotherapy. As sensitizers, PARP inhibitors are active at 
very low concentrations therefore requiring highly sensitive pharmacodynamic 
(PD) assays. Current clinical PD-assays partly fail to provide such sensitivities. 
The aim of our study was to enable sensitive PD evaluation of PARP inhibitors for 
clinical sensitizer development. 

Material and methods: PBMCs of healthy individuals and of olaparib and 
radiotherapy treated lung cancer patients were collected for ELISA-based PD-
assays. 

Results: PAR-signal amplification by ex vivo irradiation enabled an extended 
quantification range for PARP inhibitory activities after ex vivo treatment with 
inhibitors. This “radiation-enhanced-PAR” (REP) assay provided accurate IC50 
values thereby also revealing differences among healthy individuals. Implemented 
in clinical radiotherapy combination Phase I trials, the REP-assay showed sensitive 
detection of PARP inhibition in patients treated with olaparib and establishes 
strong PARP inhibitory activities at low daily doses.

Conclusions: Combination trials of radiotherapy and novel targeted agent(s) often 
require different and more sensitive PD assessments than in the monotherapy 
setting. This study shows the benefit and relevance of sensitive and adapted PD-
assays for such combination purposes and provides proof of clinically relevant 
cellular PARP inhibitory activities at low daily olaparib doses.
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INTRODUCTION
Pharmacodynamic (PD) assays that measure the effect(s) of a drug on its specific 
biological target(s) are essential for clinical drug development. PD data support 
clinical decision making concerning the optimal dose and duration of a drug 
therapy and, in case of combination treatment strategies, the optimal dosing 
and sequence of the different components [1, 2]. Furthermore, it may allow 
individualized treatment selection or adaptation if drug responses vary among 
patients.

Next to established monotherapy indications in certain cancers, PARP (poly(ADP-
ribose) polymerase) inhibitors are promising anti-cancer drugs to be combined 
with chemotherapy and/or radiotherapy. A range of different PARP inhibitors is 
currently under clinical evaluation, of which olaparib (LynparzaTM) is the first FDA 
and EMA approved drug. PARP is an enzyme involved in the repair of DNA lesions 
such as single-strand breaks. Upon its activation, PARP produces poly(ADP-ribose)-
polymers (PAR) at the expense of nicotinamide adenine dinucleotide (NAD). PARP 
inhibition by pharmaceutical drugs decreases PAR levels in cells. Several PD assays 
that measure PARP activity in tumour cells and in peripheral blood mononuclear 
cells (PBMCs) have been used in clinical studies [3-12]. 

Currently, there is only one clinically validated PD assay that quantifies basal 
PAR levels (generated by PARP through endogenously induced DNA damage), 
both in PBMCs and tumour cells, using an ELISA based method [6-8]. Through 
extensive NCI (US National Cancer Institute) studies optimizing its clinical 
application, this assay was able to support the clinical development of PARP 
inhibitors [13-17]. Especially in PBMCs, however, basal PAR levels can be low with 
a high day-to-day variation within the same individual [6, 7], making sensitive 
quantification of PAR levels upon PARP inhibition difficult. Applicability of this PD 
assay is therefore limited to patients with sufficiently high PAR levels and it can 
be difficult to detect clinically relevant reductions in PAR levels. This is particularly 
important in the development as sensitizer in combination treatments, as PARP 
inhibitors have been shown to be effective chemo- and radiosensitizers at much 
lower concentrations and shorter duration [18, 19]. Thus, sensitive and robust PD 
assessments are needed in such combination trials.

The aim of our study was to evaluate PARP inhibition at low drug dose 
levels for novel combination trials and therefore to achieve highly sensitive 
quantification of PAR levels and PAR reduction due to PARP inhibition by a 
clinically applicable PD assay. 



118

Development and validation of pharmacodynamic and diagnostic biomarker methods

MATERIAL & METHODS
Healthy individual & clinical trial patient material

Healthy individual (HI) blood was drawn in the morning after 1 h fasting; informed 
consent was obtained. Clinical PD data are from non-small cell lung cancer (NSCLC) 
patients included in a clinical Phase I trial (NCT01562210). Patients were treated 
with a radical standard of care chemoradiotherapy schedule (66 Gy with daily 
cisplatin at 6 mg/m2) combined with olaparib 25 mg bidaily (tablet formulation). 
The study was performed according to ICH-GCP guidelines after approval by 
the hospital's ethics committee and national regulatory body. All patients gave 
written, informed consent prior to undergoing study-related procedures. Patient 
blood samples were collected prior and during treatment at a steady-state 
minimal concentration (C-min) level of olaparib and after completion.

Radiation and reagents

PBMCs were exposed to radiation using the Gammacell®40-Exactor (Best 
Theratronics Ltd., Ottawa, Canada). Olaparib for the ex vivo analyses in HI was 
purchased from Sequoia Research Products (Pangbourne, UK). Niraparib was 
kindly provided by the Slotervaart-Pharmacy (Amsterdam, Netherlands). Stock-
solutions were prepared in dimethylsulfoxide at a concentration of 5 mM 
(olaparib) and 0.31 mM (niraparib).

PBMC lysate preparation 

Cell lysates were prepared following the NCI advised protocol for clinical use 
[8] with some minor adaptations as listed in Sup. Table S1. Samples prepared in 
the ‘REP-assay’ (Radiation Enhanced Assay) were irradiated with 8 Gy on ice 
and incubated for 1 h on ice. Intact PBMCs in plasma of healthy (and untreated) 
individuals were incubated ex vivo with olaparib and niraparib at 37°C 1 h before 
irradiation. Olaparib plasma levels and protein-binding after ex vivo incubation 
were comparable to the clinical situation, as determined by HPLC-MS/MS (Sup. 
Fig. S1).



Radiation enhanced PAR (REP) method

119

PAR assay

Cellular PAR levels were measured by using the HT-PARP in vivo Pharmacodynamic 
Assay II, following the NCI protocol [8] using a Tecan-Infinite-200-Pro. Plates and 
kits were provided by Trevigen®. 

Data analysis and statistics 

PAR levels (presented in pg/1E7 PBMCs) were calculated from the linear fits of the 
PAR standard curves. All further quality control steps and criteria were followed 
as recommended in the NCI protocol [8] and are specified in Sup. Table 1 together 
with lower limit of quantification (LLOQ) definition and IC50 (half maximal 
inhibitory concentration) and E-max (maximal effect) calculations [20]. One-way 
ANOVA tests and Tukey’s multiple comparison test were used and differences 
were considered significant if P-value < 0.05. 

RESULTS
Basal PAR levels in PBMCs 

PAR levels in peripheral blood mononuclear cells (PBMCs) of 10 healthy individuals 
(HIs, Sup. Table S2) were quantified following the clinically validated NCI 
developed method [8], herein termed NCI-protocol. Consistent with literature [6, 
16], using this NCI-protocol (i.e. without an ex vivo irradiation step) we found a 
wide range of PAR levels among different HIs: 52-145 pg/1E7 cells with a median 
of 107 pg/1E7. Basal PAR levels were quantifiable in all. It has been suggested 
that a minimum of 90% inhibition is required for efficient monotherapy activity 
[3]. Assuming efficient inhibition, a simulated 90% reduction of PAR levels would 
only be quantifiable in one out of ten HIs. Our data suggest that basal PAR levels 
in PBMCs are often too low and too close to background levels to quantify PAR 
reduction accurately.

PAR amplification after ex vivo irradiation 

To amplify the low basal PAR signal, which is based on low levels of endogenous 
DNA damage, we induced DNA damage by ex vivo irradiation. PAR levels increased 
after irradiation and rapidly decreased with increasing incubation times (Fig. 1A).
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After incubation on ice, however, PAR level values increased and stabilized after 1 
h (Fig. 1B). Radiation increased PAR levels in a dose-dependent and linear manner 
up to 32 Gy (Fig. 1C). Ex vivo irradiation of PBMCs did not negatively influence the 
stability of PAR levels in cell lysates (Sup. Fig. S2). For subsequent analyses with 
this assay, termed REP (Radiation-Enhanced-PAR) assay, we chose a radiation 
dose of 8 Gy followed by an 1 h incubation on ice that provides sufficient PAR 
signal amplification within a reasonable radiation time-frame. We conclude that 
this strongly amplifies PAR signal in a strictly linear manner in PBMCs and could 
therefore enable the sensitive quantification of changes in PAR levels by inhibitors. 

Figure 1. PAR level kinetics after ex vivo 
irradiation and incubation, and linear 
radiation dose dependent induction of 
PAR. (A and B) PAR levels at indicated 
incubation times at 37°C and on ice after 
0 Gy and 8 Gy ex vivo irradiation (C). PAR 
levels after different radiation doses and 
1 h incubation on ice (linear regression P 
< 0.0001). Data represent mean ± SD of 
triplicate ELISA measurements.
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Figure 2. PAR signal amplification by irradiation enables better the quantification of its 
inhibition. (A) PAR levels in PBMCs are often too low to quantify a reduction by PARP inhibitor 
treatment. Quantified PAR levels in PBMCs of 10 HI (F = female, M = male). Simulated 50%, 
90% and 99% inhibition and the lower limit of quantification (LLOQ) are also depicted. All 
99% inhibition values fall under the LLOQ. (B) The REP-assay was tested in parallel to the NCI-
protocol in PBMCs isolated from the same blood samples of the same ten HIs as shown in 
(A) Quantified PAR levels in PBMCs after 8Gy (i.e. according to the REP-assay) varied among 
the HIs (median: 1696, range 962-2607 pg/1E7 cells). Simulated inhibition values of 90% and 
99% can be detected and quantified in all HIs and 8 and 10 His, respectively. (C) Reduction of 
Y-axis scale with data from Fig. 2B to visualize the lower limit of quantification (LLOQ). Using 
the REP-assay, PAR reduction of 90% and 99% would be quantifiable (i.e. above the LLOQ) 
in all HIs and in eight out of the ten HIs, respectively. Data represent mean ± SD of triplicate 
ELISA measurements.
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Figure 3. Determination of the maximal inhibitory effect of olaparib. (A) PAR levels 
determined in PBMCs of a HI after 1 h ex vivo pre-incubation with olaparib at indicated 
concentrations, ex vivo irradiation with 0, 8, 16 and 32 Gy and 1 h incubation on ice. (B) 
PAR levels as of Fig. 3A, normalized to the PAR levels of the control treated samples (0 
nM olaparib). At 33 nM, PAR levels were reduced to 34% in non-irradiated and to 11% in 
irradiated PBMCs with similar relative inhibition levels at higher radiation doses. (C) To 
enable the quantification of maximal inhibitory effect of olaparib and such extensively 
reduced PAR levels by PARP inhibition, PBMCs were irradiated ex vivo with 32 Gy for maximal 
PAR induction. PAR levels of six HIs determined after 1 h ex vivo pre-incubation with olaparib 
at different concentrations, ex vivo irradiation with 32 Gy and 1 h incubation on ice are 
shown. The grey bar indicates the plasma concentration range of olaparib that was found in 
plasma of patients that were treated at monotherapy doses in clinical trials [5]. PAR levels 
were reduced to 0.7% (range 0.6-1.0%) at 10 µM olaprib. Data represent mean ± SD of 
triplicate ELISA measurements. Note, PAR levels of control-treated (0 nM olaparib) samples 
are plotted at 0.1 nM.
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Figure 4. PARP inhibitor activity is largely consistent but the effectiveness can differ 
two-fold among healthy individuals. (A and B). PBMCs were isolated from 6 HIs at three 
different days and treated ex vivo at increasing olaparib concentrations. PAR levels after 
ex vivo incubation with olaparib 1 h before (sham-)irradiation determined with the NCI-
protocol and the REP-assay are shown. Data represent mean ± SD of three independent 
blood samples. (C and D) To compare relative olaparib responses PAR levels were 
normalized. PAR levels of Fig. A and B minus the relative E-max of that individual HI 
and normalized to control treated samples (0 nM olaparib) are shown. (E and F) IC50 as 
calculated from Fig. C and D. The REP-assay revealed up to 2-fold significant differences 
in absolute IC50s between individuals (range 4.2-8.6 nM). Dotted lines indicate mean ± 
SD of IC50s of all HIs. Level of significance as tested by one-way ANOVA: *P < 0.05, **P < 
0.01, ***P < 0.001 ****P < 0.0001. Data represent mean ± SD (A and D) or mean ± 95% CI 
(E and F) of three independent blood samples. Note, PAR levels of 0 nM olaparib treated 
samples are set at 0.00001 nM to calculate fits, however, are plotted at 0.1 nM.
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Figure 5. Comparison of individual ex vivo responses to different PARP inhibitors 
incubation. (A and B) PAR levels in PBMCs of two HIs after ex vivo incubation with the 
PARP inhibitors olaparib and niraparib at different concentrations 1 h before (sham-)
irradiation, as determined with the NCI-protocol and REP-assay. All samples for both, 
olaparib and niraparib treatment, were taken from the same blood sample. (C and D) 
PAR levels of figures A and B minus the relative E-max of that individual HI normalized 
to control treated samples (0 nM olaparib). Data represent mean ± SD of triplicate ELISA 
measurements. Note, PAR levels of 0 nM olaparib treated samples are set at 0.00001 nM 
to calculate fits, however, are plotted at 0.1 nM.
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Development of the REP-assay

We next compared PAR levels induced by ex vivo radiation in a panel of HIs and in 
different blood samples of the same HI. We found a strong induction of PAR levels 
in all HIs (Fig. 2A and B). PAR induction rates varied among HIs (range 114 pg-308 
pg PAR/1E7cells per Gy, Sup. Fig. S3). Nevertheless, the day-to-day variation in PAR 
levels was smaller in all but one HI in the REP-assay than when following the NCI-
protocol (Sup. Fig. S4). PAR reduction of 90% would be quantifiable in all HI and 
of 99% in some HI (Fig. 2C). From this we predict that ex vivo irradiation enables 
accurate quantification of PAR levels in PBMCs even upon efficient PARP inhibition 
in almost all individuals.

PARP inhibition dynamics after ex vivo irradiation

To explore this further, we incubated intact PBMCs from HIs ex vivo with the PARP 
inhibitor olaparib at different concentrations. Olaparib inhibits radiation-induced 
PAR formation at all tested radiation doses (Fig. 3A). The relative inhibition values 
are similar in non-irradiated and irradiated PBMCs. There is also no apparent 
difference in the inhibition values at different radiation doses (Fig. 3B). Hence, 
there is no apparent interaction between radiation dose and PARP inhibitor 
activity.

Maximal PARP inhibition by olaparib

As calculated above, following the NCI-protocol, determination of inhibition 
levels above 90% are not possible in most individuals. To assess the maximal 
inhibitory effect of olaparib, we treated PBMCs ex vivo with up to 10 µM olaparib 
(comparable to the maximum concentration at monotherapy doses, [5]) at 
maximal PAR induction (32 Gy). We found that we could still quantify remaining 
PAR-levels in all His, which were reduced to 0.7% (Fig. 3C). Overall, cellular 
PARP inhibition was high at this concentration for all HI (> 99%), therefore also 
suggesting consistently strong activities at olaparib concentrations that are 
clinically relevant for monotherapy settings. 
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Olaparib activities among HI

The previous data (Fig. 3), suggested some difference in the PD response in 
different individuals. To investigate this further, we next determined the olaparib 
concentration dependent PAR response in a group of HIs while directly comparing 
the performance of the REP-assay with the NCI-protocol. In all HIs, olaparib 
reduced PAR levels in a concentration dependent manner (Fig. 4A and D). We 
further determined absolute half maximal inhibitory concentrations (IC50s; 
Sup. Table S3, Fig. 4E and F). We found that IC50 determinations are inaccurate 
or impossible when omitting the ex vivo irradiation (Sup. Table S3), thereby 
demonstrating the improvement over the NCI-protocol. The day-to-day variation 
in the IC50 values of each HI was also lower in the REP-assay. Importantly, the 
REP-assay revealed significant differences in IC50s between individuals. This 

Figure 6. REP-assay detects strong inhibitor activity at low olaparib doses in NSCLC 
patients treated with olaparib combined with concurrent chemoradiation in clinic. Blood 
was drawn from four NSCLC trial patients and assayed in parallel according to the NCI-
protocol (A) or REP-assay (B) that applies 8 Gy irradiation as indicated. PAR levels of three 
blood samples from patients 1 to 4 under 25mg bidaily olaparib treatment (open circles) 
compared to two baseline values (closed circles) are shown. Similar as in the healthy 
individuals, baseline PAR levels in patients varied (20 to 77 pg/1E7 cells in the NCI-protocol) 
and were strongly induced in all patients (1214 to 2426 pg PAR/1E7 cells per Gy) in the REP-
assay, with an average PAR-induction of 195 pg PAR/1E7cells per Gy. The REP-assay was 
able to detect strong inhibitory activity in this patient cohort with a 25 mg bidaily dose.
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remained undetected using the NCI-protocol. Sensitivity analysis, e.g. calculation 
of a relative IC50 instead of an absolute IC50 [20], confirms this (Sup. Fig. S5) and 
shows that by optimizing the assay we were able to accurately determine olaparib 
responses in all HIs and to detect individual differences.

Comparison of different PARP inhibitors 

This prompted us to test whether this was drug/compound-dependent. To 
compare within the same individual, we added different concentrations of 
olaparib and niraparib ex vivo to the PBMCs and chose the HIs with the highest 
and lowest olaparib IC50s. Consistent with the prior results only the REP-
assay yielded accurate IC50 determinations (Sup. Table S3). We found that the 
concentration dependent response of olaparib and niraparib was similar (Fig. 
5 and Sup. Table S3) and confirmed a significant difference in IC50 between the 
two HIs (1.8/1.7-fold for olaparib/niraparib) thereby showing a yet unidentified 
significant variable response to PARP inhibition between different individuals. 

REP-assay in patients treated with olaparib

Confirmation of efficient cellular PARP inhibition has been in particular challenging 
at low drug dose levels such as administrated in Phase I trials and tested in 
combination treatments. We therefore implemented the REP-assay in a Phase 
I trial (NCT01562210) for PD analyses on blood samples from NSCLC patients at 
the lowest dose level of olaparib (i.e. 25 mg bidaily) and treated with concurrent 
chemoradiation (Sup. Table S4). 

Standard NCI-protocol PD revealed a reduction in PAR during 25mg bidaily 
olaparib treatment (Fig. 6). The same blood samples assayed according to the REP-
assay, however, show strong reductions in all patients. The REP-assay revealed a 
strong median inhibition capacity of 97% (range 96-98%) compared to 53% (range 
49-77%) by the NCI-protocol. Using the REP-assay we are able to affirm 25 mg 
olaparib as biologically effective dose (Fig. 6). Together these data, enabled by 
the REP-assay, demonstrate a strong cellular inhibition of PARP at low doses in the 
clinic. 
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DISCUSSION
We developed and validated a clinical pharmacodynamic assay for the sensitive 
quantification of PAR levels and PAR reduction upon PARP inhibition in peripheral 
blood mononuclear cells (PBMCs). As radiation induces DNA damage which 
consequently increases PAR levels [19, 21], we hypothesized that ex vivo 
irradiation of PBMCs will amplify the PAR signal allowing sensitive quantification 
of PAR levels and explored this further. Indeed, ex vivo irradiation strongly 
induced PAR levels in PBMCs and thereby allowed sensitive and otherwise difficult 
quantifications of olaparib and niraparib responses in healthy individuals (HI) and 
patients. Due to the increased sensitivity, we were able to detect yet unidentified 
differences in PARP inhibitor responses among individuals. The REP-assay also 
extends the applicability to almost all patients. The greatly increased sensitivity 
enables clinical studies that could correlate individual patient PD values with 
individual PARP inhibitor drug responses such as toxicity and efficacy. Importantly, 
the REP-assay provided evidence of high inhibitory activity at low olaparib dose 
levels in clinical trials developing chemoradiotherapy combinations. 

PAR induction by ex vivo irradiation proved to be a crucial element in the assay 
optimization. We found a consistent linear PAR-induction in all HIs and observed 
inter- and intra-individual variations in the slope of the linear PAR-induction 
upon irradiation (median %CV of 23% and 20% respectively). PARP inhibition 
responses by two different drugs is, however, very similar further confirming 
the consistent performance of the REP-assay. Minimizing technical variation in 
our REP-assay while taking into account day-to-day variations, we discovered 
different responses to PARP inhibition in healthy individuals upon ex vivo PARP 
inhibitor treatment. Possible explanations for this variability include: differences 
in metabolic state [22], differences in PARP-1 protein expression levels [23], 
single nucleotide polymorphisms affecting PARP activity [24, 25] and differences 
in DNA damage response efficiency or in the expression of the drug efflux pump 
P-glycoprotein [26]. Consistent with our findings, individual differences have 
been found in a study assessing olaparib treatment in breast cancer patients. 
Using an extracellular PARP activation assay and different from assessing PAR 
formation in intact cells, Bundred et al [4] reported a considerable variation in 
PARP pharmacodynamics at similar pharmacokinetic values, suggesting such a 
differential individual response. It remained unclear whether these differences 
were due to technical or day-to-day variation or true significant differences in 
PARP inhibitor response. Notably, these differences in IC50, that we observed 
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here, translate to different inhibitor doses required for full inhibition (Fig. 
3C). Used as sensitizer, we have also shown a gradual and potent olaparib 
concentration dependent potentiation of radiation induced kill before [19], further 
arguing for personalized treatment. 

The REP-assay enabled us to show high drug activity (up to 90%) at low PARP 
inhibitor concentrations as low as 33 nM that translates to a dose of just 10mg 
olaparib in clinic (after a single capsule administration)[5]. Indeed the clinical 
trial data confirm that an olaparib dose of 25 mg bi-daily (tablet formulation) 
can reach inhibition levels of over 95% in patients, a dose 10-fold lower than the 
recommended monotherapy dose [27]. Our findings are of clinical importance 
as they warrant careful dose escalation in combination trials. Furthermore, this 
stresses the necessity of highly sensitive PD assays, such as this REP-assay, in 
the clinical development of combination treatments, in particular, in choosing 
optimal schedules and doses. Future application opportunities of the REP-assay 
include the possibility to monitor drug uptake issues that can be caused by food/
absorption differences (e.g. due to gastrointestinal toxicities during treatment) 
and clinical studies that associate individual patient pharmacodynamics with 
toxicities. The same principle of signal enhancement by ex vivo irradiation could 
be applied to tumour cells, enabling clinical association studies with tumour 
response.

In summary, due to its increased sensitivity and quantification accuracy the 
REP-assay revealed individual differences in pharmacodynamic responses of PARP 
inhibitors and showed high activities at low drug doses in clinic. These results 
therefore support clinical development of combination treatments with PARP 
inhibitors at lower doses. 
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SUPPLEMERARY MATERIAL

TABLE S1 

PBMC lysate 
preparation 

Cell lysates from PBMCs (peripheral blood mononuclear cells ) were prepared following the NCI advised protocol for clinical use 
with some minor adaptations as explained here briefly. PBMCs were isolated from whole blood, chilled on ice and 
subsequently suspended in PBS at a concentration of 4E6 cells/ml. Samples containing 2E6 intact PMBCs were irradiated ex 
vivo and incubated, followed by cell lysate preparation. Different temperatures and incubation times were tested to find 
optimal conditions. In this study, samples that were prepared according to the ‘NCI-protocol’ were sham-irradiated and 
incubated for 1h on ice.   

Ex vivo treatments Samples that were prepared in the ‘REP (Radiation Enhanced PAR) assay’ were irradiated with 8Gy on ice and incubated for 1h 
on ice. In experiments that test the quantification capacity of the assay to determine PARP inhibition, intact PBMCs in plasma 
of healthy (and untreated) individuals were incubated ex vivo with increasing concentrations of the PARP inhibitors olaparib 
and niraparib at 37°C 1h before irradiation on ice. In this setting, olaparib plasma levels and protein-binding after ex vivo 
incubation were comparable to the clinical situation, as determined by high performance liquid chromatography-tandem mass 
spectrometry (HPLC-MS/MS, Supplementary Fig. S1). 

Data analysis PAR levels (presented in pg/1E7 PBMCs) were calculated from the linear fits of the PAR standard curves, as a wide range of cell 
lysate dilutions were used to cover the large PAR signal range. All further quality control steps and criteria were followed as 
recommended in the NCI protocol. 
The lower limit of quantification (LLOQ) was defined as the lowest concentration of PAR standard that passes all criteria of the 
NCI protocol [6], i.e. mean RLU above the mean RLU of standard 0pg/ml + 3*SD of standard 0pg/ml  at a signal to noise ratio 
≥1.1.  

IC50 determinations The relative PAR reduction at 10µM olaparib in 32Gy irradiated samples was defined as the maximal effect of PARP inhibition 
(E-max). For absolute IC50 (half maximal inhibitory concentration) calculations [20], PAR values minus the relative E-max of 
that individual HI were normalized to untreated samples. These normalized PAR values were fitted using the ‘log(inhibitor) 
versus normalized response – variable slope’ equation in GraphPad Prism to obtain IC50 values for each blood sample of each 
HI. Average IC50 values were tested for significant differences between HIs using a one-way ANOVA test with a subsequent 
Tukey’s multiple comparison test without assuming sphericity in GraphPad Prism. Differences were considered significant if P-
value <0.05.  
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Table S2. Characteristics of healthy individuals contributing blood. In vitro radiation and 
PARP inhibitor incubations were performed on multiple independent blood draws from 
10 different healthy individuals (HI) from our research departments with no apparent 
pathologies. Due to the associated high costs of repeated assays and depending on the 
research question and statistical requirements, the panel size of individuals was reduced 
to 6 individuals whom were randomly selected from the 10 according to their availabilities. 
The two individuals with the largest difference in the evaluated ex vivo inhibitor activity 
parameters were purposely selected when comparing different compounds to be able to 
test the consistency of this observation.

HI N=10 N=6 
Male gender 5 (50%) 1 (10%) 
Age (years) median-
range 

33 (26-50) 34 (26-50) 

Ethnic origin Asian 2 (20%) 
Caucasian 8 
(80%) 

Asian 2 (40%) 
Caucasian 4 
(60%) 

 

Table S3. Comparison of olaparib and niraparib IC50s as determined ex vivo by 
the REP-assay or following the NCI-protocol. Individual blood samples were 
treated and prepared simultaneously, following either the NCI-protocol or REP-
assay protocol, while adding olaparib or niraparib to the PBMC samples; see M&M 
and Supplementary Table S1 for further specifications. IC50s values are in nM 
and were calculated for each healthy individual (HI) on PAR values as determined 
following the protocols as indicated above. In the first blood sample of HI2, the 
IC50 could not be determined (ND) by the NCI-protocol as there were too few data 
points above the lower limit of quantification (LLOQ). Using the NCI-protocol, the 
IC50 could not be calculated in one of the blood samples in HI2, while applying 
the REP-assay IC50s could be calculated in all blood samples of all HIs. In all the 
17 blood samples in which both assays could calculate an IC50, the 95% CI were 
greatly smaller in the REP-assay, 6-fold on average with a range of 2.8-fold to 10-
fold with a range of 2.8-fold to 10-fold. The day-to-day variation in the IC50 values 
of each HI was also lower when in the REP-assay was used than when the NCI-
protocol was followed (median %CV: 8% versus and 25% respectively). IC50 = half 
maximal inhibitory concentration, CI = confidence interval, NA = not assessed. 
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S3A 

 

NCI- 
protocol 

Blood sample 1 Blood sample 2 Blood sample 3 

olaparib olaparib olaparib niraparib 
IC50 95% CI IC50 95% CI IC50 95% CI IC50 95% CI 

HI1 24.0 16.1 - 35.8 29.4 26.1  - 33.1 19.1 15.3 - 23.9 NA   
HI2 ND   12.5 9.9  - 15.7 13.2 11.4 - 15.3 20.4 16.0  -  26.0 
HI3 10.6 7.0  - 16.1 12.3 9.5  - 15.7 17.1 15.9 - 18.3 NA   
HI4 25.9 15.5 - 43.4 15.3 11.7  - 20.1 12.6 11.2 - 14.3 NA   
HI5 12.8 9.5  - 17.1 14.1 12.2  - 16.3 28.2 22.2 - 35.8 NA   
HI6 14.7 9.7  - 22.4 15.5 11.4  - 21.1 18.4 14.0 - 24.1 63.4 34.7  -  116 

S3B 

REP-assay 
Blood sample 1 Blood sample 2 Blood sample 3 

olaparib olaparib olaparib niraparib 
IC50 95% CI IC50 95% CI IC50 95% CI IC50 95% CI 

HI1 7.5 6.3  - 9.1 7.4 7.1  - 7.8 7.7 7.1  - 8.4 NA   

HI2 3.4 2.6  - 4.4 4.3 3.9  - 4.7 5.0 4.4  - 5.6 4.6 4.2  -  5.1 

HI3 5.8 4.9  - 6.9 5.5 5.1  - 6.0 6.3 5.9  - 6.8 NA   

HI4 6.4 5.2  - 8.0 6.3 5.8  - 6.9 7.3 6.7  - 7.8 NA   

HI5 6.1 5.0  - 7.4 6.5 6.1  - 7.0 7.3 6.6  - 8.1 NA   

HI6 7.5 6.2  - 9.1 9.4 8.6  - 10.3 9.0 8.0  - 10.0 7.7 7.0  -  8.4 

Ratio IC50 HI6/HI2 2.2   2.2   1.8   1.7   
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Table S4. Patient characteristics of clinical trial PD data. Clinical details from the four 
NSCLC patients of whom blood was drawn for the PD evaluation of the clinical study 
(Clinicaltrials.gov: NCT01562210, Materials and Methods, Supplementary Table S1). 
Multiple blood draw samples were acquired for PD analysis before, during and after 
olaparib-chemoradiotherapy combination treatment of these patients. All samples were 
acquired and prepared as planned and indicated in the material and methods section. C= 
Caucasian, M=Male, F=Female. 

 

Patient number 1 2 3 4 
N of PD samples total 5 5 5 5 
N of PD samples  within treatment 3 3 3 3 
N of PD samples  without olaparib 2 2 2 2 
Ratio lymphocytes to monocytes (with olaparib) 1.35 1.62 2.14 2.92 
Ratio lymphocytes to monocytes (w/o olaparib) 0.89 2.54 3.10 5.25 
Gender M F M F 
Age (years) 73 55 61 72 
Ethnic origin C C C C 

 

Figure S1. Olaparib and niraparib concentrations in plasma and ultra filtrates after 
ex vivo incubation. To check whether PARP inhibitor concentrations in the ex vivo 
incubations of plasma containing PBMCs resemble the clinically observed (in vivo) PARP 
inhibitor concentrations, we determined olaparib and niraparib concentrations in plasma 
and ultrafiltrates after different incubation times in 1000 ng/ml olaparib and 625 ng/ml 
niraparib, respectively. PARP inhibitor concentrations were measured as validated for 
human plasma in Nijenhuis et al (J Chromatogr B Technol Biomed Life Sci, 2013) and in Van 
Andel et al (J Chromatogr B Analyt Technol Biomed Life Sci, 2017) using high performance 
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liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). Stable total plasma 
concentrations with an average of 992 ng/ml olaparib (99.2% of input concentration) 
and 577 ng/ml niraparib (92% of input concentration) were found. Protein-unbound 
concentrations, i.e. the free fraction of the drug, were measured in ultrafiltrates that 
were prepared from plasma filtered through 30 kDa cut-off filters. Olaparib and niraparib 
both bind fast, immediately reaching a steady state between bound and unbound 
concentrations at t = 0 (note, includes 10 minutes centrifugation time). In average, 12% of 
olaparib and 11% of niraparib was found to be unbound. This fraction of unbound olaparib 
and niraparib is comparable to clinical data (data on file). Dotted line reflects input 
concentration.

Figure S2. Stability of PAR levels after ex vivo irradiation of PBMCs. Ex vivo irradiation 
of PBMCs did not negatively influence the stability of PAR levels in cell lysates, e.g. 
after long term storage at -80°C or after multiple freeze/thaw cycles. (A) Extended 
storage of whole blood samples prior to ex vivo irradiation has little influence on the PAR 
induction capacity, therefore allowing for large time margins prior to sample preparation. 
Whole blood was kept in CPTTM tubes at room temperature for different time intervals 



138

Development and validation of pharmacodynamic and diagnostic biomarker methods

prior PBMC isolation, irradiation, 1 h incubation on ice and lysate preparation. PAR levels 
remained relatively stable throughout. A significant decrease in PAR levels was only 
observed in the irradiated samples at 4 h (15% decrease from 1385 pg/1E7 cells at t=0 
to 1175 pg/1E7 cells, t-test, P < 0.0001) indicating a small reduction in the PAR induction 
capacity in these older blood draw samples. (B) Radiation-induced PAR levels remain stable 
in lysates on ice. Fully prepared lysates, as prepared in the REP-assay, were stored on ice 
for the indicated times. PAR levels remained stable for a minimum period of three hours. 
(C) Thawing and re-freezing does not affect PAR levels. PAR levels, as determined with the 
REP-assay, remained stable after multiple rounds of freeze (-80°C) and thaw cycles of the 
lysates. D. REP-assay determined PAR level stability allows long term storage. PAR levels 
in cell lysates remained stable, no significant difference were observed for a minimal 
period of 28 months. To assess long term storage and test alternative long term storage 
options, we determined PAR level stabilities in PBMCs that were stored at -80°C after 
centrifugation, removal of PBS and snap freezing in liquid nitrogen as a cell pellet (i.e. after 
irradiation at 8 Gy and 1 h incubation on ice) compared to a storage as lysates from these 
cells. Overall, PAR levels remained high and stable for a minimal period of 28 months. 
However, storage as cell pellets resulted in a 22% drop of the PAR levels and a further 
decrease in PAR levels at 28 months. We therefore recommend the preparation of lysates 
for long term storage. All data represent mean ± SD of triplicate ELISA measurements. * 
indicates a significant difference compared to control (t = 0) sample with P < 0.05 (t-test, 
corrected for multiple testing by Dunnett’s).

Figure S3. PAR induction varies among individuals. PAR induction values, i.e. pg PAR 
induced by 1 Gy in 1E7 cells, (pg/1E7 cells/Gy) as calculated from individual radiation dose 
response curves in the 10 healthy individuals (F = female, M = male) represent the efficacy 
of radiation to induce PAR in the PBMCs in different individuals (Figure 2). Dotted lines 
represent 95% CI around the mean PAR induction value of the tested population.
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Figure 4S. Biological variation in 
the tested protocols. (A and B). PAR 
levels determined following the NCI-
protocol and according to the REP-
assay in 6 healthy individuals (HIs) on 
three different days as indicated. The 
day-to-day coefficient of variation 
(%CV) in the samples ranged from 
5% to 29% with a median of 20% 
when prepared according to the NCI-
protocol. The day-to-day %CV in the 
samples prepared according to the 
REP-assay ranged from 3% to 20% 
with a median of 9%. In all but one HI, 
the day-to-day %CV was lower in the 
samples that were prepared according 
to the REP-assay than in the samples 
that were prepared following the NCI-
protocol. The difference is, however, 
not statistically significant (Wilcoxon 
matched-pairs signed rank test: p = 
0.19). Data represent the mean ± SD 
of triplicate ELISA measurements. 
C. Exploration of the relationships 
between baseline PAR levels (non-
irradiated samples) and the PAR 
induction values (as calculated 
from individual radiation dose 
response curves) in the HIs. There 
is a significant correlation between 
baseline PAR levels and PAR induction 
(Pearson correlation P = 0.006, dotted 

line). Little of the intra-individual variation in PAR induction is however explained by the 
differences in the baselines (R2=0.39). Most of the variation in PAR baseline levels seemed 
to be explained by inter-individual variation (see also Supplementary Fig. S3). When 
evaluating the day-to-day variation in the PAR induction values (PAR/Gy), we found that 
the median %CV of PAR induction was 20% (range 5-23%). Data represent the mean ± SD 
of triplicate ELISA measurements.
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Figure 5S. Sensitivity analysis of IC50 determination. IC50 values, and their 95% confidence 
intervals, can change depending on the IC50 calculation method. Different IC50 determination 
methods did not alter the determined IC50 values or the observed inter-individual differences 
in the REP-assay but did so when using the currently used NCI-protocol. (A and B). “Relative” 
IC50s for olaparib (relative half maximal inhibitory concentrations; i.e. the value halfway 
between the fitted top and bottom of the inhibition curve) of 6 healthy individuals (HIs) 
as calculated from non-normalized PAR levels that were determined following the NCI-
protocol (A) or according to the REP-assay (B), respectively, using a 4-parameter fit (i.e. 
log(inhibitor) versus response – variable slope function in GraphPad Prism). Note, PAR levels 
of 0 nM olaparib treated samples are set at 0.00001 nM to calculate fits, however, for clarity 
they are plotted at 0.1nM in the graphs in Figure 4. (C and D). “Absolute” IC50s calculations 
(i.e. top and bottom of the inhibition curve are pre-defined). Absolute IC50s are shown for 
olaparib of 6 HIs as calculated from PAR levels after subtraction of the relative E-max of 
that individual HI and normalization against untreated samples in NCI-protocol and REP-
assay samples, respectively. Values of the untreated samples (0 nM) were set at 0.00001 
nM on the logarithmic concentration scale for IC50 determination. Excluding the values 
from the untreated samples (0 nM) from the inhibition curve fits and therefore from the 
IC50 determinations resulted in the same overall conclusions as in Figure 4, i.e. up to 2-fold 
differences in IC50s. Data represent the mean ± 95%CI of three independent blood samples. 
Dotted lines indicate the mean ± SD of IC50s of all HIs. Level of significance as tested by one-
way ANOVA is: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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ABSTRACT
We report the development and validation of a twelve parameter fluorescence ac-
tivated cell sorting method for the sensitive determination of cell concentrations, 
their expression of PD-1, and PD-1 receptor occupancy. Cell subsets include CD4+ 
and CD8+-T-cells, B-cells, natural killer cells, classical-, intermediate- and non-clas-
sical monocytes, and myeloid- and plasmacytoid dendritic cells. Cells were isolated 
from peripheral blood by density gradient centrifugation. The validation param-
eters included specificity, linearity, sensitivity, precision, biological within- and 
between subject variation, and storage stability. The lower limit of quantification 
was 5.0% of PD-1+ cells. Samples were stable for at least 153 days of storage at -
80°C. The clinical applicability of the method was demonstrated in 11 advanced 
cancer patients by the successful determination of immune cell concentrations, 
relative number of PD-1+ immune cells, and number of PD-1 molecules per im-
mune cell. Shortly after infusion of nivolumab, receptor occupancy on CD8+-T-cells 
was 98%. Similar values were found predose cycle 2, suggesting receptor occupan-
cy remained high throughout the entire cycle.
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INTRODUCTION
Checkpoint blockade therapy has demonstrated remarkable efficacy 
against numerous cancer types. The monoclonal antibodies nivolumab and 
pembrolizumab have shown anti-tumor activity in melanoma, non-small cell 
lung cancer (NSCLC), urothelial cancer, head and neck cancer, gastric cancer, 
renal cell carcinoma (RCC), Hodgkin’s Lymphoma, cervical cancer and mismatch 
repair deficient tumors (dMMR) (1–9). Overall response rates have been up to 
30 - 40% for melanoma, up to 20% for NSCLC, and up to 25% in RCC treated with 
programmed cell death protein 1 (PD-1) inhibitor monotherapy (3,4,10).

Both nivolumab and pembrolizumab block PD-1, a protein on the surface of 
immune cells acting as a receptor checkpoint molecule. Upon binding of PD-1 
to its ligand PD-L1, expressed on tumor cells, activated T-cells become anergic, 
which makes them unable to eradicate cancer cells. The therapeutic anti-PD-1 
IgG4 antibodies nivolumab and pembrolizumab can block this interaction, thereby 
preventing T-cell inhibition and allowing effective anti-tumor immune responses. 
Whereas pembrolizumab is a humanized antibody, nivolumab is a fully human 
antibody. Pembrolizumab and nivolumab bind at partly overlapping sites of the 
extracellular domain of PD-1. Nivolumab binding is dominated by interactions with 
the PD-1 N-loop, whereas for pembrolizumab this is with the PD-1 CD loop (11). 
Both antibodies bind PD-1 with high affinity: Nivolumab binds PD-1 with an half 
maximal effective concentration (EC50) of 3.06 pM, and pembrolizumab with 29 
pM (12,13). 

Much effort has been put into identifying biomarkers which help select those 
patients who are likely to respond to treatment. Approved biomarkers include PD-
L1 expression and mismatch repair deficient/microsatellite instability high tumors 
(14,15). Other biomarkers correlating to response include tumor infiltrating 
lymphocytes, number of CD8+-T-cells, T-cell receptor clonality, and IFN-γ signature 
expression (16–20). Furthermore, absolute lymphocyte and monocyte counts 
have shown to predict time to reponse, time to progression, overall survival, and 
immune related adverse effects of immunotherapy (21,22). 

Potential other pharmacodynamic biomarkers which may require further 
investigation are the receptor occupancy (RO) of PD-1 upon treatment with 
anti-PD-1 immunotherapeutic antibodies, and PD-1 expression on immune 
cell subtypes other than T-cells (23). PD-1 RO has been described during the 
phase I study of nivolumab (24). RO was determined on CD3+-peripheral blood 
mononuclear cells (PBMCs) from patients receiving 0.3, 1, 3 or 10 mg/kg. In this 
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study, the mean RO was 85% (70 - 97%) at the end of infusion (EOI), and 72% (59 - 
81%) after 57 days of infusion. RO was dose-independent and the half-life was 150 
days. The method which was used to assess RO is in brief: PBMCs were incubated 
with either an isotype control or nivolumab, followed by incubation with a murine 
biotin-labelled anti-human-IgG4. RO was estimated as the ratio of the percent of 
CD3+-cells stained with isotype control to that stained with nivolumab. 

Thus far, the main focus of PD-1 expression in relationship to anti-PD-1 
treatment has been on CD4+ and CD8+-T-cells (25). In cancer patients, naïve T-cells 
show low (~1%) percentages of PD-1 expression, whereas for central memory 
and effector memory T-cells this percentage lies substantially higher (40 - 60%) 
(26–28). However, PD-1 is not solely expressed on T-cells. PD-1 also appears to 
play roles on B-cells, natural killer (NK)-cells, monocytes and dendritic cells (29–
33). Approximately 25% (5 – 45%) of B-cells, and up to 8% (2 – 13%) of NK-cells 
express PD-1 (34–36). PD-1 expression on monocytes and dendritic cells has been 
described as well, but results are inconsistent (30,31).

A high variability is seen across studies regarding PD-1 expression on immune 
cell subsets. This variability may have been caused by clinical factors such as 
disease status and disease type (26,31). Another possible source of variability 
could have been the use of methods that were not robust or thoroughly validated.  

Here, we report the development and validation of a sensitive 
pharmacodynamic assay for the determination of the concentration of CD4+ and 
CD8+-T-cells, B-cells, NK-cells, classical monocytes (CM), intermediate monocytes 
(IM), non-classical monocytes (NCM), myeloid dendritic cells (mDC), and 
plasmacytoid dendritic cells (pDC) in blood, number of PD-1+ immune cells, and 
number of PD-1 molecules per immune cell. Our method does not rely on isotype 
controls, which can result in an erroneous estimation of the background level 
(37). Within- and between subject biological variation in the relative number of 
PD-1+ cells and PD-1 expression were determined in 10 healthy volunteers. Clinical 
applicability was demonstrated in 11 advanced cancer patients who were treated 
with nivolumab (n = 6) or pembrolizumab (n = 5).

MATERIALS AND METHODS
Reagents and chemicals

The water used was of Milli-Q grade (Millipore, USA). Ficoll-paquetmPLUS was 
obtained from General Electric Healthcare (Little Chalfont, UK). Phosphate 
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buffered saline (PBS) was purchased from GIBCO BRL (Gaithersburg, MD, USA). 
Eppendorf® LoBind microcentrifuge 2.0 mL tubes, bovine serum albumin 
(BSA), fetal calf serum (FCS), and human IgG1k were purchased from Sigma 
(St. Louis, MO, USA). Beads buffer (BB) and BB-5%BSA consisted of PBS with 2 
mM EDTA, and respectively 0.5% and 5% (w/v%) BSA. All buffers were filtered 
through 0.22 µm filters. PBS and buffers were chilled on ice before use. Neutral 
methanol-free 40% (w/v%) formaldehyde in physiological salt was prepared from 
paraformaldehyde purchased from Merck (Darmstadt, Germany). Live/Dead™ 
Fixable Violet Dead Cell Stain and Spherotech rainbow beads were purchased 
from ThermoFisher (Landsmeer, the Netherlands). Live-dead stain was diluted 
500-fold in PBS immediately before use. Ionomycin, phorbol-12-myristate-
13-acetate, and Cryosofree™ were from Sigma (St. Louis, USA). Quantum™ 
Simply Cellular® mouse IgG (QSC) beads were from Bio-Rad (Veenendaal, the 
Netherlands). Antibody cocktail consisted of 8 µl of human IgG1k from Sigma and 
the following anti-human antibodies: 0.5 µl of CD3-APC-Cy7 (clone Hit3a), 1 µl 
of CD8-PerCP-Cy5.5 (clone SK1), 2 µl of CD14-BV510 (clone M5E2) and 0.5 µl of 
CD16-AF700 (clone 3G8) from ITK (Uithoorn, the Netherlands), 1 µl of CD4-APC 
(clone VIT4) from Miltenyi (Leiden, the Netherlands), 0.5 µl of CD11c-BV650 (B-
Ly6), 2 µl of CD19-BV711 (clone SJ25C1), 0.5 µl of CD56-FITC (clone TULY56), 0.5 
µl of CD123-BV605 (clone 7G3), and 0.5 µl of HLA-DR-BV786 (clone G46-6) from 
Becton Dickinson (Heidelberg, Germany). PD-L2 was from Sino Biological (Beijing, 
China). Anti-human PD-1 (clone PD1.3.1.3) was from Miltenyi. Anti-human IgG4-PE 
(clone HP6025) was from ITK (Uithoorn, the Netherlands). Ipilimumab (Yervoy®), 
nivolumab (Opdivo®) and pembrolizumab (Keytruda®) were a kind gift from the 
Antoni van Leeuwenhoek hospital pharmacy. To remove protein aggregates all 
antibodies were centrifuged at 10,000g for 8 min, after which the supernatant was 
used.

Subjects and sample collection

Subjects asked for study participation included 10 healthy volunteers not known 
with cancer, and 11 patients with advanced cancer. Blood samples from healthy 
volunteers were used to assess number and variability of immune cells and their 
PD-1 expression, and blood samples from patients were used for demonstrating 
the clinical applicability of the method. From each subject 10 mL of blood was 
collected in a heparin tube. Blood was kept at room temperature (RT) and within 
30 min, 7.0 mL of blood was transferred to a CPTTM-citrate vacutainer tube (BD). 
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Total volume was adjusted to 8 mL with PBS. 

All study participants had given written informed consent in accordance with 
institutional and national guidelines. The study protocol was approved by the 
ethical committee of the Netherlands Cancer Institute. 

Centrifugation 

Unless stated otherwise, all centrifugations were performed in 2 mL Lo-bind 
eppendorf tubes in a centrifuge equipped with a swing-out rotor at 500g for 4 min 
at 4°C. After centrifugation the supernatant was removed by aspiration, leaving 
100 µL on the pellet. 

PBMC pre-processing 

Unless stated otherwise, the assay development and validation were performed 
with unstimulated PBMCs, which may provide a good representation of the actual 
in vivo patient PD-1 levels on these immune cells at the time of blood sampling. 
Each CPT tube, containing 7.0 mL whole blood, was centrifuged in a swing-out 
rotor at 1,500g for 25 min at RT. Next, the layer of plasma was aspirated and the 
layer of PBMCs was poured into a 15 ml tube on ice. The CPT tube was washed 
with 5 mL of ice-cold BB, which was pooled with the PBMCs in the 15 mL tube. 
The sample volume was adjusted to 15 mL with ice-cold BB and inverted 5 
times before centrifugation. The supernatant was aspirated and the pellet was 
resuspended in 1 mL of BB, which was completely transferred to a 2 mL tube 
using a second wash with 0.5 mL of BB. After centrifugation, the supernatant 
was aspirated and the pellet washed twice with 1 mL of PBS. Samples were again 
centrifuged, after which the total volume was adjusted to 690 µL. After addition 
of 10 µL of 500-fold diluted Live-Dead marker, samples were incubated on ice for 
15 min. Next, aliquots of 25 µL of cell suspension were transferred in triplicate, 
unless otherwise specified, to 2 mL tubes on ice, containing 54 µL of BB-5%BSA 
and 16 µL of antibody cocktail and samples were incubated vertically for 1 h on ice 
at 300 rpm using a Heidolph Vibramax™ 100. After that, samples were incubated 
for an additional 1 h with 10 µg/mL nivolumab or pembrolizumab, washed three 
times with 1 mL of BB, and centrifuged. Subsequently, samples were fixed for 15 
min at RT by addition of 1 mL 2% (w/v) of formaldehyde. After centrifugation, 
pellets were washed with 1 mL BB and aspirated to leave 50 µL on the pellets. For 
cryopreservation, 500 µL of Cryosofree™ was added before samples were snap-
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Figure 1. Gating strategy to discriminate 9 immune cell populations. Red arrows indicate 
the gating direction. Peripheral blood mononuclear cells are gated (A) using forward (FS) 
and sideward scatter (SC), with subsequent elimination of doublets by FS-height (FS-H) 
against FS-area (FS-A) gating (B). After rough elimination of dead cells (C) by live-dead 
protein stain (L-D), the negative dendritic-monocyte-natural killer cells (NK) are separated 
(D) from B-cells (CD19+) and T-cells (CD3+). CD3+ T-cells were further differentiated into CD4+ 
and CD8+-T-cells (K). NK-cells differentiated from dendritic cells and monocytes as HLA-DR-, 
CD14-, CD16-/+, CD56+/± (H, I). Dendritic cells are identified in plots J and N as CD14-, CD16-

, CD123-, CD11c+ myeloid dendritic cells, and CD14-, CD16-, CD123+, CD11c- plasmacytoid 
dendritic cells (pDC). Monocytes are divided into classical, non-classical and intermediate 
monocytes (J) based on their relative amount of CD14 and 16 expression. After removal of 
the last remaining contaminating cells (E, L, P, R, U), PD-1 is detected in the final plots (F, 
G, M, O, Q, S, T, V, W) using quadrant gating to eliminate remaining dead cells. Background 
samples that have not been treated with nivolumab or pembrolizumab were used to set the 
position of the quadrant gate at exactly 5.0% PD-1+ cells for each of the viable immune cell 
populations.
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frozen in liquid nitrogen and stored at -80°C.

Detection of PD-1

Samples were defrosted in a 37°C water bath until the remaining volume of ice 
was about halve the initial sample volume. After almost complete defrosting 
under constant manual shaking at RT, samples were put on ice for complete 
defrosting. 

Samples were washed once with 1 mL BB, and once with BB-5%BSA, 
respectively. After centrifugation, 8 µg/mL of anti-IgG4-PE in BB-5%BSA was 
added and vials were incubated standing upright in an ice box at 300 rpm using a 
Heidolph Vibramax 100 plate mixer (Essex, UK). Next, samples were washed twice 
with 1 mL BB, centrifuged, and kept on ice until analysis by flow cytometry.

Fluorescent-activated cell sorting and PD-1 determination

Samples were measured using twelve-color flow cytometry on a Becton Dickinson 
Fortessa LSR2. Sequential gating (Fig. 1) was applied for the enumeration of 9 
immune cell subsets with subsequent quantification of their PD-1 expression 
using FlowJo v10.0.7 software (Ashland, USA). The threshold for qualifying cells as 
PD-1+ was set at 5.0% of the cells with the highest median fluorescent intensity 
(MFI) of PE in background control samples. The used fluorochrome, voltage, 
laser, filter, and compensation settings for each detection antibody are listed in 
supplementary Table 1.

Optimization of PD-1 signal to noise ratio

Samples containing 400k PBMCs were incubated for 1 h in BB-5%BSA with or 
without 10 µg/mL nivolumab, washed extensively with BB, and incubated at RT for 
1 h with 8 µg/mL of anti-IgG4-PE in BB containing 0.5, 2.0, and 5% BSA, and at 0°C 
with BB-5%BSA (supplementary Fig. 1).

Effect of formaldehyde and cryopreservation 

Samples containing 400k PBMCs from a healthy volunteer were incubated without 
(negative control, NC) or with 10 µg/mL of nivolumab or pembrolizumab for 1 h 
on ice, after which they were washed three times with 1 mL BB. Next, samples 
were left unfixed (NC) on ice, or fixed with 4% (w/v%) formaldehyde for 15 min 
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at RT, washed with 1 mL BB, centrifuged, and snap-frozen in liquid nitrogen after 
addition of 500 µL of Cryosofree™. Same day, snap-frozen samples were defrosted 
and washed twice with 1 mL BB, centrifuged, and incubated for 1 h at 0°C with 
8 µg/mL of anti-IgG4-PE. Different samples containing 400k PBMCs were similarly 
incubated with nivolumab or pembrolizumab, washed, and left unfixed on ice  
(0%) or fixed with 1, 2 and 4% (w/v%) formaldehyde for 15 min at RT. After 1 wash 
with 1 mL BB, samples were incubated for 1 h at 0°C with 8 µg/mL of anti-IgG4-PE. 
Cells were kept on ice and PD-1 on CD8+T-cells was analyzed the same day by flow 
cytometry. 

Antibody target saturation curves

In order to determine PD-1 target saturation, samples containing 400k PBMCs 
from a healthy volunteer were incubated for 1 h with 0, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 
2, 5, 10, and 20 µg/mL nivolumab or pembrolizumab in BB-5%BSA. Subsequently, 
PD-1 was detected using 8 µg/mL of anti-IgG4-PE, as described previously. Growth 
stimulated PBMCs, which were cultured as described in the specificity section, 
were used for this nivolumab experiment. PBMCs from another healthy volunteer 
were pre-incubated for 1 h with 10 µg/mL nivolumab to saturate the PD-1 targets, 
followed by detection with 0, 0.67, 1, 1.3, 2, 2.7, 4, 5.3, 6.7, 13.3, 20 µg/mL of 
anti-IgG4-PE. 

Next, the effect of different amounts of PBMC input per sample on PD-1 
staining and cell recovery was assessed in samples containing 100k, 200k, 300k, 
400k, and 500k PBMC. These samples were incubated for 1 h on ice without 
(background controls) and with 10 µg/mL nivolumab. After extensive washing, 
PD-1 was detected with 8 µg/mL of anti-IgG4-PE as described for our pre-
processing and PD-1 detection method.

Quantification of the number of PD-1 molecules per cell 

The threshold for qualifying cells as PD-1+ was set at 5.0% of the cells with the 
highest median fluorescent intensity (MFI) of PE in background control samples. 
The negative contribution of these 5.0% background cells to the MFI of nivolumab 
or pembrolizumab treated cells (supplementary Fig. 2), was corrected for 
according to the following formula:



150

Development and validation of pharmacodynamic and diagnostic biomarker methods

MFIniv = MFI of nivolumab or pembrolizumab treated cells

MFIbckg = MFI of the 5.0% most PE positive background cells

%bckg = background threshold level = 5.0%

%PD1niv = percentage of PD-1+ cells in nivolumab or pembrolizumab treated samples

 

A mix of five different QSC beads, each with a manufacturer determined known 
amount of anti-mouse IgG1 binding sites (ABS), was incubated in triplicate for 1 
h on ice with 8.0 µg/mL of anti-IgG4-PE in BB-BB-5%BB. After two washes with 1 
mL BB, samples were centrifuged and measured by flow cytometry using the same 
settings as used for PD-1 detection in cells. Log(ABS) against log(net MFI-PE) linear 
regression analysis was used, according to the manufacturer’s instructions, for 
samples incubated with 8 µg/mL of anti-IgG4-PE, in order to calculate the number 
of anti-IgG4-PE per cell from the corrected net MFI of PE in samples. 

Next, the number of PE bound per anti-IgG4 antibody (PE labeling ratio) was 
determined spectrophotometrically using the following formula:

εIgG4 = molar extinction coefficient of IgG4 = 210.000
εPE = molar extinction coefficient of PE = 1.863.000
Abs280 = Absorbance of total protein at 280nm
Abs566 = Absorbance of PE at 566nm
CF = Correction factor of PE contribution to Abs280 = 0.17

The number of PD-1 per cell was calculated by dividing the number of anti-IgG4-PE 
per cell by the PE labeling ratio.

Specificity of PD-1 detection

PBMCs from a healthy volunteer were cultured for 8 h in RPMI supplemented 
with 10% (v/v%) FCS, 1 μg/mL ionomycin and 25 ng/mL phorbol-12-myristate-13-
acetate. Cells were washed twice with PBS and resuspended at 1 million cells/mL 
in PBS. Next, 25 μL aliquots were incubated on ice with 8 μg/mL of anti-IgG4-PE 
for 1 h, according to the previously described sample pre-processing method. An 
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additional incubation was performed on ice for 1 h with 10 μg/mL of PD-L2 and 40 
μg/mL PD-1 blocking antibody clone PD1313 in BB-5%BSA, immediately prior to 
incubation with nivolumab or pembrolizumab. 

Interference of the PD-1 detection by ipilimumab was assessed in samples 
containing 400k PBMCs from a healthy volunteer. Samples were incubated on ice 
with 0, 10 and 50 μg/mL ipilimumab in BB-5%BSA for 1 h, after which 10 μg/mL of 
nivolumab or pembrolizumab were added. After another 1 h of incubation on ice, 
samples were washed three times with 1 ml BB, centrifuged, and stained with 8 
μg/mL anti-IgG4-PE, as described for sample pre-processing.

Storage stability

Stability of PD-1 and cell numbers was assessed in blood from a healthy 
volunteer stored for 0, 0.5, 1, 2, and 4 h at room temperature in heparin tubes. 
After isolation PBMCs were spiked at 250k cells per sample and incubated with 
nivolumab or pembrolizumab, as described for sample pre-processing.

To assess the stability of cell numbers and PD-1 detection during long term 
storage at -80°C, PBMCs from a healthy volunteer were spiked at 200k cells per 
sample. After incubation with nivolumab or pembrolizumab, samples were 
processed, snap-frozen in liquid nitrogen and stored at -80°C, as described for our 
pre-processing method. After 0, 53, and 153 days of storage, samples were, in 
triplicate, defrosted and incubated with anti-IgG4-PE for detection of PD-1 by flow 
cytometry, as described for our PD-1 detection method.

Healthy volunteer study

Peripheral blood from 10 different healthy volunteers (5 male, 5 female, age 
range 25 - 48) was collected between 9:00 and 10:00 AM on three different days 
with weekly intervals. PBMCs were isolated from 7.0 mL of blood, and incubated, 
in triplicate, with 10 µg/mL of nivolumab or pembrolizumab, and further 
processed as described in PBMC pre-processing and PD-1 detection. In order to 
determine the cell recovery of our method, total initial PBMC cell concentrations 
were measured using a Roche Innovatis Casy™ Coulter counter. 

Clinical applicability

In order to determine the clinical applicability of our method, blood was drawn 
from advanced cancer patients (supplementary Table 6) who received nivolumab 
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(n = 6) or pembrolizumab (n = 5) in 2, 3 or 4 weekly course intervals (q2W, q3W, 
or q4W). Blood was drawn at baseline, at the end of the first infusion (EOI), and 
predose of cycle 2. PBMCs were isolated from 7.0 ml of blood and incubated with 
10 µg/mL of nivolumab or pembrolizumab, i.e. the same antibody as administered 
to the respective patient. Samples were further processed as described in PBMC 
pre-processing and PD-1 detection. 

Statistical Analysis 

Specificity of PD-1 detection was defined as the difference in PD-1 signal between 
background control samples and samples incubated with PD-1 blocking agents 
before incubation with nivolumab and pembrolizumab. Linearity of PD-1+ cell 
recovery of immune cell subsets, and between MFI and number of PD-1 per QSC 
bead were tested using linear regression analysis in Graphpad Prism 6.01. The 
lower limit of quantification (LLOQ) of the percentage of PD-1+-cells was defined as 
the percentage of PE positive background cells ± 5 times standard deviation (SD).

For determination of assay precision and biological variation, data from the 
volunteer study was checked for normal distribution using the Shapiro-Wilk test. 
The assay within- and between day precision (WDP and BDP) were determined 
using one-way analysis of variance (ANOVA) using the run day as classification 
variable, using Excel, and should not exceed 15% of the coefficient of variation 
(CV). Within subject biological variation (WSBV) was defined as the coefficient of 
variation between three independent weekly results for each subject. Between 
subject biological variation (BSBV) was defined as coefficient of variation between 
the mean within subject results. Statistical evaluation using Student’s t-test, and 
Quartile analysis was performed in Excel. Differences in biomarker levels between 
patient sampling points were evaluated using Wilcoxon matched pair signed rank 
tests in Graphpad Prism 6.01. P-values smaller than 0.05 were considered to be 
significant. 

RESULTS
Optimization of PD-1 signal to noise ratio

The signal to noise ratio (S/N) of PD-1 detection on PD-1+CD8+-T-cells at RT in BB 
with 0.5% (w/v%) BSA was 2.9 ± 0.1. S/N ratios significantly increased to 3.1 ± 0.1 
(P = 0.04) and 3.7 ± 0.1 (P = 0.002) if BB with 2.0% and 5.0% (w/v%) BSA was used, 
respectively. Incubation at 0°C with 5% BSA resulted in a significant additional 
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increase of the S/N ratio to 4.1 ± 0.1 (supplementary Fig. 1, P = 0.0001).

Effect of formaldehyde and cryopreservation 

In comparison with unfixed cells, fixation with 4% formaldehyde followed by 
cryopreservation had a negative effect on the percentage of PD1+-cells of -11.8% 
± 5.2% (P = 0.025) in samples treated with nivolumab (supplementary Fig. 3A). 
Fixation with 2% formaldehyde resulted in an increase of the PD-1 signal on CD8+ 

T-cells by 15.0% ± 1.8% (P = 0.023) for nivolumab and 21.2% ± 1.3% (P = 0.006) for 
pembrolizumab treated samples. In nivolumab treated samples, the percentage 
of PD-1+-cells was significantly higher after fixation with 2% formaldehyde (P = 
0.048). In pembrolizumab treated samples no significant change was detected 
(supplementary Fig. 3B) 

Linearity of PD-1 detection

Flow cytometer PE MFI signals were linearly correlated to the number of PE 
molecules per QSC bead (r = 0.999).

Antibody target saturation was assessed from curves of nivolumab, 
pembrolizumab, and anti-IgG4-PE (supplementary Fig. 4), using Eadie Hofstee plots 
constructed by linear regression. The Km-values were respectively 0.127, 0.117, 
and 0.317 µg/mL for nivolumab, pembrolizumab, and anti-IgG4-PE as determined 
from the slopes. The concentrations used in our PD-1 detection method are 
10 µg/ml nivolumab and pembrolizumab, and 8 µg/ml anti-IgG4-PE. These 
concentrations resulted in PD-1 detection at, respectively 98.9%, 101.3%, and 
96.9% of the maximum possible MFI signal strength calculated from the intercept 
of the Eadie Hofstee plots. The lowest antibody concentrations that did not result 
in significant lower PD-1 MFI, as compared to the concentrations chosen for our 
method, were 2 µg/ml nivolumab, 0.5 µg/ml pembrolizumab, and 2 µg/ml anti-
IgG4-PE.

The number of PD-1+ cells recovered for the immune cell subsets correlated 
linearly over the tested spike range from 100k – 500k PBMCs input per sample (r 
> 0.997). The slopes of these curves did not significantly differ from 1 indicating 
complete cell recovery over the tested concentration range. Furthermore, the 
difference in percentage of PD1+- and number of PD-1 per CD4+ and CD8+-T-cell 
was less than 6.9% between the 100k and 500k PBMC spike levels (supplementary 
Table 4A).
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Specificity of PD-1 detection

For determination of assay specificity, using PBMCs isolated from a healthy 
volunteer, it is necessary to ex vivo growth stimulate these cells to ensure 
detectable levels of PD-1 on all immune cell subsets. The average percentages 
of PD-1+ found on the subset was as follows: 38% for CD4+-T-cells, 41% for CD8+-
T-cells, 21% for B-cells, 1% for NK-cells, 67% for CM, 18% for IM, 10% for NCM, 
40% for mDC and 15% for pDC. In samples that were pre-incubated with anti-
PD-1 clone PD1313 in combination with PD-L2, the percentage of PD-1+ cells was 
significantly decreased by more than 97.0 ± 1.8%, and the number of PD-1+-CD4+ 
and CD8+-T-cells by more than 99.5% ± 0.4% (Fig. 2 and supplementary Table 2). 
The MFI of PD-1 in all PD-1 blocked samples was not significantly different from 
the background control samples, which indicates highly specific detection of 
PD-1. Furthermore, the background signal, number of detected PD-1 per cell 
and percentage of PD-1+-CD4+ and CD8+-T-cells did not significantly change due 
to exposure to 10 and 50 µg/mL of ipilimumab before incubation with 10 µg/
mL of nivolumab or pembrolizumab (supplementary Table 3). This indicates no 
significant interference from ipilimumab with the detection of PD-1.

Storage stability

PD-1 expression and immune cell numbers were stable for 0.5 h in blood stored 
in heparin tubes. After 1, 2, and 4 h of storage both PD-1 expression and cell 
numbers were significantly decreased (P < 0.02, Fig. 3).

The difference in the number of cells between samples stored for 0 and 153 
days was 14.1% or less (supplementary Table 5A). In addition, the percentage 
of PD-1+ cells and number of PD-1+ per cell were not significantly lower, and 
showed a decrease of 6.8% after 153 days of storage (supplementary Table 5BC). 
Therefore, we concluded that the number of immune subset cells, percentage 
of PD-1+ cells and number of PD-1 per cell are at least stable for 153 days of 
storage at -80°C. The between day precision (BDP) was better than 9.0% for the 
determination of the number of cells, percentage of PD-1+ and number of PD-1 
per cell. 
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Figure 2.

Specificity of PD-1 detection in immune cells. 
Cells were cultured in RPMI medium under 
growth stimulating conditions. Background 
samples were not treated with nivolumab 
and pembrolizumab (green histograms = 
background). Cells were incubated with (blue 
histograms) or without (red histograms) PD-
L2 and PD1313, followed by incubation with 
nivolumab (A – I) and pembrolizumab (J - R). 
PD-1 was detected by anti-IgG4-PE, which is 
expressed as median fluorescence intensity 
(MFI). Shown are CD4+-T-cells (A ; J), CD8+-
T-cells (B ; K), B-cells (C ; L), natural killer 
cells (D ; M), classical monocytes (E ; N), 
intermediate monocytes (F ; O), non-classical 
monocytes (G ; P), myeloid dendritic cells (H 
; Q), and plasmacytoid dendritic cells (I ; R).
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Figure 3. Stability of PD-1 in blood from a healthy volunteer stored for 0, 0.5, 1, 2 and 4 h at 
room temperature in heparin tubes before isolation of PBMC using cell preparation tubes. A. 
Shown are the results for nivolumab ( ,  ) and pembrolizumab ( , ) treated 
CD4+-T-cells for the number of PD-1 per cell and percentage of PD-1+ cells, respectively. Results 
are shown for the number of PD-1 and percentage of PD-1+CD8+-T-cells after nivolumab ( , 

) and pembrolizumab ( , ) treatment. B. The effect of storage on the total cell 
numbers ( ), CD4+ and CD8+- T-cells (CD4/8T, , ), B-cells ( ), natural killer 
cells (NK, ), classical monocytes (CM, ), intermediate monocytes (IM, ), non-
classical monocytes (NCM, ), plasmacytoid dendritic cells (pDC, ), and myeloid 
dendritic cells (mDC, ). Results are the mean of three separate samples ± standard 
deviation (SD). * indicates a significant decrease relative to t = 0. 
 

Table 1. Biological variation of PD-1 in healthy volunteers. Blood from healthy volunteers 
(n = 10) was drawn on three different days with weekly intervals. Shown are the results 
for cell concentrations per µl blood (1A), percentage of PD-1+ cells, and number of PD-1 
per cell for nivolumab (1B) and pembrolizumab (1C), for CD4 and CD8 T-cells (CD4T 
and CD8T), B-cells (B), natural killer cells (NK), classical monocytes (CM), intermediate 
monocytes (IM), non-classical monocytes (NCM), plasmacytoid dendritic cells (pDC), and 
myeloid dendritic cells (mDC). Q1 - 4 indicates whether the measured cell concentration 
was within the 1st, 2nd, 3rd, or 4th quartile (= 25, 50, 75, 100 percentile, respectively) of 
the reference healthy volunteer population (n = 10). LLOQ = lower limit of quantification 
and was defined as background + 5 times SD; WDP = within day precision; WSBV = within 
subject biological variation; BSBV = between subject biological variation); ND = not 
determined. Data are the mean of indicated number of volunteers (n), each measured in 
triplicate, ± standard deviation (SD).
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Table 2. Clinical applicability of the assay in patients administered with nivolumab (n 
= 6) or pembrolizumab (n = 5). Blood was drawn during cycle 1 before administration 
(baseline) and immediately after end of infusion (EOI), and predose of cycle 2 (pre-C2). 
After isolation, peripheral blood mononuclear cells were either left on ice (background) 
or incubated with nivolumab or pembrolizumab, i.e. the same antibody type patients 
received therapeutically. Shown are the results for cell concentrations per µl blood 
(2A), percentage of PD-1+ cells, and number of PD-1 per cell for nivolumab (2B) and 
pembrolizumab patients (2C), for CD4 and CD8 T-cells (CD4T and CD8T), B-cells (B), natural 
killer cells (NK), classical monocytes (CM), intermediate monocytes (IM), non-classical 
monocytes (NCM), plasmacytoid dendritic cells (pDC), and myeloid dendritic cells (mDC). 
delta is the relative difference as compared to the mean cell concentration found for the 
reference healthy volunteer population (n = 10). Q indicates the quartile (= 25 percentile) 
of the reference healthy volunteer population to which the measured patient cell 
concentration corresponds.

Healthy volunteer study 

The cell recovery of single and live PBMCs by our method was 89.7% ± 4.3% 
(range 85.1 – 92.6%, n = 10) of the total number of spiked PBMCs as determined 
by Coulter cell counting. Cell concentrations, percentage of PD-1+ cells, and 
number of PD-1 per cell were determined with a within day precision better than 
15% (Table 1A). The standard deviation in the predefined 5.0% background level 
was less than 1.0% and only slightly varied between immune cell subsets, which 
resulted in LLOQs of 4.19 – 5.79% for the percentage of PD-1+ cells (Table 1A). The 
cell concentrations of CD8+-T-cells showed the highest WSBV of 18.1% ± 20.7%. 
The mean BSBV of the measured cell concentrations for each immune cell subset 
was about two-fold higher than the mean WSBV (Table 1A). 
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Table 2A   

 
 

cell 
type 

baseline EOI pre-C2 

cells / 
µL blood 

  

  cells / 
µL blood 

range 
 (%) Q 

cells / 
µL blood 

  

  cells / 
µL blood 

range 

cells / 
µL blood 

  

cells / 
µL blood 

range 
 (%) Q 

CD4T 402 ± 12.4 69.4 - 719 -16.8% 1    425 ± 19.2 79.5 - 727  429 ± 14.9  129 - 642 -17.7% 1 
CD8T  199 ± 4.89 55.1 - 593 -21.8% 1    206 ± 6.11 56.6 - 585  197 ± 7.21   1.6 - 583 -16.5% 1 

B   60.0 ± 2.7 10.3 - 156 -30.4% 2 63.5 ± 4.7 10.9 - 132   48.5 ± 2.5 25.5 - 90.7 -43.8% 1 
NK  127 ± 41.2 38.7 - 264 -3.2% 3    115 ± 62.3   53.0 - 233  138 ± 33.8 68.8 - 223    5.5% 3 
CM  395 ± 10.5   254 - 747 64.9% 4    376 ± 18.0  202 - 727  398 ± 10.2  242 - 473  66.3% 4 
IM   24.1 ± 1.95 7.50 - 100 144.1% 4   24.0 ± 1.76  10.1 - 84.6 18.7 ± 1.61 10.6 - 54.5  89.4% 4 

NCM 20.1 ± 1.19 6.50 - 42.6 46.7% 4   19.5 ± 2.03   7.67- 39.0   4.2 ± 1.82 6.79 - 43.0  76.6% 4 
pDC  4.17 ± 0.19 1.83 - 8.07 -20.7% 2   3.78 ± 0.29   1.76 - 8.59 3.75 ± 0.22 1.72 - 6.01 -28.7% 2 
mDC 6.82 ± 0.30 4.36 - 11.0 16.2% 4   7.36 ± 0.52 3.51 - 13.3 7.87 ± 0.37 4.44 - 14.4 34.2% 4 
total 1,442 ± 42.3  887 - 2,227 -4.7% 2 1,430 ± 58.2   814 - 2013 1,448 ± 33.6  964 - 1,911 -4.3% 2 

 

Table 2B 

cell 
type 

net PD-1+ cells (%)  net number of PD-1 per cell 
n baseline n EOI n pre-C2 baseline EOI RO (%) pre-C2 RO (%) 

CD4T 6 37.4 ± 0.8 6 40.0 ± 0.8 6 27.6 ± 0.7* 2517 ± 72 2402 ± 56 98.9 ± 2.5 1949 ± 35*  100 ± 2.7  
CD8T 6 39.9 ± 0.7 6 41.7 ± 0.8 6 34.3 ± 3.2* 2931 ± 113 2768 ± 122 98.2 ± 2.5 1788 ± 57* 98.5 ± 2.4 

B 4 5.5 ± 1.1 4 7.4 ± 1.3 1 15.2 ± 0.7 1141 ± 76 1080 ± 33 94.3 ± 3.5 1440 ± 22 98.0 ± 2.5 
NK 0 <LLOQ 2 5.6 ± 1.1 2 9.2 ± 1.5 <LLOQ 1150 ± 75 94.3 ± 2.8 1330 ± 40 94.9 ± 6.5 
CM 0 <LLOQ 2 6.4 ± 1.7 3 13.0 ± 2.2 <LLOQ 2593 ± 464 86.0 ± 3.8  2188 ± 6  101 ± 3.2 
IM 0 <LLOQ 1 7.6 ± 1.7 2 18.6 ± 2.7 <LLOQ 1937 ± 67  113 ± 9.1  2020 ± 25 98.4 ± 2.3 

NCM 1 5.4 ± 1.4 2 5.8 ± 1.3 2 17.8 ± 2.3 1948 ± 194 1916 ± 90  96.8 ± 6.1 1980 ± 56 97.1 ± 1.0 
pDC 1 6.9 ± 1.6 0 <LLOQ 4 9.5 ± 0.7 6084 ± 298 <LLOQ ND 2591 ± 71 95.6 ± 2.6 
mDC 1 5.9 ± 1.1 3 6.0 ± 1.5 1 11.3 ± 2.2 1260 ± 54 1308 ± 45 95.8 ± 7.8  1119 ± 4   101± 2.3 

 
Table 2C 

Cell 
type 

net PD-1+ cells (%)  net number of PD-1 per cell 
n baseline n EOI n pre-C2 baseline EOI RO (%) pre-C2 RO (%) 

CD4T 5 44.7 ± 0.9 5 47.7 ± 1.9 5 27.7 ± 2.1* 2053 ± 47 2037 ± 47 95.0 ± 1.1 1600 ± 43* 98.5 ± 2.2 
CD8T 5 50.4 ± 1.2 5 51.0 ± 1.0 5 42.5 ± 1.0* 2761 ± 69 2656 ± 69 91.6 ± 1.1 2271 ± 48* 90.6 ± 1.2 

B 2 4.9 ± 0.8 2 6.0 ± 1.1 1 4.3 ± 0.3 1053 ± 39 1091 ± 58 99.1 ± 3.9 950 ± 4 102 ± 1.2 
NK 0 <LLOQ 0 <LLOQ 0 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 
CM 2 7.1 ± 1.3 2 6.0 ± 2.2 1 7.0 ± 0.8 2221 ± 40 1878 ± 84 97.5 ± 6.8 1215 ± 18 95.4 ± 0.6 
IM 1 6.4 ± 1.7 1 5.9 ± 0.7 1 8.9 ± 0.6 1811 ± 79 3842 ± 178 88.3 ± 6.1 1421 ± 8 97.3 ± 1.7 

NCM 1 5.8 ± 0.9 2 7.2 ± 2.2 1 6.6 ± 1.8 1474 ± 18 2499 ± 123 99.2 ± 4.7 1486 ± 108 92.8 ± 0.7 
pDC 0 <LLOQ 0 <LLOQ 0 <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 
mDC 1 6.3 ± 0.8 3 6.4 ± 1.2 0 <LLOQ 1367 ± 17 1448 ± 44 101 ± 5.3 <LLOQ <LLOQ 

 
 

 * indicates a significant difference between baseline and predose cycle 2. Data are the 
mean of indicated number of patients (n), each measured in triplicate, ± standard 
deviation (SD). 
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Figure 4. Clinical biomarker monitoring. Patients (n = 11, supplementary Table 6) were 
administered with nivolumab (n = 6) or pembrolizumab (n = 5) in 2 – 4 weekly course 
intervals. Blood was drawn at baseline at the end of infusion of cycle 1 (EOI), and predose 
of cycle 2. Peripheral blood mononuclear cells were isolated, and ex vivo incubated with 
nivolumab or pembrolizumab for PD-1 saturation. A. Cell concentrations in blood of total 
immune cell subsets (total), CD4+ and CD8+-T-cells (CD4/8T), B-cells, natural killer cells 
(NK), classical monocytes (CM), non-classical monocytes (NCM), intermediate monocytes 
(IM), myeloid dendritic cells (mDC), and plasmacytoid dendritic cells (pDC) in patients at 
baseline and predose of cycle 2 ( , , respectively) in comparison with the reference 
healthy volunteer population ( , n = 10). Quartile analysis was used to show whether cell 
concentrations were within Q1 (0 - 25 percentile) or Q4 (75 – 100 percentile) of the 
reference population. Percentage of PD-1+ cells and number of PD-1 per CD4+-T-cell (B and 
D, respectively) and CD8+-T-cell (C and E, respectively) at baseline (  ), EOI (  ), and 
predose of cycle 2 (  ). * indicates a significant reduction. Results are the mean of 10 
volunteers and 11 patients ± between subject standard deviation (A) or within subject 
standard deviation (B – E).   
 

Clinical applicability

The measured cell concentrations in patients were significantly (P < 0.001) higher 
by 64.9%, 46.7%, 144%, and 16.2% in CM, NCM, IM, and mDC immune cell 
subsets, respectively, as compared to the reference healthy volunteer population 
(Fig 4A). However, measured CD4+- and CD8+-T-cell, and B-cell concentrations 
were significantly (P < 0.015) lower in patients by 21.8%, 16.8%, and 30.4%, 
respectively. Total cell concentrations in patients at baseline and predose cycle 2 
were not significantly lower than in healthy volunteers (Table 2A).

The percentage of PD-1+ cells and number of PD-1 per cell at baseline and EOI 
were not significantly different from healthy volunteers. However, at predose of 
cycle 2, the percentage of PD-1+ CD4+ and CD8+-T-cells were significantly lower 
by 34.5% (n = 10, P = 0.001) and 16.4% (n = 9, P = 0.002), respectively, relative 
to baseline (Fig 4BC, Table 2BC). Furthermore, the number of PD-1 per cell was 
significantly decreased by 22.6% for CD4+-T-cells (n = 9, P = 0.003) and 26.0% 
for CD8+-T-cells (n = 9, P = 0.007) at predose of cycle 2 relative to baseline (Fig 
4DE, Table 2BC). The BSBV in the determination of percentage of PD-1+ cells and 
number of PD-1 per CD4+-T-cell at baseline were 25.7% and 27.7%, and for CD8+-
T-cells BSBV was 37.7% and 26.2%, respectively. PD-1 RO on CD4+ and CD8+-T-cells 
of patients who were given nivolumab were 98.9% ± 2.5% and 98.2% ± 2.5%, 
respectively. RO on CD4+-T-cells was 95.0% ± 1.1% in patients who were given 
pembrolizumab. RO occupation on CD4+-T-cells by pembrolizumab and nivolumab 
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DISCUSSION
We have described here a PD-1 detection method which is highly specific for 
PD-1. Background control samples are used for setting the gates that determine 
PD-1 positivity. Brahmer et al. used background controls containing human 
IgG4 isotype antibody as a control for non-specific binding of nivolumab and 
pembrolizumab (24). Others have reported that using isotype antibodies can 
give erroneous results, and have shown that adequate blocking of non-specific 
antibody interactions and using directly conjugated antibodies can most often 
prevent the use of isotypes in flow cytometry (37). By using anti-PD-1 antibody 
clone PD1313 and PD-L2, the interaction between nivolumab / pembrolizumab 
and PD-1 was completely blocked. This demonstrates that our method was 100% 
specific for PD-1 and that the use of an IgG4 isotype antibody was not necessary. 
After correction for 90% cell recovery, the average cell concentrations we found in 
healthy volunteers for different immune cell subsets were as follows: 1780 (1278 
– 2849) PBMCs; 1156 (508 – 2013) lymphocytes; 310 (172 – 620) total monocytes; 
101 (57 -202) B-cells; 154 (51 -202) NK-cells; 6.9 (2.2 – 18.4) mDCs; and 6.2 (2.7 
– 10) pDCs per µl blood. These values are in concordance with values reported 
by other investigators (38–40). Although the normal range for concentrations of 
immune cell subsets has been reported by many investigators, there is debate 
regarding both the percentage and the absolute numbers of cells constituting 
this range. Methods that depend on density gradient centrifugation rather than 
whole blood cell counting prior to enumeration of immune cells may lead to 
an underestimation of the absolute cell concentrations of (some) immune cell 
subsets.

Reproducibility over time and between instruments is crucial in longitudinal 
and multicenter studies. In flow cytometry, QSC beads allow comparison of 
experiments over time and between different instruments (41). We show that 

showed no significant difference. However, RO on CD8+-T-cells was significantly 
lower at 91.6% ± 1.1% (P = 0.014) in patients who were given pembrolizumab, as 
compared to nivolumab. PD-1 RO at EOI, in patients who were given nivolumab or 
pembrolizumab, was not significantly different from RO at predose cycle 2 (Table 
2B and C).
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the use of QSC beads enabled the reproducible quantification of PD-1 levels in 
samples that were stored at -80°C in Cryosofree™. 

To our knowledge, this is the first indirect detection method for the 
quantification of the number of PD-1 molecules on, and number of PD-1+ B-cells, 
monocytes, and dendritic cells in peripheral human blood. For pharmacodynamic 
assays, indirect detection methods rather than direct methods are preferred, 
as they enable the determination of RO and changes in receptor expression 
separately. However, direct detection may potentially be more sensitive, 
as their sensitivity is not affected by non-specific binding of nivolumab and 
pembroluzimab (42). Other investigators reported detectable levels of PD-
1+ for B-cells, NK-cells, monocytes, and dendritic cells in peripheral blood 
from cancer patients and healthy volunteers using direct detection methods. 
However, results were often inconsistent, which may have been caused by the 
use of not thoroughly validated methods e.g. methods for which important 
validation parameters such as specificity and lower limit of quantification were 
not established. Other investigators have reported percentages of 40 – 60% 
of PD-1+CD4+ and PD-1+CD8+-T-cells in peripheral blood from cancer patients, 
which is similar to our findings (25–28). Wang et al. reported approximately 
10,000 number of PD-1 receptors per growth activated human T-cell (43). This is 
in good agreement with the range of 2,000 – 3,000 PD-1 receptors per T-cell we 
found for unstimulated PBMCs from healthy volunteers, considering the 5-fold 
increase in PD-1 expression induced by anti-CD3 growth stimulation of PBMCs 
(supplementary Fig. 3). 

Thus far, receptor occupancy by nivolumab and pembrolizumab has only 
been described in one study (24). PD-1 occupancy was described on CD3+-T-cells 
that were cryopreserved in DMSO, and was found to be dose-independent with 
maximal occupancy of 85% at the end of infusion. Nivolumab concentrations in 
plasma were 50 µg/mL at EOI for patients that received 3 mg/kg. The investigators 
hypothesized that PD-1 occupancy analyses of cryopreserved PBMCs may 
underestimate occupancy on fresh PBMCs. However, for batch analysis of samples 
from clinical studies, cryopreservation is necessary. In order to keep nivolumab 
and pembrolizumab attached to PD-1 during the cryopreservation and wash steps, 
cells were fixed with 2% formaldehyde which resulted in 15% higher PD-1 signals. 
Instead of DMSO we used Cryosofree™ as cryopreservative, which is far superior 
for retaining cell vitality (44). Furthermore, DMSO infiltrates the cells and requires 
laborious removal during the slow thawing procedure, which compromises 
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reproducibility and cell recovery. Cryosofree™ does not enter the cells and can 
simply be washed away after thawing, resulting in much higher vital cell recoveries 
with good reproducibility, as confirmed by our study. We found that the mean RO 
on CD8+-T-cells from cancer patients that were given nivolumab or pembrolizumab 
was 99% and 91%, respectively, after 2 – 4 weekly courses of treatment. Similar 
RO values were found at baseline day 1 immediately after infusion. These results 
are in line with our in vitro experiments, indicating > 83% PD-1 occupancy on 
CD8+-T-cells exposed for 1 h to a relatively low 0.05 µg/mL concentration of 
nivolumab.

The detection of PD-1 on CD4+ and CD8+-T-cells was on average 7% lower in 
samples incubated with pembrolizumab compared to nivolumab. This is likely 
caused by the difference in binding sites on PD-1 for both antibodies (45). This 
may possibly explain the fact that RO of PD-1 on CD8+-T-cells was on average 
7% lower in patients which were administered pembrolizumab, as compared to 
patients treated with nivolumab.

The discovery of factors that influence the clinical response to immunotherapy 
remains an area of active research and is important to maximize the benefit/
risk ratio of these agents in clinical practice. For that purpose, we tested the 
clinical applicability of our method in cancer patients. We reported a significant 
drop in the number of PD-1+ T-cells and the number of PD-1 receptors per T-cell 
after one course of nivolumab or pembrolizumab. This may potentially be a  
pharmacodynamic effect, which requires further investigation regarding predictive 
value for nivolumab and pembrolizumab immunotherapy outcome. Compared to 
other methods, our method offers efficient determination of multiple biomarkers 
on a large panel of immune cell subsets in a single experiment. 
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SUPPLEMENTARY MATERIAL
Table S1. FACS settings for detection of indicated biomarkers by 12 parameter 
flow cytometry. A. Overview of used fluorochromes, lasers, filters and voltages. B. 
compensation settings.

Table S1A 

 

 

 

 

 

 

 

 

 

Table S1B 

bio-
marker 

L-D 
- 

CD14 
- 

CD123 
- 

CD11c 
- 

CD19 
- 

HLA 
- 

CD56 
- 

CD8 
- 

PD-1 
- 

CD4 
- 

CD16 
- 

CD3 
- 

L-D 100 0 0 0 0 0 0 0 0 0 0 0 
CD14 7 100 0 0 0 0 0 0 0 0 0 0 

CD123 0 0 100 33 0.8 0 0 0 0 0 0 0 
CD11c 0 0 25 100 17 10 0 0 0 0 0 0 
CD19 0 0 0 0 100 0 0 0 0 38 80 0 
HLA 0 0 0 1 2 100 0 0 0 0 0 10 

CD56 0 0 0 0 0 0 100 0 0 0 0 0 
CD8 0 0 0 0 60 0 0 100 0 0 90 0 
PD-1 0 0 0 0 0 0 0 17 100 0 0 0 
CD4 0 0 0 0 0 0 0 0 0 100 80 15 

CD16 0 0 0 0 0 0 0 0 0 0.5 100 13 
CD3 0 0 0 0 0 0 0 0 0 3 7 100 

 

biomarker fluorochrome laser (nm) filter voltage 
Live-dead V450 405 450/50 400 

CD14 BV525 405 530/30 444 
CD123 BV605 405 610/20 600 
CD11c BV650 405 660/20 555 
CD19 BV710 405 710/50 551 

HLA-DR BV786 405 780/60 629 
CD56 FITC 480 530/30 400 
CD8 PerCP-C5.5 480 710/50 568 
PD-1 PE 561 585/15 458 
CD4 APC 640 670/14 650 

CD16 APC-AF700 640 730/45 650 
CD3 APC-Cy7 640 780/60 650 

 – indicates that the indicated percentage should be subtracted from the signal of the 
horizontally aligned biomarkers. L-D = Live-dead™ protein fixable marker.
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Table S2. Specificity of PD-1 detection in immune cells from a healthy volunteer. 
Peripheral blood mononuclear cells were cultured in RPMI medium under growth 
stimulating conditions. Cells were incubated with PD-L2 and PD-1 blocking antibody clone 
PD1313, followed by incubation with nivolumab and pembrolizumab and detection with 
anti-IgG4-PE. Shown are the results for CD4 and CD8+-T-cells (CD4T and CD8T), B-cells (B), 
natural killer cells (NK), classical monocytes (CM), intermediate monocytes (IM), non-
classical monocytes (NCM), plasmacytoid dendritic cells (pDC), and myeloid dendritic cells 
(mDC). Data are represented as the mean percentage of PD-1 positive cells (%PD-1+) and 
the mean number of PD-1 molecules per PD-1+ cell of three separate samples ± standard 
deviation (SD).

                                                                    
cell 
type 

nivolumab  pembrolizumab  

net 
%PD1+ cells 

%PD-1 
inhibition 

number of 
PD-1 / cell 

PD-1/cell 
inhibition 

net 
%PD1+ cells 

%PD-1 
inhibition 

number of 
PD-1 / cell 

PD-1/cell 
inhibition 

CD4T 37.6 ± 0.5 99.9 ± 1.9 2397 ± 94 97.0 ± 1.8 31.1 ± 0.6 97.9 ± 0.9  2290 ± 24   99.5 ± 0.4 
CD8T 41.3 ± 0.8 99.0 ± 2.3   6105 ± 231 98.2 ± 1.0 36.4 ± 0.2 98.9 ± 0.9    5510 ± 133   99.6 ± 0.1 

B 27.7 ± 0.5  100 ± 1.4 1753 ± 29 98.0 ± 6.2 18.6 ± 0.8 95.9 ± 4.6  1631 ± 11 100.0 ± 7.0 
NK   1.2 ± 0.7 <LLOQ <LLOQ <LLOQ   0.0 ± 0.3 <LLOQ <LLOQ <LLOQ 
CM 67.0 ± 0.6  100 ± 1.3 9126 ± 91 94.4 ± 1.7 56.2 ± 0.8 99.9 ± 2.1  7130 ± 98   94.4 ± 1.5 
IM 18.4 ± 0.3 99.5 ± 4.0   4902 ± 116 83.6 ± 4.1 10.4 ± 0.7   86.4 ± 13.0    4677 ± 136   80.3 ± 4.1 

NCM 10.1 ± 2.0   93.1 ± 16.4   2845 ± 104 80.9 ± 3.7 10.3 ± 0.8 88.1 ± 9.3   2569 ± 20     91.3 ± 17.3 
pDC 39.7 ± 6.2 91.6 ± 6.0    5711 ± 314 86.3 ± 4.3 22.9 ± 1.0  101 ± 6.3    5462 ± 270   91.5 ± 8.4 
mDC 15.1 ± 1.4 93.4 ± 1.6   3863 ± 283   86.1 ± 11.7 15.4 ± 1.7 84.5 ± 4.5    3866 ± 192     85.6 ± 10.0 
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Table S4. Linearity of PD-1 detection in samples containing 100k and 500k PBMC from a 
healthy volunteer. Samples were incubation with nivolumab. 4A. Relative difference (Δ) in 
measured cells between samples spiked with 100k and 500k PBMC. Shown are the results 
for total live cells, CD4+ and CD8+-T-cells (CD4T and CD8T), B-cells (B), natural killer cells 
(NK), classical monocytes (CM), intermediate monocytes (IM), non-classical monocytes 
(NCM), plasmacytoid dendritic cells (pDC), and myeloid dendritic cells (mDC). 4B. Relative 
difference (Δ) between the percentage of PD-1+ and number of PD-1 per CD4+ and CD8+-
T-cells in samples containing 100k and 500k PBMC. Data are represented as the mean of 
three separate samples ± standard deviation (SD).
Table S4A.  

cell 
type 

number of measured cells at input level 

100,000 500,000  (%) 

total 104865 529000   0.9 
CD4T 40,179 196,494   2.2 
CD8T   9,296   45,315   2.5 

B   3,581   19,637  -9.7 
NK 17,399   83,002   4.6 
CM 18,582   94,723  -2.0 
IM   2,887   14,366    0.5 

NCM   1,548     8,709 -12.5 
pDC     376     2,015   -7.2 
mDC     604     3,389 -12.2 

 

Table S4B. 

cell 
type 

net number of PD1+ cells  number of PD-1 / cell 

100,000 500,000  (%) 100,000 500,000  (%) 

CD4T 27.6 ± 1.8 29.5 ± 2.2 6.9 1814 ± 73  1776 ± 75 -2.1 

CD8T 40.4 ± 1.7 41.7 ± 1.6 3.3 4708 ± 204 4652 ± 222 -1.2 
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Table S6. Overview of patients included in the study. Advanced cancer patients with 
indicated tumor type were administered with nivolumab or pembrolizumab, based on 
their bodyweight (3 mg/kg), or a flat dose (mg) in two (q2w), three (q3w) or four (q4w) 
weekly intervals. 

 

 

 

 

 

 

patient # cancer type treatment dose schedule 
1 melanoma nivolumab 480 mg q4w 
2 mesothelioma nivolumab 3 mg/kg q2w 
3 NSCLC nivolumab 3 mg/kg q2w 
4 Mesothelioma nivolumab 3 mg/kg q4w 
5 renal nivolumab 480 mg q4w 
6 head and neck nivolumab 240 mg q4w 
7 bladder pembrolizumab 200 mg q3w 
8 melanoma pembrolizumab 200 mg q3w 
9 bladder pembrolizumab 200 mg q3w 

10 melanoma pembrolizumab 150 mg q3w 
11 melanoma pembrolizumab 200 mg q3w 

Figure S1. Effect of different incubation conditions on the median fluorescence staining 
intensity (MFI) of PD1- (A) and PD1+ (B) CD8+T-cells by anti-IgG4-PE, after pre-incubation with 
(+) or without (-) 10 µg/ml nivolumab. Results are the mean of three separate samples ± SD, 
incubated with beads buffer containing 0.5 ( ), 2.0 ( ), and 5.0% ( ) (w/v%) bovine serum 
albumin (BSA) at room temperature and beads buffer with 5% BSA at 0°C ( ). * indicates a 
significant reduction in MFI relative to 0.5%BSA.   
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Figure S2. Correction method used for calculation of the specific median fluorescent 
intensity (MFI) of PD-1. The MFI of PD-1 in cells treated with nivolumab or pembrolizumab is 
negatively affected by the lower MFI of the background cells, which requires correction. A. 
Histograms overlays of background (green) and nivolumab (red) treated samples. Cells were 
qualified as PD-1+ using 5.0% cut-off. B. Graphical presentation of the MFI correction 
procedure for a sample containing 10% net PD-1+ cells with a PD-1 MFI of 200.  The 5.0% 
background cells have an MFI of 100 (bMFI, ). The lower MFI of the background cells results 
in an underestimation of the MFI of the PD-1+ cells, which was corrected according to our 
method (cMFI, ).    
 

Figure S3. Effect of fixation and cryopreservation on PD-1 (net) median fluorescent intensity 
(MFI, 1st marker) and number of PD-1+ cells (%PD-1+, 2nd marker). A. Effect of snap-freezing 
with Cryosofree™ on the PD-1 median fluorescent intensity (MFI =  ) and percentage of PD-
1+CD8+-T-cells (  ) was assessed compared to unfixed and not frozen negative controls (NC, 
MFI =  ; %PD-1+ =  ). PBMC from a healthy volunteer were incubated without ( NC) or with 
10 µg/ml nivolumab ( ,  ) and pembrolizumab (  ,  ). NC were kept on ice, while the 
other samples were fixed with 4% (w/v%) formaldehyde, followed by snap-freezing in 
Cryosofree™. B. Effect of fixation, with different concentrations of formaldehyde on the MFI 
of PD-1 ( ,  ) and percentage of PD-1+ cells ( ,  ) in samples pre-incubated with 10 
µg/ml nivolumab ( , ) and pembrolizumab ( , ). * indicates a significant difference in 
%PD-1+ due to Cryosofree™ (A) or in MFI and %PD-1+ relative to unfixed samples (B). 
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Figure S4. Antibody target saturation curves. Ex vivo growth stimulated or unstimulated 
peripheral blood mononuclear cells (PBMC) were incubated with indicated concentrations of 
nivolumab ( ) and pembrolizumab ( ), respectively. Samples were incubated with 8 
µg/mL of anti-IgG4-PE. PBMC pre-incubated with nivolumab were incubated with indicated 
concentrations of anti-IgG4-PE ( ). PBMCs used for each curve were from different healthy 
volunteers. Results are the mean ± standard deviation (SD) of three independent samples. 
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cancer biomarker methods

1.8
Method for the Determination of  Phosphorylated

Extracellular-Signal-Regulated Kinase and DNA 

in Circulating Tumor Cells
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ABSTRACT
A simple, selective, and sensitive multiparameter fluorescence activated cell 
sorting method utilizing density gradient centrifugation and magnetic antibody 
cell sorting was developed and validated for the determination of phosphorylated 
extracellular signal-regulated kinase (pERK) and DNA in circulating tumor cells 
(CTCs). Cell preparation tubes (CPT) were used for peripheral blood collection and 
density gradient centrifugation, followed by phosphorylation of ERK with epidermal 
growth factor (EGF). After fixation with formaldehyde and methanol, magnetic anti 
epithelial cell adhesion molecule (EpCAM) micro-beads were used for the selective 
isolation of CTCs from the background, consisting of peripheral blood mononuclear 
cells and platelets. Subsequently, samples were stained with Hoechst 33342, and 
fluorescent antibodies against EpCAM, CD45, and pERK. Flow cytometry was used 
for identification and enumeration of CTCs and determination of their pERK and 
DNA content. The validation parameters included specificity, recovery, linearity, 
precision, sensitivity, and stability. The lower limit of quantification was two CTCs 
per 8 ml peripheral blood. Samples were stable for 4 months in storage at -80°C. 
The applicability of the method was demonstrated by successful enumeration of 
CTCs, and the determination of DNA, and pERK before and after stimulation with 
EGF in 8 ml peripheral blood samples from patients with metastatic cancer.
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INTRODUCTION
Metastatic disease is the main reason for mortality in patients with solid tumors. 
Metastazation is caused by shedding of an estimated one million tumor cells into 
the bloodstream per gram of tumor tissue per day (1,2). Circulating tumor cell (CTC) 
quantity is a proven valuable prognostic marker in metastatic breast, colorectal, 
and prostate cancer (3). The detection of CTCs before adjuvant chemotherapy as 
well as the persistence of CTCs after the completion of systemic adjuvant treatment 
has been correlated with an unfavorable clinical outcome (4). However, there is 
evidence that a significant percentage of CTCs is apoptotic and, therefore, unable 
to settle in secondary organs (5,6). 

For many epithelial cancers, minimally invasive biopsies provide insufficient 
material for molecular analysis at diagnosis, and tumors are typically not sampled 
repeatedly during treatment to monitor changes in genetic abnormalities. The 
molecular profile of CTCs better possibly resembles that of metastatic cells than of 
the primary tumor, which can be very different from the tumor of origin. Therefore, 
the pharmacodynamic effects of cytotoxic drugs and molecular targeted anticancer 
agents might be better tested in CTCs than in the primary tumor (7–10). However, 
the use of CTCs for molecular profiling has been limited by relatively insensitive 
detection strategies (11).

Patients with non small cell lung cancer (NSCLC) that are identified with activating 
mutations in the epidermal growth factor receptor (EGFR) gene in tumor tissue 
can respond to EGFR tyrosine kinase inhibitors, including gefitinib (Iressa1) and 
erlotinib (Tarceva1) (12–14). Recent studies have reported expression of growth 
factor receptors on CTCs of patients with breast and prostate cancer (15–17), and 
the expression of activated EGFR in CTCs has also been reported (4,18). The cellular 
effect of activated EGFR is exerted via the ERK signaling pathway which ultimately 
leads to phosphorylation of ERK. However, the ERK activation status in CTCs in 
response to targeted drugs remains unknown (4). 

In this study, we present the development and validation of a multiparameter 
fluorescence-activated cell sorting (FACS) method for the quantification of pERK, 
and the detection of nucleated CTCs isolated from peripheral human blood. 
Phosphorylation state-specific antibodies (19–24) have recently become available 
and were used for the quantification of pERK. The applicability of the method was 
demonstrated in peripheral blood from patients with advanced metastatic breast, 
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colon, lung, ovarian, and urothelial cancer. Although we report results for ERK 
phosphorylation, we believe that this procedure will be more widely applicable to 
the study of phospho-epitope expression in peripheral blood samples.

MATERIALS AND METHODS
Reagents and chemicals 

Erlotinib hydrochloride and methanol originated from Roche (Woerden, the 
Netherlands). The water used was of Milli-Q grade (Millipore). Methanol-free 
formaldehyde was purchased as a 40% solution in water from Merck (Darmstadt, 
Germany). PBS and RPMI medium were purchased from GIBCO BRL (Gaithersburg). 
EGF and Hoechst33342 were purchased from Sigma (St. Louis). Anti-human 
EpCAMmicro-beads, magnetic antibody cell sorting (MACS1) columns, Fc-Receptor 
block (FcR), mouse clone 5B1 IgG2a antihuman CD45-fluorescein isothiocyanate 
(FITC), and mouse clone HEA-125 IgG1 anti-human EpCAM-phycoerythrin (PE) were 
purchased from Miltenyi (Bergisch Gladbach, Germany). Rabbit clone D13.14.4E 
IgG anti-human pERK1/2-Alexa Fluor1647, and isotype rabbit clone DA1E IgG1-
Alexa Fluor1647 were purchased from Cell Signalling (Danvers). Perm/WashTM was 
purchased from Becton Dickinson (Heidelberg, Germany). Beads buffer (BB) was 
PBS containing 0.5% fetal calf serum and 2 mM EDTA degassed by sonication for 10 
min. All buffers were filtered through 0.2 µm filters before use.

Patients and whole blood collection

For each patient, three 8 ml collection tubes were used containing a Ficoll-Hypaque 
density fluid separated by a polyester gel barrier from a sodium citrate anticoagulant 
(BD Vacutainer1 CPTTM). In order to avoid possible contamination by epithelial cells 
during skin puncture, the first 4 ml of blood were collected in a separate tube for 
disposal. CTCs were isolated from 8 ml peripheral blood samples of 25 metastatic 
cancer patients, of which two patients were being treated with an EGFR tyrosine 
kinase inhibitor. Study participants were informed of the investigational nature of 
this analysis and had given written informed consent in accordance with institutional 
and national guidelines. The study protocol was approved by the ethical committee 
of the Netherlands Cancer Institute.
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Cell culture and spiking experiments

The two human lung cancer cell lines MOR/P, and A549, and the breast cancer 
cell line MCF-7 (ATCC, Rockville), were cultured as monolayer in RPMI medium 
supplemented with
10% fetal calf serum. For spiking experiments, cells were counted
and sorted by a FACSariaTM cell sorter (BD Biosciences).

Centrifugation and sample washing

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 pellet. Samples 
were washed with 1 ml Perm/Wash buffer, followed by vortex mixing at half speed.

Sample preprocessing

Cell preparation tubes (CPT) containing 8 ml of peripheral blood were centrifuged 
in a swing-out rotor at 1,500g for 25 min at ambient temperature (RT). Next, EGFR 
was stimulated under the following conditions: after centrifugation the CPT were 
inverted three times and acclimatized in a water bath for 15 min at 37°C. The upper 
CPT layer is incubated with 100 ng/ml EGF for 5 min at 37°C. Next, the upper CPT layer 
is transferred to a 50-ml Falcon tube (Becton Dickinson, Franklin Lakes) containing 
1 ml 40% formaldehyde. The CPT were washed with 3 ml physiologic salt, which 
was pooled with the rest of the sample. After vortex mixing at half speed for 10 s, 
incubation for 15 min at RT, and addition of 40 ml physiologic salt, samples were 
centrifuged 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 pellets were resuspended in 1 ml of ice-cold 50% (v,v%) 
methanol/PBS by vortex mixing for 10 s at the highest setting. After incubation on 
ice for exactly 10 min in prechilled 2 ml Eppendorf tubes, the samples were stored 
at -80°C for future analysis. 

Cell recovery optimization
A549 cells, expressing approximately 50 times less EpCAM than MOR/P, were used 
for spiking 15 CPT each containing 8 ml peripheral blood from a healthy volunteer, 
with 1,000 cells each. After sample preprocessing, samples were blocked with FcR 
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for 60 min at RT, next, 10 µl anti-EpCAM micro-beads were added for 30 min at 0°C, 
and for 30, 60, 120, and 180 min at RT. After tumor cell enrichment, recovery was 
determined by FACS analysis. An additional six CPT, each containing 8 ml human 
plasma from a healthy volunteer were spiked with 1000 A549 (n = 3) or MOR/P (n = 
3) cells and processed for FACS analysis without the EpCAM micro-bead enrichment.

Tumor cell enrichment

CTCs underwent an immuno-magnetic enrichment using anti-EpCAM micro beads 
and Fc-R, with the following modifications to the manufacturers instructions: Samples 
stored at -80°C were defrosted on ice, and after centrifugation supernatant was 
removed. The pellets were washed twice with 1 ml ice-cold BB. After centrifugation, 
the pellets were resuspended in the remaining 100 µl BB, and 40 µl of FcR was 
added for 60 min at RT. Next, 10 µl anti-EpCAM microbeads were added for 1 h at 
RT. Samples were washed twice with 1 ml of BB, followed by centrifugation. After 
resuspending the pellets in 500 µl of BB, labeled cells were collected on a MACS 
column. After removal of the column from the magnetic field, the retained EpCAM+ 
cells were eluted in two separate elution steps using 1 ml BB each, followed by 
centrifugation. 

(Immuno)fluorescence staining

The tumor cell enriched samples were stained for intracellular DNA at a final 
concentration of 5 µM Hoechst33342 for 15 min at RT in the dark. Next, samples 
were washed twice with 1 ml Perm/Wash, centrifuged, followed by staining with 
5 µl of anti-CD45-FITC for 15 min at RT in the dark. Subsequently, samples were 
stained with 5 µl of anti-EpCAM-PE, and 10 µl anti-pERK1/2-Alexa Fluor 647 for 1 h 
at RT in the dark. Next, unbound antibodies were removed with two 1 ml washes 
of Perm/Wash, followed by centrifugation. Staining linearity was measured in 
triplicate in samples spiked with 10, 30, 100, 300, 1,000, 3,000, and 10,000 MOR/P 
cells in CPT containing 8 ml peripheral blood from a healthy volunteer. Samples were 
stained with Hoechst33342, anti-EpCAM-PE, and anti-pERK-Alexa647 according 
to the conditions described above. After removal of unbound antibodies and 
Hoechst33342 mean fluorescence intensity (MFI) was measured by flow cytometry.
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Flow cytometry

Flow cytometry was performed using a CyAn ADPTM (Beckman Coulter, Brea). 
Hoechst33342, FITC, PE, and Alexa Fluor 647 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, CO).

Specificity

In order to assess the amount of background interference, three CPT containing 8 ml 
peripheral blood were drawn from 18 different healthy volunteers. The background 
was defined as the total number of events in Gate 1 of the FSC/SSC density plots 
(Fig. 1A). Furthermore, we assessed in triplicate, using 8 ml peripheral blood from a 
healthy volunteer, the influence of different FcR blocking conditions on the amount 
of background by using 20 µl FcR for 15 min at 0°C and RT, 40 µl FcR at RT for 15, 30, 
and 60 min, respectively.

Within- and between-day precision and recovery

A549 and MOR/P cells were spiked at 10, 100, 1,000, and 10,000 cells per 8 ml 
of peripheral blood in CPT which were immediately preprocessed as described 
above. Samples were measured in triplicate on 3 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 cell concentrations across run days were used. The WDP% and 
BDP% for each spike level was calculated using the formulas (n is the number of 
replicates within each run):

Lower limit of quantification

The lower limit of quantification (LLOQ) was determined by spiking in sixfold 1, 2, 
3, 4, 5, and 10 MOR/P cells in CPT containing 8 ml of peripheral 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 and 
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120% of the nominal value. 

Sample Stability

Long term storage stability was assessed by spiking 45 CPT, containing 8 ml 
peripheral blood from a healthy volunteer, with 1,400 MOR/P cells each. Three 
samples per time point were processed and stored in 50% MeOH at -80°C for 0, 1, 7, 
14, 30, 60, 120, and 180 days until analysis. We also assessed the stability of stained 
samples in triplicate after storage at 4–7°C in the refrigerator for 0, 0.25, 0.5, 1, 4, 
24, and 48 h until analysis.

CTC morphology

Stained and processed CTC samples from two colon carcinoma and one NSCLC 
patient were sorted using a FACSaria. After staining with 0.6 µg/ml Cellmask Orange 
for 10 min at RT in the dark, samples were washed and centrifuged five times with 
1 ml demineralised water supplemented with 3% FCS. The pellet was resuspended 
in the remaining 50 µl Wash buffer, transferred to a microscope slide, and dried by 
vacuum concentration in a SpeedVac (Savant, Farmingdale, NY, USA). After applying 
3 µl of Vectashield H-1000 (Vector, Burlingame, CA), a round object glass of 1 cm 
in diameter was put on top and sealed with nail polish. CTCs were identified and 
photographed using an Axiovert 200M epifluorescence microscope (Carl Zeiss, 
Göttlingen, Germany).

Statistical analysis

Statistical evaluation was performed using the student’s t-test unless indicated 
otherwise. P-values of 0.05 were considered to be significant.

RESULTS
Method development

Discrimination of CTCs from the bulk of blood cells was achieved by density gradient 
centrifugation using CPT. The gel barrier in these tubes separates the blood cells 
over two compartments. The lower compartment contains red blood cells, 
granulocytes, and the majority of monocytes. The upper compartment consists of 
plasma, CTCs, peripheral blood mononuclear cells (PBMCs), and platelets. At this 
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stage, we exposed the CTCs to a 5 min pulse of 100 ng/ml EGF, because this resulted 
in a maximal twofold induction of pERK (Supporting Information Fig. 7), which was 
completely inhibited by erlotinib in time course experiments using MCF-7 tumor 
cells (data not shown). Then, cells were treated with 50% methanol for protein 
denaturation, facilitating detection of pERK with antibodies. Fixation also enabled 
long-term storage of samples at -80°C. 

Further, CTC enrichment from the remaining background was achieved using 
magnetic anti-human EpCAM micro-beads. In the following steps, we deviated 
from the manufacturer’ instructions: For more specific EpCAM binding and higher 
recovery of samples with low EpCAM levels, samples were first incubated with 40 
µl FcR at RT for 1 h, followed by incubation with 10 µl micro-beads for 1 h at RT. A 
further 15.7 ± 1.1% increase in recovery was achieved by flushing the CTCs from 
the MACS columns with an additional 1 ml of BB. With these modifications, the 
recovery of MOR/P cells was 75% (Table 1) in a remaining background of 15,000 
PBMCs and platelets. 

Next, the DNA in the cells was stained with Hoechst-33342. Unbound stain 
was removed by washing the cells with Perm/Wash buffer. This buffer contained 
saponin, which permeabilizes the cell membrane for intracellular pERK staining 
with antibodies. In order to remove protein aggregates that can bind nonspecifically 
to antibodies, which can result in a false positive CTC count, EpCAM, CD45, and 
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pERK antibody solutions were centrifuged at 10,000g for 10 min at 4°C, and 
all buffers were filtered through 0.2 µm syringe filters. FcR and EpCAM micro-
beads were not centrifuged, because it resulted in a considerably lower antibody 
concentration and reduced CTC recovery. Identification of the CTCs by FACS using 
PE against FITC density plots (Fig. 1) was achieved after staining CTCs with anti-
EpCAM-PE, anti-CD45-FITC, and anti-pERK-Alexa647. DNA was measured as the MFI 
of Hoechst-33342 and pERK levels were measured as the MFI of pERK-Alexa Fluor 
647. During each batch analysis, two positive and two negative quality control (QC) 
samples were analyzed. The negative and positive QCs consisted of 5 million PBMCs 
from a healthy volunteer, and an additional 1,000 MOR/P cells in the positive 
QCs. The QCs were formaldehyde fixed and stably stored for a maximum of 4 
months in 50% methanol/PBS at -80°C. The measured MFI values of Alexa-647 and 
Hoechst-33342 were normalized against these positive QCs. The background from 
the two negative QCs was always below the LLOQ, and the recovery of MOR/P cells 
was always better than 75 ± 6% (Table 1). CTCs were considered to be nucleated if 
the Hoechst-33342 MFI was above the indicated DNA cut-off level for PBMCs from 
the same sample (Fig. 1E). 

Specificity

Total background levels were highest at 08C using 20 µl FcR for 15 min consisting 
of a total of 367,667 ± 76,334 PBMCs and platelets, but decreased significantly 
(P 5 0.023) to 229,283 ± 56,293 at RT. The background was significantly further 
reduced to 113,002 ± 46,811 (P 5 0.015), 49,038 ± 11,365 (P 5 0.009), 14,357 ± 
6,931 (P\0.001) by using 40 µl FcR for 15 min, 30 min, and 60 min, respectively 
(Supporting Information Fig. 5). We determined that the amount of background 
counts in the CTC gate during FACS analysis was 0.26 ± 0.29 false positive CTCs per 
8 ml peripheral blood (n = 18 healthy volunteers in triplicate). 

The rabbit clone D13.14.4E IgG anti-human pERK1/2-Alexa Fluor-647 antibody 
was specific for pERK because staining of MOR/P cells with the isotype rabbit clone 
DA1E IgG1-Alexa Fluor 647 resulted in about 100 times
lower MFI values (Fig. 1F).
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Cell recovery optimization

The recovery after the CPT enrichment step was 98 ± 2% for both A549 and MOR/P 
cells. The recovery of A549 cells after the micro-beads enrichment step was 
significantly affected by the temperature and incubation time used for micro-beads 
binding (Supporting Information Fig. 6). The maximum recovery of A549 cells was 
34% and was reached after 1 h incubation with micro-beads at RT. No significant 
increase in recovery was achieved after longer incubation times. Under these 
conditions, the recovery of MOR/P cells expressing about 50 times more EpCAM 
than A549 cells was 75 ± 6%. 

Within- and between-day precision and recovery

The precision and recovery of the method were determined by analyses of 
samples spiked with MOR/P at four different cell concentrations in triplicate in 
three consecutive analytical runs. From these results, we calculated the WDP and 
BDP and recovery (Table 1). In all cases, the precision and recoveries were well 
within the limits that are considered acceptable for bioanalytical methods. An 
exception was the 34% recovery of A549.

Lower limit of quantification
The LLOQ was determined in peripheral blood samples from six different 
volunteers spiked with a nominal MOR/P cell concentration. The determined LLOQ 
of the method was two cells in 8 ml of whole blood. At this LLOQ, the recovery 
was 108% and the precision 18.8%.

Staining linearity

Staining linearity was determined in triplicate in samples containing incremental 
amounts of MOR/P cells spiked in CPT containing 8 ml of peripheral blood of a 
healthy volunteer. The measured Hoechst-33342 staining was not significantly 
different over the tested 10 - 10,000 MOR/P spike range with an MFI of 409 ± 30. 
Staining of EpCAM and pERK was not significantly affected up to 1,000 cells per 
sample, with an MFI at spike level 10, of 3,511 ± 179 for EpCAM, and 320 ± 11 for 
pERK. However, above 1,000 cells per sample, staining of EpCAM and pERK was 
significantly reduced with an MFI at spike level 10,000 of 2,582 ± 66 (P = 0.002) for 
EpCAM, and 247 ± 6 (P = 0.003) for pERK.
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Sample stability

We determined the stability of EpCAM, CD45, DNA, and cell counts for MOR/P cells 
spiked in 8 ml peripheral blood samples after storage at -80°C for incremental time 
periods. All parameters were stable for at least 6 months, except pERK levels which 
were stable for 4 months. After 6 months, pERK levels were significantly decreased 
by 10.4% (P = 0.032). Similar results were obtained for the co-isolated lymfocytes 
and monocytes. 

We also assessed the short term stability of stained samples stored at 4°C 
during incremental time periods. The measured MOR/P cell numbers, levels 
of Hoechst-33342, pERK, EpCAM, and CD45 were stable during the tested 48 h 
storage period.

CTC morphology

CTCs from three different patients were processed and sorted by FACS. DNA 
stained with Hoechst-33342, and cell membranes stained with Cellmask 
Orange were visible by epifluorescence microscopy as blue and orange colors, 
respectively. The diameter of the CTCs varied between 4 and 12 µm. In about 50% 
of the CTCs, DNA was detected, although mostly less and fragmented compared 
to vital MOR/P cells (Fig. 2A). In some CTCs, membrane blisters were present (Fig. 
2B), whereas others resembled apoptotic bodies (Fig. 2C). However, some CTCs 
had a similar appearance and DNA content as the vital MOR/P control cells (Fig. 
2D). 

Applicability of method for determination of CTCs and pERK in patient samples

We determined in threefold the number of CTCs in samples from 25 advanced 
metastatic cancer patients, which were diagnosed with NSCLC (n = 11), colon (n = 
4), breast (n = 4), urothelial (n = 3), ovarium cancer (n = 2), and osteosarcoma (n = 
1). In 64% of the patients, the CTC numbers were above LLOQ with a mean of 12.4 
CTCs per sample. All three samples from the osteosarcoma patient tested negative 
for CTCs. The correlation between the measured CTC numbers in two subsequent 
CPT was significant (P = 0.02) with a Pearson correlation coefficient of 0.9476 (Fig. 
3). 

Furthermore, we determined in triplicate the DNA content and effect of ex vivo 
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Figure 1. Representative FACS forward against sideward scatter plot (A) with indicated 
CTC gate 1 setting. In Figures B (healthy volunteer), C (healthy volunteer spiked with 100 
MOR/P cells), and D (patient sample), all events from gate 1 are plotted as EpCAM-PE 
against CD45-FITC. The used gate settings for recognition of CTCs are 1 ± 2, for platelets 
1 ± 3, and for PBMCs 1 ± 4. The Hoechst33342 (E) and pERK (F) MFI histograms together 
with the used gating strategy are shown for PBMCs, MOR/P, and CTCs from two patient 
samples treated in vitro with and without EGF. The used Hoechst-33342 MFI cut-off value 
for identification of nucleated CTCs is indicated (E). Signal specificity of Hoechst-33342 
is demonstrated by staining of platelets (E, Background). Staining specificity of pERK is 
demonstrated by staining of MOR/P cells with isotype IgG1-Alexa647 (F, Background).

EGF stimulation on pERK levels in CTCs from eight different advanced metastatic 
patients with the following tumor types: patients 1 and 5 (NSCLC); patients 2, 6, 
7, and 8 (colon cancer); patient 3 (breast cancer); and patient 4 (bladder cancer). 
Primary tumor biopsies from all eight patients were screened for mutations in 
EGFR and KRAS: In patients 1 - 5 no mutations were found; after ex vivo incubation 
of the CPT upper layer with 100 ng/ml of EGF for 5 min at 37°C, a significant 
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upregulation of pERK was seen with a factor 1.9 (P = 0.011), 2.5 (P 5 0.024), 2.1 
(P = 0.035), and 3.7 (P = 0.010), respectively (Fig. 4). In tumor tissue of patients 
6 - 8, activating mutations in K-RAS were found and CTCs from patients 5 and 8 
were obtained while receiving treatment with the EGFR tyrosine kinase inhibitor 
lapatinib. CTCs from these patients did not show a significant increase of pERK 
following ex vivo EGF stimulation (Fig. 4). The percentage of nucleated CTCs, with 
a DNA content in the same range as PBMCs, varied between 7 ± 0.7% (patient 5) 
and 50 ± 8.5% (patient 2), with an average of 21.9 ± 4.5%.

DISCUSSION
This is the first report to demonstrate ex vivo EGFR stimulation and subsequent 
activation of ERK in CTCs. Furthermore, this is the first immunocytochemical FACS 
method for the quantification of DNA and pERK in CTCs. 

Rapid and routine analysis of large batches of formaldehyde fixed samples was 
feasible after storage in 50% methanol at -80°C. Fixation is necessary because the 
time interval and manipulations used to eliminate blood cells have the potential to 
introduce artifacts (25), as pERK is part of a signaling network that responds to the 
environment and turns over rapidly.

In order to minimize the number of background events after the MACS 
enrichment step, we reduced nonspecific binding of the magnetic anti-EpCAM 
antibodies by increasing the incubation time with a larger amount of Fc 
receptor block. 

We increased the recovery of cells with low EpCam expression by 
increasing the incubation time with the magnetic MACS antibodies at ambient 
temperature, by the addition of a second MACS elution step, and by performing 
all centrifugations in a swing-out rotor. This is important because cells of 
high metastatic potential may lose expression of EpCAM during the course of 
metastatic disease (26,27).

With our method, we found an average of 78% apoptotic CTCs. Others have 
reported 50–80% apoptotic CTCs, depending on histo type, by using the CellSearch® 
method that does not include a density centrifugation CTC enrichment step (28). 
This probably means that apoptotic CTCs are retained to the upper compartment of 
the CPT, despite the increased buoyant density of apoptotic cells (29). 

The method was validated using batch-stored fixed MOR/P cells spiked in 
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blood from healthy volunteers. Control MOR/P cells were used for assuring 
proper performance on a daily and run-to-run basis. We showed that the method 
was able to recover 75% of MOR/P cells, which was considered acceptable 
considering the complexity of the assay. We also used A549 cells as a model for 
low-EpCAM-expressing cells, considering the 50 times lower EpCAM expression 
in A549 as compared to MOR/P and still found a reasonable recovery of 34%. 
In our experience, the EpCAM expression in MOR/P is more representative for 
the average EpCAM expression in human epithelial tumor cells. The method is 
accurate and reproducible up to two cells per 8 ml peripheral blood (LLOQ). By 
analyzing different spike levels, we were able to show that the enumeration of 
CTCs was linear over the whole tested spike range of 10 to 10,000 MOR/P cells. 
The within-run precision was 12.6% and the between-run precision was 5.6%. 
Furthermore, we showed that the detection of the biomarkers EpCAM, DNA, and 
pERK was linear over a spike range of 10 - 1,000 MOR/P cells, which is probably 
enough for the quantification of biomarkers in CTCs from almost every patient 
sample. 

Long-term stability of samples stored at -80°C was good with no detectable 
degradation of cell numbers and DNA, and pERK after 6 and 4 months, 
respectively. Furthermore, cell numbers, Hoechst-33342, and pERK were shown to 
be stable in samples stored in the refrigerator for up to 48 h.

Our results show that the method can be applied for the enumeration of CTCs, and 
the determination of DNA and pERK in CTCs from patient samples. We observed 
CTCs in 64% of patients, which is in line with other published papers (30,31). As 
expected, we did not observe CTCs in the patient with osteosarcoma since EpCAM 
is not expressed on tumors of mesodermal origin (32). 

Our results confirm other reports about CTCs exhibiting a high degree of 
pleomorphism, that is high and low nuclear to cytoplasmic ratios, and early and 
late apoptotic changes (6,33) These apoptotic characteristics might explain why 
the presence of CTCs is necessary but not sufficient for the metastatic process to 
occur (2). Since there is mounting evidence for the importance of DNA content 
for the clonogenicity and metastatic potential of CTCs (2,34), we believe that 
monitoring of this biomarker can improve prediction of clinical outcome for 
patients. Furthermore, we were able to measure pERK in CTCs isolated from 
patient samples. We found that the expression of pERK was significantly increased 
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in CTCs after ex vivo stimulation of patient samples with EGF. No increase of 
pERK was seen in CTCs isolated from samples of a patient with NSCLC that was 
being treated with an EGFR tyrosine kinase inhibitor, and thus counteracts the 
stimulatory effect of EGF. The same lack of stimulation with EGF was seen in three 
patients with a K-RAS mutation. Due to this mutation, K-RAS is constitutively 
active and irresponsive to signals originating from EGFR. It would have been more 
informative to determine the total ERK to pERK ratio in CTCs and how this relates 
to the mutational status. However, a suitable primary FACS antibody against ERK 
was not available. 

In conclusion, a method has been developed and validated for the 
enumeration of CTCs, and the determination of DNA and pERK in CTCs in 
peripheral blood. The method is straightforward with long-term stability using 
standard laboratory equipment and techniques, and is suitable for application 
in clinical trials. We have shown that the method enables reproducible isolation 
of CTCs in sufficient quantity and with sufficient purity to allow molecular 
intracellular analyses. It is currently being used for determining DNA and pERK in 
CTCs in peripheral blood from metastatic lung cancer patients for assessment of 
the relevance of these biomarkers for predicting disease progression.
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ABSTRACT
Aims: Enzymatic activities of thymidylate synthase (TS) and dihydropyrimidine 
dehydrogenase (DPD) are important for the tolerability and efficacy of the 
fluoropyrimidine drugs. In this study, we explored between-subject variability 
(BSV) and circadian rhythmicity in DPD and TS activity in human volunteers.

Methods: The BSV in DPD activity (n=20) in peripheral blood mononuclear cells 
(PBMCs) and in plasma, by means of the dihydrouracil (DHU) and uracil (U) plasma 
levels and DHU:U ratio (n=40), and TS activity in PBMCs (n=19), were examined. 
Samples were collected every 4 hours throughout one day for assessment of 
circadian rhythmicity in DPD and TS activity in PBMCs (n=12) and DHU:U plasma 
ratios (n=23). In addition, the effects of genetic polymorphisms and gene 
expression on DPD and TS activity were explored.

Results: Population mean (±SD) DPD activity in PBMCs and DHU:U plasma ratio 
were 9.2 (±2.1) nmol/mg/h and 10.6 (±2.4), respectively. Individual TS activity 
in PBMCs ranged from 0.024-0.596 nmol/mg/h. Circadian rhythmicity was 
demonstrated for all phenotype markers. Between 00:30 – 02:00 h, DPD activity 
in PBMCs peaked, while the DHU:U plasma ratio and TS activity in PBMCs showed 
trough activity. Peak-to-trough ratios for TS and DPD activity in PBMCs were 1.62 
and 1.69, respectively. For the DHU:U plasma ratio, peak-to-trough ratio was 1.43. 

Conclusions: Between-subject and circadian variability in DPD and TS activity 
were demonstrated. Circadian rhythmicity in DPD might be tissue dependent. 
The results suggest influence of circadian rhythms on phenotype-guided 
fluoropyrimidine dosing and support implications for chronotherapy with high-
dose fluoropyrimidine administration during the night.
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INTRODUCTION
Anticancer drugs belonging to the group of the fluoropyrimidines are extensively 
used in the treatment of colorectal, breast and gastric cancer. Most frequently 
applied fluoropyrimidine drugs are 5-fluorouracil (5-FU) and its oral pre-prodrug 
capecitabine. After oral administration, capecitabine is rapidly absorbed and via 
a three-step enzymatic cascade converted into 5-FU. Approximately 80% of 5-FU 
is rapidly catabolized by the enzyme dihydropyrimidine dehydrogenase (DPD) to 
inactive metabolites [1–3]. About 1-3% of 5-FU is anabolized to active metabolites, 
of which 5-fluoro-2’-deoxyuridine-5’-monophosphate (FdUMP) possesses the 
highest anticancer potency [4]. This metabolite inhibits the enzyme thymidylate 
synthase (TS). Through inhibition of TS, synthesis of deoxythymidine triphosphate 
(dTTP) is reduced. Depletion of dTTP disrupts DNA synthesis and cell death ensues.

Approximately 10-30% of all patients treated with fluoropyrimidine-based 
chemotherapy develops severe, sometimes even lethal, toxicity [5]. Unfortunately, 
identification of patients at risk of severe toxicity is hampered by the unavailability 
of sensitive clinical biomarker tests. Genetic polymorphisms in the gene encoding 
for DPD, DPYD, may result in DPD deficiency. The polymorphisms DPYD*2A 
and DPYD 2846A>T are proven risk alleles and are strongly associated with 
fluoropyrimidine-induced severe toxicity [6]. Given the combined frequency 
of these two mutations of 2-3% [7,8], an important, but only a small fraction of 
patients at risk is identified by these two polymorphisms. Polymorphisms in TYMS, 
the gene encoding TS, have also been associated with fluoropyrimidine-induced 
toxicity [6,9]. However, relevance of these mutations requires clinical validation.

In order to reduce the incidence of fluoropyrimidine-induced toxicity and 
optimize dosing, more sensitive biomarkers are required. Phenotyping methods 
could provide increased sensitivity for the identification of patients at risk of 
fluoropyrimidine-induced toxicity. In order to prevent invasive procedures, DPD 
activity is often determined in peripheral blood mononuclear cells (PBMCs). 
Clearance of 5-FU has shown to correlate well with DPD activity in PBMCs 
(DPDApbmc) [10]. Furthermore, previous studies have shown that approximately 
50% of the patients suffering from severe fluoropyrimidine-induced toxicity 
had relatively low DPDApbmc [11–13]. In addition, clearance of 5-FU and 
fluoropyrimidine-induced toxicity are also associated with pre-therapeutic plasma 
levels of the endogenous DPD substrate uracil (U) in plasma, and the ratio of the 
reaction product dihydrouracil (DHU) and U in plasma [14–17]. 

Although application of phenotyping assays seems promising for identification 
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of patients at risk, only few medical centers use these methods in routine clinical 
practice [18,19]. Several factors might account for this. The development and 
validation of accurate and robust phenotyping assays is challenging, which is 
illustrated by high variability in U and DHU plasma levels among different studies 
[14]. Importantly, enzymatic activity of DPD and TS might possess circadian 
rhythms, which impedes interpretation of assay results. 

Expression of DPD in PBMCs and the DHU:U plasma ratio have previously 
shown to peak at 19:00 h [20]. Others found that human DPDApbmc peaked at 
the beginning or during the night [21,22]. However, lack of a circadian rhythm has 
also been suggested [23]. TS might also possess a circadian rhythm. In human oral 
mucosa, TS activity was found to be lowest during the night [24]. Toxicity studies 
in mice provided evidence that 5-FU-induced toxicity is relatively low when the 
drug was administered at time of trough TS activity [25,26]. 

In human patients, a 5-FU dosing regimen that is adapted to anticipated 
nocturnal peak activity of DPD showed excellent tolerability [27]. Nonetheless, 
fluoropyrimidine chronotherapy remains controversial because convincing 
pharmacological data supporting chronotherapy is lacking. In addition, 
implementation of chronotherapy in routine clinical practice is often impractical. 

Taken together, DPD and TS phenotype assays are promising for upfront 
identification of patients at risk of developing fluoropyrimidine-induced toxicity. 
To facilitate implementation of pretreatment screening of patients, examination 
of circadian rhythms in DPD and TS phenotype markers is essential. Moreover, 
circadian rhythms in DPD and TS activity could provide a rationale for clinical 
evaluation of fluoropyrimidine chronotherapy in order to improve treatment 
safety.

The purpose of the current study was to gain insight in the between-subject 
and circadian variability in DPD and TS enzyme activity in human volunteers. 
Secondary objectives were to explore the effect of genetic polymorphisms 
and gene expression on DPD and TS enzyme activities. For these reasons, 
we performed an observational study in healthy volunteers and determined 
DPDApbmc, U and DHU plasma levels, TS activity in PBMCs (TSApbmc) using newly 
developed and validated bioanalytical methods [28,29]. We applied a mixed-effect 
modeling approach to quantify circadian rhythmicity. 
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MATERIALS AND METHODS
Study design and sample collection

In total, 40 healthy volunteers participated in this study. Included subjects 
were more than 18 years old and not known with cancer, not treated with 
investigational drugs in the past 30 days prior to study assessments, and had 
not undergone surgery within the past 6 months. Age, gender, regular sleep and 
wake up time were recorded. From 20 volunteers, blood was collected at 9:00 h 
for determination of DPDApbmc, TSApbmc, DHU and U plasma levels and DPYD 
and TYMS gene expression. Of these 20 volunteers, 12 underwent additional 
blood sampling at 13:00, 17:00, 21:00, 1:00, 5:00, and 9:00 h the following day to 
examine circadian variability in DPDApbmc, TSApbmc, DHU and U plasma levels. 
From the remaining 20 volunteers, we collected samples only for determination 
of DHU and U plasma levels. Of those 20 volunteers, 9 underwent blood sampling 
once at 9:00 h and 11 volunteers were repeatedly sampled at the previously 
defined time points for evaluation of circadian variability. Thus, circadian 
variability in DPDApbmc and TSApbmc was assessed in 12 volunteers, and 
circadian variability in DHU and U plasma levels in 23 volunteers.

In order to take blood samples at night, volunteers were hospitalized. 
Intravenous cannulas were used for the volunteers participating in the overnight 
sampling part of this study. Hereby, disturbance of the normal day-night rhythm 
was limited. The study protocol was approved by the Medical Ethics Committee 
of the Slotervaart Hospital, Amsterdam, The Netherlands. All volunteers provided 
written informed consent prior to study assessments.

Determination of DPD and TS activity in PBMCs 

A volume of 8 mL of peripheral heparinized blood was collected for the 
assessment of DPDApbmc and TSApbmc. PBMCs were isolated using Ficoll-Paque 
density gradient centrifugation and stored at -80°C until further analysis [28,29]. 
DPDApbmc and TSApbmc were determined by validated radioassays [28,29]. 
Activity of DPD was expressed by the amount of 3H-dihydrothymine formed per 
mg PBMC protein after one hour of ex vivo incubation (nmol/mg/h) with the 
DPD substrate of 3H-thymine [28]. TS activity was expressed by the amount of 
5-3H-2′-deoxyuridine 5′-monophosphate that was metabolized ex vivo per mg 
PBMC protein per hour of incubation (nmol/mg/h) [29]. PBMC protein levels were 
corrected for hemoglobin contamination using a spectrophotometric method [30]. 
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Quantification of uracil and dihydrouracil plasma levels

A volume of 4 mL of heparinized whole blood was centrifuged at 1500 g for 10 
minutes at 4°C. Isolated plasma was stored at -20°C until further analysis. DHU and 
U were quantified in plasma using mass spectrometry (Jacobs et al. submitted). 
After defrosting, a volume of 20 µL of internal standard working solution 
containing 1,3-U-15N2 and 5,6-DHU-13C4,15N2 was added to 300 µL plasma. 
Protein precipitation was performed using 900 µL of MeOH and acetonitrile 
(1:1, v/v). Samples were vortex-mixed for 10 s, shaken for 10 min at 1250 rpm 
(Labinco, Breda, The Netherlands) and centrifuged at 14.000 rpm for 10 min. Clear 
supernatants were dried under a stream of nitrogen at 40°C and reconstituted in 
100 µL 0.1% formic acid in water. U and DHU plasma levels were determined using 
an ultra-performance liquid chromatography – tandem mass spectrometry (UPLC-
MS/MS) system. Chromatographic separation was performed on an Acquity UPLC® 
HSS T3 (150 x 2.1 mm ID, particle size 1.8 µm; Waters, Milford, USA) column. 
Mobile phases consisted of 0.1% formic acid in UPLC-grade water (eluent A) and 
0.1% formic acid in UPLC-grade acetonitrile (eluent B) at a flow of 0.3 mL/min. The 
following gradient was used: 0% B from 0-3.0 min, 0-90% B from 3.0-3.2 min, 90% 
B from 3.2-3.7 min, 0% B from 3.7-5 min. A Qtrap 5500 triple quadrupole mass 
spectrometer (AB Sciex, Framingham, USA) was operated in the negative mode for 
quantification of U and in the positive mode for quantification of DHU. Selected 
mass transitions for U and DHU were m/z 110.9 -> m/z 42.0 and m/z 114.9 -> m/z 
55.0. Validated concentration ranges for U and DHU were 1-100 ng/mL and 10-
1000 ng/mL, respectively. 

Gene expression of DPYD and TYMS

PBMCs were isolated from 8 mL of whole blood using Vacutainer® cell preparation 
(CPT) tubes (Becton Dickinson, Franklin Lakes, USA). Tubes were centrifuged at 
1800 g for 20 min at room temperature. The PBMCs were transferred into a clean 
50 mL tube and washed twice with NaCl 0.9%. Then, PBMCs were lysed in RNA-
Bee (TelStat, Friendswood, USA) and stored at -80 °C until total RNA extraction. 
Isolation of total RNA was performed according to the RNA-Bee manufacturer’s 
instructions. A quantity of 350 ng of the isolated total mRNA, random primers 
(Invitrogen) and SuperScript II reverse transcriptase (Invitrogen) were used for 
the synthesis of cDNA using the following PCR protocol: 25°C for 10 min, 42 °C 
for 50 min, 70 °C for 15 min, refrigeration at 4 °C. Quantification of TYMS and 
DPYD gene expression was performed in triplicate using SYBR Green PCR Master 
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Mix (Applied Biosystems, Foster City, USA) and the 7500 Fast Real-Time PCR (RT-
PCR) system (Applied Biosystems, Foster City, USA). Relative gene expression was 
determined using the 2-ΔΔCt method [31]. Peptidylprolyl isomerase B (PPIB) was 
used as housekeeping gene and Human Reference RNA (Stratagene, La Jolla, USA) 
as external calibrator. RT-PCR primer sequences are available upon request.

Genetic polymorphisms in DPYD and TYMS

Genomic DNA was isolated from 3 mL of EDTA blood using the QIAamp DNA 
mini kit (Qiagen, Valencia, USA). The polymorphisms DPYD*2 and 2846A>T were 
determined by RT-PCR using allele-specific TaqMan probes (Applied Biosystems, 
Bleijswijk, The Netherlands) [8]. Polymorphisms within the 5’UTR 28-bp tandem 
repeat (VNTR) in TYMS were analyzed using Sanger sequencing. Additionally, 
we screened for the G>C SNPs within the first tandem repeat of the 2R allele. 
Patients were stratified based on the 28-bp VNTR in TYMS to either the low TYMS 
expression group (*2/*2, *2/*3C or *3C/*3C) or high TYMS expression group 
(*2/*3G, *3C/*3G or *3G/*3G). Primer sequences are available upon request. 

Mixed-effect modeling of circadian rhythms

Mixed-effect modeling was applied to describe the circadian rhythms in 
DPDApbmc, U and DHU plasma levels and TSApbmc using NONMEM (version 
7.3.0) [32]. Piraña (version 2.9.1) was used for model management [33]. Circadian 
rhythms were modeled applying cosine functions as follows:

where Y represents the studied phenotype biomarker, Mesor is the 24-hour mean 

 

  (1)

value, AMPi is the relative amplitude and PSi is the phase shift (time of peak) for 
cosine function i. The time of day is represented by t. Between-subject variability 
(BSV) on model parameters was described using log-normal models. Residual 
unexplained variability (RUV) was estimated using additive residual error models. 
Circadian variability in U and DHU plasma levels was estimated using a single 
set of parameters for AMPi and PSi. Model evaluation was guided by goodness-
of-fit (GOF) plots, visual predictive checks (VPC), drop in objective function value 
(dOFV) and precision of obtained parameter estimates. Model management and 
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diagnostics were done using R [34], the Xpose4 package (version 4.5.3) for R and 
PsN (version 4.2) [33]. 

Statistical analysis

Statistical analyses were performed in R (version 3.1.2) [34]. Descriptive statistics 
were used to describe DPDApbmc, TSApbmc, U and DHU plasma levels and DHU:U 
plasma ratios. Assessments of normality were done using the Shapiro-Wilk test. 
Mann-Whitney U tests were applied for comparing continuous variables between 
subgroups. Pearson correlations were estimated to examine the relationship 
between DPDApbmc and U plasma levels and the DHU:U plasma ratio. The 
Pearson and Filon’s statistical test was applied to explore the difference between 
the overlapping correlations of DPDApbmc and U plasma level and of DPDApbmc 
and DHU:U ratio using the cocor package for R [35]. Associations between gene 
expression and DPDApbmc and TSApbmc were explored using the Pearson 
correlation test. Intra-day variability in DPDApbmc, TSApbmc, DHU:U plasma ratio 
and U and DHU plasma levels were assessed using repeated measures analysis of 
variance (rANOVA) tests with Tukey post hoc analysis, unless stated differently. 
P-values < 0.05 were considered statistically significant.

RESULTS
Volunteer characteristics

A total of 40 volunteers (21 females) with a mean age of 28.8 years (range: 20.3-
49.7 years) were included. Of the 40 volunteers, 39 were Caucasian. Mean (range) 
wake and sleep times were 7:00 h (6:00–8:30 h) and 23:25 h (21:45–01:50 h). 
Sample collection for baseline assessment of DPDApbmc, TSApbmc, DHU and 
U plasma levels and DPYD and TYMS gene expression was on average at 9:25 h 
(range: 8:45–11:15 h). 

Baseline characteristics of DPD and TS phenotype markers

Mean and BSV in TSApbmc, DPDApbmc, DHU:U plasma ratio and U and DHU 
plasma levels are summarized in Table 1. For one volunteer the amount of isolated 
PBMC protein was insufficient for TSApbmc analysis. TSApbmc followed a non-
normal distribution (p<0.001), whereas for the other variables this test was not 
significant. Large BSV in baseline TSApbmc was found as illustrated by a factor 25 
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difference between the maximum and minimum observed values. 

Intra-day variability in markers for TS and DPD activity

Individual and population average TSApbmc and DPDApbmc are shown in Figure 
1. Trough TSApbmc and peak DPDApbmc were observed at 1:00 h while peak 
TSApbmc and trough DPDApbmc were both detected at 17:00 h and 13:00 h, 
respectively. Peak-to-trough ratio of DPDApbmc was 1.69 and for TSApbmc 1.62. 
Figure 2 displays the intra-day variability in U, DHU and DHU:U in plasma. Peak 
and trough U plasma levels occurred at 5:00 h and 17:00 h. Throughout the day, 
DHU plasma levels showed significant differences with peak levels at 9:00 h and 
trough levels at 1:00 h. Peak-to-trough ratios for U and DHU plasma levels were 
1.39 and 1.22. Intra-day variability in U and DHU plasma levels also resulted in 
clear intra-day variability in DHU:U plasma ratios. Peak and trough DHU:U ratio 
were detected at 17:00 h and 5:00 h with a peak-to-trough ratio of 1.43. All 
examined phenotype markers revealed significant intra-day variability (Table 2). 

Mixed-effect modeling of circadian rhythms

Variable n Mean ± sd CV (%) 
 

TS activity in PBMCs (nmol/mg/h) 
 

19 0.072 (0.024 – 0.596)* - 

DPD activity in PBMCs (nmol/mg/h) 20 9.2 ± 2.1 23 

DHU:U plasma ratio 
 

U concentration (ng/mL) 
 

DHU concentration (ng/mL) 

40 10.6 ± 2.4 
 

9.8 ± 2.9 
 

98 ± 23.8 

22 
 

29 
 

24 

 

 

 

Table 1. Descriptive statistics for baseline values of thymidylate synthase and 
dihydropyrimidine dehydrogenase activity in peripheral blood mononuclear cells and 
plasma levels of uracil (U) and dihydrouracil (DHU), including the DHU:U plasma ratio, in 
healthy volunteers. Mean time of sample collection was 9:25 h (range: 8:45–11:15 h).

Abbreviations: TS = thymidylate synthase, DPD = dihydropyrimidine dehydrogenase, 
PBMCs = peripheral blood mononuclear cells, DHU = dihydrouracil, U = uracil, n = number 
of subjects, sd = standard deviation, CV = coefficient of variation. * Median and range are 
shown for TS activity, since non-normal distribution was demonstrated. 



208

Clinical and preclinical application of  biomarker methods

Figure 1. Intraday variability in 
dihydropyrimidine dehydrogenase 
(upper panel) and thymidylate synthase 
activity (lower panel) in peripheral blood 
mononuclear cells from volunteers (n = 
12). Grey lines represent individual lines 
for DPD and TS activity. Mean± standard 
error per timepoint are shown by black 
points and error bars. Differences 
between peak and trough activities are 
supported by P-values. Abbreviations: 
DPD = dihydropyrimidine dehydrogenase; 
PBMCs = peripheral blood mononuclear 
cells; TS = thymidylate synthase

Figure 2. Intraday variability in the 
dihydrouracil : uracil plasma ratio (upper 
panel), uracil plasma levels (middle panel) 
and dihydrouracil plasma levels (lower panel) 
in 23 healthy volunteers. Grey solid lines 
represent individual curves. Mean ± standard 
error per time point is shown by black points 
and error bars. Differences between peak 
and trough levels are supported by P-values. 
Abbreviations: DHU = dihydrouracil; U = uracil.
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Variable n Trough ± 
S.E.M. 

Peak ±  
S.E.M. 

Time of trough 
(hh:mm) 

Time of 
peak 

(hh:mm) 

Peak: 
Trough 

p-value of 
repeated 
measures 
ANOVA 

 
TS activity in PBMCs 

 (nmol/mg/h) 
 

12 0.068 ± 0.008 0.110 ± 0.019 * 01:00 h 17:00 h 1.62 

 

0.012$ 

 
DPD activity in PBMCs 

 (nmol/mg/h) 12 7.35 ± 0.48 12.4 ± 0.61 *** 13:00 h 01:00 h 1.69 < 0.0001 

DHU:U plasma ratio 23 7.87 ± 0.40 11.32 ± 0.74 *** 05:00 h 17:00 h 1.43 < 0.0001 

U concentration 
(ng/mL) 23 8.78 ± 0.49 12.21 ± 0.75 *** 17:00 h 5:00 h 1.39 

 

0.0002 

 
DHU concentration 

(ng/mL) 23 82.4 ± 4.2 100.9 ± 8.8 ** 01:00 h 09:00 h 1.22 0.0009 

 

Table 2. Results of the repeated measures ANOVA of thymidylate synthase and 
dihydropyrimidine dehydrogenase activity in peripheral blood mononuclear cells, 
dihydrouracil:uracil plasma ratio and uracil and dihydrouracil plasma levels in healthy 
volunteers.

Abbreviation: TS = thymidylate synthase, DPD = dihydropyrimidine dehydrogenase, PBMCs 
= peripheral blood mononuclear cells, DHU = dihydrouracil, U = uracil, n = number of 
subjects, S.E.M. = standard error of the mean, ANOVA = analysis of variance. Differences 
between peak and trough levels were based on post hoc test: p≤0.001 (***); p≤0.01(**); 
p≤0.05(*); p>0.05 (not significant). $ In case of TS activity in PBMCs, the nonparametric 
repeated measures ANOVA (Friedman test) with post hoc analysis was applied.
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A mixed-effect modeling approach was applied to quantify circadian variability. 
A combined model for circadian rhythms in U and DHU plasma levels and 
DPDApbmc was developed. Base models included BSV terms for mesors of U 
MesorU and DHU MesorDHU plasma levels and DPDApbmc MesorDPD. One cosine 
function adequately described circadian rhythms in U and DHU plasma levels. 

Equation 2 illustrates the function for model prediction of U and DHU plasma 
levels as function of the time of day (0-24 h): 

 

where circadian variability in U and DHU plasma levels is represented by 
RhythmU&DHU, the amplitude AMPU&DHU, phase shift by PSU&DHU and time of day by t.

Equation 2 was incorporated in the population model for circadian variability in U 
and DHU plasma levels, as illustrated by equations 3 and 4:

 

 

In these equations, additive residual errors for U and DHU plasma levels are 
represented by ε_U and ε_DHU, with mean zero and variance σ2.

The circadian rhythm of DPDApbmc was adequately described using a single 
cosine function. Covariance between BSV of MesorU and MesorDHU was assessed. 
The estimated correlation coefficient was 0.68 (dOFV=-17.2). In addition, there 
was a negative correlation between BSV of MesorU and MesorDPD. The correlation 
coefficients between BSV of MesorU and MesorDHU and BSV of MesorU and MesorDPD 
were included in the final model. Furthermore, there was a positive correlation 
between RUV in U and DHU plasma levels, which was also included in the final 
model (dOFV=-9.9).

The optimal model for TSApbmc contained two cosine functions to describe 
circadian variability. This model was further improved by addition of a single BSV 
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Figure 3. Visual predictive checks for final models for circadian rhythms in 
dihydropyrimidine dehydrogenase (A) and thymidylate synthase (B) activity in peripheral 
blood mononuclear cells, and uracil (C) and dihydrouracil (D) plasma levels. Lines 
represent the 10th percentile, median and 90th percentile of observed data. Shaded 
areas represent corresponding 95% confidence intervals of simulated data. Abbreviations: 
DPD = dihydropyrimidine dehydrogenase; PBMCs = peripheral blood mononuclear cells; TS 
= thymidylate synthase.
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Parameter Estimate RSE (%) 

Structural model parameter 
  MesorU (ng/mL) 9.95 4.3 
  MesorDHU (ng/mL) 91.4 2.9 
  AmplitudeU&DHU 0.082 15.5 
  Phase shiftU&DHU (hh:mm) 01:56 21.4 
  MesorDPD (nmol/mg/h) 9.94 4.0 
  AmplitudeDPD 0.245 9.3 
  Phase shiftDPD (hh:mm) 01:46 18.4 
  MesorTS (nmol/mg/h) 0.080 19.4 
  AmplitudeTS 1 0.129 28.9 
  AmplitudeTS 2  0.106 29.6 
  Phase shiftTS 1 (hh:mm)  13:24 3.1 
  Phase shiftTS 2 (hh:mm)  18:42 1.1 
Between-subject variability 
  MesorU (CV%) 24.3 10.7 
  MesorDHU (CV%) 17.8 14.3 
  MesorDPD (CV%) 17.5 17.8 
  MesorTS (CV%) 92.3 16.8 
  AmplitudeTS 1 and 2 (CV%) 56.5 33.2 
Residual unexplained variability 
  𝛔𝛔𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚,𝐔𝐔 (ng/mL) 2.05 21.5 
  𝛔𝛔𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚,𝐃𝐃𝐃𝐃𝐔𝐔 (ng/mL) 16.2 11.8 
  𝛔𝛔𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚,𝐃𝐃𝐃𝐃𝐃𝐃 (nmol/mg/h) 1.14 19.5 
  𝛔𝛔𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚𝐚,𝐓𝐓𝐓𝐓 (nmol/mg/h) 0.014 20.3 
Correlations 
  ρ (BSV BaseU, BSV BaseDHU) 0.68 - 
  ρ (BSV BaseU, BSV BaseDPD) -0.16 - 
  ρ (σU, σDHU) 0.26 - 

Table 3. Parameter estimates of the final 
models of circadian rhythms in uracil and 
dihydrouracil plasma levels, thymidylate 
synthase and dihydropyrimidine 
dehydrogenase activity in peripheral blood 
mononuclear cells. The circadian rhythm in 
thymidylate synthase activity was described 
by two cosine functions, for which separate 
amplitudes and phase shifts were estimated.

Abbreviations: Mesor = rhythm-
adjusted mean, Phase shift = time of 
peak, TS = thymidylate synthase, DPD = 
dihydropyrimidine dehydrogenase, DHU 
= dihydrouracil, U = uracil, RSE = relative 
standard error, CV = coefficient of variation, 
BSV = between-subject variability, σ = 
residual variability, ρ = correlation coefficient.

Figure 4. Typical patterns of circadian variability 
in dihydropyrimidine dehydrogenase and 
thymidylate synthase enzyme activity in 
peripheral blood mononuclear cells, and uracil 
and dihydrouracil plasma levels in healthy 
volunteers. Circadian variability is expressed as a 
percentage of the mesor (rhythm-adjusted 
mean). 
DPD, dihydropyrimidine dehydrogenase; TS, 
thymidylate synthase. Uracil (ng/ml); 
dihydrouracil (ng/ml);  DPD activity in 
PBMCs (nmol/mg/h);  TS activity in PBMCs 
(nmol/mg/h) 
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term on both amplitudes (dOFV=-16.7). 

VPCs of the final circadian models are shown in Figure 3. The parameter 
estimates are given in Table 3. The typical circadian rhythms of the studied 
phenotype markers are shown in Figure 4. GOF plots are provided as 
supplementary material (Supplementary Figures S1-4).

Associations between DPD activity in PBMCs and in plasma

There was a modest but significant negative correlation between DPDApbmc and 
U plasma levels (r2=0.26; p=0.02; Supplementary Figure S5). There was a trend 
towards a positive association between DPDApbmc and DHU:U plasma ratio 
(r2=0.17; p=0.07). Difference in overlapping correlations between DPDApbmc and 
U plasma level and of DPDApbmc and DHU:U ratio was not statistically significant.

Associations between TYMS and DPYD genotypes and phenotypes

There were 10 volunteers with the TYMS low expression genotype and 9 
volunteers with the TYMS high expression genotype. Although the average 
TSApbmc was as expected higher in volunteers with the high expression genotype, 
the difference was not significant (p=0.32; Supplementary Figure S6). Among 
the volunteers, we identified one volunteer with the very uncommon 2RC/3RC 
expression genotype. The proportion of individuals with this genotype was 
previously reported to be 2% [36]. TSApbmc in this volunteer was relatively low 
(0.036 nmol/mg/h; Supplementary Figure S6). None of the 40 volunteers was 
carrier of the DPYD*2A allele, and one volunteer was heterozygous for DPYD 
2846A>T. 

Associations between TS and DPD enzyme activity and gene expression in PBMCs 

To assess whether TS and DPD enzyme activity in PBMCs are regulated on a 
transcriptional level, we explored associations between gene expression and 
TSApbmc and DPDApbmc (Supplementary Figure S7). There was a strong positive 
correlation between TSApbmc and TYMS gene expression (r2=0.84; p<0.001). In 
contrast, a weak, but significant negative correlation was found for DPDApbmc 
and DPYD gene expression (r2=0.22; p=0.04). 
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DISCUSSION
This study clearly identified and quantified wide BSV and circadian rhythmicity in 
phenotypic markers of TS and DPD activity. Intra-day variability was noticeable 
in the presented data. Eventually, we were able to describe circadian rhythms 
in DPDApbmc, U and DHU plasma levels using in a combined model and 
rhythmicity in TSApbmc by the sum of two cosine functions. Model parameters 
were estimated with adequate precision and model diagnostics did not suggest 
structural deviations. Therefore, this is the first report to successfully describe and 
fully quantify circadian rhythmicity of TSApbmc, DPDApbmc, U and DHU plasma 
levels using the mixed-modeling approach. 

Although there was a moderate correlation between baseline DPDApbmc and 
U plasma levels, circadian rhythmicity in DPDApbmc and U and DHU plasma levels 
clearly suggested two different patterns in DPD activity. Time of peak DPDApbmc 
was estimated at 01:46 h. However, at that time, we also discovered peak U 
and trough DHU plasma levels, suggestive for trough DPD activity at the same 
timepoint. Magnitude of circadian variation was more pronounced for DPDApbmc 
than for U and DHU plasma levels, which is illustrated by relative amplitudes 
of 0.245 for DPDApbmc and 0.082 for U and DHU plasma levels. Residual 
unexplained variability was relatively large in the circadian model for U and DHU 
in plasma. This indicates that there are unidentified variables, other than circadian 
rhythmicity, accounting for variability in U and DHU plasma levels. 

Others have also reported circadian rhythmicity on surrogate markers 
for systemic DPD activity [20,21,37]. Results from these studies show large 
differences. Jiang et al. determined circadian rhythmicity in DHU:U plasma ratios 
and DPD protein expression in PBMCs in human volunteers and found peak levels 
for both markers at approximately 18:40 h. They found an average DHU:U plasma 
ratio in their study of 5.1 and found a large effect of circadian rhythmicity on this 
marker, considering the observed peak-to-trough ratio of 3.4 [20]. Compared to 
our study, they showed more pronounced circadian variability in U and DHU and 
earlier peak expression of DPD protein in PBMCs. Their average DHU:U plasma 
ratio is remarkably lower than the average DHU:U plasma that we observed. Zeng 
et al. reported peak DHU:U plasma ratios in patients at 2:30 h and with a relative 
amplitude of 0.13 [37]. Although the magnitude of circadian variability of their 
findings was in line with ours, time of peak is completely opposite to our results. 
Peak DPDApbmc in patients who were treated with 5-FU was detected around 
midnight by Harris et al. [21]. Besides the time of peak activity also the magnitude 



Circadian rhythms in thymidylate synthase and dihydropyrimidine dehydrogenase enzyme activity

215

of rhythmicity was very close to our results on DPDApbmc. 

DPD activity in PBMCs and the DPD phenotype in plasma might be regulated 
by different mechanisms. Circadian rhythms are generally maintained by a central 
circadian clock located in the hypothalamus [38]. The circadian clock consists of 
a transcription-translation based oscillatory feedback mechanism involving a set 
of genes, called clock genes. Clock proteins control circadian rhythms of other 
genes by regulating transcriptional processes. However, circadian clocks have 
been found in several peripheral tissues. This allows for tissue specific regulation 
of rhythmicity. Surprisingly, circadian clock genes in PBMCs show expression 
in a circular manner which has been shown to be conserved in cultured PBMCs 
[39,40]. Previous experiments suggested that DPD activity is coordinated by the 
clock gene PER1 [41], which is one of the genes that show circadian rhythmicity in 
PBMCs [39,40]. Tissue specific regulation of clock genes might cause DPD activity 
in PBMCs to deviate from DPD activity in other body compartments, which could 
lead to differences in circadian rhythms for DHU:U in plasma and DPDApbmc. 
Alternatively, other enzymatic processes might contribute to rhythmicity in U 
and DHU plasma levels. The enzyme uridine phosphorylase (UP), which degrades 
uridine to U, and the enzyme DPD show opposite circadian rhythms in mice [42]. 
If these two enzymes also show opposite rhythms in humans this could contribute 
to circadian variability in U plasma levels. Since DPDApbmc and DHU:U plasma 
ratio show opposing circadian rhythms, patient samples for DPD phenotyping 
or therapeutic drug monitoring of 5-FU should preferably be collected at the 
intersect of both rhythms, which is at approximately 8:00 h and 20:00 h. 

Correlation between DPDApbmc and U plasma level and of DPDApbmc and 
DHU:U ratio were rather weak. These weak correlations could be caused by 
differences in analytical methods and biological sample matrices. The method 
for DPD activity in PBMCs is based on ex vivo conversion of the radiolabeled 
DPD substrate 3H-dihydrothymine and showed to be highly selective for the 
enzyme DPD [28]. Conversely, enzymes, other than DPD, might contribute to 
the regulation of U and DHU plasma levels. The enzyme UP is involved in the 
formation of U and dihydropyrimidinase catalyzes the degradation of DHU. 
Consequently, BSV in UP and dihydropyrimidinase activity could affect U and 
DHU plasma levels, which in turn, could attribute to the weak correlation with 
DPDApbmc. DPD-based adaptive dosing of fluoropyrimidines using the DHU:U 
plasma ratio could be biased by the involvement of other enzymes. Additional 
clinical research is needed to evaluate the applicability of DHU:U plasma for DPD-
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based adaptive dosing of fluoropyrimidines.

TSApbmc displayed circadian variability and particularly large BSV. Smaaland et al. 
discovered a circadian rhythm in bone marrow DNA synthesis of healthy human 
volunteers. They observed trough DNA synthesis at midnight, a minor peak in 
DNA synthesis at 8:00 h and maximum DNA synthesis at 16:00 h [43]. This is in 
agreement with the pattern we observed in TSApbmc. Since TS activity is required 
for DNA synthesis it might be anticipated that these processes are depending on 
each other and, therefore, show similar patterns.

Strong correlation between TSApbmc and TYMS gene expression in PBMCs 
clearly suggests that BSV in TS activity is regulated on a transcriptional level. 
Within cancer tissue, others have found correlations between TS protein and 
gene expression as well [44,45]. One volunteer carried the G>C SNP in the 2R 
allele and was identified with 2RC/3RC genotype in TYMS. The 2RC allele has 
been associated with low TS expression in vitro [36,46]. We also found that the 
TSApbmc for this subject was relatively low. Moreover, we recently showed 
that patients carrying the 2RC allele are at strongly increased risk of developing 
fluoropyrimidine-induced toxicity [9].

DPDpbmc showed a weak negative correlation with DPYD gene expression. 
A trend towards negative correlation between DPD activity and gene expression 
was also found in human mucosa tissue [47]. It seems plausible that DPD activity 
is regulated on a posttranscriptional level, which indicates that DPYD gene 
expression can not be used for the prediction of the DPD phenotype in PBMCs.

Although various pharmacological methods were used to measure the TS 
and DPD activity patterns, a drawback of the study might be the relatively small 
number of individuals. For this reason, we performed mixed-effect modeling to 
use all available data for full quantitative description of the time course of the 
markers. Larger studies are needed to assess the associations between DPYD and 
TYMS polymorphisms and DPD and TS phenotypes more extensively.

Taken together, multiple studies have been performed in order to assess 
circadian rhythms in DPDApbmc, U and DHU. These studies show differences 
concerning time of peak levels and magnitude of circadian rhythms. This might 
be due to limited sample size, variability among populations, and differences in 
bioanalytical methods. Other factors that are organized in a circadian manner, 
like exposure to light, intake of food, liver blood flow, body temperature, 
activity, other enzymes or mediators, may additionally play a role in regulation 
of circadian rhythmicity of U and DHU plasma levels, TSApbmc and DPDApbmc. 
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However, further research is warranted to identify factors that are associated with 
rhythmicity in DPD and TS.

By extensively validating our developed phenotyping assays we maximized our 
effort to obtain accurate and representative values for the phenotype markers. We 
discovered substantial BSV in baseline DPDApbmc, U and DHU plasma levels and 
large BSV in baseline TSApbmc. Circadian rhythmicity in DPDApbmc was opposite 
and more prominent compared to rhythmicity in U and DHU plasma levels. And 
TSApbmc showed peak activity in the afternoon and trough activity during the 
night. These results highly suggest possible influence of circadian rhythms on 
phenotype-guided fluoropyrimidine dosing. Moreover, there might be implications 
for fluoropyrimidine chronotherapy. Tolerability to fluoropyrimidines in mice has 
been shown to be largest at time of trough TS and peak DPD activity [26], which 
should occur during the night according to our results. Levi et al. previously 
showed superior 5-FU tolerability, when the drug was administered at night [27]. 
The pharmacological results in the current study support this clinical observation 
that fluoropyrimidine chronotherapy, with relatively high dose intensity during the 
night, might show better tolerability. 

Capecitabine is usually administered twice daily at a 12-hour interval 
with equal morning and evening doses. Because of this dosing regimen, 
circadian rhythms in DPD and TS activity could in particular affect tolerability 
of capecitabine. We are currently performing a pharmacological study of 
chronomodulated capecitabine therapy in patients to explore the role of circadian 
rhythms in DPD and TS activity on treatment tolerability and drug exposure. In this 
pharmacological study, the morning:evening ratio of the daily capecitabine dose 
is 3:5 in order to administer high-dose capecitabine in the late evening (http://
www.trialregister.nl, study identifier: NTR4639). In addition, we are exploring 
the applicability of our phenotype markers with regard to phenotype adjusted 
fluoropyrimidine treatment in a prospective study (http://www.clinicaltrials.
gov, study identifier: NCT02324452). In conclusion, markers for TS and DPD show 
circadian variability, which offers opportunities for improved fluoropyrimidine 
treatment safety.
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SUPPLEMENTARY MATERIAL

 

 

 

 

 

 

 

Nominal thymine 
concentration (µM) 

Average measured thymine 
concentration (µM) 

Deviation 
(%) 

CV 
(%) 

    
2.5 2.49 -0.3 0.2 

    
12.5 13.28 6.3 0.4 

    
50 53.24 6.5 0.2 

    

Table S1. The specificity of thymine in heat-treated PBMC lysate protein (20 µg). 

Abbreviation: PBMC, peripheral blood mononuclear cells; CV, coefficient of variation

Figure S1. Goodness of fit plots for circadian model predicted dihydropyrimidine 
dehydrogenase activity in peripheral blood mononuclear cells. Grey dots represented 
observed data and black lines represent the trend of the data. 
Abbreviation: CWRES = conditional weighed residuals.
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Figure S2. Goodness of fit plots for circadian model predicted uracil plasma levels. 
Grey dots represented observed data and black lines represent the trend of the data. 
Abbreviation: CWRES = conditional weighed residuals.
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Figure S3. Goodness of fit plots for circadian model predicted dihydrouracil plasma levels. 
Grey dots represented observed data and black lines represent the trend of the data.
Abbreviation: CWRES = conditional weighed residuals.



Circadian rhythms in thymidylate synthase and dihydropyrimidine dehydrogenase enzyme activity

225

Figure S4. Goodness of fit plots for circadian model predicted thymidylate synthase 
activity in peripheral blood mononuclear cells. Grey dots represented observed data and 
black lines represent the trend of the data.
Abbreviation: CWRES = conditional weighed residuals.
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Figure S5. Correlation between baseline 
dihydropyrimidine dehydrogenase activity 
in peripheral blood mononuclear cells and 
uracil plasma levels (r2 = 0.26, p=0.02) in 
20 healthy volunteers. The shaded area 
represents the 95% confidence interval of the 
line.
Abbreviation: DPD = dihydropyrimidine 
dehydrogenase, U = uracil.

Figure S6. Baseline thymidylate synthase 
activity in peripheral blood mononuclear 
cells for low (n=10) and high (n=9) TYMS 
expression genotypes. Median TS activity 
per group is shown in the plot. Range in 
TS activity was highest for the TYMS high 
expression group. Difference in TS activity 
between groups was not statistically 
significant (p=0.32). TS activity of the 
volunteer with the 2RC/3RC genotype is 
separately shown (black diamond).
Abbreviations: TS = thymidylate synthase.
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Figure S7. Strong positive correlation between thymidylate synthase activity and gene 
expression (r2 =0.84; p<0.001) (left panel) and weak negative correlation between 
dihydropyrimidine dehydrogenase activity and gene expression (r2=0.22; p=0.04) (right 
panel) in human peripheral blood mononuclear cells obtained from 20 healthy volunteers. 
Shaded areas represent 95% confidence intervals of the lines. 
Abbreviations: TS = thymidylate synthase, DPD = dihydropyrimidine dehydrogenase.
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ABSTRACT 
Purpose: Capecitabine is an oral pre-pro-drug of the anti-cancer drug 
5-fluorouracil (5-FU). The biological activity of the 5-FU degrading enzyme, 
dihydropyrimidine dehydrogenase (DPD), and the target enzyme thymidylate 
synthase (TS), are subject to circadian rhythmicity in healthy volunteers. The 
aim of this study was to determine the maximum tolerated dose (MTD), dose-
limiting toxicity (DLT), safety, pharmacokinetics (PK) and pharmacodynamics (PD) 
of capecitabine therapy adapted to this circadian rhythm (chronomodulated 
therapy).

Methods: Patients aged ≥18 years with advanced solid tumours potentially 
benefitting from capecitabine therapy were enrolled. A classical dose escalation 
3+3 design was applied. Capecitabine was administered daily without 
interruptions. The daily dose was divided in morning and evening doses that 
were administered at 9:00 h and 24:00 h, respectively. The ratio of the morning 
to the evening dose was 3:5 (morning : evening). PK and PD were examined on 
treatment days 7 and 8.

Results: A total of 25 patients were enrolled. The MTD of continuous 
chronomodulated capecitabine therapy was established at 750/1250 mg/m2/
day, and was generally well tolerated. Circadian rhythmicity in the plasma PK 
of capecitabine, dFCR, dFUR and 5-FU was not demonstrated. TS activity was 
induced and DPD activity demonstrated circadian rhythmicity during capecitabine 
treatment.

Conclusion: The MTD of continuous chronomodulated capecitabine treatment 
allows for a 20% higher dose intensity compared to the approved regimen (1250 
mg/m2 bi-daily on day 1-14 of every 21-day cycle). Chronomodulated treatment 
with capecitabine is promising and could lead to improved tolerability and efficacy 
of capecitabine.
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INTRODUCTION
Capecitabine is an oral pre-pro-drug of 5-fluorouracil (5-FU) and is frequently used 
for the treatment of colorectal, breast and gastric cancer. After administration, 
capecitabine is rapidly and completely absorbed and converted into subsequently 
5’-deoxy-5-fluorocytidine (dFCR), 5’-deoxy-5-fluorouridine (dFUR) and 5-FU via 
a three-step enzymatic pathway involving carboxyl esterase, cytidine deaminase 
and thymidine phosphorylase (TP), respectively [1]. Approximately 80% of 5-FU 
is catabolized to inactive metabolites. A small proportion of 5-FU is intracellularly 
anabolized to the cytotoxic metabolites 5-fluorouridine 5’-triphosphate (FUTP), 
5-fluoro-2’-deoxyuridine 5’-triphosphate (FdUTP), and 5-fluoro-2’-deoxyuridine 
5’-monophosphate (FdUMP) [2,3]. The main mechanism of action is inhibition 
of the enzyme thymidylate synthase (TS), which is essential for DNA synthesis 
[4,5]. Dihydropyrimidine dehydrogenase (DPD) is the enzyme that catalyzes 5-FU 
degradation into dihydro-5-FU. Dihydro-5-FU is eventually converted to fluoro-β-
alanine (FBAL), which is cleared renally [1,6].

The recommended dose (RD) of capecitabine is 1250 mg/m2 twice daily 
(BID) on day 1–14 of a 21-day cycle [7]. In early clinical phase I studies, both 
continuous and intermittent dosing regimens were examined [8,9]. For continuous 
capecitabine treatment, the RD was 666 mg/m2 BID [9], which is a 20% lower 
dose intensity than for intermittent treatment [8]. Intermittent and continuous 
treatment schedules have been compared in a phase II clinical trial and showed 
similar efficacy [10]. Although the intermittent dosing regimen was recommended 
for further clinical evaluation, diarrhoea, hand-foot syndrome, vomiting, nausea 
and stomatitis were more frequently reported with the intermittent schedule than 
the continuous capecitabine treatment [10]. 

The time of dose administration could also influence tolerability 
of capecitabine. In previous studies, 5-FU metabolism demonstrated 
circadian rhythmicity [11–13]. Chronomodulated and constant-rate infusion 
with intravenous 5-FU have been compared in a randomized trial [14]. 
Chronomodulation was achieved by nocturnal administration of 5-FU, since peak 
activity of DPD and trough TS activity were expected during the night. The 5-FU 
chronomodulated schedule was more effective and less toxic than constant-rate 
infusion of 5-FU [14]. 

Recently, we examined the circadian rhythmicity in DPD and TS activity in 
healthy volunteers [15]. At 2.00 a.m. a peak in DPD activity (which was about 50% 
higher compared with afternoon activity) and trough TS activity were reported 
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[15]. Adaptation to the circadian rhythm of DPD may result in a more constant 
5-FU exposure. This might benefit patients, as exposure to 5-FU at trough TS 
activity has been associated with improved 5-FU safety and tolerability [16]. Based 
on these data, we hypothesized that chronomodulated capecitabine therapy 
would improve treatment tolerability by administering the highest capecitabine 
dose at night during maximum DPD activity and trough TS activity. Since 
continuous BID capecitabine treatment was better tolerated than intermittent 
therapy [10], chronomodulation was expected to result in even better tolerability, 
which potentially could lead to increased dose intensity. 

The aim of this phase I study was to determine the maximum tolerated dose 
(MTD), dose-limiting toxicity (DLT), pharmacokinetics (PK) and pharmacodynamics 
(PD) of continuous chronomodulated BID capecitabine therapy.
 

METHODS
Patient selection

Patients aged ≥18 years, with advanced solid tumours potentially benefiting from 
capecitabine treatment and adequate bone marrow, hepatic and renal function 
were eligible for enrolment. Patients with known DPD deficiency caused by 
genetic polymorphisms in DPYD (DPYD*2A or c.2846A>T) were excluded. 

Study design

This was a phase I, open label, dose-escalation study. Patients received 
capecitabine tablets (150 mg and 500 mg) on day 1-21 of a 21-day cycle until 
disease progression, unacceptable toxicity, or patient refusal. Capecitabine 
was administered with water within 30 minutes after a light meal, both in the 
morning and late evening. A classical 3+3 dose escalation design was applied. 
[17] The capecitabine dose was escalated according to five predefined dose levels 
(1000, 1275, 1600, 2000 and 2550 mg/m2 total daily dose). The total daily dose 
was divided in morning and evening doses that were administered at 9:00 h and 
24:00 h (± 1 h), respectively, according to a 3:5 (morning : evening) ratio, based on 
the 3:5 ratio in trough to peak DPD activity observed in healthy volunteers [15]. 
The MTD was expanded to a maximum of 12 patients. DLT period was defined 
as the first three weeks of treatment. Toxicity was assessed weekly during the 
first treatment cycle and at the end of each subsequent cycle according to the 
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Common Terminology Criteria for Adverse Events (CTC-AE) version 4.03. Tumour 
response was evaluated every two treatment cycles according to the Response 
Evaluation Criteria in Solid Tumors (RECIST) version 1.1 [18]. The study protocol 
was approved by the local ethical committee and was performed in compliance 
with Good Clinical Practice guidelines and the WHO Declaration of Helsinki. The 
study was registered in the Dutch Trial Registry (http://www.trialregister.nl, study 
identifier: NTR4639).

Pharmacokinetic analyses

In order to examine circadian variability, the plasma PK of capecitabine, dFCR, 
dFUR, 5-FU, and FBAL were examined during day- and nighttime. Peripheral blood 
was collected at pre-dose and 0.5, 1, 1.5, 2, 3, 5, 11, 15 h after capecitabine intake 
at 9:00 h on day 7 of treatment and during the following night (day 8), 0.5, 1, 1.5, 
2, 3, 5 and 9 h after capecitabine intake at 24:00 h. Blood samples were collected 
in lithium-heparinized tubes, which were centrifuged for 10 min at 1500g and 4 °C 
after collection. Isolated plasma was stored at -70 °C until further analysis. 

As an exploratory objective, the intracellular PK of FUTP, FdUTP and FdUMP 
in peripheral blood mononuclear cells (PBMCs) were determined at pre-dose, 
1.5 and 3 h after capecitabine intake at 9:00h on day 7 of treatment. For this, 
PBMCs were isolated from peripheral heparinized blood using Ficoll-paque 
density gradient and counted using previously described procedures [19]. 
Capecitabine and metabolite concentrations were quantified using validated liquid 
chromatography coupled to tandem mass spectrometric (LC-MS/MS) methods 
[19,20].

Non-compartmental plasma PK analyses (NCA) were performed using a 
validated script in R version 3.3.0 [21]. The following individual PK parameters 
were extracted: the maximum plasma concentrations (Cmax), the time to 
reach maximum plasma concentration (tmax), and the area under the plasma 
concentration-time curve up to 5 h post-dose (AUC0-5h) for capecitabine, dFCR, 
dFUR and 5-FU, and the AUC extrapolated to infinity (AUC0-inf) for FBAL. Paired 
t-tests were performed for statistical comparison of the AUC0-5h after morning 
and evening administration of capecitabine.

Pharmacodynamic analyses

Circadian variability in DPD and TS activity were examined. DPD and TS activity in 
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PBMCs (DPDApbmc and TSApbmc) were determined at several time points during 
the day: at pre-dose, 1.5, 11 and 15 h after capecitabine intake at 9:00 h on day 
7 and 1.5 h after capecitabine intake at 24:00 h (day 8). In addition, DPDApbmc  
and TSApbmc were determined at screening (within 3 days before treatment). 
PBMCs were isolated from peripheral heparinized blood using Ficoll-Paque density 
gradient centrifugation and stored at -80 °C until further analysis. DPDApbmc and 
TSApbmc were determined using validated radio-assays [22–24].

The applicability of the dihydrouracil to uracil (DHU:U) ratio in plasma, as a 
marker for DPD activity, was explored using the same plasma samples as for PK 
analysis. Uracil and dihydrouracil levels were quantified using a validated LC-MS/
MS method [25], after which DHU:U molar ratios were calculated.

To explore the treatment effect of capecitabine on the TP phenotype, TP 
activity in PBMCs (TPApbmc) was determined at screening, day 7 at pre-dose (9:00 
h), and end of treatment using a previously developed assay. [26]

Variability in DPDApbmc and TSApbmc was examined using repeated measures 
analysis of variance (rANOVA) and the nonparametric Friedman test, respectively. 
The difference between TPApbmc at screening and day 7 was examined by the 
paired t-test. Statistical difference was considered significant at p-values <0.05.

RESULTS
In total, 25 patients were enrolled in the study between July 2014 and February 
2019, of which 22 patients were evaluable for safety. Patient characteristics are 
summarized in Table I. The median (range) number of administered treatment 
cycles was 4 (1–11).

Treatment tolerability

Overall, continuous chronomodulated capecitabine therapy as well tolerated. 
The most commonly reported toxicities were fatigue (68%), hand-foot syndrome 
(55%), nausea (45%), and diarrhoea (36%). An overview of the observed adverse 
events possibly, probably or definitely related to study treatment is summarized in 
Table II. 

A total of six serious adverse events (SAEs) were reported, of which one (i.e., 
grade 3 diarrhoea) was possibly related to study treatment. Other SAEs were 
grade 3 Ileus (3x), grade 3 urinary tract infection (1x), and grade 4 haemorrhage 
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Characteristic Number of  

patients 

% 

Total number of patients 25 100 

Gender   

 Male 11 44 

 Female 14 56 

Ethnic origin   

 Caucasian 24 96 

 Creole 1 4 

Age   

 Median (range), years 64 (40-78) 

WHO performance status   

 0 12 48 

 1 12 48 

 2 1 4 

Primary tumor type   

 Colorectal 10 40 

 SCLC 2 8 

 Head and neck 2 8 

 Other 11 44 

Stage of cancer   

 Locally advanced 1 5 

 Metastatic 24 95 

Prior treatment   

 Chemotherapy 24 96 

 Radiotherapy 13 52 

 Surgery 16 64 

 Immunotherapy 12 48 

 

Table I. Demographic and disease characteristics.

Abbreviations: WHO, world health 
organisation; SCLC, small cell lung cancer 
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 Dose level 1 Dose level 2 Dose level 3 Dose level 4 Dose level 5 Total  

Number of patients n = 3 n = 3 n = 3 n = 8 n = 5 n = 22 

CTCAE grade toxicity Gr. 1-2 Gr. 3 Gr. 1-2 Gr. 3 Gr. 1-2 Gr. 3 Gr. 1-2 Gr. 3 Gr. 1-2 Gr. 3 N % 

Toxicity             

Fatigue 1  2  3  6  2 1 15  68 

Hand-foot syndrome   1  1  5  2 3 12  55 

Nausea 1  1  3  3  2  10 45 

Diarrhoea 2     1 1  2 2 8 36 

Anorexia 1  1  1  2  1  6 27 

Peripheral sensory neuropathy   1    3  1  5 23 

Anemia       1 2 1  4 18 

Vomiting     2  1  1  4 18 

Blood bilirubin increased 1    1  1    3 14 

Dry skin       2  1  3 14 

Dysgeusia     1  1  1  3 14 

Dry mouth       1  1  2 9 

Oral mucositis       1  1  2 9 

Nail discoloration         2  2 9 

Neutropenia       1  1  2 9 

Rash     1    1  2 9 

Table II. Treatment-related adverse events in all cycles by dose level. Treatment-related 
adverse events observed in ≥5% of patients treated with chronomodulated capecitabine or 
≥ grade 3. 

Abbreviations: CTCAE, Common Terminology Criteria for Adverse Events; Gr., grade; n, 
number of subjects.
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Figure 1. Mean (+SD) plasma concentration-time profiles of capecitabine (CAP), 5’-deoxy-
5-fluorocytidine (dFCR), 5’-deoxy-5-fluorouridine (dFUR), 5-fluorouracil (5-FU) and 
fluoro-β-alanine (FBAL) after dose administration in the morning (at 9:00 h) and at night 
(24:00 h) for dose level 1-5 on treatment day 7 and 8, respectively. (n=24)
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Figure 2. Dose-normalized area under the plasma concentration-time curve up to 5 h 
(AUC0-5h, μg*h/mL) for capecitabine (CAP), 5’-deoxy-5-fluorocytidine (dFCR), 5’-deoxy-
5-fluorouridine (dFUR), 5-fluorouracil (5-FU) and extrapolated from zero to infinity 
(AUC0-inf) for fluoro-β-alanine (FBAL) after dose administration in the morning (at 9:00 
h) and in night (24:00 h) on treatment day 7 and 8, respectively (n=24)
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Figure 3. Intracellular peripheral blood mononuclear cell concentrations of 
5-fluorouridine-5’-triphosphate (FUTP) after 7 days of chronomodulated capecitabine 
treatment at indicated morning/evening doses (mean +SD)

Dose 
level 

Capecitabine 
(mg/m2) 

at 9:00 h / 
24:00 h 

Number 
of 

patients 

Patients 
experiencing 

DLT 

1 375 / 625 3 None 

2 475 / 800 3 None 

3 600 / 1000 3 None 

4 750 / 1250 8 None 

5 950 / 1600 5 2 

 * DLT was defined as any of the following events occurring in the first 3 weeks of treatment 
considered to be at least possibly, probably or definitely related to study treatment: ≥ grade 
3 non-hematologic toxicity (other than alopecia, inadequately treated nausea, vomiting or 
diarrhoea), thrombocytopenia grade 4 or grade 3 associated with bleeding events, grade 4 
neutropenia, grade 3 febrile neutropenia, ≥ grade 3 anaemia, and/or a dose interruption of 
more than 7 days due to toxicity.
§ A total of 22 patients out of the 25 enrolled were evaluable for safety. One patient in dose 
level 5 was not evaluable for DLT, due intake of an incorrect capecitabine dose during the first 
7 days of treatment. Two patients only received one treatment cycle due to symptomatic 
deterioration related to quick disease progression. 

Table III. Overview of dose levels and dose-limiting toxicities (DLTs)*
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Figure 4. (A) Thymidylate synthase (TS) and (B) dihydropyrimidine dehydrogenase (DPD) 
activity (mean ±SD) in peripheral blood mononuclear at screening, day 7/day 8, and 
end of treatment (EOT) in patients receiving chronomodulated capecitabine treatment 
(n=24). Capecitabine was administered at t=0h and t= 15h.

Figure 5. (A) The dihydrouracil:uracil 
plasma ratio, and (B) uracil and (C) 
dihydrouracil plasma levels at screening, 
day 7/day 8, and end of treatment (EOT) 
in patients receiving chronomodulated 
capecitabine treatment (mean ±SD, n=24). 
Capecitabine was administered at t=0h and 
t= 15h. 
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(1x).

A total of 14 dose reductions during treatment were reported in 10 patients, 
caused by, hand-foot syndrome (13x), diarrhoea (1x), and anaemia (1x). Median 
time to first dose reduction was 30 days (range 17–70). Dose delays occurred in 4 
patients, due to hand-foot syndrome (4x) and neutropenia (1x). 

Dose-limiting toxicity and maximum tolerated dose

Table III gives an overview of the examined dose levels and experienced DLTs. 
Three DLTs were observed in two patients at the highest dose level (grade 3 hand-
foot syndrome (2x) and grade 3 diarrhoea (1x)). TheMTD was established at 2000 
mg/m2/day, with no experienced DLTs at this dose level.

Pharmacokinetics 

The mean plasma concentration-time profiles for capecitabine, dFCR, dFUR, 5-FU, 
and FBAL are shown per dose level and time of day in Fig. 1. Results of the NCA 
are summarized in Supplementary Table 1. The dose-normalized

AUC0-5h are shown in Fig. 2. As shown in this figure, dosenormalized exposure 
to capecitabine, dFCR, dFUR and 5-FU were not statistically different between 
daytime and nighttime. For FBAL, daytime exposure was significantly higher

than at night (p = 0.00012). Results on the intracellular PKat day 7 are shown in 
Fig. 3. For all patients, only FUTP was detectable in PBMCs. FUTP concentrations 
increased per dose level, with a 4.1-fold increase in dose level 5 as compared to 
dose level 1.

Pharmacodynamics

TSApbmc is shown in Fig. 4a. The median (range) TSApbmc at screening was 0.134 
(0.035–0.584) nmol/mg/h and was significantly induced to 0.301 (0.030–0.677) 
nmol/mg/h on day 7 at 9:00 h (p<0.0001). TSApbmc declined again 1.5 h after the 
dose administration on day 7 (p < 0.001). Maximum TSApbmc was measured at 15 
h post-dose (24:00 h) with median (range) activity of 0.346 (0.101–0.729) nmol/
mg/h, which was significantly higher than the observed TSApbmc 1.5 h after dose 
administration at 9:00 h (p<0.0001).

DPDApbmc is shown in Fig. 4b. The mean (±SD) DPDApbmc at screening was 
19.2 (± 6.4) nmol/mg/h, which was significantly higher than day 7 at 9:00 h (P < 
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0.001). Significant intra-day variabilities in DPDApbmc trough and peak activity 
were observed at 10:30 h and 24:00 h (p < 0.0001), and were 13.5 (±3.8) and 16.1 
(±4.3) nmol/mg/h, respectively.

The DHU:U ratio (mean ± SD) in plasma decreased from 12.2 (± 4.4) at 
screening to 7.5 (± 2.2) on day 7 at 09:00 h (Fig. 5). Pronounced intra-day 
variability was observed, with mean DHU:U ratio trough levels at 10:30 h and 
02:00 h.

There was moderate between-subject variability in TPApbmc at screening with 
a mean (±SD) value of 2676 (±1260) nmol/mg/h. There was no significant change 
in TPApbmc observed during treatment (Supplementary Fig. 1).

Tumour response evaluation

Three partial remissions (12%) in patients with breast, ovarian, and 
neuroendocrine cancer, respectively, were reported. No complete remissions 
were observed. Thirteen patients (52%) had stable disease as best response. Eight 
patients (33%) had progressive disease at the first response evaluation. 

DISCUSSION
The present phase I study evaluated MTD, DLT, safety, PK and PD of continuous 
chronomodulated capecitabine therapy. The total capecitabine dose was 
stepwise increased from 1000 mg/m2/day up to 2550 mg/m2/day. The MTD was 
established at 2000 mg/m2/day (750/1250 mg/m2/day), with major observed 
adverse events being grade 1–2 handfoot syndrome and fatigue. The safety profile 
overall and at the MTD was in line with previous phase I-III studies of continuous 
and intermittent capecitabine therapy [9, 10, 28]. The establishedMTD of 2000 
mg/m2/day exceeds the previously determined recommended daily dose for 
regular treatment with continuous capecitabine of 1331 mg/m2/day (666 mg/
m2 BID) [10]. Furthermore, the dose intensity at the MTD was 20% higher than 
the dose intensity of the currently approved regimen (1250 mg/m2 BID on day 
1–14 of every 21-day cycle), and even 50%higher than the dose intensity of the 
intermittent regimen most often used in clinical practice (1000 mg/m2 on day 1–14 
of every 21-day cycle).

Several chronomodulated treatment strategies for capecitabine have been 
evaluated in phase II studies [29–33]. In these studies, the total daily capecitabine 
dose was divided in two or three dosing moments with highest capecitabine 
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dose administered between 18:00–20:00 h [30, 31], at 23:00 h [29, 32], or at 
24:00 h [33]. In these studies, chronomodulated capecitabine was combined 
with oxaliplatin [29–33], and radiotherapy [33]. The examined chronomodulated 
capecitabine regimens were well tolerated, except in the study performed 
by Qvortrup et al. [30]. They did not find improved treatment tolerability of 
chronomodulated capecitabine in combination with oxaliplatin compared to 
standard capecitabine plus oxaliplatin [30]. The reason for this could be that 
80% of the capecitabine daily dose was administered between 18:00 and 20:00 
h. According to our finding [16], high-dose capecitabine administration between 
18:00 and 20:00 h could be too early to achieve adequate chronomodulation. 
Indeed, at that time of day, DPD activity is around the baseline value. Due to rapid 
elimination [2], most of 5-FU is probably degraded before DPD peak activity is 
encountered. A phase I study of intermittent capecitabine chronotherapy, in which 
25% of daily dose was administered at 8:00 h, 25% at 18:00 h and 50% at 23:00 h, 
on day 1–14 of each 21-day cycle, demonstrated good treatment tolerability [34]. 
At the declared MTD level of 2750 mg capecitabine per day, only one out of nine 
patients experienced DLT. Our current findings are in line with previously reported 
results on chronomodulated capecitabine therapy.

In our study circadian rhythmicity in the dose normalized plasma exposure 
of capecitabine, dFCR, dFURand 5-FUwas not observed. FBAL exposure was 
significantly higher during daytime. This may be due to relatively high FBAL 
concentrations already at pre-dose (9:00 h).Most likely, this finding does not have 
any clinical implications, since FBAL is an inactive metabolite.

In all treated patients, only FUTP concentrations were quantifiable in PBMCs, 
with no concentrations above the limit of detection for FdUTP and FdUMP. This 
is in line with previous research, where only FUTP could be quantified after 
capecitabine therapy. [35] Interestingly, intracellular FUTP concentrations increase 
per dose level, with highest levels observed in two patients experiencing DLT.

In healthy volunteers, we previously found that DPD activity in PBMCs 
demonstrated pronounced circadian rhythmicity, while in the liver, this effect was 
only minor, as measured by the DHU:U ratio in plasma [16]. Circadian rhythmicity 
might be regulated in a tissue-specificmanner [36]. It could be that DPD activity 
in liver tissue is not subject to noticeable circadian rhythmicity, explaining the 
absence of circadian rhythmicity in 5-FU plasma exposure. On the other hand, 
peripheral 5-FUmetabolism could be regulated in a circadian manner, which could 
contribute to improved treatment tolerability.
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TSApbmc demonstrated peak activity at night, opposite to the trough activity 
at night observed in healthy volunteers [16]. TSApbmc was partly inhibited 1.5 
h after each dose of capecitabine. This temporary reduction in TSApbmc is most 
likely a direct consequence of target inhibition by the intracellularly activated 
metabolite FdUMP. Previous research demonstrated that TS protein expression 
is subject to auto-regulation by binding to its own mRNA, preventing protein 
translation. Binding of FdUMP to TS inhibits this mRNA binding and results in an 
increase of TS protein levels [37]. As a consequence, capecitabine therapy could 
lead to TSApbmc upregulation and a disturbance of the circadian rhythm, as 
observed in this trial.

Although less pronounced than in healthy volunteers, DPDApbmc displayed 
a circadian rhythm during capecitabine treatment. This finding supports our 
rationale for capecitabine chronotherapy. The less pronounced DPDApbmc 
rhythmicity as compared to healthy volunteers may may be caused by 
capecitabine treatment, or by other factors such as disease status [38]. As for 
TSApbmc, a partial inhibition of DPDApbmc was observed 1.5 h after each 
capecitabine dose. This temporary decrease may be caused by competition 
between intracellular 5-FU and the 3H-Thymine substrate used for the DPDApbmc 
assay. 

Both the DPDApbmc and the DHU:U plasma ratio decreased between 
screening and day 7 of therapy. In addition, a temporary decrease in the DHU:U 
plasma ratio was observed following capecitabine administration, inversely 
related to 5-FU exposure in plasma. This last finding is most likely explained 
by competition between endogenous uracil and 5-FU for DPD conversion. This 
potential treatment effect should be taken into account when the DPD phenotype 
is explored during capecitabine treatment.

CONCLUSION
Chronomodulation represents a promising strategy as it could lead to improved 
tolerability and efficacy of capecitabine through achievement of an increased 
dose intensity in comparison with the currently approved dose regimen. Although 
questions on PK/PD relationships remain, the results observed in terms of 
observed MTD by implementation of a chronomodulated capecitabine treatment 
are encouraging. Additional research is required to evaluate treatment efficacy 
using the continuous chronomodulated treatment regimen. If further confirmed, 
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this concept could lead to development of a delayed release formulation of 
capecitabine to allow for nocturnal peak exposure to 5-FU in a patient-friendly 
way.
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Figure S1. Thymidine phosphorylase (TP) activity in peripheral blood mononuclear cells 
(A) at screening (within 3 days prior to treatment) and pre-dose at treatment day 7, and 
(B) at screening and end-of-treatment (EOT)(n=24).
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ABSTRACT
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.
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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 
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articles were standardized to cells/mL, if possible. 

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. 
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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.
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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. 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.

 

Study Assay N Patient population Median 
CTCs/mL 

in CSF 

CTC range 
CTC/mL 
in CSF 

Modification technique for CSF analysis 
CELLSEARCH® only target of capture antibody / 

fluorescent antibody flow cytometry only 

Results 
control 
group 

Tu et al. 
20154 

C 18 MRI confirmed LM in lung cancer 
(main histological subtype: NSCLC) 

157 0.2 - >4000 Darkening the outside of the tube with a black 
felt-tip up to the fluid level to mimic the level of 

sediment erythrocytesa 

Not reported 

Le Rhun et 
al. 
201219 

C 8 Confirmed LM/ breast cancer treated 
patients 

106 0.2-2100 Darkening of the outside of the tube with a black 
felt-tip up to the fluid level to mimic the level of 

sediment erythrocytesa 

Not reported 

Lee et al. 
20155 

C 38 Confirmed or suspected LM / breast 
cancer 

14.9 0 - 9323 Elimination of the centrifugation 
step prior to enrichment and the use of the 

control modeb 

N=14c 
mean 0.3 CTC/mL 
median 0 CTC/mL 

Nayak et al. 
20136 

C 51 Clinical suspicion of LM/ solid tumors 
(mainly NSCLC and breast cancer) 

20.7 0.13 -> 150 Elimination of the centrifugation 
step prior to enrichment and the use of the 

control modeb 

N=9d 

0 CTC/mL 
 

Patel et al. 
201120 

C 5 Metastatic breast cancer involving CNS NA NA CSF suspension 
spiked into reconstituted bloode 

Not 
reported 

Jiang et al.  
20177 

C 21 NSCLC patients with suspected LM 129.3 3.6 - 1985 CELLSEARCH® standard procedure Not 
reported 

Acosta  et al. 
201626 

FC 6a Clinical suspicion of LM, previously 
diagnosed carcinoma 

not 
reported 

not 
reported 

EpCAM 
(clone Ber-EP4) 

Not 
reported 

Milojkovic 
Kerklaan et 
al. 20168 

FC 29 Clinical suspicion of LM but a negative or 
inconclusive MRI (primary tumor mainly 

breast (n=13) and lung cancer (n=8)) 

316.5 
(in LM 

patients) 

160 - 4503 
(in LM 

patients) 

EpCAM magnetic beads/ 
EpCAM-PE 

(HEA-125 (isotype: mouse IgG1)) 

Not 
reported 

Lee et al. 
20155 

FC 32f Confirmed LM suspected LM / breast 
cancer 

3.5 0 - 1.634 EpCAM magnetic beads/ 
EpCAM-PE (clones MJ37/EBA-1) 

Not 
reported 

Subirá et al.g 

201510 
FC 144 Confirmed LM or clinically suspected LM 

(primary tumor, mainly breast (n=38) 
and lung (n=24)) 

260 10 - 2210 
(interquart
ile range) 

EpCAM 
(clones BerEP4; and EBA-1)/ 

2-color (fluorescein isothyocyanate, FITC/PE) 

Not 
reported 

Subirá et al.g 
20129 

FC 78 Clinically suspected LM and previous 
diagnosis of epithelial-cell neoplasia 

mainly breast 

Not 
reported 

Not 
reported 

EpCAM 
(clones BerEP4;and EBA-1)/2-color (fluorescein 

isothyocyanate, FITC/PE) 

Not 
reported 

Table 1. Overview CELLSEARCH® and flow cytometry studies 

a fluid level = 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 clear CSF [4,19]. b Control mode: a clear suspension of prestained, 
fixed cancer cells is used and no interface to aspirate the right fluid fraction is needed. 
Therefore, this mode can be used to aspirate the clear CSF automatically. c Lee et al. 
included control patients who had a hematologic malignancy but no solid tumor and no 
clinical findings consistent with LM [5]. d Nayak et al. included control patients with CSF 
pleocytosis but without solid tumors [6]. e reconstituted blood = Patel et al. spiked the 
CSF in blood for calibration of the CELLSEARCH® system [20]. f number of samples instead 
of number of patients. g study cohorts are overlapping. Abbreviations: C=CELLSEARCH®, 
FC=flow cytometry, epithelial cell adhesion molecule phycoerythrin= EpCAM-PE, LM = 
leptomeningeal metastases.
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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.

Study Assay N Patient population Sensitivity 
(95% CI) 

 

Specificity 
(95%CI) 

Sensitivity 
(95% CI) 
cytology 

Specificity 
(95%CI) 
cytology 

Tu et al. 
20154 

C 18 MRI confirmed LM / lung cancer 77.8 
(52.4–93.6) 

100 
(47.8–100) 

44.4 
(21.5-69.2) 

Not reported 

Lee et al.  
20155 

C 38 Confirmed LM/ suspected LM / breast cancer 80.95 
(58.1–94.4) 

84.62 
(54.5–97.6) 

66.67 
(43.04–85.35) 

Used as gold 
standard 100 

Nayak et al.  
20136 

C 51 Clinical suspicion of LM/ solid tumors (mainly NSCLC 
and breast cancer) 

100 
(78.1–100) 

97.2 
(85.4–99.9) 

66.7 
(38.3–88.1) 

Used as gold 
standard 

Jiang et al.  
20177 

C 21 NSCLC patients with suspected LM 95.2 
(NA) 

100 
(NA) 

57.1 
(NA) 

Not reported 

Acosta et al 
201626 

FC 6a Clinical suspicion of LM  previous diagnosed carcinoma 100% 
(NA) 

100% 
(NA) 

Not reported Not reported 

Milojkovic 
Kerklaan 20168 

FC 29 Clinical suspicion of LM but a negative or inconclusive 
MRI, previously diagnosed carcinoma 

100 
(75-100) 

100 
(79-100) 

61.5 
(32–86) 

100 
(79–100) 

Subirá et al.b 
201510 

FC 144 Confirmed LM or 
clinically suspected LM 

79.8 
(NA) 

84 
(NA) 

50 
(NA) 

100 
(NA) 

Subirá et al.b 
20129 

FC 78 Clinically suspected LM and previous diagnosis of 
epithelial-cell neoplasia 

75.5 
(63.5–87.6) 

96.1 
(88.8–100) 

65.3 
(52.0–78.6) 

100 
(100–100) 

 

Table 2. Overview CELLSEARCH® and flow cytometry studies in CSF with reported 
sensitivity and specificity versus cytology 

Abbreviations: C=CELLSEARCH®, FC=flow cytometry, 95CI= 95% confidence interval, MRI 
=magnetic resonance imaging, LM = leptomeningeal metastases, NA= not available, a 
number of samples instead of number of patients. b study cohorts are overlapping. 
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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 
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 
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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.

B. Representative examples of epithelial cell adhesion molecule (EpCAM)-based flow 
cytometry plots of cerebrospinal fluid (CSF) from three individual patients. Circulating 
tumor cells (CTC) are defined 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= fluorescence activated cell 
sorting systems, CTC=circulating tumor cell, EpCAM =epithelial cell adhesion molecule, 
LC=leucocytes.
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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 
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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-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.

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-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. 
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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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ABSTRACT
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: 
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1x5 mL CSF for cytology, 1x5mL for leukocyte count and biochemical parameters, 
1x5 mL for 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. 
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(Qiagen, Hilden, Germany). cfDNA of plasma and CSF samples was analysed by the 
QX200TM Droplet DigitalTM PCR (ddPCR) system (Bio-Rad).[17] 

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. Confidence intervals for the 
sensitivities and specificities were calculated using Clopper and Pearson method. 
The best cut-off for the CTC was optimized by maximizing sensitivity and specificity 
using the R package OptimalCutpoints. The Standards for Reporting Diagnostic 
accuracy studies (STARD) were used as a guideline for preparation of the final 
report.[18]

Data Availability Statement

Data can be requested from the corresponding author.
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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 flow of participants through the study
Abbreviations: LM=leptomeningeal metastases.

 

 

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

 

 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. 
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Abbreviations: LM=leptomeningeal metastases, EANO=European Association of Neuro-
Oncology, ICP= intracranial pressure, NSCLC=non-small-cell lung cancer, SCLC= small-cell 
lung cancer, CTC= circulating tumor cells. EGFR=epidermal growth factor receptor, ALK= 
Anaplastic lymphoma kinase. 
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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. 

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 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.

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.

 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 
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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.

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 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 CELLSEACRH© 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 
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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 a 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 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 
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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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ABSTRACT
Background: To improve CSF diagnostics for LM in melanoma patients, a 
melanoma-associated chondroitin sulphate proteoglycan (MCSP) /CD146-based 
circulating melanoma cell (CMC) immunoflow cytometry assay was developed. 

Methods: In a multicentre, prospective clinical study, we tested the performance 
of this assay in 42 patients with clinical suspicion for LM (36: negative/equivocal 
MRI; 6: typical leptomeningeal contrast enhancement on MRI). CMC in CSF were 
also enumerated in 10 non-oncological control patients. EANO-ESMO clinical 
practice guidelines were followed to classify LM diagnosis. Digital droplet PCR 
(ddPCR) was used to detect BRAFV600E mutation in paired cell free CSF, isolated 
CMC from CSF and plasma samples in 15 BRAFV600E mutated melanoma patients.

Results: Thirteen 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 samples were available (1.9–5587 CMC/mL). In one 
patient no CMC were found. One probable LM patient had 180 CMC/mL and 2 
of 8 possible LM patients showed 9.8 and 3.5 CMC/mL, respectively. Control and 
non-LM patients had ≤0.3 CMC/mL. Cell-free CSF of all 4 BRAFV600E mutated 
melanoma patients with confirmed LM showed a BRAFV600E mutation. CMC 
isolated from CSF in 2 of these patients were also BRAFV600E positive. 

Conclusion: The newly developed MCSP/CD146 immunoflow cytometry assay is a 
promising tool to detect melanoma cells in CSF and diagnose LM. DdPCR can be 
used to detect BRAFV600E mutations in both cell-free CSF and CMC isolated from 
CSF. 

IMPORTANCE OF STUDY 
The diagnosis of LM is hampered by a lack of sensitivity of MRI and CSF 
cytology. In this study we show that by using the MCSP/CD146 immunoflow 
cytometry assay we can detect melanoma cells in CSF of patients with confirmed 
LM whereas no melanoma cells were found in CSF of patients without LM. 
BRAFV600E mutations were detected using digital droplet PCR in both cell-free 
CSF and isolated melanoma cells in CSF. This study holds promise for a more 
accurate diagnosis of LM from melanoma using enumeration and molecular 
characterization of melanoma cells in CSF.
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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 metastatic 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 be 
used to monitor 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® assay [16]. Melanoma 
cell adhesion molecule (MCAM) or CD146 was used as a marker in this 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 
proliferation [23,24] 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 central nervous system [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 
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and cell-free CSF and CMC isolated from CSF samples in 15 BRAFV600E mutated 
melanoma patients. 

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 6 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 
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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. 
CMC = circulating melanoma cells; LC = 
leucocytes; FSC = forward scatter; SSC 
= side scatter; CD146-APC = Cluster of 
Differentiation146-Al loPhyCocyanin; 
CD45-FITC = Cluster of Differentiation45-
Fluorescein IsoThioCyanate; MCSP-
PE = Melanoma Chondroitin Sulfate 
Proteoglycan-Phycoerythrin.
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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 (Fig.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 (Fig.1a-E) 
is included. Imaging was performed at 100 times magnification. CD45 = Cluster of 
Differentiation45; MCSP = Melanoma Chondroitin Sulfate Proteoglycan; PBMC = peripheral 
blood mononuclear cell. 
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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). 

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 10min. 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 20min. 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 
negative or equivocal MRI, who had to undergo a diagnostic lumbar puncture 
(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 



290

Clinical and preclinical application of  biomarker methods

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 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 
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 immunoflow cytometry 

Representative FACS plots for CMC detection in blood and CSF using the MCSP/
CD146 immunoflow 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 confirmed 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 fluorescent green 
membrane due to specific 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 
specific 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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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 (%) 
- lymphnode 
- 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  
 of 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) 

 

Table 1. Baseline characteristics and presenting neurological symptoms of patients 
suspected for leptomeningeal metastases. Patients can have more than one presenting 
neurological symptom. 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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definitive 
LM 
n=7  

clinical suspicion on LM and 
negative/equivocal MRI 

 n=36  

clinical suspicion on LM 
and typical leptomeningeal  

contrast-enhancing lesions on MRI 
 n=6  

possible 
LM 
n=8  

probable 
LM 
n=1  

non-oncological  
control patients 

 n=10 
 

no  
LM 

n=20  

definitive 
LM 

n=6*  

neuroborreliosis, neurolues, viral myelitis,  
multiple sclerosis, dementia, neuropathy or  

a non-neurological disease 
n=10 

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; MRI = magnetic resonance 
imaging; CMC = Circulating Melanoma Cells; CSF = cerebrospinal fluid. * No CSF available 
for immunoflow cytometry in 1 patient. 

Multicenter prospective clinical study

In this multicenter, prospective clinical study, 36 patients with a clinical suspicion 
on LM and a negative or equivocal MRI and 6 patients with a clinical suspicion on 
LM and typical leptomeningeal contrast-enhancing on MRI were included. 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. 

LM diagnosis and CSF characteristics 

In Figure 2 the inclusion of patients in the clinical study and there final diagnoses 
is shown. 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 
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Table 2. Immunoflow cytometry results 
of CMC enumeration in CSF of patients 
with the diagnosis of LM according to 
EANO-ESMO clinical practice guidelines 
[1]. LM = leptomeningeal metastases; 
CMC = Circulating Melanoma Cells; 
CSF = cerebrospinal fluid; NA = not 
applicable. * no CSF sample for 
immunoflowcytometry was available in 
one patient. 

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) 

 

 

 

 

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.

CMC immunoflow cytometry results

Results of CMC detection in the patient groups classified 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 confirmed 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 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 while 
equivocal CSF cytology results were obtained 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 
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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, 

 

 
 
 

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 

Table 3. Driver mutation distribution in plasma, cfCSF and CMC isolated from CSF in 15 
BRAFV600E mutated melanoma patients. LM was diagnosed according to the EANO-
ESMO clinical practice guidelines for LM. [1] cfCSF = cell-free cerebrospinal fluid; CMC = 
circulating melanoma cells; BRAFV600E = v-Raf murine sarcoma viral oncogene homolog B; 
LM = leptomeningeal metastases; ND = not done.
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dementia, neuropathy or a non-neurological disease. CMC numbers in the CSF in 
these 10 control patients were also ≤0.3 CMC/mL.

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 tested metastatic melanoma patients 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 and cfCSF of this patient was also 
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. 

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 at first LP: cytology showed equivocal results while at immunoflow 
cytometry 42 CMC/mL were found. 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. 
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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 the 
cut-off value 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 [14][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 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 



Melanoma tumor cell analysis in CSF in patients with leptomeningeal metastases

297

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 CD-146/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.

ACKNOWLEDGEMENTS
We acknowledge the Oscar Lambret Institute for inclusion of patients and the 
Netherlands Cancer Institute - Antoni van Leeuwenhoek (NKI-AVL) Core Facility 
Molecular Pathology & Biobanking (CFMPB) for supplying NKI-AVL biobank 
material and laboratory support. 



Clinical and preclinical application of  biomarker methods

298

procedures in leptomeningeal metastases. 
Neurology 1999;53:382–385

9. Tu Q, Wu X, Le Rhun E, et al. CellSearch 
technology applied to the detection and 
quantification of tumor cells in CSF of 
patients with lung cancer leptomeningeal 
metastasis. Lung Cancer 2015;90:352–357.

10. Lee JS, Melisko ME, Magbanua MJ, et al. 
Detection of cerebrospinal fluid tumor cells 
and its clinical relevance in leptomeningeal 
metastasis of breast cancer. Breast Cancer 
Res Treat 2015;154:339–349. 

11. Nayak L, Fleisher M, Gonzalez-Espinoza 
R, et al. Rare cell capture technology for the 
diagnosis of leptomeningeal metastasis in 
solid tumors. Neurology 2013;80:1598–605.

12. Jiang B-Y, Li Y-S, Guo W-B, et al. 
Detection of Driver and Resistance 
Mutations in Leptomeningeal Metastases 
of NSCLC by Next-Generation Sequencing of 
Cerebrospinal Fluid Circulating Tumor Cells. 
Clin Cancer Res 2017;23:5480–5488. 

13. Milojkovic Kerklaan B, Pluim D, Bol 
M, et al. EpCAM-based flow cytometry 
in cerebrospinal fluid greatly improves 
diagnostic accuracy of leptomeningeal 
metastases from epithelial tumors. Neuro 
Oncol 2016;18:855–862.

14. Subira D, Serrano C, Castanon 
S, et al. Role of flow cytometry 
immunophenotyping in the diagnosis of 
leptomeningeal carcinomatosis. Neuro 
Oncol 2012;14:43–52.

15. Subira D, Simo M, Illan J, et al. 
Diagnostic and prognostic significance 
of flow cytometry immunophenotyping 
in patients with leptomeningeal 
carcinomatosis. Clin Exp Metastasis 

REFERENCES
1. Le Rhun E, Weller M, Brandsma D, et al. 
EANO-ESMO Clinical Practice Guidelines 
for diagnosis, treatment and follow-up of 
patients with leptomeningeal metastasis 
from solid tumors. Ann Oncol 2017;28:iv84-
iv99.

2. Harstad L, Hess KR, Groves MD. 
Prognostic factors and outcomes in patients 
with leptomeningeal melanomatosis. Neuro 
Oncol 2008;10:1010–1018.

3. Geukes Foppen MH, Brandsma D, 
Blank CU, et al. Targeted treatment 
and immunotherapy in leptomeningeal 
metastases from melanoma. Ann Oncol Off 
J Eur Soc Med Oncol 2016;27:1138–42. 

4. Le Rhun E, Taillibert S, Chamberlain MC. 
Carcinomatous meningitis: Leptomeningeal 
metastases in solid tumors. Surg Neurol 
Int2013;4:S265-88. 

5. Raizer JJ, Hwu W-J, Panageas KS, et al. 
Brain and leptomeningeal metastases from 
cutaneous melanoma: survival outcomes 
based on clinical features. Neuro Oncol 
2008;10:199–207.

6. Straathof CS, de Bruin HG, Dippel 
DW, Vecht CJ. The diagnostic accuracy 
of magnetic resonance imaging 
and cerebrospinal fluid cytology in 
leptomeningeal metastasis. J Neurol 
1999;246:810–814.

7. Wasserstrom WR, Glass JP, Posner JB. 
Diagnosis and treatment of leptomeningeal 
metastases from solid tumors: experience 
with 90 patients. Cancer 1982;49:759–772

8. van Oostenbrugge RJ, Twijnstra A. 
Presenting features and value of diagnostic 



Melanoma tumor cell analysis in CSF in patients with leptomeningeal metastases

299

MA, et al. Melanoma chondroitin sulphate 
proteoglycan regulates cell spreading 
through Cdc42, Ack-1 and p130cas. Nat Cell 
Biol 1999;1:507–13. 

24. Yang J, Price MA, Gui YL, et al. 
Melanoma proteoglycan modifies gene 
expression to stimulate tumor cell motility, 
growth, and epithelial-to-mesenchymal 
transition. Cancer Res 2009;69:7538–7547. 

25. Dawson MRL, Levine JM, Reynolds R 
(2000) NG2-expressing cells in the central 
nervous system: are they oligodendroglial 
progenitors? J Neurosci Res 2000;61:471–9. 

26. van Ginkel JH, van den Broek DA, 
van Kuik J, et al. Preanalytical blood 
sample workup for cell-free DNA analysis 
using Droplet Digital PCR for future 
molecular cancer diagnostics. Cancer Med 
2017;6:2297–2307.

27. van Bussel MTJ, Pluim D, Bol M, et al. 
EpCAM-based assays for epithelial tumor 
cell detection in cerebrospinal fluid. J 
Neurooncol 2018;137:1–10. 

28. Ballester LY, Glitza Oliva IC, Douse DY, et 
al. Evaluating Circulating Tumor DNA From 
the Cerebrospinal Fluid of Patients With 
Melanoma and Leptomeningeal Disease. J 
Neuropathol Exp Neurol 2018;77:628–635. 

29. Pan W, Gu W, Nagpal S, et al. Brain 
tumor mutations detected in cerebral 
spinal fluid. Clin Chem 2015;61:514–22. 

30. Momtaz P, Pentsova E, Abdel-Wahab 
O, et al. Quantification of tumor-derived 
cell free DNA(cfDNA) by digital PCR 
(DigPCR) in cerebrospinal fluid of patients 
with BRAFV600 mutated malignancies. 
Oncotarget 2016;7:85430–85436.

31. Chamberlain M, Junck L, Brandsma D, 

2015;32:383–391. 

16. Le Rhun E, Tu Q, De Carvalho 
Bittencourt M, et al. Detection and 
quantification of CSF malignant cells by 
the CellSearch technology in patients with 
melanoma leptomeningeal metastasis. Med 
Oncol 2013;30:538.

17. Rao C, Bui T, Connelly M, et al. 
Circulating melanoma cells and survival 
in metastatic melanoma. Int J Oncol 
2011;38:755–760. 

18. Breuer J, Korpos E, Hannocks M-J, et 
al. Blockade of MCAM/CD146 impedes 
CNS infiltration of T cells over the choroid 
plexus. J Neuroinflammation 2018;15:236. 

19. Duda DG, Cohen KS, Di Tomaso E, 
et al. Differential CD146 expression on 
circulating versus tissue endothelial cells 
in rectal cancer patients: Implications for 
circulating endothelial and progenitor cells 
as biomarkers for antiangiogenic therapy. J 
Clin Oncol 2006;24:1449–1453. 

20. Natali PG, Giacomini P, Russo C, et al. 
Antigenic profile of human melanoma 
cells. Analysis with monoclonal antibodies 
to histocompatibility antigens and to 
melanoma-associated antigens. J Cutan 
Pathol 1983;10:225–37. 

21. de Bruyn M, Rybczynska AA, Wei Y, et al 
. Melanoma-associated Chondroitin Sulfate 
Proteoglycan (MCSP)-targeted delivery of 
soluble TRAIL potently inhibits melanoma 
outgrowth in vitro and in vivo. Mol Cancer 
2010;9:301. 

22. Yadavilli S, Hwang EI, Packer RJ, 
Nazarian J. The Role of NG2 Proteoglycan in 
Glioma. Transl Oncol 2016;9:57–63.

23. Eisenmann KM, McCarthy JB, Simpson 



Clinical and preclinical application of  biomarker methods

300

et al. Leptomeningeal metastases: A RANO 
proposal for response criteria. Neuro Oncol 
2017;19:484–492. https://doi.org/10.1093/
neuonc/now183



Melanoma tumor cell analysis in CSF in patients with leptomeningeal metastases

301

SUPPLEMENTARY MATERIAL
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-allophycocyanin (APC) were purchased from Miltenyi (Bergisch 
Gladbach, Germany). Perm/WashTM (P/W) was purchased from Becton Dickinson 
(Heidelberg, Germany). Beads buffer (BB) is s 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 
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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 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 
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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.

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. 
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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 (Fig. S1A), or 
different amounts of anti-MCSP-Micro-Beads (Fig. S1B). Data is expressed as means ± S.D. 
of three different samples.

 

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 (Fig. 1A). Release of adherent cells from the 
culture plates by trypsinisation reduced MCSP recognition by more than 90% 
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Table S2. Recovery, within-day precision and between-day precision. 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).

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 

 

(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 to be nucleated if the Hoechst33258 MFI was 
above the indicated DNA cut-off level determined from endogenous leucocytes 
present in the same sample (Fig. 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
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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). (Fig. 1H).

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 Fig. 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 (Supplementary Table S1) using 2.5 µL of anti-
MCSP-Micro-Beads (Supplementary Fig. 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 consecutive analytical runs. From these results we calculated the within-
day and between-day precision and recovery (Supplementary Table S2). 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. 
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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.
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CHAPTER 4
Conclusions and perspectives

CONCLUSIONS AND PERSPECTIVES
Biomarkers as biological signposts of cancer have become an essential component 
of oncology drug development and their importance has even more increased 
with the advent of therapies targeting specific mechanisms that tumor cells 
rely on for their growth. Increased knowledge of the molecular pathways of 
oncogenesis is the main force driving the paradigm shift towards targeted 
therapies (1–5). Biomarkers are used in clinical trials to find the optimal drug 
dose, combination of drugs, treatment duration, and for the selection of patients 
in targeted therapies. The increased use of biomarkers is associated with a higher 
cancer drug approval rate (6), although, drug approval rates in 2018 were still only 
27%. It is promising that the use of biomarkers in clinical cancer trials has grown 
substantially during the last decade, with just over half of all clinical cancer trials 
using biomarkers in 2018. However, more extensive use of biomarkers could help 
to further improve the success rate of clinical cancer trials. 

Biomarkers for use in (pre)clinical studies need to be measured with 
analytical methods that are sensitive, selective, accurate, and stabile. In this 
thesis, we show the development and validation of seven different biomarker 
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methods. We designed these biomarker methods for high sensitivity and 
low variability to enhance their clinical usefulness. In this regard, Chapter 1.6 
provides an illustrative example of a biomarker method that failed during the 
clinical application due to inadequate sensitivity. This method was developed 
by the National Cancer Institute (NCI USA) for quantification of poly-adenosine 
diphosphate ribose (PAR) in peripheral blood mononuclear cells (PBMC) as a 
measure for PAR polymerase activity. Although, the method did support the 
clinical development of PARP inhibitors (7-11), it could only detect a median of 
53% (range 49–77%) PAR inhibition due to the very low and variable basal PAR 
levels in PBMC (12, 13). It has been suggested that a minimum of 90% inhibition 
is required for efficient monotherapy activity (14). We strongly improved the 
sensitivity, accuracy, stability of the NCI method by using ex vivo irradiation of 
the PBMC at 8 Gy under ice-cold conditions. This resulted in stable PAR levels 
that were on average 100-fold increased, which enabled the detection of up 
to a median of 97% (range 96–98%) PAR inhibition (15). Chapters 1.8 and 2.5 
provide two other illustrative examples of the importance of designing methods 
for maximal sensitivity. These chapters describe two new methods for the 
enumeration of circulating epithelial tumor cells and melanoma cells (CTC) in 
blood and cerebrospinal fluid (CSF). Since, CTC are very rare cells compared with 
the abundant cellular background of blood or CSF (16), very sensitive methods 
for their detection are needed. We achieved the high sensitivity needed for CTC 
detection by using a series of orthogonal enrichment techniques. First, CTCs 
were isolated from the bulk of other blood cells using Ficoll density gradient 
centrifugation. Further enrichment was achieved by magnetic cell sorting using 
an antibody specific for epithelial or melanoma CTC. Finally, flow cytometry 
was used to separate the fluorescently labeled CTC from the remaining blood 
cells. Application of these orthogonal enrichment techniques resulted in reliable 
enumeration of up to just 2 CTC per 8 ml of whole blood. 

Low variability is another important requirement for biomarker methods. 
Therefore, it is important to identify and address potential technical and biological 
sources of variability. A biological source of variability may for instance be the 
presence of variable amounts of endogenous compounds that interfere with 
the biomarker detection. The three biomarker methods described in chapters 
2.4-2.6 are illustrative examples of biomarker methods that showed elevated 
variability due to the presence of large and variable amounts of endogenous 
hemoglobin that co-isolated with the peripheral blood mononuclear cells (PBMC). 
The biomarkers in these methods are enzyme activities and are expressed per 
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milligram of PBMC cytosolic lysate protein. Therefore any variability in this lysate 
protein will cause biomarker variability. Although no major variability issues were 
encountered during the development of these methods using blood of healthy 
volunteers, clinical application resulted in high within and between patient 
biomarker variability associated with hemolytic blood sampling. Hemolysis 
of patients’ blood is a regular phenomenon with a frequency of 3–8% of all 
samples in cancer trials (17-18). The main technical reasons for hemolysis are 
drawing of blood from intravenous lines and punctures in veins that are fragile or 
difficult to access (19). It is known that PBMCs can accumulate free hemoglobin 
which will affect the protein concentration of PBMC cytosolic lysates (20). The 
increase in protein concentration of the PBMC lysates due to hemoglobin has a 
marked effect on the determined enzyme activities. In chapter 2.3 describes a 
spectrophotometric method to measure the hemoglobin concentration in PBMC 
lysates. Correction of the PBMC lysate protein, for the amount of hemoglobin 
present, significantly reduced the biomarker variability. The variability of a 
biomarker may, however, also be caused by technical reasons. Chapter 2.9 
provides an illustrative example of this type of variability, which we encountered 
during the development of the programmed death-1 (PD-1) biomarker method. 
We initially used dimethyl sulfoxide (DMSO) for the cryopreservation of isolated 
PBMC. However, cellular accumulation of DMSO resulted in a substantial and 
highly variable increase of non-viable cells, which could not be used for the 
PD-1 analysis due to an elevated level of nonspecific staining. We were able to 
completely mitigate this source of technical variability by using Cryosofree™ 
(Sigma-Aldrich ) as a cryopreservative (21). CryosofreeTM is a more recently 
discovered cryopreservative that is much better at keeping cells vital during 
cryogenic storage mainly because it does not accumulate in cells.

After the development phase, all our biomarker methods were validated in 
accordance with the recommendations of the Food and Drug Administration (FDA) 
in their bioanalytical method validation (BMV) guideline from 2018 (22). This 
FDA guideline, recommends that biomarker methods are validated for specificity, 
sensitivity, accuracy, linearity, precision, and stability. It is important, to distinguish 
this analytical validation from the subsequent clinical validation or qualification, 
that is meant to assess the clinical suitability of the biomarker for identification 
of a relevant therapeutic effect. Full analytical validation should always be 
performed, because it will reveal possible issues that may prevent biomarker 
methods from living up to their expectations during the clinical application. We 
show in chapter 2.1 that only 13% of the biomarker methods used in clinical trials 
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are fully validated in accordance with the FDA validation guideline. We found that 
validation was most often lacking for flow cytometry based biomarker methods, 
which comprised 23% of all methods used in clinical trials. In this regard, it is 
important to notice that the FDA validation guideline recommends full validation 
of chromatography and ligand binding biomarker methods without mentioning 
other analytical techniques such as flow cytometry. This may explain why flow 
cytometry methods are relatively less well validated. However, full validation of 
flow cytometry methods is possible, as we demonstrate in chapters 1.7, 1.8 and 
2.5 with 3 different biomarker method used for the enumeration of circulating 
epithelial tumor cells and melanoma cells, and PD-1 on a panel of blood cell 
subsets. 

We have succesfully applied all our validated biomarker methods in (pre)
clinical studies. Briefly, we developed biomarker methods for the determination 
of DPD, TS, and TP enzyme activities as described in chapters 1.3-1.5, respectively. 
We developed and validated a method for the correction of these emzyme 
activities for hemoglobin, as described in chapter 1.2. Subsequently, these 
methods have been applied in a preclinical human volunteer study (chapter 
2.1). We found significant TS and DPD circadian rhythms in this preclinical study, 
which encouraged us to perform a clinical study to investigate the possible 
merits of chronomodulated administration of capecitabine, as described in 
chapter 2.2. Although less pronounced, the DPD circadian rhythm we found 
during capecitabine treatment supports the rationale for chronomodulated 
treatment. The chronomodulated capecitabine treatment (CCR) in this study 
allowed for a 20% higher dose intensity compared to the approved regimen 
(1250 mg/m2 bi-daily on day 1-14 of every 21-day cycle). Surprisingly, the clinical 
study also showed that the circadian rhythm of TS activity was likely affected by 
capecitabine as the TS activity demonstrated peak activity at night, while trough 
activity at night was observed in healthy volunteers. Furthermore, we found only 
limited inhibition of TS activity 1.5 h after administration of capecitabine and 
strong upregulation of TS activity during treatment. These findings need further 
investigation, as they could provide important clues to improve treatment efficacy. 

The improved biomarker method for the quantification of PAR described 
in chapter 1.6 was applied in a clinical study aimed to develop PARP inhibitors 
as chemo- and radio-sensitizers in combination treatments (23). In these 
combination treatments, PARP inhibitors are administered at much lower 
concentrations and for shorter durations, requiring sensitive and robust PAR 
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detection methods (24). We found that the PARP inhibitor olaparib, at the 
maximum tolerated dose of 25 mg bi-daily (tablet formulation), can reach 
PARP inhibition levels of over 95% in patients, a dose 10-fold lower than the 
recommended monotherapy dose. In another clinical study that used our 
improved PARP method, patients received low dose olaparib (25 mg bi-daily in 
tablet formulation) in combination with carboplatin (25). In this study, we found 
that PAR levels in PBMCs were reduced by 98.7% ± 0.14% at day eight compared 
to day one. Both studies are the first to report almost complete inhibition of PARP 
activity by low dose olaparib treatment.

In chapter 1.7, we demonstrate the clinical application of our novel biomarker 
method for the determination of PD-1 expression and occupancy by nivolumab 
and pembrolizumab on a subset of blood cells. Samples were obtained from 6 
cancer patients receiving nivolumab and 6 patients receiving pembrolizumab. 
We found a significant drop in the number of PD-1+ T-cells and the number of 
PD-1 receptors per T-cell after only one course of nivolumab or pembrolizumab. 
Further clinical investigation of this possible pharmacodynamic (PD) effect and its 
association with treatment outcome is warranted. This biomarker method offers 
efficient determination of multiple biomarkers on a large panel of immune cell 
subsets in a single experiment that may help to predict treatment outcome. 

Lastly, we show in chapter 2.4 that our epithelial CTC method developed 
for enumeration of CTC in whole blood (Chapter 1.8) can also be used for the 
enumeration of CTC in cerebrospinal fluid (CSF). In chapter 2.5, we report a 
new method for the enumeration of circulating melanoma cells in both blood 
and CSF. In chapters 2.4 and 2.5, we describe the application of these epithelial 
and melanoma CTC methods for the early detection of CTC in CSF of patients 
suspected of leptomeningeal metastases (LM). Both methods showed a higher 
sensitivity and equal specificity compared with cytology, which is still the golden 
standard for LM diagnosis. The clinical chemistry laboratory of our hospital, Antoni 
van Leeuwenhoek, has implemented the epithelial CTC method as a standard 
diagnostic tool for the diagnosis of LM. We plan to further evaluate the merits 
of these CTC methods for CSF diagnostics compared to cytology in a multi-center 
setting. CTC analysis in CSF is, however, not only a sensitive way to diagnose LM, 
but can possibly also be used for patient treatment response monitoring. In that 
regard, it is important to include our 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.
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In conclusion, we have developed five new or improved pharmacodynamic and 
two diagnostic biomarker methods. All methods were fully validated in accordance 
with the recommendations in the FDA validation guideline from 2018 (22). We 
believe that their successful clinical application emphasizes the benefits of using 
fully validated PD and diagnostic biomarker methods for the support of clinical 
studies. 
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SUMMARY
Pharmacodynamic biomarker methods are used to establish whether a cancer 
drug is hitting its pharmacological target. These methods provide important 
information to guide the clinical decision making about drug dose and optimal 
administration schedule. In regard to their importance, only biomarker 
methods that have passed a full analytical validation should be applied in (pre)
clinical studies. Fully validated methods have the best chance to live up to their 
expectations. In this thesis, we present the development and full validation of new 
or improved biomarker methods and their application in pre(clinical) studies. 

Development and analytical validation of methods for the determination of 
biomarkers 

This thesis presents the development and analytical validation of 7 biomarker 
methods designed to support pre(clinical) cancer studies. These methods are 
based on a wide range of common analytical techniques, such as ligand binding 
assays, high performance liquid chromatography (HPLC), and flow cytometry. 
All methods have been validated in accordance with the recommendations of 
the Food and Drug Adminstration (FDA) in their bio-analytical method validation 
guideline from 2018, which has been released in preliminary form in 2013. 

Chapter 1.1 shows that the majority of biomarker methods used in clinical 
trials have only partly been validated, which may explain why these methods not 
always perform in the clinic, as expected. It may also be an important factor in the 
relatively low approval rate of 27% for new cancer drugs in 2018. 

Chapters 1.2-1.5 are focused on methods for the determination of three 
enzyme activities that are important for the activation and degradation of 
fluoropyrimidines. These enzyme activities are normally reported per mass 
unit of human peripheral blood mononuclear cell (PBMC) cytosolic lysate 
protein input. However, PBMC cytosolic lysates are highly contaminated by 
fluctuating amounts of hemoglobin (Hb). Chapter 1.2 presents a method for 
spectrophotometric measurement of Hb at 413 nm to correct for the co-
isolation of variable amounts of Hb in the isolates. We showed that correction 
of the total protein amount in PBMC for the contribution of Hb significantly 
improved the method accuracy and variability. In chapter 1.3, the enzyme of 
interest is thymidylate synthase (TS). TS is the unique enzyme capable of de novo 
synthesis of 2′-deoxythymidine 5′-monophosphate, which is essential for DNA 
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biosynthesis and the key target of fluoropyrimidine treatments. We developed 
and validated a simple method for the quantification of TS activity in human 
PBMC. This method is based on the measurement of tritium release from the 
tritium labeled TS substrate 3H-deoxyuridine 5′-monophosphate (3H-dUMP) by 
liquid scintillation counting. After the enzyme reaction, remaining 3H-dUMP is 
removed by adsorption to activated charcoal. The sensitivity of the method was 
increased by using lyophilized substrate and optimized charcoal binding conditions 
to decrease the background level. TS activity was maximized by using a high 
excess amount of the TS cofactor N5,N10 methylene-(6R,S)-tetrahydrofolate, 
and by omitting EDTA from the enzyme reactions. In chapter 1.4 a method is 
reported for the determination of dihydropyrimidine dehydrogenase (DPD) in 
PBMC. DPD is essential for detoxification of fluoropyrimidines. Patients with a 
DPD deficiency show decreased clearance of fluoropyrimidines and are at risk of 
severe fluoropyrimidine-induced toxicity. Therefore, this DPD method may help 
to individualize fluoropyrimidine treatment based on DPD activity phenotype. 
DPD phenotype was determined by measuring the amount of released 3H-5,6-
dihydrothymine by the ex vivo reaction of 3H-thymine with DPD in PBMC cytosolic 
lysates. HPLC with online scintillation radioisotope detection was used for the 
quantification of the titriated compounds. The accuracy was improved by using 
the cumulative area of all chromatographic peaks as internal standard. In chapter 
1.5, a method is described for the determination of thymidine phosphatase (TP) 
in PBMC. TP is important for the activation of fluoropyrimidines into cytotoxic 
metabolites. Patients with high TP activity may experience more fluoropyrimidine-
induced toxicity. TP activity phenotype was determined in PBMC cytosolic lysates 
by the amount of thymine formed from the TP substrate thymidine. HPLC coupled 
with ultraviolet (UV) detection was used to determine the amount of thymine 
formed during the reaction step. 

Chapter 1.6 concerns the development of a more sensitive method for the 
assessment of poly ADP-ribose (PAR) polymerase (PARP) activity in human 
PBMC. PARP inhibitors are currently evaluated as sensitizers in combination with 
radiotherapy and/or chemotherapy. In these combination trials, PARP inhibitors 
are active at very low concentrations. Therefore, highly sensitive methods are 
required for the quantification of PARP activity. Current clinical methods fail 
to provide such sensitivities. We used ex vivo irradiation to enhance the low 
basal level of PAR in PBMC. In addition, we found that PAR polymerase was 
still very active at low temperatures such as 0°C, while PAR degradation was 
mostly abolished. Therefore, the combination of irradiation and reaction at low 



322

Appendix

temperature resulted in high and stable PAR levels. This “radiation enhanced 
PAR” (REP) method showed greatly enhanced sensitivity and accuracy. Clinical 
application of the REP method in a study, combining low dose olaparib with 
radiotherapy, showed that PAR levels were reduced by more than 95% at the 
maximum tolerated dose. In another clinical study, patients received low dose 
olaparib in combination with carboplatin. In that study PAR levels in PBMCs were 
reduced by 98.7% ± 0.14% at day eight compared to day one. Both studies are the 
first to report almost complete inhibition of PARP activity by low dose olaparib 
treatment.

Chapter 1.7 is focused on a biomarker method for the support of clinical 
trials using the immunotherapeutic antibodies nivolumab and pembrolizumab. 
Checkpoint blockade therapy using nivolumab and pembrolizumab has 
demonstrated remarkable efficacy against numerous cancer types. Both 
nivolumab and pembrolizumab block programmed death-1 (PD-1), protein 
on the surface of immune cells acting as a immune checkpoint molecule. We 
developed and validated a flow cytometric method to enumerate the number 
of monocytes, and dendritic, NK, B and T-cells in human blood. The method can 
also be used to determine the percentage of PD-1 positive cells, PD-1 occupancy, 
and number of PD-1 molecules on these immune cells. We used cryosofree™ as 
a cryopreservative for long term storage of the isolated immune cells. Instead of 
the more widely used DMSO, CryosofreeTM does not enter the cells, and therefore 
it can simply be washed away after thawing of the samples. This resulted in 
much higher vital immune cell recoveries and reproducibility compared with 
DMSO. Accuracy was improved by using 2% formaldehyde to keep nivolumab and 
pembrolizumab attached to PD-1 during the cryopreservation and washing steps. 
The detection of nivolumab an pembrolizumab bound to PD-1, by anti-IgG4-PE, 
was very specific and did not require the use of isotype IgG4. We used different 
standardized fluorescent quantification and quality control beads to enable the 
reproducible quantification of PD-1 levels. Compared to other methods, our 
method offers efficient determination of multiple biomarkers on a large panel of 
immune cell subsets in a single experiment. We established the average within 
and between subject biological variation of the different PD-1 biomarkers in a 
healthy volunteer study. The clinical applicability was tested in 6 patients receiving 
nivolumab, and 5 patients receiving pembrolizumab. In this clinical study, we 
found for 9 out of 11 patients a significant drop in the number of PD-1 positive 
T-cells and number of PD-1 receptors per T-cell after just one course of nivolumab 
or pembrolizumab. 
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Chapters 1.8 and 2.5 present two biomarker methods for the detection of 
circulating epithelial tumor cells and melanoma cells (CTC) in human blood and 
cerebrospinal fluid (CSF). CTC contribute to the cancer metastasizing process, and 
their detection has been correlated with an unfavorable clinical outcome. Very 
sensitive methods are needed for the detection of these very rare cells in the 
abundant cellular background of blood. Therefore, both CTC biomarker methods 
use Ficoll density centrifugation for the pre-enrichment of CTC from blood. Further 
enrichment of CTC was achieved by magnetic antibody cell sorting using labeled 
antibodies against epithelial cell adhesion molecule (EpCAM), or anti-melanoma 
chondroitin sulfate proteoglycan (MCSP). The final detection and enumeration of 
the CTC was accomplished using fluorescently labeled antibodies against EpCAM, 
MCSP, CD146, and CD45 to distinguish them from the remaining blood cells. We 
demonstrated that our epithelial CTC detection method can also be used for 
molecular profiling of the extracellular signal-related kinase (ERK) phosphorylation 
status in these cells. The ERK pathway is critical in oncogenesis as it regulates cell 
proliferation, differentiation, and survival. Aberrations in components of the ERK 
pathway are common in approximately 30% of human cancers.

Preclinical and clinical application of biomarker methods

The second chapter of this thesis is focused on the (pre)clinical application of our 
validated biomarker methods. 

Chapter 1.1 describes the application of our methods for the determination 
of DPD, TS, and TP activities in a healthy human volunteer study. In this study, 
we found pronounced between-subject and circadian variability in TS and DPD 
enzyme activity in human volunteers. Based on these results and as described 
in chapter 1.2, we performed a clinical study with high-dose capecitabine     
administration during the night. There was no significant change in TP activity 
observed during treatment. We found partial inhibition of TS activity 1.5 hours 
after each dose of capecitabine. Furthermore, upregulation of TS activity and 
a disturbance of the circadian rhythm was observed in this trial. Although less 
pronounced than in healthy volunteers, DPD activity displayed a circadian rhythm 
during capecitabine treatment, which supports our rationale for capecitabine 
chronotherapy. The chronomodulated capecitabine treatment (CCR) in this study 
allowed for a 20% higher dose intensity compared to the approved regimen (1250 
mg/m2 bi-daily on day 1-14 of every 21-day cycle).

Chapters 2.3-2.5 are focused on the clinical application of CTC analysis 



324

Appendix

methods for the diagnosis of leptomeningeal metastases (LM) in CSF. The golden 
standard method for diagnosis of LM is CSF cytology. CSF cytology has, however, 
only a limited sensitivity of 44-67% at first sampling, increasing to 84-91% upon 
second sampling. Chapter 2.3 provides a literature review that shows that the 
reported sensitivities of the available alternative CSF tumor cell methods and their 
diagnostic accuracy for tumor cell detection are highly promising in comparison 
with CSF cytology. Chapters 2.4 and 2.5 describe two clinical studies with patients 
suspected of LM. In these studies, we found that the sensitivity of CTC detection 
in CSF using our EpCAM and MCSP based CTC detection methods compared 
favorably with CSF cytology. The methods show comparable specificities.

Lastly, we provide conclusions and perspectives about the development, 
validation, and clinical application of biomarker methods. Clinical application of 
the fully validated biomarker methods described in this thesis has led to a better 
understanding of the pharmacodynamics of the applied anti-cancer drugs, which 
may result in more safe and efficient cancer treatment. Furthermore, improved 
detection of CTC in CSF with our validated CTC analysis methods will enable 
diagnosis and treatment of LM for more patients.
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Pharmacodynamische biomarker methoden worden gebruikt om de mate 
van interactie tussen een antikanker geneesmiddel en zijn pharmacologisch 
aangrijpingspunt te bepalen. Deze methoden geven belangrijke informatie die 
leidend zijn voor de klinische besluitvorming omtrent de optimale dosis van 
het geneesmiddel en het toedieningsschema. Vanwege hun grote belang in de 
klinische besluitvorming, dienen alleen volledig gevalideerde biomarker methoden 
toegepast te worden in (pre)klinische studies. Volledig gevalideerde methoden 
hebben de beste kans om aan hun verwachtingen te voldoen. In dit proefschrift 
worden nieuwe of verbeterde biomarker methoden, en hun succesvolle 
toepassing in (pre) klinische studies beschreven. 

Ontwikkeling en analytische validatie van methoden voor het bepalen van 
biomarkers

In het eerste deel van dit proefschrift worden de ontwikkeling en analytische 
validatie van meerdere biomarker methoden besproken, die zijn ontworpen 
voor het ondersteunen van (pre)klinische kanker studies. Deze methoden zijn 
gebaseerd op wijdverspreide basis analytische technieken zoals ligand binding 
assays, hoge druk vloeistof chromatografie (HPLC), en flow cytometrie. Alle 
methoden zijn gevalideerd volgens de aanbevelingen van de Food and Drug 
Administration (FDA) in hun bio-analytische validatie richtlijn uit 2018, die sinds 
2013 in voorlopige vorm beschikbaar was.

Hoofdstuk 1.1 laat zien dat de meeste biomarker methoden die gebruikt 
worden in klinische studies slechts gedeeltelijk zijn gevalideerd. Dit kan mogelijk 
verklaren waarom deze methoden niet altijd aan hun verwachtingen voldoen. 
Het zou tevens het lage goedkeuringspercentage van 27% voor nieuwe anti-
kankermiddelen kunnen verklaren. 

Hoofdstukken 1.2-1.5 richten zich op methoden voor de bepaling van de 
activiteit van drie enzymen die betrokken zijn bij de activatie en afbraak van 
fluoropyrimidinen. De enzymactiviteit wordt normaal uitgedrukt per eiwitmassa 
in de cytosolische lysaten van de perifere bloed mononucleaire cellen (PBMC). 
Echter, de accuraatheid van deze methode wordt negatief beïnvloed door de 
co-isolatie van grote en variabele hoeveelheden hemoglobine (Hb) in de PBMC 
lysaten. Hoofdstuk 1.3 behandelt een methode voor de spectrofotometrische 
bepaling van Hb bij 413 nm, waarmee gecorrigeerd kan worden voor de 
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hoeveelheid hemoglobine in de PBMC lysaten. We laten zien dat toepassing van 
de Hb correctie resulteert in een significante toename van de accuratesse, en 
leidt tot minder variabiliteit van de enzymactiviteitsbepalingen. In hoofdstuk 
1.3 belichten we een methode voor de bepaling van de enzymactiviteit van 
thymidylaat synthase (TS). TS is het enige enzym dat in staat is tot de novo 
synthese van 2′-deoxythymidine 5′-monophosphate. TS is daarom essentieel 
voor DNA biosynthese, en het belangrijkste doelwit voor fluoropyrimidine 
behandelingen. Wij hebben een methode ontwikkeld en gevalideerd voor de 
bepaling van TS in humane PBMC. De methode is gebaseerd op het meten van 
de vrijgekomen tritium door de reactie van TS met het substraat 3H-deoxyuridine 
5′-monophosphate (3H-dUMP) met behulp van vloeistof scintillatie telling. Na 
de reactie wordt het overgebleven 3H-dUMP verwijderd door adsorptie aan 
actieve koolstof. De gevoeligheid van de methode werd verbeterd door gebruik 
van gevriesdroogd 3H-dUMP en optimalisatie van de actieve kool adsorptietijd, 
resulterend in een sterk verlaagd achtergondsignaal. De TS activiteit werd 
gemaximaliseerd door het gebruik van een sterke overmaat van de cofactor 
N5,N10 methylene-(6R,S)-tetrahydrofolaat, en door weglaten van EDTA uit de 
enzymreacties. In hoofdstuk 1.4 wordt een methode behandeld voor het bepalen 
van dihydropirimidine dehydrogenase (DPD) in PBMC. DPD is essentieel voor 
het ontgiften van fluoropyrimidines. Patienten met een tekort aan DPD activiteit 
hebben een verminderde klaring van fluoropyrimidines en lopen het risico om 
ernstige fluoropyrimidine gerelateerde toxiciteit te ontwikkelen. Onze DPD 
methode kan daarom bijdragen aan het verminderen van toxische bijwerkingen 
van fluoropyrimidine therapie door individueel te doseren op basis van het DPD 
phenotype. Het DPD phenotype werd bepaald door het meten van de hoeveelheid 
3H-5,6-dihydrothymine dat vrijkomt bij de ex vivo reactie van 3H-thymine met 
DPD in PBMC cytosolische lysaten. De titrium gelabelde stoffen werden met 
HPLC en online scintillatie telling gemeten. De accuraatheid van de methode 
werd verbeterd door het cumulatieve oppervlak van alle chromatografische 
pieken te gebruiken als interne standaard. In hoofdstuk 1.5 beschrijven we 
een methode voor het bepalen van thymidine phosphorylase (TP) activiteit in 
PBMC. TP is een enzym dat zorgt voor de omzetting van fluoropyrimidinen naar 
actieve cytotoxische metabolieten. Patienten met een hoge TP activiteit kunnen 
daardoor meer last hebben van fluoropyrimidine-geinduceerde toxiciteit. Het 
TP activiteitsphenotype werd bepaald in PBMC cytosolische lysaten door de 
omzetting van het TP substraat thymidine naar thymine te meten met HPLC 
gekoppeld met ultraviolet licht detectie.
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Hoofdstuk 1.6 gaat over de ontwikkeling van een gevoeliger methode voor 
de bepaling van poly ADP-ribose (PAR) polymerase (PARP) activiteit in humane 
PBMC. PARP remmers worden tegenwoordig geëvalueerd als sensibilisatoren in 
combinatie met radiotherapie en/of chemotherapie. In deze combinatie studies 
is PARP actief bij zeer lage concentraties. Dit vereist een meetgevoeligheid die 
de huidige methoden niet kunnen leveren. Wij gebruiken ex vivo bestraling 
van PBMC om de lage basale PAR levels in PBMC sterk te verhogen. Daarnaast 
hebben we ontdekt dat PARP nog steeds actief is bij 0°C, maar dat de afbraak 
van PAR bij 0°C geheel stopt. De combinatie van bestraling en lage temperatuur 
resulteert daardoor in hoge en stabiele PAR waarden. Deze “radiation enhanced 
PAR” methode heeft een sterk verbeterde gevoeligheid en accuratesse. De REP 
methode werd klinisch toegepast in een studie waarbij patienten een lage dosis 
olaparib kregen toegediend in combinatie met radiotherapie. De gemeten 
PARP activiteit was meer dan 95% verlaagd bij behandeling met de maximaal 
getolereerde dosis olaparib. In een andere klinische studie kregen patienten 
lage dosis olaparib in combinatie met carboplatin. In die studie kon met de REP 
methode worden aangetoond dat de PARP activiteit op dag 8 van de behandeling 
met 98.7% ± 0.14% was verlaagd ten opzichte van predose olaparib op dag 1. 
Beide studies lieten als eerste een bijna complete reductie van PARP activiteit zien 
bij behandeling met een lage dosis olaparib.

In hoofdstuk 1.7 wordt een flow cytometrische biomarker method besproken 
voor het ondersteunen van klinisch onderzoek naar nivolumab en pembrolizumab, 
antilichamen tegen immuuncheckpointeiwitten. Checkpoint blockade therapie 
met nivolumab en pembrolizumab is zeer effectief gebleken voor de behandeling 
van vele soorten kanker. Het werkingsmechanisme van zowel nivolumab als 
pembrolizumab berust op het remmen van een eiwit op het oppervlak van 
immuuncellen, genaamd programmed death-1 (PD-1), dat functioneert als een 
receptor checkpoint molekuul. Deze nieuwe methode stelt ons in staat om 
het aantal monocyten, dendritische, NK-, B-, en T-cellen in humaan bloed te 
bepalen. Tevens kan met deze methode het percentage PD-1 positieve cellen, 
PD-1 bezettingsgraad, en het aantal PD-1 receptors per cel bepaald worden. De 
methode maakt gebruik van Cryosofree™ als cryoconserveringsmiddel voor 
de lange termijn opslag van geisoleerde PBMCs. In tegenstelling tot het meer 
gebruikelijke DMSO, wordt Cryosofree™ niet door cellen opgenomen en kan 
daarom na ontdooien van de samples eenvoudig weggewassen worden. Dit 
resulteert in een hogere recovery van immuun cellen, met als gevolg een betere 
reproduceerbaarheid en accuratesse van de methode. De accuraatheid van de 
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methode kon verder worden verbeterd door het gebruik van 2% formaldehyde 
om nivolumab en pembrolizumab aan PD-1 gebonden te houden tijdens de 
cryoconservering en de wasstappen na het fixeren en kleuren van de cellen met 
fluorescerende antilichamen. We tonen aan dat de binding tussen het anti-IgG4 
detectie antilichaam en nivolumab of pembrolizumab zeer specifiek is. Voor het 
kwantificeren van PD-1 gebruiken we standaard fluorescerende kwantificatiebeads 
en kwaliteitscontrolebeads. Ten opzichte van andere methoden biedt deze 
methode als voordeel dat er van elk sample meerdere biomarkers gemeten 
worden in een groot panel van verschillende immuuncellen. We hebben een 
studie uitgevoerd met gezonde vrijwilligers om de biologische variatie in de 
biomarkers binnen en tussen individuen te bepalen. De klinische toepasbaarheid 
werd aangetoond in 6 patienten die met nivolumab werden behandeld, en 5 
patienten die pembrolizumab kregen toegediend als standaard kankertherapie. In 
deze klinische studie vonden we in 9 van de 11 patienten een significante daling 
van het aantal PD-1 positieve T-cellen en het aantal PD-1 receptoren per T-cell na 
slechts 1 nivolumab of pembrolizumab kuur. 

In de hoofdstukken 1.8 en 2.5 presenteren we twee biomarker methoden 
voor het detecteren van circulerende epitheliale tumorcellen en melanoomcellen 
in humaan bloed en CSF. Circulerende tumorcellen dragen bij aan het ontstaan 
van uitzaaiingen en hun detectie is geassocieerd met een negatieve klinische 
prognose. Detectie van deze zeer zeldzame circulerende tumorcellen (CTC) in 
een celrijke vloeistof, zoals bloed, vereist zeer gevoelige meetmethoden. Om dit 
mogelijk te maken werd eerst een Ficoll gradient gebruikt om het bloed zoveel 
mogelijk van de CTC te scheiden. Vervolgens werd magnetisch anti-epitheliaal-cel-
adhesie-molecule (EpCAM), of anti-melanoma-chondroitin-sulfaat-proteoglycan 
(MCSP) aan de samples toegevoegd waarna de CTC van de samples gescheiden 
werden d.m.v. magnetische antilichaam-cel-sortering. De uiteindelijke detectie en 
telling van de CTC werd bereikt door de samples te labelen met fluorescerende 
antilichamen tegen EpCAM, MCSP, CD146, en CD45 om ze vervolgens d.m.v. 
flowcytometrie te kunnen onderscheiden van de resterende bloedcellen. We 
tonen aan dat onze methode ook gebruikt kan worden voor het bepalen van de 
phosphorylatie status van extracellulair-signal-related-kinase (ERK) in CTC. Dit 
is een potentieel belangrijke biomarker, aangezien het ERK-signaalpad van groot 
belang is voor de proliferatie, differentiatie, en overleving van tumorcellen. 
Afwijkingen in onderdelen van het ERK-signaalpad komen voor in ongeveer 30% 
van alle tumoren.
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Preklinische en klinische toepassing van biomarker methoden

Het tweede gedeelte van dit proefschrift is gericht op toepassen van onze 
gevalideerde biomarker methoden in (pre)klinische studies. 

Hoofdstuk 2.1 beschrijft de toepassing van onze methoden voor de bepaling 
van DPD, TS en TP activiteit in een preklinische studie met gezonde vrijwilligers. 
In deze studie vonden we een significante circadiaanse variabiliteit in TS en 
DPD enzymactiviteit. Op basis van deze resultaten, hebben we vervolgens een 
klinische studie uitgevoerd met hoge-dosis capecitabine gedurende de nacht 
(hoodstuk 2.2). In deze studie vonden we geen verandering van de TP activiteit 
gedurende de behandeling. De TS activiteit was echter gedeeltelijk geremd 
1.5 uur na toediening van capecitabine. Verder vonden we een toename van TS 
activiteit en een verstoring van het circadiaans ritme tijdens de studie. Hoewel 
minder duidelijk dan in de gezonde vrijwilligersstudie, werd in deze studie een 
identiek circadiaans ritme in DPD activiteit gevonden, die de rationale voor 
chronogemoduleerd toedienen van capecitabine bevestigt. In deze studie kon 
dankzij chronogemoduleerde toediening een 20% hogere capecitabine dosis 
intensiteit worden bereikt in vergelijking met de goedgekeurde standaard dosering 
(1250 mg/m2 tweemaal daags op dag 1-14 van elke 21-daagse kuur).

Hoofdstukken 2.3-2.5 zijn gericht op de klinische toepassing van CTC detectie 
in CSF voor de diagnose van leptomeningeale metastasen (LM). De gouden 
standaard methode voor de diagnose van LM is CSF cytologie. Echter CSF cytologie 
heeft een beperkte gevoeligheid van 44-67% bij de eerste lumbaalpunctie, 
toenemend naar 84-91% bij de tweede punctie. Het literatuuronderzoek 
beschreven in hoofdstuk 2.3 laat zien dat de gerapporteerde gevoeligheid van 
de beschikbare alternatieve CTC detectiemethoden in CSF en hun diagnostische 
accuraatheid zeer gunstig zijn in vergelijking met cytologie. In de hoofdstukken 
2.4 en 2.5 beschrijven we twee klinische studies die wij hebben uitgevoerd bij 
patienten met een klinische verdenking op LM. In deze studies, vonden we dat de 
gevoeligheid van CTC detectie in CSF met onze op EpCAM en MCSP gebaseerde 
CTC detectiemethoden gunstig afstak tegen cytologie, terwijl alle drie methoden 
een vergelijkbaar hoge specificiteit hebben. 

Tenslotte, geven we in het laatste deel van dit proefschrift conclusies en 
perspectieven voor de ontwikkeling, validatie, en klinische toepassing van 
biomarker methoden. Klinische toepassing van de volledig gevalideerde biomarker 
methoden beschreven in dit proefschrift heeft geleid tot een beter begrip van de 
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pharmacodynamiek van de gebruikte anti-kankermiddelen. Deze opgedane kennis 
kan mogelijk bijdragen aan meer efficiente en veilige behandelingen. Verder kan 
de verbeterde detectie van CTC in CSF met onze detectiemethoden leiden tot een 
betere diagnose en behandeling van meer patienten met LM.
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