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INTRODUCTION



MASS SPECTROMETRY

Over the last two decades, proteomics has become an important technique in biological 

research due to improvements in sample preparation and liquid chromatography-mass 

spectrometry instrumentation. The introduction of high-resolution mass spectrometers 

with quadrupole functionality – such as the Orbitrap Fusion series – enabled sensitive 

targeting of proteins with high-resolution MS/MS fragmentation methods (1, 2). Recent 

studies showed also large improvement in the sensitivity for targeted detection 

of phosphopeptides using parallel reaction monitoring, even outperforming data-

dependent acquisition experiments with two-dimensional fractionation (1, 3). Proteomics 

and phosphoproteomics analyses have, therefore, become a powerful tool to analyze 

clinical samples (4, 5).

PHOSPHOPROTEOMICS

The workflow of phosphoproteomics applied for studying specific phospho-sites is 

important to study dysregulation in cancer (6, 7). Most phosphopeptides are low-abundant 

and still can be successfully measured with MS. An enrichment method such as metal 

oxide affinity chromatography or immobilized metal affinity chromatography is needed 

to identify these low-abundant phosphopeptides. These enrichment methods are 

often combined with fractionation methods such as strong cation or anion exchange 

chromatography, electrostatic repulsion−hydrophilic interaction chromatography, or 

high-pH reversed-phase chromatography (8).

MUTATED AND POST-TRANSLATIONALLY MODIFIED 
TUMOR ANTIGENS

Autoantibodies are generated against epitopes of self-antigens. In cancer, autoantibodies 

can be generated against tumor antigens, which can stem from mutations and post-

translational modifications (PTM) (9). Amino-acid mutated and post-translationally 

modified antigens can have similar reactivity (10). However, post-translationally modified 

antigens are less investigated (11, 12). These mutations and post-translational modifications 

may potentially have great value for the diagnosis, prognosis, and targeted therapy 

of cancers (3, 13). Mutations can have impact on protein structure and stability, protein 

function, subcellular localization and protein-protein interactions (3, 14). These mutations 

can have a direct effect in oncogenesis, and progression of cancer and drug resistance in 

cancer treatment (15).
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Phosphorylation is one of the most common and best studied PTM in proteins (16, 17). Up 

to 30% of all human proteins can be phosphorylated (18, 19). Most phosphorylation events 

are observed in the serine, threonine, and tyrosine amino acid moieties of a protein. 

Phosphorylation regulates for instance cell growth, differentiation, apoptosis and cell 

signaling in eukaryotes. Studies have shown that dysregulation of protein phosphorylation 

can play an important role in cancer development (19-22). A few studies have shown that a 

specific phosphopeptide site can be seen as a tumor-specific antigen. This type of tumor 

antigen can be derived from dysregulated cell signaling pathways in various cancers, and 

has the potential to be beneficial in cancer immunotherapy developments (23-25).

ISOLATION OF ANTIBODIES

There are several techniques to isolate antibodies from body fluids; e.g., ammonium 

sulfate precipitation and affinity purification using protein A, protein G or ion 

exchange chromatography (26, 27). Alternatively, Melon Gel resin can be used also for 

immunopurification. In this way, non-immunoglobulin proteins bind to the Melon Gel 

resin and immunoglobulins can be collected directly in the flow-through. Several 

research groups have successfully used Melon Gel resin to purify IgG from body fluids in 

combination with MS (28-30).

SCOPE OF THIS THESIS

The goal of this thesis is detection and quantification using MS of phosphopeptides in 

glioma. To realize this goal, we applied phosphoproteomics and state-of-the-art MS to 

clinical samples. Chapter 2 describes the detection of a protein coding mutation using 

MS. Detecting somatic mutation-derived neoantigens in early disease stages can be 

valuable for diagnostic purpose. PTM-derived-antigens have been less well studied than 

amino acid mutation neoantigens. These PTM-derived antigens can be detected with MS. 

The available phosphoproteomics approaches to detect these phosphopeptide antigens 

are discussed and investigated in Chapter 3. We introduced an MS-based method to 

accurately and precisely determine phosphorylation levels for specific phosphorylation 

sites in a sensitive, relatively fast, and reproducible way in glioma-derived cell lines. Next, 

this method was applied in brain tumor tissue samples obtained from glioma patients. 

Using this MS-based method, we were able to quantify phosphorylation ratios of specific 

phospho-sites in formalin-fixed paraffin embedded (FFPE) and fresh-frozen brain tissue 

(Chapter 4). Chapter 5 describes an MS-based approach to determine if a tumor-specific 

phosphopeptide can raise autoantibodies in glioma patients. Using a novel application of 

Melon Gel resin, we could demonstrate the presence of EGFR autoantibodies, reactive 
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with a tumor-specific phosphopeptide, in plasma from patients with high-grade glioma. 

Implications of the results of the studies in this thesis are addressed in the general 

discussion in Chapter 6.
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ABSTRACT

The goal of this manuscript is to explore the role of clinical proteomics for detecting 

mutations in COPD and lung cancer by mass spectrometry technology. COPD and lung 

cancer caused by smoking are most likely linked by challenging the immune system via 

partly shared pathways. GWAS have identified several single nucleotide polymorphisms 

(SNPs) which predispose an increased susceptibility to COPD and lung cancer. In 

lung cancer this leads to coding mutations in the affected tissues, development of 

neoantigens and different functionality and abundance of proteins in specific pathways. 

If a similar reasoning can also be applied in COPD is discussed. The Technology of Mass 

spectrometry has developed into an advanced technology for proteome research 

detecting mutated peptides or proteins and finding relevant molecular mechanisms 

which will enable predicting the response to immunotherapy in COPD and lung cancer 

patients.
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INTRODUCTION

The importance of neoantigens for lung cancer (LC) is well-acknowledged. However, it is 

interesting to research a possible role of neoantigens in COPD by using mass spectrometry 

technology. This manuscripts starts with describing the role of neoantigens, followed by 

an introduction of COPD and lung cancer and an analysis of the link between COPD and LC.

Some statistics on mortality on COPD and LC give insight differences in developing and 

underdeveloped regions. A section on genomics is followed by an analysis of how to 

detect neoantigens by mass spectrometry.

Neoantigens

Neoantigens are antigens that deviate from own structures that change into protein 

structures that can be recognized by the immune system. They can be linked to DNA 

repair mutations and generate increased tumor infiltrating lymphocytes (TILs). 

Neoantigens correlate with increased expression of multiple pro-inflammatory 

cytokines and immune-related genes, MI-polarized macrophage genes, PD-L1 and PD-

1[1]. Identifying individual mutations by exosome-sequencing is desirable for developing 

neoantigen-targeted cancer immunotherapies that aim to activate cytotoxic T cells and 

control tumor progression by major histocompatibility complex (MHC) molecules[2]. T 

cells can recognize neoantigens and can mediate immune responses against tumor cells 

containing these neoantigens[3]. To identify candidate neoantigens high-throughput 

next generation sequencing (NGS) and whole-exome sequencing (WES) is used[4, 5]. The 

use of WES combined with in silico peptide translation has become a promising approach 

to detect patient-specific neoantigens[6].

Chronic Obstructive Pulmonary Disease (COPD) 

COPD is a leading cause of death worldwide, smoke being widely accepted as one of 

the most important causes. COPD is characterized by airflow obstruction in the lung and 

symptoms related to decreased expiratory volume.

An important modulator of the immune system is the regulatory T cell (Treg). Tregs are 

involved in the suppression of smoke induced specific immune response and a diminished 

presence or function of these cells may underlie the development of specific humoral 

immune response in COPD [7]. Damage in the lung by COPD is caused by oxidative 

stress, inflammatory cytokine release, protease activity and auto-antibody expression[6]. 

Shorter telomeres are associated with COPD and short telomere length may contribute 

to inflammation in COPD and increases susceptibility to emphysema[6]. Systematic 

inflammation associated with COPD might cause an increase in Apo M expression and 

there are two single nucleotide polymorphisms (SNPs) flanking the Apo M gene involved 

19

2 2



that are associated with altered lung function[8]. COPD is identified with an elevated ROS 

(reactive oxygen species) level and ROS are able to change biological molecules, signaling 

pathways and anti-oxidant molecule functions and a decrease in the level of PTEN and 

SIRT1 in COPD. This can lead to activation in COPD of the mTOR-aging pathway via P13K 

activation by ROS, resulting in reduced antioxidant defense by FOXO3A inhibition and a 

loss of autophagy[9].

GWAS have identified several single nucleotide polymorphisms (SNPs) which predispose 

an increased susceptibility to COPD and lung cancer (LC) such as SERPIN2, HHIP, FAM13A, 

IREB2, CHRNA3 and CHRNA5[10].

Single nucleotide variants in COPD observed in GWAS studies are for a part missense 

mutations, that generate differences in proteins that are hardly investigated on the 

protein level. The impracticality to measure large numbers of missense mutated peptides 

chosen from these GWAS studies hampers an assessment from a technical point of 

view. Also the possible presence of neo-antigens, i.e. antigens that originate from own 

structures that change into protein structures that can be recognized by the immune 

system [11], in COPD and lung cancer is hampered by the sensitivity of mass spectrometry 

to detect and identify peptides derived of neo-antigens and it is even debated if neo-

antigens exist in COPD [12]. 

Lung Cancer 

Lung cancer (LC) has become one of the leading causes of death with smoke as the main 

etiologic factor [13, 6]. Lung cancer is caused by mutations in oncogenes [6], leading to the 

proliferation of mutated cells and the formation of a tumor. Genome-wide association 

studies (GWAS) identified over 500 SNPs influencing cancer risk and downstream targets 

for at least three genes were enriched by cell cycle genes involved in G1/S transition. 

A history of emphysema is the highest risk factor for long cancer among smokers [14]. 

Molecular profiles in non-small cell lung cancer generate ideas to develop molecular 

targeting agents that inhibit the growth signals resulting from driver mutations. EGFR 

and anaplastic lymphoma kinase inhibitors, such as PD1 immunotherapy, become the 

key drugs for long cancer treatment [2]. Immunological checkpoint blockade therapies 

targeting cytotoxic T-lymphocyte antigen-4 (CTLA-4), programmed cell death-1 (PD-1 

and programmed death ligand-1 (PD-L1)) have been shown to have remarkable benefits 

for the treatment of lung cancer [2]. Research by Chae and co-workers[1] showed that 

the immunophenotype of lung adenocarcinoma can be seen as a primary infiltration by 

activated CD4 and CD8 cells. 

The link between COPD and Lung Cancer

COPD and lung cancer are interrelated diseases with substantial mortality and most 
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probably an immunological link may exist between the two diseases [15]. However, their 

pathophysiologic mechanisms are not yet fully understood [16]. The increased risk of lung 

cancer in COPD patients suggests the existence of a two-fold altered cell-mediated 

immune response in COPD patients: dysregulation of T-cells in the lungs and T-cell 

exhaustion [16]. Activation of nuclear transcription factor (NF)-kB may have a crucial role 

in the development of lung cancer from COPD. NF-kB activation increases the release 

from inflammatory mediators that can induce COPD, and also inhibits apoptosis, induces 

proliferation and accelerates cancer development [14].The high prevalence of lung 

cancer in COPD suggests that there may be common mechanisms, such as premature 

aging in lung tissue, genetic predispositions to either disease or common pathogenic 

factors such as growth factors, activation of intracellular pathways or epigenetics [6]. 

Various mechanisms to explain the association between COPD and lung cancer include 

genetic susceptibility, deoxyribonucleic acid (DNA) damage and repair, epigenetics, 

downregulation of specific microRNA, expression of pro-inflammatory genes induced 

by hypoxia, tumor growth factor-B and integrins, telomere length and dysfunction[17]. 

Telomere shortening is a risk factor in COPD and lung cancer[6]. 

Chronic inflammation through the induction of several interleukins and cyclooxygenase-2 

activity may be an important player in the lung tumor formation among patients with 

COPD. For instance, CCL21 may favor cancer cell migration in the lungs of patients with 

COPD [13]. Oxidative damage and antioxidant depletion may contribute to a greater risk 

to lung carcinogenis, especially in patients with underlying COPD [13]. An epigenome wide 

association study identified that DNA methylation and repression of 2 genes,CCDC37 and 

MAP1B, was significantly associated with both COPD and lung cancer [6]. COPD leads to 

changes in lipid profiles including increased ceramide levels in lung tissue by high density 

lipoprotein [8]. These changes in lipid metabolism in turn may alter other physiological 

responses, including the hypoxia response and EGFR signaling and may play a role in the 

link between COPD and lung cancer [6].

STAT3 and its downstream genes , such as CBLN1, CBLN2, FGL1, FOX03, GJB1, 

HNF4α,TMEM27 and TTR, are differentially changed in both lung adenocarcinoma and 

COPD [18]. The tumor suppressor protein p53 is a general inhibitor of inflammation; its 

gene, TP53, is often mutated by cigarette smoke and may be suppressed by oxidant 

activation of NF-kB mediated inflammation [14]. Exposing human bronchial epithelial cells 

to PM2.5 (particulate matter 2.5, the mass per cubic meter of air of particles with a size 

of less than 2.5 micrometres) induces a significant upregulation of vascular endothelial 

growth factor A (VEGA) production. Macroautophagy/autophagy is induced upon PM2.5 

exposure and then mediates VEGA upregulation by activating the SRC-CTA3 pathway in 

bronchial epithelial cells[19] 
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Mutational signature analysis in a study by Xiao and co-workers[10] suggests that there 

was no specific mutation pattern during the development of LC associated with COPD. 

The high concordance in the mutational burden and spectra further suggests that the 

inflammatory environment surrounding the tumor cells does not generate new mutations 

in lung adenocarcinoma (LUAD) patients, but integrative analysis of DNA methylation 

and transcriptome profiling demonstrates that the presence of COPD is associated with 

changes in methylation and expression in genes involved in immune response in NSCLC. 

Loss of PARK2 (encoding Parkin) increases the expression of proinflammation factors as 

well as nuclear NF-kB localization, suggesting a role of PARK2 loss in inflammation, and 

PARK2 deficiency promotes genomic instability and cell transformation, so PARK 2 might 

have a tumor suppressor role in the development of COPD and lung cancer [20].

SNP variation-associated inflammatory genes identified between COPD and lung 

cancer may play critical roles in a COPD-LC transformation; activated nAchRs (nicotinic 

acetylcholine receptor gene) in COPD may cause mutation and down-regulates the 

expression of the crucial tumor suppressor gene TP53 and P53-related signaling 

pathways, causing lung tumorigenesis [21, 22].

Saber and co-workers[23] showed that COPD is not associated with the presence of KRAS 

mutations as observed in lung cancer, whereas presence of EGFR mutations was more 

frequent in non-COPD as compared to COPD lung patients. Their findings that EGFR 

mutations are more common in non-COPD lung patients might indicate that lung cancer 

development depends on activating EGFR mutations in non-COPD patients. Lim and 

co-workers[24] argue that COPD is not a prognostic factor in advanced NSCLC patients, 

however, COPD had a negative impact on the overall survival of NSCLC patients in the 

smoker and stage IV subgroup.

Genome-wide association studies (GWAS) have shown that large numbers of coding 

variants can have effects on the susceptibility of COPD [25-27]. Although these coding 

variants have a significant effect on the susceptibility for COPD, the heterogeneity of the 

disease does not allow yet to translate this knowledge into clinical applicable molecular 

tools to identify those individuals which are susceptible for COPD and will develop 

lung cancer. Very recently, therapeutic antibodies that effect the immune system such 

as atezolizumab for lung cancer have been introduced with considerable results in the 

treatment of NSCLC (non-small cell lung carcinoma) compared to classical chemotherapy 

treatment (docetaxel, cisplatinum, gemcitabine) in case of advanced disease (for review 

see[28, 29]). In general, for COPD no medication is available that cures the disease and the 

developed drugs for lung cancer have shown no effect in COPD although the number of 

studies on this topic is rather limited. It is suggested that an immunological link exists 

between the two diseases [15, 16], so detailed investigation can be highly rewarding for 
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developing knowledge on possible treatment of COPD.

Mortality for COPD and LC

COPD (chronic obstructive pulmonary disease) and lung cancer are heterogeneous diseases 

that are for a large part (85% (man) and 69% (female) for instance in the Dutch situation 

(2018)) linked causatively by the use of cigarettes (RIVM; www.jellinek.nl). [16, 30] In Table 1 

the global situation and the situation in the continents is presented. From this table one 

can notice that in the developed world (Europe, Oceania and North America) similar ratios 

of mortality for COPD and LC can be observed. In developing and underdeveloped regions 

the cause of COPD and LC is much more linked to indoor pollution[31-34].

Table 1: Annual mortality in COPD (2010) and Lung Cancer (2015)

Number of deathsa) COPD Lung Cancer Ratio 
COPD/Lung cancer

Global Continents 2,837,877 1,823,929 1.55

Europe 267,451 387,913 0.69

Oceania 10,256 11,822 0.87

North Amerika 167,299 173,278 0.96

South America 117,865 62,922 1.87

Asia 2,159,952 1,068,862 2.02

Africa 103,325 37,748 2.71

a) Source: For COPD – Burney et al. (2015).[35] . For lung cancer–WHO Globocan (http://www-dep.iarc.fr/
WHOdb/WHOdb.htm)

Genomics 

The recently published COPD Gene investigators study [36] indicates that rarely found 

genetic variants were enriched in specific pathways such as the transforming growth 

factor beta pathway, the hedgehog pathway and the cilia-related pathway in a relatively 

large cohort (n =2543) of COPD patients and controls who were not affected by 

smoking. The criteria used were GOLD grade 3 and 4 (https://goldcopd.org/); FEV< 50% 

post-bronchodilator age less than 65 for the patient group and for the control group 

frequency-matched pack years of cigarette smoking, FEV1 > 80%, age >65, no significant 

emphysema. For instance for proteins CTC1, OR5B12, GTF3C5, BLVRB, SLC7A7, SLC 26A7 

and Notch2 coding mutations were found for COPD[36]. In general, GWAS studies until 

now do not result into a molecular or a genetic clinical test. Most ideally patients can be 

categorized for these missense mutations and treated for COPD in a much earlier phase 

besides prevention and assistance in the cessation of smoking in a very early stage. 

The risk of developing lung cancer is 8 times higher if COPD has been diagnosed[30, 37]. 

Different molecular mechanisms related to inflammation, to innate immune responses 

and to carcinogenic processes are affected in COPD and lung cancer [38] These molecular 
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mechanisms are most likely defense mechanisms to the chemical exposure of smoke in the 

lung. Research by Lambrechts and co-workers showed that rs1051730 on chromosome 

15q24/25 is associated with the presence and severity of emphysema and they discussed 

a shared pathogenic mechanism in COPD and lung cancer[22]. As mentioned above, anti-

PD-L1 antibody (e.g. atezolizumab) has revolutionized the treatment of NSCLC patients 

and has been approved in 2016[39] by the FDA. For COPD such a treatment does not 

yet exist and therapeutic antibodies to proteins of the innate system (cytokines) have 

not proven to be successful [40]. However, a better understanding of mechanisms of the 

development of COPD can hopefully lead to the finding of key regulated molecules that 

can be effectively targeted by drugs or therapeutic antibodies. Research by Mark and co-

workers [15] showed that PD1 expression was increased in tumors of COPD patients and 

the presence of COPD was associated with longer progression-free survival of patients 

treated with immune checkpoint inhibitors. 

The enormous efforts in GWAS and cohort studies [8, 10, 20] in which NGS is performed on 

cellular materials of patients with COPD and lung carcinoma open ways to investigate 

these pathways on a protein level [41], especially, if specific coding mutations or 

neoantigens specific for COPD or lung cancer can be identified [36]. As a consequence the 

affected molecular mechanism (e.g. immune response or inflammation) can be targeted 

or modulated in a way beneficial for the patient. 

Neoantigens and mass spectrometry of missense mutations 

The presence of a high number of clonal neoantigens in homogeneous lung 

adenocarcinoma(LUAD) may favor immune surveillance, whereas in lung squamous 

cell carcinoma (LUSC) immune escape may be more prevalent through HLA 

downregulation and a high clonal neoantigen burden in LUAD is associated with an 

inflamed microenvironment with activated T cells, potentially regulated by inhibitory 

immune checkpoint molecules and their ligands [42]. Immune checkpoint inhibitors 

have shown significant therapeutic responses against tumors containing increased 

mutation-associated neoantigen load [43]. Direct proteomic analysis of MHC ligands by 

liquid chromatography and tandem mass spectrometry (LS-MS/MS) enables discovery of 

neoantigens directly from cancer cells [44]. The success of checkpoint inhibitor therapies 

underlines the notion that tumor-specific T cell responses pre-exist in patients with lung 

cancer and are kept under tight control via immune modulatory mechanisms [45]. In non-

small lung cancer, smoking-related carcinogenesis are strongly associated with higher 

mutation rate and immunotherapy response, and the presence of neoantigen-specific 

T cells in the peripheral blood demonstrates that some neoantigens are capable of 

including T cell reactivity[3].
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Recent proteomic approaches provide a comprehensive way to analyze whole HLA 

ligandomes containing various types of TAAs and direct peptide isolation from live cells 

using antibodies directed against HLA molecules followed by LC-MS/MS sequencing is 

an ideal strategy to map and screen natural T-cell epitopes presented by cancer cells [46].

Neoantigen loss occurs through elimination of tumor subclones or through deletion of 

chromosomal regions containing truncal alterations and were associated with changes in 

T cell receptor clonality. There could be two mechanisms of neoantigen loss in resistant 

tumor: 1) through the immune elimination of neoantigen-containing tumor cells that 

represent a subset of the tumor population, and 2) through the acquisition of one or 

more genetic events in a tumor cell that results in neoantigen loss, followed by selection 

and expansion of the resistant clone [43]. 

Frameshift neoantigens provide a unique opportunity to target common tumor-

suppressor genes such as TP53 and BAP1, and frameshift indels trigger an increased 

quantity of neoantigens and greater mutant binding specificity [45].

Application of the epitope prediction approach to sequencing data from different cancer 

types reveals a range of predicted neoantigens per individual tumor, providing evidence 

that neoantigens are frequent in most human cancers [47].

Mass spectrometry has, in addition to the potential to identify proteins in the presence 

or absence of databases, the inherently present possibility of quantification of proteins 

and peptides in a relatively sensitive way[48]. This opens possibilities to detect missense 

mutations in antigens and even neo-antigens in biopsies and body fluids. 

By mass spectrometry coding mutations can be detected and quantified on the protein 

level and in heterozygous patients the ratio of the wildtype and mutated protein can be 

determined. 

It is particularly of interest if the abundance of these variants is influenced by the 

presence of COPD. Hereafter, an example is given of the detection of a mutation in 

isocitrate dehydrogenase (IDH1) on position 132 of this protein [49, 50] which is observed in 

various tumors including lung carcinoma. The example in figure 1 describes a mutation at 

positon 132, where an arginine (R) is replaced by a histidine (H). The difference in weight 

between the mutated and the normal peptide can be observed in the mass spectrum. 

However, the mutation dictates the size of the tryptic peptide and the composition of 

aminoacids in the peptide. Sometimes specific enzymes (Lys-N or chymotrypsin) ought to 

be applied to technically realize the visualization of these mutated and normal peptides [51].  

Mass spectrometry allows to measure the ratio of mutated and the corresponding normal 
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peptides potentially associated to a specific disease. These ratios can be determined 

accurately if synthetic stable isotope labelled peptides are applied. 

Fig. 1. a) Primary structure of mutant IDH-1. b) and c) Partial mass spectra of mutated IDH-1(top) and 
wild type (WT) IDH1 digested proteins. 
Partial sequence of mutant  ...RLVSGWVK | PIIIGHHAYGDQYR | ATDFVVPGPG... Partial sequence wild type   
...RLVSGWVK | PIIIGR|HAYGDQYR| ATDFVVPGPG...Trypsin cleavage sites are indicated with  |. Peptides a 
and b are peptides from other proteins and they may serve as references for intensity variation observed 
between various samples.

Although these missense mutations can be attractive targets for therapy, neoantigens 

presented on human leucocyte antigens (HLA) [52] might be even a more attractive 

way to find proteins that might be affected in COPD. Recently, Bassani-Sternberg 

and co-workers [53] have shown the possibility to detect neo-antigens in native human 

melanoma tissue. Neoantigens that are displayed by the MHC can be analysed by mass 

spectrometry (MS) and it is of interest to determine the immunopeptidome in lung tissue 

of COPD patients. The feasibility of this approach as described by Bassani-Sternberg 

and co-workers [54] shows that by MS mutated peptide ligands for HLA can be identified 

in relative small periods of time (three weeks) in contrast to immunological oriented 

studies. Intensive fractionation of peptides eluted from HLA makes it possible to identify 
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these neo-epitopes in proteins by mass spectrometry in a much faster way and can lead 

potentially to targeted approaches or specific antibody treatment for COPD, indicating 

that MS technology has major advantages for detecting relevant proteins.

For absolute quantitative mass spectrometric analysis of mutated proteins and mutated 

peptides, a stable isotope labelled peptide or protein needs to be synthesized. In this 

way a precise quantification can be reached for a mutated protein. Targeted mass 

spectrometry (SRM and PRM) allows the measurement of tens to hundreds of mutated 

proteins in a single analysis. A disadvantage of this technique is the sensitivity if no sample 

fragmentation is performed for serum or tissue samples. Without sample preparation, 

most often microgram/ ml biofluid can be reached. If affinity separations (e.g. by specific 

column chromatography materials, binders such as antibodies or affimers) are applied 

one can reach the ng/ml biofluid or pg protein/ gram tissue [41, 48]. These improved sample 

preparations and improved technology in quadrupole and high resolution detection 

in advanced mass spectrometers (hardware and software) will enable the large scale 

detection and quantitation of mutated proteins in the near future.

Specific binders for cancer associated pathways can be very instrumental to extract 

differentially expressed proteins from these pathways in lung biopsies. Mass 

spectrometry has the advantage that it is possible to define very accurately the ratios 

of mutated proteins in these pathways and may show proteins that can effectively 

modulate immunological processes involved in the induction and progression of COPD.

CONCLUSION

The idea that cancer has pre-stages is widely accepted (for reviews see [6, 55-57]). The same 

might hold for COPD and as the risk of lung cancer is 8 times higher in COPD patients 

one may assume that in a part of the COPD patients COPD is a pre-stage of lung cancer. 

If so, than neoantigens might also be present in COPD. Since the technology has been 

described, the chance to investigate this possibility in much more depth is of high 

interest.
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GLOSSARY

CTLA-4  cytotoxic T-lymphocyte antigen-4 

EGFR  epidermal growth factor receptor

GWAS  genome-wide association studies

HLA  human lymphocyte antigen

IDH1  isocitrate dehydrogenase.1 

LC-MS/MS  liquid chromatography and tandem mass spectrometry

LUAD  lung adenocarcinoma 

LUSC  lung squamous cell carcinoma

MHC  major histocompatibility complex

MS  mass spectrometry

nAchRs  nicotinic acetylcholine receptor gene

NGS  next-generation sequencing

NSCLC  non-small cell lung carcinoma

PD-1  programmed cell death-1 

PD-L1  programmed death ligand-1 

PM2.5  particulate matter 2.5

PRM  parallel reaction monitoring

ROS  reactive oxygen species

SNP  single nucleotide polymorphism

SOD  superoxide dismutase

SRM  selection reaction monitoring

STAT  signal transducer and activator of transcription 

TAA  tumor associated antigen

TIL  tumor infiltrating lymphocites 

VEGA  vascular endothelial growth factor A 

WES  whole-exome sequencing
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ABSTRACT

We show that parallel reaction monitoring (PRM) can be used for exact quantification 

of phosphorylation ratios of proteins using stable isotope labelled peptides. We have 

compared two different PRM approaches on a digest of a U87 cell culture, namely 

direct-PRM (tryptic digest measured by PRM without any further sample preparation) 

and TiO2-PRM (tryptic digest enriched with TiO2 cartridges, followed by PRM 

measurement); these approaches are compared for the following phosphorylation sites: 

Neuroblast differentiation-associated protein (AHNAK S5480-p), Calcium/calmodulin-

dependent protein kinase type II subunit delta (CAMK2D T337-p) and Epidermal growth 

factor receptor (EGFR S1166-p). A reproducible percentage of phosphorylation could 

be determined (CV 6-13%) using direct-PRM or TiO2-PRM. In addition, we tested the 

approaches in a cell culture experiment in which U87 cells were deprived of serum. As a 

“gold standard” we included immune precipitation of EGFR followed by PRM (IP-PRM). 

For EGFR (S1166) and AHNAK (S5480), a statistical significant change in the percentage 

of phosphorylation could be observed as a result of serum deprivation; for EGFR (S1166) 

this change was observed for both TiO2-PRM and IP-PRM. The presented approach has 

the potential to multiplex and to quantify the ratio of phosphorylation in a single analysis.

Keywords

Phosphoproteomics, PRM, Targeted mass spectrometry, Quantitative proteomics and 

Phosphorylation ratio 
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INTRODUCTION

Phosphorylation is a reversible post-translational modification (PTM) which regulates 

many cellular processes 1, 2 and as such plays an important role in cell signaling. In healthy 

organisms, phosphorylation is well-regulated but in diseases and especially in cancer this 

process is derailed. For this reason, there is a large interest in studying changes that 

occur in the phosphoproteome as a result of various diseases 3, 4.

Phosphoproteomics has resulted in complementary knowledge about new 

phosphorylation sites compared to antibodies directed to specific phosphosites 5. 

A disadvantage of phosphoproteomics is that the identification of less abundant 

phosphopeptides by mass spectrometry still requires enrichment methods such as metal 

oxide affinity chromatography (MOAC) or immobilized metal affinity chromatography 

(IMAC); these are often combined with fractionation methods such as strong cation 

exchange chromatography (SCX), strong anion exchange chromatography (SAX), 

electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) or high-pH 

reversed-phase chromatography (HpH) 6-12. These quite lengthy procedures result in 

relatively long analyses time per sample. Techniques using antibodies are restricted by 

the relatively low number of phosphorylation site specific antibodies 13. In addition, the 

specificity of antibodies remains a problem in tissue and cell lysates 14. 

Knowledge about new phosphorylation sites detected by mass spectrometry are often 

publically available in databases, for instance Phosphopedia and PhosphoSitePlus 
15. The availability of information on large numbers of phosphorylation sites has 

opened possibilities for label-free targeted screening of phosphorylation using 

mass spectrometry. The merits of targeted mass spectrometry in terms of increased 

sensitivity, analytical precision and accuracy have been recognized for over a decade 16. 

Using targeted MS methods it is possible to quantify the absolute or relative amount 

of a phosphorylated peptide in a sensitive way 17-19. The introduction of high resolution 

mass spectrometers with quadrupole functionality such as the Orbitrap Q-Exactive and 

Orbitrap Fusion makes it possible to use targeted high resolution MS/MS-methods like 

Parallel Reaction Monitoring (PRM) 15, 20-23. The higher resolution of MS2 spectra has 

resulted in lower noise levels in a PRM approach compared to conventional Selected 

Reaction Monitoring (SRM) approaches with triple quadrupole instruments. The reduced 

noise levels result in significantly lower limits of detection in complex samples compared 

to lower resolution SRM approaches 24. Recently, Lawrence et al. 15 showed large 

improvement in sensitivity for targeted detection by PRM of phosphopeptides even 

outperforming DDA experiments with deep fractionation. 

A disadvantage of most phosphoproteomics methods is that only the abundance of the 

35

3 3



phosphopeptide is determined. The percentage phosphorylation of a phosphorylation 

site is not determined because the total protein abundance of the protein of interest is 

not measured. The importance of using protein abundance to calculate the degree of 

phosphorylation has been earlier underlined by Wu et al 25. These authors showed, in a 

large scale study with SILAC labeling in yeast strains, that 25% of the phosphopeptides 

with a differential expression was related to a change in protein abundance. To determine 

the percentage of phosphorylation in phosphoproteins, a number of techniques have 

been described in literature, most of which include a labeling approach and / or a 

phosphatase treatment of the protein sample 26-30. A SILAC labelling approach is used 

by Olsen et al. in which three SILAC ratios (phosphopeptide, nonphosphopeptide and 

protein ratio) are used to calculate phosphorylation levels 29. Wu et al. and Tsai et al. use 

an approach in which the sample is divided in two equal aliquots, one aliquot is treated 

with phosphatase and the other aliquot is untreated. After digestion of the sample, a 

peptide labeling technique is performed after which the aliquots are combined again. 

The combined sample is measured using an LC-MS approach in which the ratio of the 

labeled and unlabeled form of peptides are determined. The determined ratios can be 

used to calculate the phosphorylation percentage of a peptide 26, 28. These methods are 

quite complex and time-consuming d, in addition, absolute quantitation of the amount 

of phosphorylated protein remains difficult or impossible.

We describe a method to absolute quantify phosphopeptides and to determine their 

percentage of phosphorylation using PRM in combination with stable isotope labelled 

peptides. To develop and validate this method, U87 cells (a glioblastoma multiforme cell 

line) were used as a model. First, a phosphoproteome profile is created by performing 

a data dependent LC-MS measurement on enzymatic digested cell lysates which are 

enriched by TiO2 and subsequently fractionated by a High-pH reversed-phase method. 

Second, a number of phosphopeptides were selected from this data set and used for 

a PRM approach with stable isotopic labeled peptides. In this PRM approach not only 

phosphorylated peptides but also the non-phosphorylated counterparts including 

their stable isotope labelled standards are targeted. This combination of techniques 

allows for a very precise determination of the percentage of phosphorylation for the 

investigated phosphosites. A thorough evaluation of the technology for this purpose 

has not been presented before. The aim of the current study is to show that it is feasible, 

with targeted proteomics, to accurately and precisely determine phosphorylation levels 

for specific phosphorylation sites in a sensitive, relatively fast and reproducible way. 
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MATERIALS AND METHODS

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich, (Saint Louis, 

MO) and all solvents were purchased from Biosolve, (Valkenswaard, The Netherlands).

Cell culture

U87 cells were cultured until 80% confluence in DMEM (Gibco, Invitrogen, Carlsbad, 

CA) with 10 % fetal bovine serum (FCS) and 100 µg/mL Pen Strep (Gibco, Thermo Fisher 

Scientific, Waltham, MA) in T75 flasks. Subsequently, the cells were washed with PBS 

(Lonza, Basel, Switzerland) and the cells were scraped on ice with cold 500 µl lysis buffer 

(0.1% SDS, 50 mM TEAB (triethyl ammonium bicarbonate) and 5 µl HaltTM phosphatase 

inhibitor (Thermo Fisher Scientific). The scraped cells were further disrupted by external 

sonification for 2 min at 70% amplitude at a maximum temperature of 25°C (Branson, 

Ultrasonic, Danbury, CT). Cell lysates were divided into two aliquots and stored at -80 

°C. One aliquot was used for in-solution digest and one aliquot for immunoprecipitation.

Serum starvation

U87 cells were cultured until 80% confluence as mentioned above in 14.5 cm Petri 

dishes. Subsequently, the culture medium was deprived of FCS for 3 hours after which 

the cell cultures were incubated for two different durations with medium containing 

10% FCS (10 and 15 minutes). We used two conditions as controls: a) cells that were not 

deprived of FCS and b) cells that were deprived of FCS for three hours but which were 

not subsequently incubated with FCS. Finally, cells were lysed and stored as mentioned 

above.

In-solution-digestion

Five µl of 200 mM TCEP (tris(2-carboxyethyl)phosphine was added to cell lysate (~500 

ug total protein) and incubated for 1 hour at 55°C. Subsequently, 5 µl of 375 mM IAA 

(iodoacetamide) was added and incubated at room temperature for 30 min. Next, 

samples were precipitated by adding 600 µl cold acetone and incubated for 2 h at -20°C. 

Subsequently, samples were centrifuged for 10 min at 8,000 g at 4°C and supernatants 

were discarded. Pellets were washed twice with cold acetone and dissolved in 100 µl 

50 mM TEAB that contained 25 µg trypsin (Promega, Madison, WI) and incubated 

overnight at 37°C. After overnight incubation, to each sample 4 µl 5% TFA was added 

and centrifuged at 20,000 g. Four µl of the digest was used to perform a quantitative 

colorimetric peptide assay (Pierce, Thermo Fisher Scientific, Rockford, IL) to determine 

the peptide concentration of each sample. The assay was performed according to the 

manufacturer’s protocol. The rest of the digested sample was dried using a vacuum 

centrifuge (Savant SC210A, Thermo Fisher Scientific) and stored at -80 °C. 
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Immunoprecipitation of EGFR and on-bead digestion

Thawed lysates were centrifuged at 4°C at 20,000 g for 10 min and the supernatants 

were used. Subsequently, IP buffer (20 mM Tris/HCl pH 7.2, 10 mM sodium phosphate 

and 50 mM NaCl) was added to the supernatant and protein A Dyna beads (Thermo 

Fisher Scientific) were used for IP. Dyna beads (1.5 mg) were loaded with 5 µg of anti-

EGFR (MABF119, Merck Millipore, Billerica, MA) and incubated for 10 min. According to 

the instructions of the manufacturer, the beads were washed and then the complete 

supernatant in the IP buffer was added to the beads and incubated at 4°C for 2 hours. 

After incubation, the beads were washed three times with 200 µl PBS-0.01% Tween 20. 

Subsequently, the beads were re-suspended into 100 µl PBS and transferred to a clean 

tube and PBS was removed. For digestion of the proteins bound to the beads, 50 µl 

0.1% Rapigest (Waters) was added. After adding 2.5 µl 0.1 M dithiothreitol (DTT), the 

sample was incubated for 30 min at 60 °C. Subsequently, 2.5 µl 375 mM IAA was added 

and incubated at room temperature for 30 min. This was followed by addition of 0.5 µg 

trypsin and incubation overnight at 37°C. After adding 6 µl 5% TFA and centrifugating at 

20,000 g the supernatants were stored at 4 °C.

Automated phosphopeptide enrichment and fractionation

For the automated sample processing an AssayMAP Bravo platform (Agilent technologies, 

Santa Clara, CA) was used. For the phosphopeptide enrichment, TiO2 cartridges were 

used. For HpH (High pH) fractionation, reversed phase cartridges (Agilent technologies, 

Santa Clara, CA) were used. Manufacturer’s protocols were applied for all cartridges as 

described briefly below.

Desalting of peptides 

C18 cartridges were primed with 100 µl 50% ACN /0.1% TFA and equilibrated with 

loading buffer (0.1% TFA / water). Hundred twenty µg of dried digested U87 cells were 

re-suspended in 120 µl loading buffer. Hundred µl of the re-suspended sample was 

loaded onto the C18 cartridge. After washing the cartridges with 100 µl loading buffer, 

the desalted peptides were eluted in 25 µl elution buffer 70% ACN/0.1% TFA. 

TiO2 phosphopeptide enrichment

To the 25 µl desalted U87 peptide digests, 95 µl 40% ACN/2.5% TFA was added. TiO2 

cartridges were primed with 100 µl 5% ammonia/ 50% ACN and equilibrated with 

equilibration buffer (50% ACN/ 2% TFA). The desalted digests of the U87 cells were 

loaded onto the cartridges. Phosphopeptides were eluted with 25 µl 5% ammonia /15% 

ACN after washing the cartridges with 100 µl of the equilibration buffer. The eluted 

phosphopeptides were dried directly using a vacuum centrifuge. The dried sample was 

dissolved in 12 µl 0.1% TFA/ 2% ACN and measurement by LC-MS.
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High pH reversed-phase fractionation

Hundred µg of dried digested U87 cells or the dried eluate of TiO2 enrichment was re-

suspended in 120 µl loading buffer (0.1% TFA/water). The reversed-phase (RP) cartridges 

were primed with 100 µl 80% ACN /0.1% TFA and equilibrated with loading buffer. The 

re-suspended sample was loaded onto an RP cartridge. After washing the cartridges with 

100 µl of loading buffer, the peptides were eluted by applying a step gradient of increasing 

acetonitrile concentration in trimethylamine (0.1%/ water), 10, 15, 25, 30, 35 and 50%, 

respectively. Eluted peptide fractions were dried directly using vacuum centrifugation. The 

dried peptide fractions were dissolved in 25 µl 0.1% TFA prior to LC-MS analyses.

Sample preparation for Parallel Reaction Monitoring (PRM)

For PRM analyses, 3 peptide pairs were selected, a phosphopeptide and its non-

phosphorylated counterpart. For quantification, a stable isotope labeled (SIL) version 

of these 3 pairs were purchased (Pepscan, Lelystad, The Netherlands) labeled with 

lysine-13 C6, 
15N2. The purity of the obtained peptides was >95% and the variation in the 

concentration is specified as less than 5%. The spiking level of SIL-peptides in the digested 

samples was determined based on the ratio to the endogenous peptide in an untreated 

U87 digest, see Table 1. The spiking levels have been selected to obtain a ratio close to 

one, ratios exceeding a factor 10 resulted in incorrect quantitative results for some of 

the peptides. For the immuno-precipitated samples, other spiking concentrations were 

used to not exceed a factor of 10, see Table 1. 

Table 1: Targeted peptides

Amount of spiked 
peptide

fmol /100 µg total 
peptide

Protein Sequence* Precursor 
mass MH+

Charge Extracted fragments Direct-PRM 
&TiO2-PRM

IP-
PRM

AHNAK 
(S5448)

ISAPNVDFNLEGPK
ISAPNVDFNLEGPK
ISAPNVDFNLEGPK
ISAPNVDFNLEGPK

750.8883
754.8954
790.8714
794.8714

2 y8[+],y11[+],y12[+],y11[++]

-
1000
-
400

-
-
-
-

CAMK2D 
(T337)

ESTESSNTTIEDEDVK
ESTESSNTTIEDEDVK
ESTESSNTTIEDEDVK
ESTESSNTTIEDEDVK

892.3894
896.3965
932.3726
936.3797

2

y6[+],y8[+],y10[+],y11[+],y12[+]

y6[+],y8[+],y9[+],y11[+],y12[+]

-
400
-
100

-
-
-
-

EGFR 
(S1166)

GSHQISLDNPDYQQDFFPK
GSHQISLDNPDYQQDFFPK
GSHQISLDNPDYQQDFFPK
GSHQISLDNPDYQQDFFPK

746.015
748.6864
772.6705
775.3419

3 y6[+],y7[+],y10[++],b9[+]

-
1000
-
50

-
100
-
4

*Bold and underlined phosphorylated residue, Bold lysine-13 C6, 
15N2
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NanoLC data dependent mass spectrometry measurements

Samples were analyzed by nano-LC (Ultimate 3000RS, Thermo Fisher Scientific, 

Germering, Germany). After preconcentration and washing of the samples on a C18 trap 

column (1 mm × 300 μm i.d., Thermo Fisher Scientific), they were loaded onto a C18 

column (PepMap C18, 75 mm ID × 250 mm, 2 μm particle and 100 Å pore size, Thermo 

Fisher Scientific) using a linear 90 minutes gradient (4-38% ACN/H20; 0.1% formic acid) 

at a flow rate of 250 nL/min. The separation of the peptides was monitored by a UV 

detector (absorption at 214 nm). The nano-LC was coupled to a nanospray source of a Q 

Exactive HF mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) which was 

operated in the data dependent acquisition (DDA) mode. Full scan MS spectra (m/z 375-

1500) in profile mode were acquired in the Orbitrap with a resolution of 60,000 after 

accumulation of an AGC (Automatic Gain Control) target of 3 x 106. The top 20 peptide 

signals (charge-state 2+ and higher) were isolated (1.4 m/z window) and fragmented by 

HCD (Higher-energy collision, normalized collision energy, NCE, 28.0) and measured in 

the Orbitrap with an AGC target of 50,000 and a resolution of 15,000. Maximum fill times 

were 60 ms for the full scans and 50 ms for the MS/MS scans. The dynamic exclusion was 

activated; after the first time a precursor was selected for fragmentation it was excluded 

for a period of 40 seconds using a relative mass window of 10 ppm. Lock mass correction 

was activated to improve mass accuracy of the survey scan.

PRM measurements

PRM was performed on the same nano-LC Orbitrap Q Exactive HF system as the DDA 

measurements. A shorter 30 minute gradient is used on the nanoLC system under similar 

LC conditions as for the DDA measurements. A targeted MS/MS method was developed 

for 12 peptides, see Table 1. A quadrupole isolation window of 0.7 m/z units, an AGC target 

of 1e6 ions, a maximum fill time of 250 ms and an Orbitrap resolving power of 120,000 at 

200 m/z were used. The normalized collision energy was optimized and retention time was 

determined for each peptide, using the SIL-peptides. An optimal NCE of 20 for all peptides 

and a retention time window of 3 minutes for each peptide was used.

Data Processing and Analysis

From the DDA data files the MS/MS spectra were extracted and converted into mgf files by 

using MSConvert of ProteoWizard (version 3.0.06245). All mgf files were analyzed using 

Mascot (version 2.3.02; the Matrix Science, London, UK). Mascot was used to perform 

database searches against the human subset of the uniprot_sprot_2015-10 database; 

Homo sapiens species restriction; 20,194 sequences) of the extracted MS/MS data. For 

the database search the following settings were used: a maximum of two miss cleavages, 

oxidation as a variable modification of methionine, carbamidomethylation as a fixed 

modification of cysteine and phosphotyrosine, phosphoserine and phosphothreonine 

as a variable modification. Trypsin was set as enzyme. A peptide mass tolerance of 10 
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ppm and a fragment mass tolerance of 0.02 Da were allowed. In additional also an 

error tolerant search in Mascot using the same database and parameters as above is 

performed. Scaffold software (version 4.8.3, Portland, OR) was used to summarize and 

filter MS/MS based peptides and protein identifications at an FDR of 1% (peptide level). 

Proteins that contained similar peptides and could not be differentiated based on MS/

MS analysis alone were grouped.

PRM data analysis

The PRM data was analyzed using Skyline version 3.5.0.9320 MacCoss Lab Software, 

Seattle, WA; https://skyline.gs.washington.edu/labkey/project/home/software/Skyline/

begin.view), fragment ions for each targeted mass were extracted and peak areas were 

integrated. Based on the peak areas, ratio between the endogenous peptide and the 

SIL peptide were calculated in excel. The ratios, spiking level of the peptide and the 

total peptide concentration determined by the peptide assay were used to calculate for 

each peptide the respective protein amount per 100 µg total peptide. In addition, the 

phosphorylation ratios were calculated using the formula:

Amount of phosphorylated protein*100
amount of phosphorylated protein* + amount of non-phosphorylated protein*  = ratio phosphorylation (%)

*For the targeted phosphorylation site.

Statistical comparison between methods and experimental conditions are performed 

using a t-test in Excel.

RESULTS

Phosphopeptide enrichment was performed in triplicate on 100 µg of tryptic digests of 

a lysate of U87 cells using TiO2 enrichment and high-pH reversed-phase fractionation 

measured by LC-MS. This resulted in the identification of 7,774 unique phosphopeptides, 

see Table 2 and supplementary Table S1a. This corresponded to a total of 4,270 unique 

phosphosites of which 3,908 were phosphorylated at serine, 335 at threonine and 27 

at tyrosine. In addition, the same sample was also measured without phospho-peptide 

enrichment resulting in the identification of in total 5,519 proteins at an FDR <1% and 

41,341 unique peptides, see Table 2 and supplementary Table S1b.

All phosphopeptides in the dataset that were also present in the non-phosphorylated 

state were selected. A total of 1,980 pairs could be observed in the complete dataset 

(see supplementary Table S1c). From this list a selection was made based on biological 
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relevance, related to pathways that are known to be affected in glioma 31. In addition, 

the intensity of the observed pairs was taken into account and peptides with different 

intensities levels were selected: high, medium and low. This resulted in three peptide 

pairs originating from three different proteins, AHNAK S5448 (ISAPNVDFNLEGPK) (high 

intensity), CAMK2D T337 (ESTESSNTTIEDEDVK) (medium intensity) and EGFR S1166 

(GSHQISLDNPDYQQDFFPK) (low intensity), see Table 1. The six selected peptides were 

used to establish and validate a PRM method for quantification of the phosphorylated 

and non-phosphorylated forms of these peptides. To accurately quantify the six selected 

peptides, stable isotopically labeled variants were used as internal standard in the PRM 

measurements, see Table 1. In addition a database search was performed to check 

for additional modifications of the selected peptides, this to prevent errors in the 

phosphorylation ratio calculations. In the results of this database search for none of the 

selected peptides additional modifications besides phosphorylation were identified. 

Table 2: Identification of peptides and proteins present in U87 cell line

Sample preparation # Non-
Phosphorylated 
Proteins

#Phosphoproteins #Non-
phosphopeptides

#Phosphopeptides

Not fractionated 1563 34 6404 37

TiO2 enrichment 2125 1568 4311 4267

HpH fractionation 5329 372 32640 595

TiO2 and HpH combined 3153 2076 9643 5487

Total 5519 2444 41341 7774
t

Overlap 778 1980

Two different sample preparation strategies were used: a) an in-solution digestion 

measured by LC-MS in PRM mode (direct-PRM), b) an in-solution digestion followed by 

TiO2 enrichment. Both the TiO2 enriched and the non-enriched digest are measured by 

LC-MS in PRM mode (TiO2-PRM) . The different strategies are depicted in Figure 1. The 

same settings for the PRM measurements were used for all strategies. The strategies 

were performed in triplicate using three U87 lysates of 100 µg total peptide; all lysates 

were obtained from a single cell culture procedure. The amount in ng protein per 100 

µg of total peptide for all three proteins was calculated for both the phosphorylated 

and non-phosphorylated fraction. In addition, the percentage of phosphorylation 

was calculated. For each of the strategies all samples were measured in triplicate to 

determine the technical variation. The measured concentrations, the CV values and the 

phosphorylation ratios are summarized in Table 3 from which it can be observed, that 

using direct-PRM, the phosphorylated peptide of EGFR cannot be detected. 
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Figure 1: Flowchart of the PRM strategies: Direct-PRM and TiO2-PRM.
The spiked SIL-peptides were selected from the list of peptide pairs (phosphorylated and non-
phosphorylated) resulting from the screening measurement in U87, see table 2. From this 
list AHNAK S5448 (ISAPNVDFNLEGPK), CAMK2D T337 (ESTESSNTTIEDEDVK) and EGFR S1166 
(GSHQISLDNPDYQQDFFPK) were selected. SIL-peptides of both the phosphorylated and non-
phosphorylated peptide were added to the trypsin digested sample.

Table 3: Comparison and reproducibility of Direct-PRM and TiO2 –PRM 

Non-
phosphorylated 

protein 

Phosphorylated protein Phosphorylation 

Direct-PRM Direct-PRM TiO2-PRM Direct-PRM TiO2-PRM**

Reproducibility
Amount 
ng* 

CV 
(%)

Amount 
ng* 

CV 
(%)

Amount 
ng* 

CV 
(%) %

CV 
(%) %

CV 
(%)

AHNAK PRM measurement 2672 1.7 253 3.7 232 1.5 8.65 2.0 7.98 2.3

(S5448) Complete approach*** 2537 7.3 220 11.2 200 14 7.98 6.0 7.34 12.0

CAMK2D PRM measurement 42.7 1.6 0.78 2.4 1.08 1.8 1.80 2.6 2.46 2.0

(T337) Complete approach*** 40.4 6.4 0.78 5.8 1.03 2.6 1.89 2.2 2.49 6.4

EGFR PRM measurement 81.6 3.0 ND ND 11.8 0.3 ND ND 12.6 2.9

(S1166) Complete approach*** 81.5 8.9 ND ND 10.5 10.8 ND ND 11.5 13.1

* ng protein / 100 µg total peptide
** Phosphorylation percentage calculated based on non-phosphorylated protein amounts from the 
Direct-PRM approach and phosphorylated protein amounts from TiO2-PRM 
*** Including all sample preparation steps (digestion and TiO2 enrichment) on a U87 cell lysate coming 
from the same culture
ND = not detectable

For the other two peptide pairs AHNAK and CAMK2D all peptides could be detected, 

the phosphorylation percentages were determined, CV values of 2.0% and 2.3%, 

respectively for the PRM measurement and 6.0 and 2.2%, respectively for the entire 

approach (including trypsin digestion) were obtained. For CAMK2D the signal intensity 

for the phosphorylated peptide is quite low and a reliable integration of the fragment 

43

3 3



peaks was difficult to perform in the extracted ion chromatograms. This resulted in a 

possible underestimation of the amount of phosphorylated CAMK2D. Using the TiO2-

PRM approach, all three phosphopeptides AHNAK, CAMK2D and EGFR could be reliably 

quantified. CV values for the phosphorylation percentage of 2.3%, 2.0% and 2.9%, 

for the PRM measurement and 12.0%, 6.4% and 13.1% for the entire approach were 

obtained, respectively. Surprisingly, also two out of three non-phosphorylated peptides 

could be measured in the TiO2 enriched sample, see Supplementary Table S2. The 

measured amounts of these peptides do not differ from the measurements obtained 

with the direct-PRM method, also resulting in comparable phosphorylation percentages. 

The calculated percentages of phosphorylation were not significantly different between 

the PRM strategies (p-value >0.05), paired t-test for AHNAK, see Supplementary Table 2. 

For the CAMK2D, the PRM strategies are statically significantly different, p-value <0.05, 

paired t-test, see Supplementary Table S2. This is likely related to the lower amount 

of phosphorylated CAMK2D detected in the direct-PRM approach resulting in a larger 

variation and less reliable measurements.

For CAMK2D multiple possible phosphorylation forms of the targeted peptide in this 

study exist including CAMK2D (T337) and (T336). In the screening of the U87 digest, 

a number of additional phosphorylation sites besides (T337) for this peptide were 

observed, see Supplementary Table S1a. We checked the PRM data to see if also other 

phosphorylated forms could be observed. The presence of the T336 phosphorylation site 

was monitored by the y8 fragment that differentiates between the (T337) and (T336) 

forms. For the y8 fragment of the (T337) a clear signal is observed in contrast to the y8 

fragment of (T336) which is not observed, see supplementary Figure 1. For the other 

possible phosphorylation forms of the peptide also no spectral evidence was obtained 

so either they were not present in the measured samples or at very low intensities.

We performed a cell culture experiment to validate the PRM strategies in a larger 

sample set. In this cell culture experiment we compared the direct-PRM and TiO2-PRM 

strategies also with “the gold standard” immunoprecipitation of EGFR, followed by an 

in-solution digestion measured by LC-MS in PRM mode (IP-PRM), see Figure 2. For the 

IP-PRM approach only the concentration and phosphorylation percentage for EGFR 

was determined. In the cell culture experiment on U87 cells, we deprived the culture 

of fetal bovine serum (FCS) for 3 hours and subsequently incubated the cell cultures 

for two different durations with FCS, i.e. 10 and 15 minutes. In such an experiment a 

large change in phosphorylation is expected 32-34. As controls we used cells that were not 

deprived of FCS and cells that were deprived of FCS for three hours but which were not 

subsequently incubated with FCS, see Figure 2 for a flowchart of the experiment. Each 

experimental condition was performed in triplicate to determine the biological variation 

in the experiment. In supplementary Table S3 an overview of the resulting measured 

44

3 3



concentrations of the peptides and the percentage of phosphorylation is displayed for 

all strategies. 

Figure 2: Flowchart of the experimental procedure. 
The effect of FCS starvation on the phosphorylation of AHNAK S5448 (ISAPNVDFNLEGPK), CAMK2D 
T337 (ESTESSNTTIEDEDVK) and EGFR S1166 (GSHQISLDNPDYQQDFFPK) is measured with three 
PRM strategies.

In Figure 3 the measured concentrations and the percentages of phosphorylation are 

displayed for the different proteins and time points using the TiO2-PRM approach (A, 

B and C), for EGFR also the IP-PRM approach is shown (D). We observed that for both 

EGFR and AHNAK statistical significant changes in phosphorylation levels occur as a 

result of FCS starvation (p-value < 0.01 and p-value < 0.05, respectively). For EGFR the 

level of the phosphorylated peptide increases as an effect of serum starvation and 

the non-phosphorylated peptide remains at a constant level. For AHNAK the level of 

the phosphorylated peptide remains constant but the non-phosphorylated peptide 

increases. These examples show that changes in phosphorylation percentage can be 

the result of changes in the amount of phosphorylated peptide or changes of the non-

phosphorylated peptide. When comparing the phosphorylation percentages for the 

TiO2-PRM and IP-PRM approach a comparable trend between the measured samples 

was observed. The absolute phosphorylation values obtained by the IP-PRM method 

are however consequently lower as measured by TiO2-PRM, see Table S3 supplementary 
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data. In addition the amounts of both the phosphorylated and the non- phosphorylated 

protein are much lower in the IP-PRM method, indicating a low recovery for the IP-PRM 

method. The recovery was calculated by using the amounts as determined for non-

phosphorylated EGFR by the direct-PRM as 100%. In this way recoveries ranging from 

4-13% were determined for the EGFR immunoprecipitation, see Table S3 supplementary 

data. In addition, also the recovery for the TiO2-PRM was determined by comparing the 

intensities of internal standards for samples which were spiked before and after the TiO2 

procedure. The recovery for the complete procedure including the C18 clean-up ranged 

from (16%-36%). The difference in recovery between the peptides was larger compared 

to the difference in recovery for the replicates of the individual peptides.

Figure 3: Changes in phosphorylated and non-phosphorylated protein abundance and phosphorylation 
ratio in U87 cell as a result of FCS deprivation.
Each plot shows the results of four culture conditions used in this experiment. 10% FCS, (Standard 
culture conditions), No FCS, (Cells cultured for 3 hours on medium without FCS), Ten minutes 10% 
FCS (Three hours cultured without FCS and subsequent incubation with 10% FCS for 10 minutes), 
15 minutes 10% FCS, (3 hours cultured without FCS and subsequent incubation with 10% FCS for 
15 minutes). All measurements have been performed in triplicate and error bars indicate standard 
deviation. A statistical comparison of the different culture conditions is performed, t-test, * = 
p-value <0.05, ** = p-value <0.01. The following proteins are displayed in the plot, A) AHNAK using 
the TiO2-PRM approach, B) CAMK2D using the TiO2-PRM approach, C) EGFR using the TiO2-PRM 
approach and D) EGFR using the IP-PRM approach.
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DISCUSSION
 

We developed a method that uses targeted mass spectrometry with high resolution 

to accurately determine the phosphorylation percentage of protein phosphorylation-

sites in cell lysates. We investigated if the use of isotopically labeled standards for 

targeted quantitation of phosphorylation sites in combination with measuring the 

non- phosphorylated peptide can be used to reliably determine the phosphorylation 

percentages. Our results show that by using a PRM approach, targeted phosphorylated 

peptides could be measured with a high degree of reproducibility, CV < 10%. Two 

strategies described in this manuscript (direct-PRM and TiO2-PRM) were comparable 

in terms of reproducibility and quantitative performance. For CAMK2D slightly lower 

concentrations of the phosphorylated form are obtained using the direct-PRM approach 

in comparison to the TiO2-PRM approach. Closer inspection of the raw data revealed that 

in the direct-PRM method intensity levels of phosphorylated CAMK2D are low and that 

not all extracted ions produce peaks that can be reliably integrated. This resulted in an 

underestimation of the amount of phosphorylated CAMK2D. 

The direct-PRM method is the easiest and quickest method and can potentially be used 

for larger numbers of more abundant phosphorylation sites. In cases were sensitivity 

issues are observed, the TiO2-PRM approach is essential. We have shown that using a 

combination of PRM with a phosphopeptide enrichment procedure can clearly increase 

the sensitivity of the method. The phosphorylated EGFR peptide could in the direct-

PRM approach be only barely observed while it gave an intense and reproducible signal 

using the TiO2-PRM approach. A disadvantage of the TiO2-PRM method is that two PRM 

measurements are required to determine the percentage of phosphorylation, non-

enriched and enriched sample. We have however observed that for two of the three 

selected peptides the non-phosphorylated peptide could be measured in the enriched 

fraction. Most of the non-phosphorylated peptide is lost during the enrichment 

procedure but since the same holds true for the non-phosphorylated internal standard, 

still a reliable quantitation can be performed. The results obtained by this approach were 

not different from the quantitative results obtained using an additional measurement 

on the not enriched sample.

The direct-PRM and TiO2-PRM approach require a minimal sample preparation that can be 

automated and performed for a large batch of samples simultaneously. The enrichment 

for up to 96 samples can be performed in less than 2 hours using the robotic-platform 

described. The PRM measurements are performed using a short LC-gradient of only 

30 minutes, this allows the sample preparation and analyses of relative large sample 

cohorts, ~25 samples a day. This increased throughput is a clear advantage in comparison 

to existing methods that require more complex sample preparation strategies (labeling, 
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phosphatase treatment or extensive fractionation) 26-30. An additional advantage of 

using a targeted method is the increase in sensitivity which allows the detection of 

lower abundant species without additional fractionation. A disadvantage of a targeted 

approach is that prior knowledge about the sample is required to select targets. We 

combined for this reason an untargeted screening (for target selection) with subsequent 

targeted measurements.

The IP-PRM method was used as a “gold standard” to validate the result of the two other 

strategies. The results show that in a relative clean immune purified cell lysate, similar 

percentages of phosphorylation are measured indicating that the effect of the matrix 

on the quantitation of the phosphorylation levels is minimal for these peptides. The IP-

PRM method is potentially the most sensitive method and could have its use when many 

phosphorylation sites in a single protein are investigated. Limitations of this approach are 

that an antibody is required for which the binding to the target protein is not affected 

by the phosphorylation of the target. In addition, also the sensitivity of this method is 

largely influenced by the recovery of the target protein. In the experiments performed 

in this study a recovery between 5-13% was obtained. This limits the use for absolute 

quantitation of the phosphorylated and non-phosphorylated protein. The relatively 

low recovery can have a number of reasons, e.g. the solubility of the target protein, the 

binding constant and specificity of the antibody. For membrane proteins like EGFR, the 

solubility could be a problem and further optimization of IP-buffers could potentially 

increase the recovery. This shows a drawback of IP based method were, besides the 

choice of the antibody, also the optimization of IP procedure plays an important role. 

This makes the development and testing of such an approach for a large number of 

target proteins costly and complicated. The recovery of the TiO2 procedure ranged 

from 16-36% depending on the selected peptide and this is lower compared to earlier 

published recoveries 35 but does in our study include the complete approach including 

the C18 purification and vacuum evaporation steps. In addition, also the lower recovery 

can be related to the complexity of the cell lysate. The variable recovery for different 

phospho-peptides underlines once more the importance of the use of internal standards 

to correct for losses and variations in the sample preparation.

In this study six peptides are targeted. The advantage of a PRM approach is that a larger 

number of peptides can be measured in parallel. However, the number of peptides 

that can be monitored simultaneously using PRM has its limits. The used measurement 

conditions in combination with retention time scheduling would allow the measurement 

of 30-40 peptides in a single run. The increased retention time reproducibility of LC 

systems and developments in mass spectrometry acquisition and analyses software 

(automated retention time adjustments or triggered-PRM methods 36, 37) can even 

further increase this number. A number of recent publications showed that both SRM 

48

3 3



and PRM approaches can be applied to quantify large numbers of peptides in a single 

measurement 17, 36, 38-40. For this reason, we anticipate that it is feasible to monitor 

phosphorylation in a selected pathway using the described PRM strategies.

A number of limitations exist in phosphoproteomics as reviewed by Olsen et al. and 

Osinalde et al. 8, 18. One of the main limitations is that the phospho site dictates which 

peptide should be used for quantification in a standard trypsin digest. This is in contrast 

to quantitative proteomics for proteins were the best performing peptides can be 

selected for quantitation. This inflexibility in quantitative phosphoproteomics can result 

in not optimal target peptides for quantitation. For this reason a judicious selection 

of key phosphorylation sites based on biological knowledge and existing databases of 

phosphoproteomics data is required to enable the monitoring of a selected pathway. In 

addition, also peptides with multiple possible phosphorylation sites can be challenging 

such as for example the targeted peptide ESTESSNTTIEDEDVK of CAMK2D in our 

analyses. CAMK2D (T-337) and (T-336) both exist and can only be differentiated by a 

single fragment ion y8. In this case, the presence of the T-336 phosphorylation could be 

excluded because only the fragment specific for the T-337 form was observed .

The FCS starvation experiment shows the importance of quantifying both the 

phosphorylated and non-phosphorylated peptide for a specific phosphorylation site. 

For the phosphorylation sites studied in EGFR and AHNAK, changes in phosphorylation 

percentages were observed as an effect of FCS deprivation of the cell culture. For EGFR 

the change in phosphorylation is related to an increase in phosphorylation as a result of 

FCS deprivation. In AHNAK the amount of phosphorylated AHNAK does not change but 

the amount of non-phosphorylated AHNAK increases as a result of FCS deprivation. This 

results in a net decrease in phosphorylation of AHNAK. This change in phosphorylation 

percentage would not have been detected when only the phosphorylated form was 

measured. 

All three targeted phosphorylation sites EGFR (S1166), AHNAK (S5448) and 

CAMK2D (T337) have been earlier observed by mass spectrometry in a number of 

phosphoproteomics studies, see PhosphoSitePlus database. For both EGFR (S1166) and 

AHNAK (S5448) a relation to EGF stimulation has been described 33, 41. This supports our 

observation that changes in the phosphorylation level for these two phosphorylation 

sites occur as a result of serum starvation.

In conclusion, we have developed a relatively fast approach for absolute quantification 

of phosphopeptides and for the determination of the phosphorylation ratios of specific 

peptides. The direct-PRM and TiO2-PRM methods are relatively quick and do not require 

antibodies, labeling strategies, phosphatase treatment or complex fractionation 
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methods. These methods can be multiplexed as demonstrated. This technology can 

potentially be used for studies in which the activity of a specific pathway is monitored by 

protein abundance and site specific phosphorylation ratios of key proteins of the chosen 

pathway.
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Supplementary Figure S1: Extracted ion chromatograms from a PRM measurement of a 
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ABSTRACT

Formalin-fixed paraffin-embedded (FFPE) tissues are routinely prepared and collected 

for diagnostics in pathology departments. These are, therefore, the most accessible 

research sources in pathology archives. In this study we investigated whether we can apply 

a targeted and quantitative parallel reaction monitoring (PRM) method for FFPE tissue 

samples in a sensitive and reproducible way. The feasibility of this technical approach 

was demonstrated for normal brain and glioblastoma multiforme tissues. Two methods 

were used: PRM measurement of a tryptic digest without phosphopeptide enrichment 

(Direct-PRM) and after Fe-NTA phosphopeptide enrichment (Fe-NTA-PRM). With these 

two methods, the phosphorylation ratio could be determined for four selected peptide 

pairs that originate from neuroblast differentiation-associated protein (AHNAK S5448-p), 

calcium/calmodulin-dependent protein kinase type II subunit delta (CAMK2D T337-p), 

eukaryotic translation initiation factor 4B (EIF4B S93-p) and epidermal growth factor 

receptor (EGFR S1166-p). In normal brain FFPE tissues, the Fe-NTA-PRM method enabled 

to quantify the targeted phosphorylated peptides with high reproducibility (CV < 14%). 

Our results indicate that formalin fixation does not impede relative quantification of 

a phospho-site and its phosphorylation ratio in FFPE tissues. The developed workflow 

combining these methods opens ways to study archival FFPE tissues for phosphorylation 

ratio determination in proteins.

Keywords

Phosphoproteomics, PRM, Targeted mass spectrometry, FFPE, Phosphorylation ratio, 

Quantitative proteomics, Clinical proteomics, Cancer proteomics
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INTRODUCTION

Phosphorylation is a frequent post-translational modification in proteins1, 2 involved in 

the regulation of cellular processes, including cell signalling3, 4. Many studies have shown 

that the regulation of phosphorylation in proteins can be derailed in diseases such as 

cancer5-8. Therefore, understanding the mechanisms of protein phosphorylation and 

dephosphorylation enables to unravel disease processes and generate ideas how to 

design appropriate drugs9, 10.

Phosphoproteomics technology has improved from just measuring a few to ten thousands 

of phosphorylation sites in one sample7, 11-13. This has become an advantageous method 

to investigate phosphorylation sites in addition to antibodies which are only available 

for a relatively restricted number of phospho-sites. Mass spectrometry has resulted in 

the identification of unknown phosphorylation sites14-16. Phosphopeptide enrichment 

is essential to this purpose, and different methods such as immobilized metal ion 

metal affinity chromatography (IMAC), including Fe-NTA, and metal oxide affinity 

chromatography (MOAC) have been investigated and applied successfully17-19. IMAC and 

MOAC are complementary phosphopeptide enrichment methods and any of these two 

methods could also be chosen separately19.

Phosphorylated peptides can be quantified in an absolute way or in relative numbers with 

targeted MS methods20, 21. Progress in high-resolution MS with Orbitrap mass analyzers 

has led to the parallel reaction monitoring (PRM) method that can outperform other 

targeted MS methods such as selected reaction monitoring (SRM)16, 22, 23. It has been 

demonstrated that relatively low ng mL-1 levels of HSP90α in serum could be measured 

by PRM combining multi-dimensional chromatography22.

Formalin-fixed paraffin-embedded (FFPE) tissues are routinely prepared and collected 

for diagnostics in pathology departments. Therefore, FFPE tissues are the most 

accessible research source in pathology archives24, 25. An accurate MS-based method is 

essential to apply these valuable resources for proteomics research. Still, FFPE tissues 

in proteomics studies have been examined less due to covalent cross-links caused by 

formalin fixation resulting in less protein retrieval26, 27. However, chemical solutions exist 

that can successfully reverse these cross-links12. Recent studies about FFPE proteomics 

and phosphoproteomics have shown results comparable to those from frozen tissues26-31. 

Ostasiewicz and coworkers have shown that the phosphoproteome was preserved in 

FFPE. Using the filter-aided sample preparation (FASP) method, they were able to analyze 

phosphopeptides by mass spectrometry and could identify 7,718 phosphopeptides in 

FFPE tissue with an untargeted approach11. From tissue sections mounted on microscope 

slides, Wakayabashi and coworkers investigated a protein extraction method using 
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phase transfer surfactants as effective protein-solubilizing reagents32. They identified 

and quantified 1,413 unique phosphopeptides from FFPE murine liver tissue using Stable 

Isotope Dimethyl Labeling with this untargeted approach. Hembrough and coworkers 

have examined the clinical utility of targeted mass spectrometry and concluded that 

targeted mass spectrometry has the potential to serve as complementary method in 

diagnostics33, 34.

In our previous study, we used a PRM method in combination with stable isotope 

labelled peptides in a U87 cell line35 to determine the percentage of phosphorylation 

applying TiO2 phosphopeptide enrichment. Extensive or complex sample processing to 

accurately calculate the phosphorylation percentage is not required with this method. 

In the present study we investigated – as the first, to our knowledge – whether we 

could develop a targeted and quantitative PRM method for FFPE tissue samples in a 

sensitive and reproducible way. Having combined an existing preparation method36, 37 

for FFPE tissues with this PRM method35 to quantify phosphorylation ratio of specific 

phospho-sites in tissue is the novelty of our work. For this work we have used Fe-NTA as 

phosphopeptide enrichment method. The feasibility of this technological approach was 

demonstrated for normal brain and glioblastoma multiforme (GBM) tissues.

MATERIALS AND METHODS

Unless mentioned otherwise, all chemicals were purchased from Sigma-Aldrich, 

(Saint Louis, MO) and all solvents were purchased from Biosolve (Valkenswaard, The 

Netherlands).

Biological material

To optimize the PRM method, we used three pairs of both FF (fresh-frozen) and FFPE 

(formalin–fixed, paraffin-embedded) brain tissue from identical brain material. To 

validate our method, we used three pairs of FF and FFPE GBM tissues. In all experiments, 

8 µm slices of FF tissues of the same brain material were compared with 8 µm slices 

of FFPE tissues. The tissue volume was the same for FF and FFPE tissues Supplemental 

Table S1 provides information on tissue volumes. The tissues were scanned using a slide 

scanner (NanoZoomer Digital Pathology System, Hamamatsu, Shizuoka, Japan). Tissue 

blocks were obtained from the Department of Pathology, Erasmus MC, Rotterdam. 

The use of patient material was approved by the Institutional Ethics Review Board of 

Erasmus MC, Rotterdam, the Netherlands (MEC 221.520/2002/262; date of approval 22 

July 2003, and MEC-2005-057, date of approval 14 February 2005). Patients gave written 

consent to use their tissues for research purposes.
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Sample preparation for LC-MS measurement

FFPE tissue lysis

Four 8 µm slices of tissues were cut and placed in separate Eppendorf tubes. The tissue 

was washed twice with 1 ml xylene and subsequently the tissue was rehydrated by two 

washes of 1 ml of each 100%, 70% and 50% ethanol and water, consecutively. Four 

hundred µl of 0.1% Rapigest (Waters, Milford, MA) in 300 mM Tris-Base, pH 8.0 was 

added to each tissue pellet (~500 µg total protein) and disrupted by external sonification 

for 2 min at 70% amplitude at a maximum temperature of 25°C (Branson, Ultrasonic, 

Danbury, CT). Samples were then incubated for 90 min at 90°C.

FF tissue lysis

Five to ten 8 µm FF tissue slices (see Table S1) were cut and placed in separate Eppendorf 

tubes. We used five to ten slices because in the tissue block size differs from that of the 

FFPE tissues. Four hundred µl of 0.1% Rapigest (Waters) was added to the tissue pellet 

(~500 µg total protein) and disrupted by external sonification for 2 min at 70% amplitude 

at a maximum temperature of 25°C (Branson) and incubated for 5 min at 99°C.

In-solution digestion

To the lysates of FF and FFPE tissue, after cooling down from the above-mentioned 90 

and 99°C, 20 µl of 100 mM dithiothreitol (DTT) was added and incubated for 30 min 

at 60°C. Subsequently, 20 µl 300 mM iodoacetamide (IAA) was added and incubated at 

room temperature for 30 min. Then, 10 µg trypsin (Promega, Madison, WI) was added 

and incubated overnight at 37°C. After this incubation, 5 µl 50% trifluoroacetic acid (TFA) 

was added to each sample and centrifuged at 20,000 g. The supernatant of the digested 

sample was dried using a vacuum centrifuge (Savant SC210A, Thermo Fisher Scientific, 

Waltham, MA) and stored at -80 °C.

Desalting of peptides and phosphopeptides with automation

For the automated sample processing, an AssayMAP Bravo platform (Agilent technologies, 

Santa Clara, CA was used. For the phosphopeptide enrichment Fe-NTA cartridges were 

used. Manufacturer’s protocols were applied for all cartridges as described below38.

Desalting of peptides

Following the manufacturer’s peptide cleanup protocol (v2.0)38, the digested samples 

were desalted. C18 cartridges were primed with 100 µl 50% ACN /0.1% TFA and 

equilibrated with loading buffer (0.1% TFA / water). The dried digested tissue was re-

suspended in 220 µl peptide mixture of Stable Isotope Labeled (SIL) peptides (see Table 

1). Two hundred µl of the resuspended sample was loaded onto the C18 cartridge. The 

desalted peptides were eluted in 25 µl aquous elution buffer (70% ACN/0.1% TFA) after 

washing the cartridges with 100 µl loading buffer.
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Fe-NTA phosphopeptide enrichment

Using the phosphopeptide enrichment protocol (v2.0)38, the enrichment was achieved by 

using 5 µl Fe(III)-NTA cartridges on the AssayMAP Bravo platform. To the 25 µl desalted 

digested tissue sample, 95 µl 80% ACN/0.1% TFA was added. From this solution, 10 

µl was kept to determine the peptide concentration using a quantitative colorimetric 

peptide assay (Pierce, Thermo Fisher Scientific, Rockford, IL). Fe-NTA cartridges were 

primed with 100 µl 50% ACN/0.1% TFA and equilibrated with equilibration buffer (80% 

ACN/0.1% TFA). The desalted digest of tissue samples was loaded onto the cartridges. 

Phosphopeptides were eluted with 25 µl 1% ammonia after washing the cartridges 

with 100 µl of the equilibration buffer. The eluted phosphopeptides were dried directly 

using a vacuum centrifuge. Dried samples were dissolved in 25 µl 0.1% TFA/ 2% ACN and 

measured by LC-MS.

Sample preparation for Parallel Reaction Monitoring (PRM)

For PRM analyses, four peptide pairs were selected; i.e., a phosphopeptide and its non-

phosphorylated counterpart. For absolute quantification, SIL-peptides for these four 

peptide pairs were purchased (Pepscan, Lelystad, The Netherlands). The SIL-peptides 

were labeled with lysine-13 C6, 
15N2. The purity of the obtained peptides was >95% and 

the variation in the concentration was specified as less than 5%. The spiking levels of 

SIL-peptides in the digested samples were determined based on the measured levels 

of endogenous peptide in different samples; see Table 1. Using a robotic platform, 

phosphopeptide enrichment for 96 samples could be done in less than 2 hours, which 

makes this technology feasible for relative high throughput applications.

Sample preparation and analysis of the calibration curve

One hundred micrograms of digested FF and FFPE brain tissues were dissolved in 100 µl 

0.1% TFA/ 2% ACN and spiked with a peptide mixture of 125 fmol/µl of all SIL-peptide 

calibrators. Eighteen dilutions with 2 fold incremental steps were prepared for both FF and 

FFPE tissues for non-phosphorylated peptides. For phosphopeptides, phosphopeptide-

enriched brain tissue was used as matrix and spiked with a peptide mixture of 1 fmol/µl 

of all SIL-phosphopeptide calibrators. Five dilutions with 5 fold incremental steps were 

prepared for both FF and FFPE tissues. For both FF and FFPE brain tissue the dilution 

series were measured three times with mass spectrometry. Sensitivity was determined 

for each SIL-peptide separately. The limit of detection (LOD) and the lower limit of 

quantification (LLoQ) were calculated based on the standard deviation of the non-spiked 

sample (blank) and linear regression analysis on the slope of the calibrators. We used 

only calibrators with a CV lower than 20%.

The LOD was defined as (3.3xSD)/slope, and the LLoQ was defined as 3xLOD, according 

to ICH guidelines (http://www.ich.org).
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Data dependent mass spectrometry measurements

Samples were analyzed by nano-LC (Ultimate 3000RS, Thermo Fisher Scientific, 

Germering, Germany). After preconcentration and washing the samples on a C18 trap 

column (5 mm × 300 μm internal diameter (ID), Thermo Fisher Scientific ), samples were 

loaded onto a C18 column (PepMap C18, 75 µm ID × 250 mm, 2 μm particle and 100 Å pore 

size, Thermo Fisher Scientific) using a linear 90 minutes gradient (4-38% ACN/H20; 0.1% 

formic acid) at a flow rate of 300 nL/min. The separation of the peptides was monitored 

by a UV detector (absorption at 214 nm). The nano-LC was coupled to an Orbitrap Fusion 

Lumos (Thermo Fisher Scientific, San Jose, CA, USA). The Orbitrap Fusion Lumos was 

operated in the data dependent acquisition (DDA) mode. Full scan MS spectra (m/z 375-

1,500) in profile mode were acquired in the Orbitrap with a resolution of 120,000 after 

accumulation of an AGC target of 400,000. A top speed method with a maximum duty 

cycle of 3 seconds was used. In these 3 seconds the most intense peptide ions from the 

full scan in the Orbitrap were fragmented by HCD (normalized collision energy 30%) and 

measured in the iontrap with an AGC target of 10,000. Maximum fill times were 50 ms for 

the full scans and 50 ms for the MS/MS scans. Precursor ion charge state screening was 

enabled and only charge states from 2-7 were selected for fragmentation. The dynamic 

exclusion was activated after the first time a precursor was selected for fragmentation 

and excluded for a period of 60 seconds using a relative mass window of 10 ppm. Lock 

mass correction was activated to improve mass accuracy of the survey scan.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE39 partner repository with the dataset identifier PXD017943 

and 10.6019/PXD017943.

Quantification-PRM approaches

Previously, we selected the investigated proteins based on their intensity level 

in a U87 cell line35. The selected four peptide pairs originate from AHNAK S5448 

(ISAPNVDFNLEGPK) (high intensity), CAMK2D T337 (ESTESSNTTIEDEDVK) (medium 

intensity), EIF4B S93 (SPPYTAFLGNLPYDVTEESIK) (medium intensity) and EGFR S1166 

(GSHQISLDNPDYQQDFFPK) (low intensity), see also Table 1. These four peptide pairs 

and the established PRM method were used for quantification of phosphorylated and 

non-phosphorylated forms of these peptides. The stable isotope-labeled forms of these 

peptides were used as internal standard in the PRM measurements.

To quantify the percentages of phosphorylation of the selected proteins, we used two 

different sample preparation methods: a) an in-solution digestion (Direct-PRM) and b) 

an in-solution digestion followed by Fe-NTA enrichment (Fe-NTA-PRM). The two mass 

spectrometry approaches are displayed in Figure 1; the same setting was used for 

the two PRM methods. Using Direct-PRM followed by the Fe-NTA-PRM approach, we 
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calculated the percentages of phosphorylation as well as the amounts in ng protein per 

100 µg of total peptide for AHNAK, CAMK2D, EIF4B and EGFR proteins, respectively, 

for both the phosphorylated and the non-phosphorylated fraction. To determine the 

biological variation in the same FF and FFPE tissues, each tissue was sequentially sliced, 

digested and phospho-enriched in triplicate as explained above. Furthermore, with the 

use of the Fe-NTA-PRM approach, one of the tissues (Ctrl-3) was measured in triplicate 

to determine the technical variation of the PRM method. The experimental procedure is 

displayed in Figure 2. To validate the two PRM methods in clinical samples that contain 

known higher levels of EGFR than normal brain tissue, we selected three pairs of FF and 

FFPE GBM tissues. Each tissue pair was derived from the same tumor. EGFR is one of 

the targets for therapy in clinical trials for GBM40. Therefore, the of EGFR amplification 

and expression levels were taken into account in the selection of the GBM tissue. Three 

tissues have been selected according to clinical and expression data (Supplementary 

Table S2): tissue-GBM-17 (high level of EGFR), tissue-GBM-11 (medium level of EGFR) and 

tissue-GBM-21 (low level of EGFR).

Figure 1: Flowchart of the two PRM methods: Direct-PRM (blue arrows) and Fe-NTA-PRM (red arrows).

62

4 4



Figure 2: Flowchart of experimental procedures for the FF/FFPE tissues investigated.

PRM measurements

PRM was performed on a nano-LC Orbitrap Q Exactive HF. A shorter 30 minutes gradient 

was used on the nano-LC system under otherwise identical conditions as for the DDA 

measurements (90 min). A targeted MS/MS method was developed for 16 peptides 

(see Table 1). A quadrupole isolation window of 0.7 m/z units was applied, and an 

Orbitrap resolving power of 120,000 at 200 m/z was configured. An AGC target of 1e6 

ions and a maximum fill time of 250 ms were applied. The normalized collision energy 

was optimized, and the retention time was determined for each peptide, using the SIL-

peptides. An optimal normalized collision energy of NCE 20 for AHNAK, CAMK2D and 

EGFR and 25 for EIF4B selected peptides was used, and a retention time window of 3 

minutes was applied for each peptide.
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Table 1: Characteristics of peptides selected for targeted PRM approach

Protein Sequence
Precursor 
mass

Charge Extracted fragments

Amount 
of spiked 
peptide 
fmol/100 
µg total 
peptide

AHNAK 
(S5448)

ISAPNVDFNLEGPK
ISAPNVDFNLEGPK
ISAPNVDFNLEGPK
ISAPNVDFNLEGPK

750.8883
754.8954
790.8714
794.8714

2 y8[+],y11[+],y12[++],y11[++]

-
1000
-
1000

CAMK2D 
(T337)

ESTESSNTTIEDEDVK
ESTESSNTTIEDEDVK
ESTESSNTTIEDEDVK
ESTESSNTTIEDEDVK

892.3894
896.3965
932.3726
936.3797

2
y6[+],y10[+],y11[+],y12[+]

y6[+],y9[+],y11[+],y12[+]

-
1000
-
1000

EGFR (S1166)

GSHQISLDNPDYQQDFFPK
GSHQISLDNPDYQQDFFPK
GSHQISLDNPDYQQDFFPK
GSHQISLDNPDYQQDFFPK

746.015
748.6864
772.6705
775.3419

3 y6[+],y7[+],y10[++],b9[+]

-
1000
-
1000

EIF4B (S93)

SPPYTAFLGNLPYDVTEESIK
SPPYTAFLGNLPYDVTEESIK
SPPYTAFLGNLPYDVTEESIK
SPPYTAFLGNLPYDVTEESIK

781.0581
783.7295
807.7136
810.3850

3 y10[+],y10[++],b10[+],b11[+]

-
2000
-
2000

*Bold and underlined is a phosphorylated residue, Bold lysine-13 C6, 
15N2

Data Processing and Analysis

From the DDA files, the MS/MS spectra were extracted and converted into mgf files by 

using MSConvert of ProteoWizard (version 3.0.10444). All mgf files were analyzed using 

Mascot (version 2.3.02; the Matrix Science, London, UK). Extracted MS/MS data were used 

in Mascot to perform database searches in the human subset of the uniprot_sprot_2015-11 

database (Homo sapiens species restriction; 20,194 sequences). The following settings 

were used for the database search: a maximum of two miscleavages, oxidation as a variable 

modification of methionine, carbamidomethylation as a fixed modification of cysteine, and 

phosphotyrosine, phosphoserine and phosphothreonine as variable modifications. Trypsin 

was set as enzyme. A peptide mass tolerance of 10 ppm and a fragment mass tolerance of 

0.5 Da were allowed. Scaffold software (version 4.8.7, Portland, OR) was used to summarize 

and filter MS/MS based peptides and protein identifications at an FDR of 1% (peptide and 

protein level) and to carry out protein grouping.

PRM data analysis

The PRM data was analyzed using the Skyline version 4.2.0.19009, MacCoss Lab 

Software41; fragment ions for each targeted mass were extracted and peak areas were 

integrated. Based on the peak areas, the ratio between the endogenous peptide and 

the SIL-peptide was calculated in Excel. The ratio, spiking level of the SIL-peptide and the 

total peptide concentration determined by the peptide assay were used to calculate the 

respective protein amount per 100 µg total peptide for each peptide. In addition, the 
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phosphorylation ratios were calculated using the formula:

Amount of phosphorylated protein*×100
amount of phosphorylated protein* + amount of non-phosphorylated protein* 

 = ratio phosphorylation (%)**

*For the targeted phosphorylation site.
**This formula assumes that trypsinization of non-phosphorylated proteins is as efficient as trypsinization of 
phosphorylated proteins. This is a rough assumption because in some instances this can be an effect42. If this 
occurs, then the use of other enzymes and PRM on missed cleavages can overcome such events.
 

Statistical comparisons between methods and experimental conditions were performed 

using a t-test in Excel (p-value < 0.05 considered as significant) and Bland-Altman 

agreement-analysis using GraphPad Prism statistical software (Prism version 5.01 for 

Windows, GraphPad Software, La Jolla California USA, www.graphpad.com). Cluster 

analysis was performed with R 3.4.3 through the Metaboanalyst interface libraries 43. 

Venn diagrams were made using Venny 2.1.0 version (https://bioinfogp.cnb.csic.es/

tools/venny/index.html).

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE39 partner repository with the dataset identifier PXD017943 

and 10.6019/PXD017943 for untargeted-MS and PXD017993 and 10.6019/PXD017993.

RESULTS

Untargeted mass spectrometry in normal brain tissue 

Using an Orbitrap Fusion Lumos operated in DDA mode, we identified 2,580 proteins and 

17,877 peptides in all FF brain samples and 1,616 proteins and 10,122 peptides in all FFPE 

brain samples. Applying phosphopeptide enrichment, 7,083 phosphopeptides in the FF 

tissues and 2,874 phosphopeptides in the FFPE tissues were identified. Supplementary Table 

S3 shows the identified non-phosphorylated and phosphorylated peptides for each tissue.

To determine the biological variation of the same FF and FFPE tissues, each tissue 

was sequentially sliced, digested and phosphopeptide enriched (using an AssayMAP 

Bravo platform) in triplicate. After applying phosphopeptide enrichment, the numbers 

of identified phosphopeptides for each FF and FFPE tissue were on average 4,426 

and 1,893, with a mean CV of 5.1% and 21.5%, respectively. Supplemental Table S3 

provides detailed information. Figure 3 presents the identified non-phosphoproteins, 

phosphoproteins, non-phosphopeptides and phosphopeptides in normal brain tissue (A) 

and GBM (B). In unsupervised hierarchical cluster analysis, too, the FF and FFPE tissues 

are grouped together (see supplemental Figure 1).
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Figure 3: Total identified non-phosphorylated and phosphorylated proteins and peptides in A) normal 
brain tissue and B) GBM tissue.

After applying phosphopeptide enrichment, one of the three pairs of FF and FFPE tissues 

(Ctrl-1) was also measured in triplicate. This resulted in respectively a 2.6% and 3% CV for 

the identified phosphopeptides of FF and FFPE.

Targeted and quantitative mass spectrometry

Calibration curve

To examine the linearity between signal intensity and spiked stable isotope peptide 

amount, we prepared ten dilutions with two fold incremental steps. The SIL-peptides 

were diluted into digested tissue lysates (FF and FFPE) as matrix. The calculated R2 

value is for all the selected peptides of AHNAK, CAMK2D and EGFR higher than 0.994. 

For the EIF4B protein, the calibration curve showed a non-linear behavior if the whole 

concentration range was used. Therefore, we used a narrower concentration range, in 
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which EIF4B behaved linearly. Based on these calibration curves, the LOD and LLoQ of 

all SIL peptides were calculated (see Table 2). The LOD and LLoQ were also calculated 

with the phosphopeptide-enriched tissue (FF and FFPE) as matrix. This resulted in 

a much lower LOD and LLoQ compared to the non-phosphorylated (paired) peptides 

(Table 2). For the EIF4B protein in phosphopeptide-enriched tissue matrix, we could only 

measure EIF4B at the highest concentration (1.23 ng protein / 100 µg total peptide) of 

the calibration curve (CV < 20%). Supplementary Table S4 presents the calibration curve 

and linear regression analysis.

With the use of the Direct-PRM and Fe-NTA-PRM methods, the non-phosphorylated 

peptide and phosphorylated peptide of these proteins could be quantified. Regarding 

the EGFR peptide, both the phosphorylated and non-phosphorylated peptides were not 

detected in the normal brain tissue. It is likely that this is related to the lower amount 

of EGFR protein in normal brain tissue (Human Protein Atlas available, http://www.

proteinatlas.org) than in the U87 cell line measured previously35.

Biological and technical variations

In the PRM mode, we determined the amounts of selected non-phosphorylated and 

phosphorylated peptides, and subsequently calculated the phosphorylation ratios. In 

each FF or FFPE tissue, the calculated phosphorylation ratio had a maximum CV of 14.2% 

for AHNAK, of 7.3% for CAMK2D, and of 12.3% for EIF4B.

The mean calculated phosphorylation ratio of all three FF tissues is for AHNAK 1.4 

± 0.8%, CAMK2D 3.2 ± 0.2% and EIF4B 9.5 ± 2.6%. These ratios are comparable with 

the calculated phosphorylation ratios in all three FFPE tissues; for AHNAK 1.1 ± 0.6%, 

CAMK2D 2.2 ± 0.4% and EIF4B 9.2 ± 0.9 %. The measured concentrations, the CV values 

and the phosphorylation ratios are depicted in Figure 4 and in supplemental Table S5.

With the use of the Fe-NTA-PRM method, one of the tissues (Ctrl-3) was measured in 

triplicate to determine the technical variation of the PRM method. CV values of 4.2%, 

6.4% and 1.0% were obtained for AHNAK, CAMK2D and EIF4B, respectively. For EGFR, 

neither the non-phosphorylated nor the phosphorylated peptide could be detected. The 

measured concentrations, the CV values and the phosphorylation ratios are summarized 

in Figure 5 and supplemental Table S6. 

The calculated amounts of protein (µg) per volume (mm3) of tissue are given in 

supplementary Table S1. In all FF tissues, we extracted a higher amount of protein per 

volume of tissue (range 97.5 to 215 µg / mm3) compared to FFPE tissue (range 49.4 to 

118.8 µg / mm3), which implied a systematic off set change in relation to the results of 

PRM measurements.
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Untargeted mass spectrometry in GBM tissues 

Using an Orbitrap Fusion Lumos with DDA mode, we could identify in GBM tissue samples 

on average 2,659 proteins and 15,972 peptides in all FF samples and 2,559 proteins and 

15,094 peptides in all FFPE samples. Applying phosphopeptide enrichment resulted in 

the identification of 8,051 phosphopeptides in FF tissues and 7,344 phosphopeptides 

in FFPE GBM tissues. Figure 3-B shows the identified proteins and peptides in non-

phosphopeptide-enriched samples and in the phosphopeptide enriched samples, (see 

supplementary Table S7). An unsupervised hierarchical cluster analysis of the identified 

phosphoproteins resulted in each pair of FF and FFPE GBM tissue grouped together; see 

supplemental Figure 1. Tissue GBM-21 differs from the other two tissues, this difference 

might correlate with a higher amount of necrosis in tissue GBM-21 compared to the 

other GBM samples. Necrosis results in decomposition of dead cells, which potentially 

leads to a different proteome profile44.

Targeted and quantitative mass spectrometry

The non-phosphorylated and phosphorylated peptides of AHNAK, CAMK2D, EIF4B 

and EGFR could be quantified in GBM samples. The calculated non-phosphorylated, 

phosphorylated and phosphorylation ratios for AHNAK, CAMK2D and EIF4B in FF tissues 

are comparable with those in FFPE tissues; a t-test did not show significant differences. 

The measured concentrations, the CV values and the phosphorylation ratios are shown in 

Supplementary Table S8. EGFR could not be quantified by PRM and shotgun approaches 

in normal brain tissues, but, as expected, it could be measured in two of the three GBM 

tissue pairs (GBM-17 and GBM-11).

The measured concentration of EGFR in each GBM tissue varies in line with the clinical and 

expression data (Supplementary Table S2). The concentration of phosphorylated EGFR 

for selected phospho-site in FFPE tissues has been calculated as 0.54 ng and 2.03 ng in 

100 µg of total peptide in tissues GBM-17 and GBM-11, respectively. The percentages of 

phosphorylation for the specific EGFR phospho-site is 9.4% (GBM-17) and 4.1% (GBM-

11) in the corresponding FFPE tissues (in tissue GBM-21, EGFR as expected could not be 

detected) and in this regard there were no significant differences between FF and FFPE 

tissue for the EGFR phospho-site. Figure 4 (A-B) shows the measured concentrations and 

percentages of phosphorylation for all proteins in different tissues using the Fe-NTA-

PRM approach.

Comparison of the measured concentrations by the Direct-PRM and Fe-NTA-PRM 

methods between all FF and FFPE (normal brain and GBM tissues) in a Bland–Altman plot 

with a ± 95% confidence interval showed a bias of 7.6% without an observed statistical 

difference in outcome (Figure 4-C).
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Figure 4: Changes in phosphorylated and non-phosphorylated protein abundance and phosphorylation 
ratio in. A) normal brain FF and FFPE tissues B) GBM FF and FFPE tissues C) Bland-Altman plot comparing 
proteins extracted from FFPE and FF tissue.

Figure 5: Amount of protein quantified and reproducibility of PRM method in phosphopeptide enriched 
tissues (technical triplicates).
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DISCUSSION

The technical oriented study presented here is novel in that it integrates existing 

approaches that each works on its own, but have not yet been reported to work 

integrated for FFPE tissue. We showed the possibility to quantify phosphorylation with 

PRM in clinical tissue samples and successfully applied a targeted phosphoproteomics 

PRM method to analyze FFPE and FF of the same brain tissue. Previously, we have shown 

that this method can be applied to a U87 cell line 35. This targeted method was performed 

using high resolution mass spectrometry to accurately determine the phosphorylation 

percentage of a selected set of phosphorylation sites in a cell lysate. Using the Direct-

PRM and Fe-NTA-PRM methods, non-phosphopeptides and phosphopeptides can be 

measured and the phosphorylation percentage can be calculated.

In the present study we used the same targeted peptides as in the previous study of a 

U87 cell line (Table 1). The peptides were selected on the basis of their intensities in the 

U87 cell line. In tissues, the intensities of these peptides were different from those in 

the U87 cell line. The amount of EGFR in normal brain tissues could not be detected, and 

therefore EGFR was measured in GBM tissues. EGFR amounts in GBM tissue are often 

higher since an amplification of this gene in GBM is often observed40, 45. Confirmed by 

clinical and expression data, three GBM tissues with respectively high, medium and low 

of EGFR RNA expression level, caused by the presence or absence of amplification, were 

selected and successfully measured.

Regarding the reproducibility and quantitative performance, the results from normal 

brain FFPE tissues for the CAMK2D and AHNAK proteins were comparable to those 

measured in the U87 cell line. We could determine the phosphorylation ratio on four 

selected sites in all three pairs of FF and FFPE tissues with a CV of 4.2% (12% for U87 

cell line) and CV of 7.3% (6.4% for U87 cell line) for AHNAK and CAMK2D, respectively. It 

proves that this PRM method is also applicable and reproducible for FF and FFPE tissues.

In GBM tissues, the phosphorylation ratios of the selected proteins could be quantified, 

and no significant difference in this respect between FF and FFPE tissue for AHNAK, 

CAMK2D, EIF4B and EGFR proteins was found. In two of three (medium and high) GBM 

tissues, as expected, EGFR could be detected; see Figure 4-B.

An advantage of the PRM method is that multiple phosphorylation sites in one sample 

can be investigated simultaneously. The percentages of protein phosphorylation sites 

can be investigated for more phospho-sites compared to e.g. immunohistochemistry 

(IHC) using phosphopeptide specific antibodies. In this study we opted to investigate 8 

peptides in parallel, but larger numbers are possible. Moreover, less material is needed 

and measurements can be done in a shorter time than with the traditional methods 
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(immunohistochemistry/ immunoassay) applied for FFPE. 

As described for the non-fixated U87 cell line, the Direct-PRM method can also be applied 

to FFPE tissues for highly abundant phosphorylation sites, which is easier and faster (30 

min gradient time) to apply than the Fe-NTA-PRM approach. However, phosphopeptide 

enrichment is necessary to reach the required sensitivity for low abundant 

phosphoproteins. This means that for most phosphopeptides, we need to perform 

Direct-PRM as well as Fe-NTA-PRM to determine the percentages of phosphorylation. 

We compared the DDA method (untargeted method) with our developed PRM 

(targeted) method for identification of selected peptides in both normal brain and GBM 

tissues. The numbers of samples in which selected peptides have been identified are 

displayed in Figure 6. From this figure it can be concluded that with the PRM method 

the selected proteins could be measured more efficiently and consistently than with the 

DDA method, a stochastic process based on the probability to detect a specific peptide 

from a potential larger number of ions.

One of the main challenges in cancer research is heterogeneity of tumor tissues12, 16. Our 

cluster analysis of identified proteins and phosphoproteins revealed that in normal brain 

tissue all FFPE or FF tissues are grouped together. Consequently, these tissues have the 

same proteome and phosphoproteome. In GBM samples, however, each pair of FFPE and 

FF tissues was grouped together. This probably relates to inter tumor tissue heterogeneity 

for each patient45. Furthermore, in normal brain tissue we noticed a smaller difference 

between the numbers of identified peptides and phosphopeptides in FFPE than in FF 

tissues. We presumed this is due to a difference in the amount of extracted proteins per 

mm3, which in all FF tissues was larger than in FFPE tissues. In GBM tissues, however, these 

differences in protein amount were more comparable (see Figure 3). In GBM tissues the 

determined amount of extracted proteins in FF tissues is still larger than in FFPE tissues. 

Still, the number of identifications is comparable, despite the fact, that FF tissues were 

smaller in size than the corresponding FFPE tissues (see Figure 7).

Another reason could be the impact of pre-analytical factors on FF and FFPE tissues. 

FFPE tissues are kept longer at room temperature during preparation in comparison 

with FF tissues46, 47. In addition, FFPE tissues are treated with formalin, water and organic 

solutions, which may result in less total protein per volume unit in FFPE materials than in 

FF materials. This feature could explain the lower protein content in FFPE tissue (Table 

S1). We presume that globular proteins are easier lost than cellular proteins in FFPE, 

and that this influences to some extent the phosphorylation ratio between different 

phosphoproteins and the amount of protein per volume unit.
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Figure 6: Number of samples both FF and FFPE (n=24) in which selected peptides have been identified 
in normal brain and GBM tissues. Explanation of the Venn diagram: (A) non-phosphorylated samples 
measured with DDA mode, (B) phosphorylated samples measured with DDA mode (C) non-
phosphorylated samples measured with PRM mode and (D) phosphorylated samples measured 
with PRM mode. In the PRM method the selected proteins could be most ideally measured. For 
instance in panel D we could measure 4 samples with all 4 phosphorylated proteins (GBM-11 and 
GBM-17), 16 samples that had phosphorylated CAMK2D, EIF4B and AHNAK and 3 samples with the 
combination of phosphorylated CAMK2D and EIF4B. The PRM method showed a better sensitivity 
than the DDA method for all proteins.
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Figure 7: H&E staining of all tissues (unit of ruler is 1 mm except for FF-GBM-21 (0.5 mm))

EGFR is one of the targets for cancer therapy in clinical trials, and many research groups 

have attempted to improve understanding of the EGFR signaling pathway40, 45. Guerin et 

al. used the PRM method to quantify non-phosphopeptides of EGFR, HER2, HER3 and 

PTEN proteins (10 peptides) in breast cancer cell lines and frozen breast cancer tissues, 

including two phosphopeptides of HER2 protein in breast cancer cell lines48.

In the present study, use of the developed PRM method for FFPE enabled to quantify the 

phosphorylation percentage of a phospho-site of EGFR in the GBM samples with known 

amplification of EGFR. We had prior knowledge of EGFR amplification and expression in 

these samples, and this was confirmed by the data obtained Hembrough and coworkers 

applied a Liquid Tissue-SRM method on microdissected FFPE tissue and cultured cells 

to quantify only the non-phosphorylated proteins, and compared the efficacy of this 

method with that that of IHC. They suggested this MS-based quantitative method for FFPE 

tissues could be implemented as a method for diagnostics, complementing traditional 

diagnostic methods such as IHC33, 34. While they didn’t examine the phosphorylation in 

FFPE tissue. Wakabayashi and coworkers have shown that a dimethyl labeling untargeted 

method could be applied in an untargeted way to quantify phosphoproteins in FFPE 
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tissue 32. Although the phosphorylation ratio for specific phospho-site is not determined.

Our results support that the PRM method allows to sensitively measure diagnostic 

markers in FFPE tissues: 0.1 pg to 10 ng per 100 µg tissue for both phosphorylated 

and non-phosphorylated proteins. This method does not require extensive sample 

preparations such as excessive fractionation, laser capture microdissection (LCM) or gel 

electrophoresis26.

CONCLUSIONS

The PRM method is a promising approach to quantify pairs of non-phosphorylated 

and phosphorylated peptides and to determine the percentage of phosphorylation of 

specific phospho-sites in biological samples such as FFPE tissue in a multiplex way. From 

our findings in a sample of four non-phosphopeptides and phosphorylated peptide pairs 

we conclude that formalin fixation does not impede relative quantification of phospho-

sites in FFPE tissues compared to FF materials.

List of supporting information:

Table-S1-Volume and amount of protein of tissues

Table-S2-Clinical and expression data in GBM samples

Table-S3-Identified proteins and peptides in normal brain tissues

Table-S4-PRM technical variation in normal brain tissue

Table-S5-Calibration curves

Table-S6-Overview of concentration, CV values and percentage phosphorylation in 

normal brain tissue

Table-S7-Identified proteins and peptides in GBM tissues

Table-S8-Overview of concentration, CV values and percentage phosphorylation in GBM 

tissues

Figure 1: Unsupervised cluster analysis of identified A) non-phosphoproteins and B) 

phosphoproteins in FF and FFPE tissues
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ABSTRACT

We investigated the feasibility of detecting the presence of specific autoantibodies 

against potential tumor-associated peptide antigens by enriching these antibody–

peptide complexes using Melon Gel resin and mass spectrometry. Our goal was to find 

tumor-associated phospho-sites that trigger immunoreactions and raise autoantibodies 

that are detectable in plasma of glioma patients. Such immunoglobulins can potentially 

be used as targets in immunotherapy. To that aim, we describe a method to detect 

the presence of antibodies in biological samples that are specific to selected clinically 

relevant peptides. The method is based on the formation of antibody–peptide complexes 

by mixing patient plasma with a glioblastoma multiforme (GBM) derived peptide 

library, enrichment of antibodies and antibody–peptide complexes, the separation of 

peptides after they are released from immunoglobulins by molecular weight filtration 

and finally mass spectrometric quantification of these peptides. As proof of concept, 

we successfully applied the method to dinitrophenyl (DNP)-labeled α-casein peptides 

mixed with anti-DNP. Further, we incubated human plasma with a phospho-peptide 

library and conducted targeted analysis on EGFR and GFAP phospho-peptides. As a 

result, immunoaffinity against phospho-peptide GSHQIS[+80]LDNPDYQQDFFPK (EGFR 

phospho-site S1166) was detected in high-grade glioma (HGG) patient plasma but not 

in healthy donor plasma. For the GFAP phospho-sites selected, such immunoaffinity was 

not observed.

Keywords

Antibodies; tumor-specific antigen; Melon Gel; phospho-proteomics; mass spectrometry
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INTRODUCTION

Proteins in tumors may differ from proteins in normal tissue in quantity, amino acid 

sequence, post-translational modification or three-dimensional structure. These altered 

properties can potentially lead to the generation of autoantibodies [1]. Recent studies 

have shown that antibodies against specific tumor-associated antigens are detectable in 

blood in various types of cancer and could be valuable for monitoring cancer treatment 

[1–5] and, potentially, generate treatment options.

In eukaryotes, phosphorylation is a common post-translational modification in proteins. 

Many studies have shown that dysregulation of protein phosphorylation plays an 

important role in the development of cancer—as comprehensively reviewed by Ardito et 

al. [6] and Mahoney et al. [7]. Aberrantly phosphorylated peptides can be derived from 

these dysregulated cell signaling pathways in various cancers and may serve as tumor-

specific antigens [7,8]. Antigenic peptides can bind to major histocompatibility complex 

(MHC) class I and II molecules. MHC-restricted phospho-peptides might be promising 

targets for cancer immunotherapy [7–10].

Developments in high-resolution mass analyzers have led to progress in targeted mass 

spectrometry (MS) methods, such as parallel reaction monitoring (PRM) [11,12]. PRM 

enables absolute and relative quantification of peptides, including phospho-peptides, 

with high selectivity and sensitivity [13,14]. Mapping of phospho-sites and quantification 

of the ratio of phosphorylation is possible in both biological and clinical samples, such 

as fresh-frozen specimen, formalin-fixed paraffin-embedded (FFPE) tissues, cell line 

cultures and body fluids [15–17].

Several techniques are available to purify immunoglobulins (IgG) from plasma or other 

body fluids; e.g., ammonium sulfate precipitation and affinity purification using protein 

A, protein G or ion exchange chromatography [18,19]. In contrast, Melon Gel resin 

(Thermo Fisher Scientific, Waltham, MA, USA) retains non-IgG proteins and hence allows 

enrichment of IgG directly from the sample without an extra (acidic) elution step. In 

this assay, we used this special property of Melon Gel resin to enrich Ig and Ig–peptide 

complexes that we formed by mixing clinical plasma samples with GBM-tissue-derived 

peptide libraries.

The aim of the present study was to develop a method to determine the immunoaffinity 

of plasma IgG against peptide antigens. We evaluated the applicability of this method by 

detecting the presence of IgG against a tumor-specific EGFR phospho-peptide in plasma 

from glioma patients.
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RESULTS

Detection of Anti-DNP-Bound Peptides with Melon Gel Resin

The feasibility of the Ab–peptide binding assay was first tested by binding and detection 

of DNP-labeled peptides in the presence of anti-DNP. Selectivity was determined on the 

basis of both unspecific binding of peptides in the absence of anti-DNP (negative control 

experiment) and the detection of unlabeled peptides. In both experiments (presence 

and absence of anti-DNP), Avastin was present as a DNP-unspecific antibody, at a 100-

fold higher (based on vendor’s specifications) amount than the amount of anti-DNP 

when present. Selectivity was assessed by comparing the abundances of the individual 

peptides in the IgG-bound fraction to the abundances of the unbound and filter-bound 

fractions. In addition to the fractions collected during the assay described in Figure 1, in 

the feasibility assay we collected two filter-bound fractions, namely the peptides that 

passed the MW cut-off filter after acidification (FB1) and the peptides retained in the 

filter device (FB2).

IgG-bound, unbound and filter-bound fractions were analyzed by PRM measurements, 

whereby 19 alpha-casein peptides (7 of them DNP-labeled) were detected in at least 

one fraction. The four most abundant DNP-peptides (DNP modifications indicated with 

the delta mass [+166]) were TK[+166]VIPYVR, LTEEEK[+166]NR, HIQK[+166]EDVPSER 

and EK[+166]VNELSK, which accounted for 99.0% of the total number (MS response) 

of DNP-labeled peptides. Further, DNP-labeled peptides were predominately (83.4%) 

found in IgG-bound (IB) fractions when anti-DNP was present. When no anti-DNP was 

present, DNP-peptides were found mainly in the unbound (20.3%) and filter-bound 

(77.9%) fractions, and only to a minor extent in the IgG-bound fraction (1.8%). Unlabeled 

peptides were, independent of the presence or absence of anti-DNP, predominantly 

found in unbound (37.8% in the presence and 23.7% in the absence of anti-DNP) and 

filter-bound (61.5% and 71.4%, respectively) fractions. In IgG-bound fractions, only small 

numbers of unlabeled peptides were measured (in the presence of anti-DNP = 0.7% and 

in the absence of anti-DNP = 1.0%). (Figures 2 and S1)
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Figure 1. Flowchart of the antibody–peptide binding assay. IgG-bound fraction (IB), unbound fraction 
(UB) and filter-bound fraction (FB) annotated on LC vials are described in the text. In the feasibility 
experiment, two filter-bound fractions (high- and low-MW fractions) were collected and analyzed 
separately. In the applicability experiment, filter-bound fractions FB1 and FB2 were taken together 
as one filter-bound fraction (FB).
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Figure 2. Bar chart of peak abundances of DNP-labeled peptides (A) and unlabeled peptides (B). The 
peptides were determined in the presence (left) or the absence (right) of anti-DNP. Color of the bars 
indicate corresponding fractions: IgG-bound fraction (IB), unbound fraction (UB), fraction remaining 
in the filter (FB1) and passed the MW filter (FB2) after acidification and centrifugation.

Selection of GBM-Associated Phospho-Peptide Antigens

In a previous study [15], we measured the total proteome and phospho-proteome of three 

GBM and three normal brain tissue (NBT) samples using shotgun proteomics with the aim 

of demonstrating the phosphorylation ratio in clinically relevant FFPE samples. In total, 

the bottom-up shotgun analysis of these six samples yielded 7020 phosphorylated, 1234 

double-phosphorylated and 252 triple- or higher phosphorylated peptides. Comparing 

GBM and NBT, 238 of these phospho-peptides were exclusively found in all (3/3) GBM 

samples, and 2083 phospho-peptides were exclusively found in 2/3 of GBM samples. For 

the following Ab–peptide binding assay, we considered peptides exclusively found in at 

least two GBM samples—and thus not in any normal brain tissue—as putatively related 

to GBM and hence a potential target peptide antigen. Next, we linked the corresponding 

precursor proteins of these peptides to a well-known association in GBM and, as a result, 

selected seven GFAP peptides and one EGFR peptide as targets for the Ab–peptide 

binding assay (Supplementary Table S2) [20–23].

GFAP was the protein with the second highest abundance (spectra counts) in the 

dataset and was found in all GBM and normal brain tissue (NBT) samples with sequence 

coverages from 58.8% to 85.6%. Numbers of phospho-sites determined were on average 

five times higher in GBM samples compared to normal brain tissue (GBM: 13.3 vs. NBT: 

2.7). Interestingly, peptides that cover the first 41 amino acids (within the head domain, 
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amino acids 1–72) and the corresponding phospho-sites were exclusively identified in 

GBM samples. For the Ab–peptide binding assay, two phospho-peptides of the head 

domain, three phospho-peptides of the rod domain, and two phospho-peptides of the 

tail domain were selected as potential epitope targets. Compared to GFAP, EGFR was 

found in lower abundance (abundance ranked by spectra count of 1089 of 3236 total 

proteins identified). It was almost exclusively identified in two of the three GBM samples, 

with sequence coverages from 7.9% to 35.2% and with a total of 17 phospho-sites. The 

identified phospho-peptides and non-phospho-peptides of EGFR and GFAP are shown in 

Figure 3.
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Figure 3. Sequence coverage and phospho-sites of EGFR (left) and GFAP (right) identified in the total 
proteome analysis (top) and phospho-proteome analysis (bottom) of 3 glioblastoma multiforme (GBM) 
and 3 normal brain tissue (NBT) samples. Results were derived from a publicly available dataset of a 
previous study (PXD017943). Each sample was prepared and processed in two forms, as fresh frozen 
tissue (FF, dark blue) and formalin-fixed paraffin-embedded tissue (FFPE, light blue). Dark segments 
indicate regions covered by peptide identifications, and the red lines mark identified phospho-sites. 
Gray regions in the sequence mark phospho-peptide targets used for PRM measurements. The 
four peptides that are annotated at the bottom of the plot were used as epitope-carrying peptide 
antigens for the Ab–peptide binding assay.

Ab–Peptide Binding Assay on EGFR and GFAP Phospho-Peptides

Performing an Ab–peptide binding assay using HGG and healthy plasma samples and 

the GBM phospho-peptide library, we detected EGFR phospho-peptide GSHQIS[+80]

LDNPDYQQDFFPK (phosphorylation is annotated with the delta mass, [+80]) in three 

of four IgG-bound fractions of samples incubated with HGG plasma, but not in the 

corresponding unbound fractions. This result indicates the presence of autoantibodies 

against EGFR phospho-peptide GSHQIS[+80]LDNPDYQQDFFPK in these three GBM 

patients. The opposite result was obtained in the donor sample, where the peptide was 

detected almost exclusively in the unbound fraction (Figure 4). With the use of Avastin 

as negative control instead of plasma, the EGFR peptide GSHQIS[+80]LDNPDYQQDFFPK 

87

5 5



was solely found in the unbound fraction. In two HGG samples, pnop-13 and pnop-30, 

major proportions (77.9% and 80.1%, respectively) of the peptide were found in the 

filter-bound fraction. In one of the four samples, pnop-17, the peptide could not be 

detected in any of the fractions, and consequently a reliable interpretation of the result 

was not possible for this specific sample; hence, this sample was not further analyzed.
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filter bound
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Figure 4. PRM peaks of EGFR peptide GSHQIS[+80]LDNPDYQQDFFPK in the IgG-bound, unbound and 
filter-bound fractions of one blank sample (Avastin), one healthy control plasma sample and three HGG 
plasma samples. A fourth HGG plasma sample did show any detectable response of this peptide and 
was excluded from the analysis (data not shown in figure). Colors in the chromatogram plots indicate 
the various fragments detected and used for quantification. Gray peak background indicates if a 
positive peak detection on the basis of at least 3 fragments was achieved.

Furthermore, the IgG binding affinity of the seven GFAP phospho-peptides (Supplementary 

Table.S2 and Figure S2) was tested analogously to the EGFR phospho-peptide binding 

assay in five HGG plasma samples and two healthy donor plasma samples. Peptides that 

were not detected in any fraction (LGPGTRLS[+80]LAR, KIES[+80]LEEEIR, QLQS[+80]

LTCDLESLR and ITIPVQT[+80]FSNLQIR) were excluded from further analysis. Three 

peptides, EAAS[+80]YQEALAR, SVS[+80]EGHLK and RS[+80]YVSSGEMMVGGLAPGR, 

could be detected reliably in at least one fraction of the assay, whereas peptides were 

not detected in the IgG-bound fraction in any of the samples, be it HGG or donor plasma. 

This indicated no detectable quantities of autoantibodies against these three GFAP 

phospho-peptides.
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Mapping of Background and Unspecific Binding Peptides

To determine the background of the Ab–peptide binding assay, we analyzed the IgG-

bound fractions (IB) of a total peptide library, in which 4256 peptides were identified 

and quantified. This library was tested against three samples: (a) Avastin as a blank, (b) 

HGG plasma and (c) healthy donor plasma. The three IgG-bound fractions were analyzed 

by an untargeted MS method (DDA), a method that allowed us to obtain a complete 

overview of the peptides of these samples but offers lower sensitivity than the PRM 

method used, as described before. Sixty-eight peptides were identified in the blank 

sample (Avastin) versus 92 and 97 in the HGG plasma and healthy donor plasma samples, 

respectively. These peptides, in total 127 unique sequences, were grouped depending 

on whether they were found in the IgG-bound fraction of the blank sample (they 

were also independently found in a plasma sample, N = 68 peptides), or solely in HGG 

plasma (N = 12 peptides), or solely in donor plasma (N =13 peptides) or in both plasma 

samples (N = 34 peptides) (Figure 5 and Supplemental Table S3). Precursor abundances 

of the peptides in the originating total peptide library were determined by label-free 

quantitation and assigned, if applicable, to the appropriate division (blank, donor, HGG or 

donor and HGG). Peptides found in the IgG-bound fractions (IB) were predominantly (100 

of 127) also highly abundant in the peptide library (top abundance quartile), which had 

on average a 10–100-fold higher abundance than the mean abundance of all peptides in 

the library. Approximately half (56 of 127) of these peptides are derived from high- and 

middle-abundant plasma proteins (Supplemental Table S3).
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Figure 5. (A) Waterfall plot of total peptide library, with (logarithmic) peptide abundance plotted 
against the peptide abundance rank; peptides identified using shotgun proteomics in the blank 
sample (Avastin), HGG plasma or donor plasma samples are marked as points, with a color 
corresponding to the originating sample. Dotted horizontal and vertical lines show the abundance 
level (6.54) and rank (1065), respectively, of the top peptide abundance quartile. The Venn diagram 
insert shows the originating sample of the 127 peptides. (B) Bar chart of number of peptides 
identified in the peptide library (gray) and the Ab-binding fraction of an Avastin blank (including 
peptides that were found in blanks and other samples), donor plasma, HGG plasma and in both, HGG 
and donor plasma. (C) Box-plot of peptide abundances (10-log transformed) of the sets of peptides 
specified in panel B.

DISCUSSION

We have successfully described an assay to detect peptide antigens through their 

affinity for circulating antibodies in plasma. In this approach, Ab–peptide complexes 

are separated from non-IgG proteins and unbound low-molecular-weight peptides 

by Melon Gel IgG purification and molecular weight filtration. In a second step, these 

peptide antigens are dissociated from the antibodies by acidification, and the released 

peptides are separated from the IgG-fraction by acetone precipitation. Finally, sensitive 

and confident (selective) detection of peptides is accomplished by high-resolution 

mass spectrometry (parallel reaction monitoring). Hence, the antibodies themselves 
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are actually not measured directly, but their presence is determined by the detection 

of corresponding peptide antigens. In practice, the association with a particular type of 

cancer or stage of disease is determined by the selected set of peptide antigens (peptide 

library) and antibody samples (e.g., plasma sample). We conducted two experiments to 

demonstrate the feasibility and applicability of the method.

The IgG purification method plays a central role in this assay, as it allows the enrichment of 

intact IgG–peptide complexes and ultimately the isolation of the bound peptide antigens. 

We used Melon Gel IgG purification as it offers several advantages over conventional 

immunoaffinity methods such as protein A or protein G affinity purification. The actual 

mechanism of Melon Gel IgG purification is not described in detail in the literature. 

Basically, Melon Gel binds all non-Ig proteins and allows the IgG fraction to be collected 

simply in the flow-through. Hence, in contrast to other techniques, an elution step that 

could potentially affect the integrity of the antibody is not needed, and the purified IgG 

fraction can be collected directly. The Melon Gel technique does not require immobilization 

of antibodies and avoids reduction in the site-specific accessibility dependent on the 

coupling conditions. The free IgG remains more accessible to an antigen than in the case 

of binding to an immobilized antibody. In addition, upscaling of the Melon Gel method is 

less limited than in the case of immobilized antibodies. Lopez and coworkers [20] have 

compared the protein G and the Melon Gel immunoaffinity purification methods and 

concluded that the elution step at low pH in the protein G affinity method can cause 

IgG aggregation. As a result, IgG cannot be presumed to be fully native and accessible, 

as is the case when Melon Gel resin is used to enrich immunoglobulins. Melon Gel IgG 

purification has been applied successfully to identify disease-related IgG in various 

clinical body fluids, such as CSF of multiple sclerosis pathology [21–23], serum of lung 

cancer patients [22] and M-protein serum levels related to a monoclonal gammopathy 

[23]. In addition to previous studies in which isolation of IgG was performed to identify or 

quantify IgG, we successfully proved the ability of Melon Gel to enrich intact antibody–

peptide antigen complexes.

To examine the feasibility of the method, we first conducted an experiment in which 

a digest of DNP-labeled α-casein (as antigen) was mixed with anti-DNP. The formed 

antibody–antigen complexes (of anti-DNP and DNP-labeled peptides) were purified, 

after which the peptide antigens were isolated and measured. While DNP-labeled 

peptides were predominantly found in the IgG-bound fractions, just a relatively small 

proportion (<1%) of unlabeled peptides were found in the IgG-bound fraction. Similarly, 

when we conducted the experiment without adding anti-DNP, by far the largest number 

of the peptides detected (>98%) was found in the non-IgG-bound fractions. These 

results confirm the applicability of the method in this proof of principle. However, not 

all selected peptides were detected in any of the fractions. Consequentially, both IgG-
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bound and non-IgG-bound fractions must be analyzed to obtain reliable readouts of 

the assay while avoiding false-negative results. To confirm the absence of a detectable 

specific peptide affinity, the absence of the peptide in the IgG-bound fraction as well as its 

presence in the unbound-fraction should be confirmed. Correspondingly, to confirm the 

presence of affinity, detections in the IgG-bound fraction have to be set in relation with 

detected intensities in the unbound fractions. Analysis of the filter-bound fraction has 

shown that in addition to the peptide numbers in the IgG-bound and unbound fractions, 

peptides can be retained on the filter device. Probable reasons for the latter observation 

are adsorption at the surface of the filter device or incomplete flushing due to the design 

of the filter device used. To describe this more precisely, in this feasibility experiment 

a distinction was made between the fraction of peptides released after acidification 

through the filter (FB2) and peptides retained in the filter device (FB1). Peptides were 

found in both filter-bound fractions, regardless of whether these peptides were bound 

to antibodies or not. Therefore, the differentiation into the two filter-bound fractions 

did not provide any further information about the immuno-specificity of the peptides. 

In the subsequent experiments, these two filter-bound fractions were replaced with a 

filter-bound fraction representing a pool of FB1 and FB2. We could not determine if, in 

the filter-bound fraction, peptides were bound to antibodies or, though probably more 

unlikely, unspecifically bound to the filter. Consequentially, for the interpretation of the 

results of the Ab–peptide binding assay, we did not use information about the filter-

bound fractions.

To determine the analytical background—in order to be able to differentiate between 

specific and unspecific binding of peptides—we conducted an Ab–peptide binding 

experiment using a total peptide library against Avastin (plasma blank), HGG plasma 

and healthy donor plasma. The resulting IgG-bound fractions were analyzed with the 

untargeted shotgun proteomics method to acquire an overview of all peptides, both 

unspecific and IgG-bound. Although less sensitive than the targeted PRM method, the 

untargeted shotgun method was most suitable for acquiring a comprehensive peptide 

map of the assay background. Analysis revealed that 68 peptides (out of a total of 

4256 peptides in the peptide library) were found in the Avastin blank sample and 59 

peptides in the plasma samples. Most of these peptides (99.2%) corresponded with 

high- or middle-abundant plasma proteins or had high abundance in the peptide library 

(highest quantile). Therefore, we conclude that the method is sufficiently selective to 

prevent nonspecific quantitative elution (slip-through) of library peptides and to assess 

background. Furthermore, the analysis of both fractions, IgG-bound and non-IgG-bound, 

is a key feature of the analysis in determining high selectivity.

Next, by using plasma samples and the phospho-peptide library derived from glioma 

tumor tissue, we investigated if the assay was suitable to detect Ab-binding peptides. 
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Phospho-peptides that carry tumor-specific phospho-sites can be considered a potential 

novel class of tumor-specific antigens. The phospho-peptide antigens have been less 

studied than mutated antigens [6–8]. Zarling et al. found that phospho-peptides are 

presented on various types of cancer cells and recognized by CD8+ T cells, indicating that 

phospho-peptide antigens are potential targets for immunotherapy.[24] Mohammed and 

coworkers investigated the effect of conformational changes due to phosphorylation 

on the antigenic identify and concluded that the phospho-peptide neoantigen RQA_V 

(covering LSP-1 phospho-S251) might be a valuable candidate for cancer immunotherapy 

[10]. Engelhard and colleagues investigated the immunogenicity of phospho-peptides 

from breast cancer antiestrogen resistance 3 (pBCAR3126-134) and insulin receptor 

substrate 2 (pIRS21097-1105) and concluded that the specific immunogenicity observed 

provides a rationale for immunotherapy targeting phospho-peptides [25].

To prove the applicability of our method, we tested for the presence of antibodies 

against GBM-associated phospho-peptides in plasma. We selected candidate phospho-

peptides antigens from two GBM-associated proteins, EGFR and GFAP, on the basis of 

data from our previous study that compared GBM and normal brain tissue [15]. EGFR 

phospho-site S1166 was exclusively detected in GBM tissue samples but not in normal 

brain tissue. EGFR phospho-site S1166 has been detected by mass spectrometry in 

various phospho-proteomics studies, listed on PhosphoSitePlus [26]. Moreover, we 

observed changes in the phosphorylation level for this phospho-site as a result of serum 

starvation, a process that triggers EGFR phosphorylation [15,16]. Assiddiq and coworkers 

used multiple reaction monitoring (MRM) in the H838 lung cancer cell line to study 

the effect of gefitinib on the phospho-sites of the EGFR protein before and after EGF 

treatment [27]. They concluded that phosphorylation of S1166 could have a negative 

effect on cell growth and proliferation [27] in this cell line. Whether phosphorylation of 

S1166 is also involved in growth and proliferation in glioma patients is not reported. Doll 

et al. detected upregulation of pS1166 (1.6-fold), among other EGFR phospho-sites, in an 

HRAS-NHA cell line. This cell line was used as a model for primary GBM, and the authors 

suggested involvement in feedback downregulation of EGFR [28]. We further compared 

the phosphorylation data from these two studies [27,28] to our results obtained from 

glioma tissue (this study and [15]). For EGFR, we also found the S/T phospho-peptide 

(pT693: ELVEPLT[+80]PSGEAPNQALLR) in our dataset (for patient G11 and G17) and 

additional S/T phospho-peptides of EGFR that were not found in the cell lines. This 

emphasizes possible differences in the phosphorylation state between cell lines and 

tumor tissue. Ideally, the effect of a treatment on autoantibodies should be investigated 

by a separate study, but this would come with difficulties in the clinical implementation. 

As an alternative, we envision an experiment whereby GBM cell cultures are exposed to 

patient plasma to determine a possible effect on proliferation.
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Seven different GFAP phospho-peptides were selected based on the results of our 

previous study [15]. Additionally, the literature indicates differences in GFAP between 

GBM tissue and normal brain tissue, positing, for instance, alternative splicing [29] and 

that autoantibodies for GFAP exist in pathologies such as paraneoplasm [30]. Higher 

expression of GFAP in glioblastoma is associated with poor prognosis [31], but little is 

known about the role of specific phospho-sites of GFAP in glioma. A multitude of GFAP 

phospho-sites are known, especially in the head domain in which GFAP assembly is 

regulated by phosphorylation [32]. Interestingly, the phospho-proteomics results of our 

previous study [15] showed a distinct phosphorylation pattern predominantly identified 

in the head but also in the tail domain of GFAP.

As a result of both experiments (EGFR and GFAP), we conclude that IgG binding to the 

EGFR phospho-peptide exists in plasma of glioma patients but not in plasma of healthy 

donors, and that autoantibodies against EGFR phospho-site S1166 are associated with 

high-grade glioma. The result of the AB peptide assay for the GFAP peptides suggests that 

there is no HGG-related immune response to the GFAP phospho-peptides investigated. 

Only three of the seven GFAP peptide antigens could be successfully analyzed; the other 

four had to be excluded from analysis because they could not be detected in any of 

the fractions. Still, these four peptides might have been retained on the Melon Gel if 

they had not been bound to an antibody. This observation shows to a certain extent the 

limitation of the assay.

In conclusion, antibody–peptide–antigen complex enrichment with Melon Gel has been 

applied successfully to investigate disease-related phospho-peptides. The Melon Gel 

immunoglobulin purification method is a promising technique to detect antibody (IgG)-

bound peptides (antigens) in complex peptide libraries. This method has the potential to 

detect the putative presence of autoantibodies without knowledge of the antigen. We 

demonstrated a proof of concept for the presence of autoantibodies against the EGFR 

phospho-peptide S1166 in plasma of high-grade glioma patients. This antibody–peptide 

binding assay could potentially be further applied for diseases such as autoimmune 

diseases and for other types of cancer.
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MATERIALS AND METHODS

Unless mentioned otherwise, chemicals were purchased from Merck Millipore (Burlington, 

MA, USA) and solvents for LC-MS from Biosolve (Valkenswaard, The Netherlands).

Biological Material

One fresh-frozen GBM tissue sample served as the basis for the peptide libraries (a total 

peptide library and a phospho-peptide library, clinical information in Supplementary 

Table S1) and seven plasma samples from high-grade glioma (HGG) patients and two 

from healthy donors as source of IgG (Table 1). Two of the plasma samples from HGG 

patients were taken from the same patient before and after surgery and further therapy. 

The tissue and the other plasma samples were taken from other, different persons. The 

use of patient and donor material was approved by the Institutional Ethics Review Board 

of Erasmus MC, Rotterdam, The Netherlands (MEC 221.520/2002/262; date of approval 

22 July 2003, and MEC-2005-057, date of approval 14 February 2005). Patients gave 

written consent to the use of their tissue or plasma for research purposes.

Preparation of Tissue Peptide Libraries

A total peptide library is a mixture of peptides obtained after digestion of one fresh-

frozen GBM tissue, and a phospho-peptide library is a mixture of phospho-peptides 

obtained after phospho-enrichment of digested fresh-frozen GBM tissue. The GBM 

tissue sample was cut in five 8 µm fresh-frozen (FF) tissue slices on a microtome and 

placed in a 1.5 mL tube (Eppendorf). Four hundred µL of 0.1% Rapigest (Waters, Milford, 

MA, USA) was added to the tissue pellet (~300 µg of total protein) and sonified for 2 min 

at 70% amplitude at a maximum temperature of 25 °C (Branson Ultrasonics, Danbury, CT, 

USA) and subsequently heated at 99 °C for 5 min.

Next, the two peptide libraries were prepared from these tissue slices as described in a 

previous study [15]. In brief, tissue lysate was reduced and alkylated using dithiothreitol 

(DTT) and iodoacetamide (IAA), respectively. Then, 10 µg of trypsin (Promega, Madison, 

WI, USA) was added and incubated overnight at 37 °C. After acidification (pH < 2) and 

centrifugation, the supernatant was stored at 4 °C. Both desalting of the tryptic digests 

and phospho-peptide enrichment were performed using an AssayMAP Bravo automated 

platform (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s 

protocols [33]. Peptide concentration of the peptide library was determined with a 

quantitative colorimetric peptide assay (Pierce, Thermo Fisher Scientific, Rockford, IL, 

USA).
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Isolation of Immunoglobulin-Binding Peptides

In the first step of the method, plasma samples were mixed with a peptide library and 

incubated for 30 min at 18 °C to allow possible binding of peptides and antibodies with 

the corresponding affinity. Next, the non-IgG protein fraction was removed using the 

Melon Gel IgG Purification Kit (Thermo Fisher Scientific) according to the manufacturer’s 

protocol. The flow-through fraction containing the IgG and IgG–peptide complexes was 

loaded onto a 30 kDa-molecular-weight (MW) filter device (Amicon, Merck, Burlington, 

MA, USA), which had been preconditioned for 30 min with 500 µL of 0.02 µg/µL bovine 

serum albumin (BSA) in phosphate-buffered saline (PBS). The low MW fraction (<30 

kDa), containing unbound peptides, was removed by centrifugation (15 min at 20,000g), 

desalted (removal of PBS), resuspended in 25 µL 0.1% TFA/2% ACN) and stored at 4 °C 

until LC-MS analysis (“Unbound peptides”, Figure 1). The remaining high MW fraction, 

containing IgGs and IgG–peptide complexes, was washed four times with 500 µL of PBS, 

and the retained volume (approximately 20–25 µL) was pipetted into a fresh tube and 

acidified with 1 µL of 50% TFA to dissociate the Ab–peptide complex and to release Ab-

bound peptides. Next, acetone precipitation was performed to separate peptides from 

IgG by addition of 10 sample volumes of ice-cold (−20 °C) acetone, precipitation at −20 °C 

for 2 h and centrifugation (10 min at 20,000 g). Subsequently, the supernatant, containing 

the IgG-bound peptides (Figure 1), was dried using a vacuum centrifuge (Savant SC210A, 

Thermo Fisher Scientific), re-suspended in 25 µL of 0.1% TFA/2% ACN and stored at 4 °C 

until LC-MS analysis. Additionally, the MW filter device was rinsed with 500 µL of 0.5% 

formic acid (FA), dried (vacuum centrifugation) and stored at 4 °C until LC-MS analysis to 

check for “Filter bound peptides” eluted by acidification (Figure 1).

Targeted Parallel Reaction Monitoring (PRM) Measurements

Mass spectrometric measurements were performed on a nano-LC (Ultimate 3000RS, 

Thermo Fisher Scientific, Germering, Germany) coupled to an Orbitrap tribrid mass 

spectrometer (Orbitrap Fusion or Orbitrap Fusion Lumos; Thermo Fisher Scientific, San 

Jose, CA, USA). One half of the volume of each fraction (IgG-bound, unbound and filter-

bound) was loaded on a trap column (C18 PepMap, 5 µm particle size, 100 Å pore size, 

5 mm × 300 μm, Thermo Fisher Scientific) and desalted for 10 min with 0.1% TFA at a 

flow rate of 20 µL/min. Next, analytes were eluted from the trap column and separated 

on an analytical C18 column (PepMap C18, 75 µm ID × 250 mm, 2 μm particle and 100 

Å pore size, Thermo Fisher Scientific) using a binary gradient from 4 to 38% solvent B 

in 30 min, whereby solvent A consists of 0.1% formic in water and solvent B consists 

of 80% acetonitrile and 0.08% formic acid in water. The flow rate was 300 nL/min and 

the column temperature 40 °C. For electrospray ionization, nano ESI emitters (New 

Objective, Woburn, MA, USA) were used at a spray voltage of 1.8 kV. The targeted MS/

MS mode had the following settings: 1.6 m/z isolation width, 60,000 Orbitrap resolution, 

200,000 automatic gain control and 118 ms maximum injection time. Further peptide 
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specific settings are listed in Supplementary Table S2. PRM data were processed with the 

software package Skyline [34]. Peak picking was revised manually, and peptide detection 

was considered to be valid when consistent peaks of at least three fragments were 

acquired. Result tables of Skyline were further analyzed and plotted with the statistical 

software package R [35]. The mass spectrometry proteomics data have been deposited 

into the ProteomeXchange Consortium via the PRIDE [36] partner repository with the 

dataset identifier PXD032844 and DOI 10.6019/PXD032844.

Data-Dependent Mass Spectrometry Measurements

For the untargeted LC-MS measurement, we used the same instrumental setting and 

chromatography method as for the PRM measurements. A data-dependent MS acquisition 

method was used with an Orbitrap survey scan (range 375–1550 m/z, resolution of 

120,000, AGC target 400,000), followed by consecutively isolation (isolation with 1.6 

m/z), HCD fragmentation (30% normalized collision energy) and ion-trap detection of 

the peptide precursors detected in the survey scan until a duty cycle time of 3 s was 

exceeded. Dynamic exclusion was used with 10 ppm mass tolerance and 60 s exclusion 

duration. The acquired fragment mass spectra were searched against the human subset 

of the Uniprot database (version 2020-12-12; 20,395 entries) using Mascot (version 2.3.02; 

Matrix Science, UK) with tryptic cleavage, two missed cleavages allowed, oxidation of 

Methionine (+15.995 Da) as variable modification and carbamidomethylation of Cysteine 

(+57.021 Da) as fixed modification, precursor tolerance of 10 ppm and fragment 

tolerance of 0.5 Da. Search results were post-processed with the software package 

Scaffold (version 5.1.0, Proteome Software, Portland, OR, USA) to merge the individual 

search results, conduct protein grouping and calculate protein and peptide identification 

confidence levels (false discovery rate <1%). The precursor intensities of the identified 

peptides were determined with the label-free quantitation software package Progenesis 

QI (Version 2.0; Nonlinear Dynamics, Newcastle-upon-Tyne, UK).

Feasibility Experiments

Following the scheme of the isolation of immunoglobulin-binding peptides, first a 

feasibility experiment to proof the concept was performed with a hapten (dinitrophenyl, 

DNP) bound peptide of α-casein specific for a monoclonal antibody (anti-DNP). To 

partially label α-casein protein with DNP, bovine protein α-casein (0.4 mM, Sigma Aldrich) 

was incubated with 0.4 mM di-nitrobenzenesulfonic acid in 0.15 M potassium carbonate 

[37,38]. This partial DNP labeling of lysine moieties was meant to prevent the formation 

of relatively long tryptic peptides as DNP labeling blocks tryptic cleavage. The sample 

was acetone-precipitated to remove detergents and reagents, and the protein pellet 

was digested with trypsin, as described above.

Anti-DNP (Anti-DNP Antibody, clone 9H8.1, Cat# MAB2223, Merck Millipore, Burlington, 
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MA) and Avastin, to serve as a DNP-unspecific negative control (Roche, Basel, Switzerland), 

were purchased and stored according to the manufacturer’s recommendations. To test 

the feasibility of the method, digested DNP-labeled α-casein (10 µg), 1 µg of anti-DNP 

and 100 µg of Avastin were combined and incubated with gentle shaking for 30 min 

at room temperature. Additionally, the same experiment was conducted without anti-

DNP as a negative control experiment to determine unspecific binding of DNP peptides. 

Isolation of IgG-bound peptides and targeted PRM measurements of DNP-labeled and 

unlabeled peptides were conducted as described above.

Selection of GBM-Associated Phospho-Peptide Antigens

To select relevant phospho-peptide candidates, we reprocessed a dataset of three GBM 

samples and three normal brain tissue (NBT) samples from a previous study [15]; the 

dataset is publicly accessible on ProteomeXchange PRIDE repository with the dataset 

identifier PXD017943. To compare GBM and NBT, we used data of replicates of both 

FFPE-embedded and fresh-frozen tissue of each sample. Data were processed by Mascot 

MS/MS database search and Scaffold post-processing as described above. The final 

selection of suitable antigen candidates was based on two criteria: (a) the respective 

phospho-peptides were identified specifically in GBM tissue and (b) the corresponding 

precursor proteins had a known association with GBM.

Detection of Peptide–Antigen-Binding IgG in Plasma

For each analysis, 10 µg of GBM phospho-peptide library was mixed with 100 µL of plasma 

containing putative phospho-peptide-binding autoantibodies. As a negative control 

experiment, instead of plasma, 100 µg of Avastin was added to determine unspecific 

IgG binding. Isolation of IgG-binding peptides and targeted PRM measurements of 

EGFR and GFAP phospho-peptides took place analogous to the feasibility experiment 

described above. To survey the overall detectable peptides and to determine unspecific 

and specific binding, we performed three additional analyses in which 10 µg of GBM 

peptide library was mixed with 100 µg of Avastin, 100 µL of HGG plasma or 100 µL of 

normal plasma. The three samples were processed according to the protocol described 

above. The IgG-bound fractions and GBM total peptide library were measured by a data-

dependent shotgun method described above.
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GENERAL DISCUSSION

Application of mass spectrometry to detect tumor-specific antigens

The immune system can recognize tumor-specific antigens such as somatic mutation-

derived antigens (neoantigens) and post-translationally modified antigens (1, 2) in tumor 

cells. The recent detection of these tumor-specific antigens is of high interest for the 

development of antigen-targeted cancer immunotherapies (3-5).

In cancer research, neoantigens can be identified using DNA or RNA high-throughput 

sequencing data obtained from tumor tissue and mostly normal tissue. Next to these 

genomic and transcriptomic workflows, proteomic- and phosphoproteomic workflows 

can be applied to identify mutated proteins and post-translational modifications 

associated with cancer (6-8).

In Chapter 2, we discussed applying MS to identify disease-specific neoantigens in 

clinical samples. The isocitrate dihyrogenase (IDH1) protein served as example. The IDH1 

protein has a mutation at the primary sequence position 132, where an arginine (R) is 

most often replaced by a histidine (H). This point mutation has been frequently detected 

in glioma, cholangiocarcinoma and chondrosarcoma; and at much lower frequency in 

many other cancers, including lung carcinoma. The substitution of an amino acid in the 

primary sequence of a peptide causes variation in mass between the mutated peptide 

and the normal peptide. This variation can be detected using MS. This possibility to 

sensitively investigate mass variations in neoantigens is of high interest and applicable to 

diverse diseases. In addition to other available genomic and transcriptomic methods, the 

MS-based method opens a new way to detect neoantigens. It can be applied to monitor 

neoantigens in an early stage, and can be of use in designing therapies such as cancer 

immunotherapy. The application of neoantigens in cancer vaccines has been examined in 

clinical studies (5, 9-12). These cancer vaccines mostly can be classified into peptide-based 

vaccines, nucleic acid (DNA/mRNA) vaccines and dendritic cell (DC)-based vaccines—as 

comprehensively reviewed by Zhao et al. (4). Therefore, targeting neoantigens could be 

a promising approach for cancer immunotherapy (4, 12).

Determination of the phosphorylation percentage of protein phospho-sites with MS

In diseases, and especially in cancer, phosphorylation is dysregulated (13). Therefore, 

there is a large interest in studying potential changes in the phosphoproteome as a result 

of disease (14). We developed a method that uses targeted MS with high resolution 

to accurately determine the phosphorylation percentage of protein phospho-sites 

in cell lysates. Using stable isotope labeled (SIL) peptides, we were able to determine 

the phosphorylation percentages of targeted phospho-sites. Using a parallel reaction 

monitoring (PRM) approach, we applied two types of measurement—direct-PRM and 
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TiO2-PRM—to measure the non-phosphorylated peptide and the phosphorylated 

counterpart, respectively (see also Chapter 3). Our results show that targeted non-

phosphorylated and associated phosphorylated peptides can be measured with a high 

degree of reproducibility (CV < 10%). We found that the percentage of phosphorylation 

can vary, largely depending on the protein identified. Most of the proteins that were 

phosphorylated had on average a phosphorylation percentage of 6.5%, although 

outliers of more than 21% were observed. Still, proteins phosphorylated for 100% at a 

certain phospho-site were not detected. Because we did not observe a degradation of 

synthetic phosphopeptides spiked to the samples, we could rule out that low percentage 

phosphorylation was caused by, for instance, phosphatase activity during sample 

preparation. This method to determine a precise phosphorylation percentage in cell 

lines and tissues can also be applied for absolute quantification of phosphopeptides and 

to determine the phosphorylation ratios of specific peptides without using antibodies, 

labeling strategies, phosphatase treatment, or complex fractionation steps during sample 

preparation (15-19). Phosphoproteomics has resulted in complementary knowledge 

about new phospho-sites compared to antibodies directed to specific phospho-sites (20). 

Using a MS-based approach, we identified still unknown phospho-sites without the need 

of pre-existing knowledge about phospho-sites (21). Moreover, many studies (22-24) 

have shown that inconsistent antibody validation can be a bottleneck in clinical research. 

Therefore, precise antibody characterization remains a topic of concern in research (25).

Multiplex analysis enables to analyze multiple targets (analytes) in a robust, affordable 

and reproducible way. In both research- and clinical settings, multiplex analysis can 

be used to obtain better understanding of disease mechanisms, or for biomarker 

discovery, diagnostics, biomarker monitoring and drug studies (26-29). The Enzyme-

linked Immunosorbent Assay (ELISA) is a well-established example of the quantification 

of proteins in clinical applications (30, 31). Proteomics allows for analyzing multiple 

targets in one run (32). Targeted-MS methods such as PRM can be applied to analyze 

multiple proteins and phosphoproteins in a single run. One of the most important 

advantages of PRM is the possibility to measure in parallel a larger number of peptides 

and their fragmented transitions. However, we should take into account that the number 

of peptides that can be monitored simultaneously (using PRM) has its limits (as a rule 

of thumb 50 to 100 peptides) (33, 34). Furthermore, technological improvement in 

liquid chromatography-mass spectrometry (LC-MS) in combination with retention time 

scheduling made it possible to measure 30−40 peptides in a fully automated single 

run in our experiments. The increased retention time reproducibility of LC systems 

and developments in MS acquisition and analysis software (automated retention 

time adjustments or triggered-PRM methods (35, 36)) can even further increase this 

number, as several research groups have shown (37-39). Therefore, it is possible to 

monitor phosphorylation in a selected pathway for multiple targets in a single PRM run. 
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This feature can promote the use of mass spectrometers for clinical applications as a 

multiplex platform – next to other multiplex assay possibilities (30).

Furthermore, the PRM approach examined in Chapter 3 was used to determine the 

phosphorylation percentage of protein phospho-sites in other biological samples. We 

used formalin-fixed paraffin embedded (FFPE) and fresh-frozen (FF) normal brain tissue 

and glioblastoma multieforme (GBM) tissue of the same individual, respectively (Chapter 

4). Before applying PRM, we compared the proteome and phosphoproteome profiling 

obtained from data-dependent acquisition (DDA) measurements of the corresponding 

FFPE and FF tissues. The cluster analysis of DDA measurements of these FFPE and FF 

tissues showed that the identified proteins and the phosphoproteins in normal brain 

tissue are grouped together. In GBM tissues, however, each pair of FFPE and FF tissues 

was grouped together. This clustering of the same tissue type probably relates to 

specific proteins in normal tissue and specific individual tumor tissue heterogeneity (40). 

Variations in protein identification might result from the probability that the GBM tissues 

obtained during surgical resection are different from normal brain tissue obtained at 

autopsy due to post mortem delay and prolonged formalin fixation. FFPE and FF sample 

preparations gave a corresponding result. We concluded that FFPE and FF tissue material 

can be compared in such a way that the fixation method does not have a large effect on 

variability between the FF and FFPE tissues.

To determine the technical feasibility of the PRM approach for targeted quantification of 

phosphopeptides in FFPE tissue, we integrated the existing sample preparation method 

with an optimized PRM approach for these paired FFPE and FF tissues (Chapter 4). Our 

results show that PRM allows to sensitively measure diagnostic markers in FFPE tissues 

– 0.1 pg to 10 ng per 100 μg protein obtained from brain tissue for both phosphorylated 

and non-phosphorylated proteins – without applying extensive sample preparations 

such as excessive fractionation. The analyses of four non-phosphopeptides and 

phosphorylated peptide pairs of tissues revealed that formalin fixation does not form 

an obstacle to determine of the phosphorylation percentage of protein phospho-sites 

in FFPE tissues compared to FF tissues. We conclude that the developed PRM approach 

can be successfully applied to determine the phosphorylation percentage for specific 

phosphopeptides in different clinical samples.

Development of a novel antibody-peptide binding assay indicates the presence of 

immunoglobulins against EGFR phospho-site S1166 in high-grade glioma

Specific phosphopeptides from cancer-related phosphoproteins can be considered 

tumor-specific antigens, and could serve as valuable candidate targets for cancer-

immunotherapy (2, 41). In Chapter 5 we performed an antibody peptide antigen 

complex enrichment with Melon Gel resin to examine, with the use of the PRM method, 
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the presence of autoantibodies specific for disease-related phosphopeptides applying.

Melon Gel resin has the ability to bind all serum proteins except immunoglobulin G (IgG), 

thereby facilitating its enrichment. The exact chemical operation of Melon Gel resin (a 

registered trademark of Thermo Fisher Scientific) has not been released. Yet, it was 

not previously reported that Melon Gel can also be used for antibody peptide antigen 

complex enrichment. Apparently, also antibodies bound to their peptide-antigen 

are not bound to the Melon Gel resin and can be collected in the flow-through after 

immunopurification. The main advantage of using Melon Gel resin is that the antibodies 

do not need pre-purification with binding to the antigen. Thus, an elution step is not 

needed; and the binding capacity is not limited by binding of the antigen to a surface 

(bead or well-plate). Furthermore, after Melon Gel resin treatment, IgG would remain 

fully native and accessible (42).

To demonstrate the applicability of the developed antibody-peptide assay, we tested in 

plasma the presence of antibodies against GBM-associated phosphopeptides. Based on 

results from our previous study (Chapter 4), we selected candidate phosphopeptides 

antigens from two GBM-associated proteins, namely epidermal growth factor receptor 

(EGFR) and glial fibrillary acidic protein (GFAP). We determined the presence of 

autoantibodies against an EGFR specific phosphopeptide, phosphopeptide GSHQIS[+80]

LDNPDYQQDFFPK containing a phospho-site at position 1166 of the primary structure 

(S1166). This Ab-peptide binding assay was conducted using a phosphopeptide library 

made from glioma tissue with a targeted PRM readout. We found that EGFR (S1166) 

showed reactivity to an autoantibody present in plasma samples of two high-grade glioma 

patients (HGG) and not to Avastin (an irrelevant antibody blank) nor to healthy donor 

plasma. Furthermore, this binding assay was performed similarly for seven peptides 

from GFAP in five HGG plasma samples and two healthy donor plasma samples. Only 

three of seven phosphopeptides (EAAS[+80]YQEALAR, SVS[+80]EGHLK, and RS[+80]

YVSSGEMMVGGLAPGR) could be successfully analyzed. Reactivity to an autoantibody 

was not observed for these GFAP phospho-sites.

To study the background of the assay, we performed an Ab-peptide binding experiment 

using a total peptide library with a shotgun approach to measure as many peptides 

as possible. We determined this background using Avastin, one HGG plasma sample 

and one healthy donor plasma sample. Approximately, 1% of the total peptide library 

(4,256) were detected in the Avastin blank sample and in each glioma and healthy donor 

samples. Most of these peptides (99.2%) corresponded with high or middle-abundant 

plasma proteins, or were highly abundant in the peptide library.

In conclusion, this Ab-peptide binding assay has been successfully applied to investigate 

the presence of autoantibodies reactive with HGG-related phosphopeptides.
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Perspectives

The PRM approach described in this thesis is a relatively fast method to directly quantify 

phosphopeptides in one run, in contrast to methods which need prolonged and extra 

sample preparation before measurements, such as excessive fractionation, laser capture 

microdissection (LCM), or gel electrophoresis. The PRM approach enabled absolute 

quantification of phosphopeptides in cell lines and tissues with the use of SIL peptides, 

too. This method allows determining the percentage of phosphorylation of specific 

phospho-sites in biological samples such as FFPE and FF tissues in a multiplex way. FFPE 

tissues are the most accessible research sources in pathology archives. Therefore, this 

MS approach offers interesting possibilities to compare different proteins and their 

phosphorylation within these tissues.

Phosphorylation plays an important role in cell signaling. In disease – and in particular in 

cancer – this process is derailed. Our PRM approach can potentially be used for studies 

in which the activity of a specific pathway is monitored by protein abundance and site-

specific phosphorylation ratios of targeted proteins of the chosen pathway in different 

diseases. (43).

Immunopurification with the use of Melon Gel resin enabled us to directly purify a 

peptide antigen antibody complex from plasma of HGG patients (see Chapter 5). This 

approach could potentially provide a method of discovering neoantigens and tumor-

specific antigens that generate autoantibodies. In addition, it could be applied for a wide 

range of diseases, besides cancer, in which antibodies are involved, such as autoimmune 

disorders.

One of the advantages of this method is that both the antigens and antibody-parts of 

the antibody peptide antigen complex can be measured directly using MS.

Because of the novelty of these antigens, the sequences of these antigens are not always 

directly available in common protein databases. Therefore, customizing protein databases 

using proteomics and genomics data (proteogenomics) will provide possibilities to 

identify these antigens. If genomic information is present, it would be possible to affinity 

enrich and sequence autoantibodies using these antigens. The identification of specific 

autoantibodies and the corresponding antigens in patients with an autoimmune disease 

or cancer can be of interest for diagnosis, prognosis (44-46), drug targeting (47) and for 

unraveling an underlying mechanism of disease. Using this newly developed method, 

we can discover novel disease-associated autoantibodies and antigens, which indeed 

will open new ways for future diagnostic methods and developments in therapeutic 

interventions.
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SUMMARY

This thesis focuses on the identification and detection of phosphopeptides with the use 

of mass spectrometry (MS), mainly with parallel reaction monitoring (PRM). The PRM 

method is a high resolution and accurate targeted-MS based method that can be applied 

in an Orbitrap mass spectrometer. The Orbitrap mass analyzer allows the in parallel 

detection of multiple target product ions in one run.

In Chapter 2, one of the clinical applications of proteomics has been discussed. Due to 

recent developments in MS it is possible to detect somatic mutations in peptides and 

proteins. In this review, the possible relation between lung cancer and chronic obstructive 

pulmonary disease (COPD) as pre-stage of lung cancer is discussed. In lung cancer a 

number of these mutations are known. The risk of lung cancer is eight times higher in 

COPD patients. An assumption could be that COPD could be considered as a pre-stage of 

lung cancer. Using MS, investigating these known lung cancer-related mutations in COPD 

could be used to explore this possibility.

Post-translationally modified proteins such as phosphoproteins can be detected with MS. 

Chapter 3 describes a targeted MS method to determine a site-specific phosphorylation 

ratio in phosphoproteins. Two PRM approaches – direct-PRM (tryptic digested samples 

measured with PRM) and TiO2-PRM (phospho-enriched sample using TiO2 cartridges 

after digestion and measured with PRM) – were applied to quantify the phosphorylation 

ratio for three phospho-sites in neuroblast differentiation-associated protein (AHNAK 

S5480-p), calcium/calmodulin-dependent protein kinase type II subunit delta (CAMK2D 

T337-p), and epidermal growth factor receptor (EGFR S1166-p). These two approaches 

were applied on U87 cells (a glioblastoma cell line). A reproducible phosphorylation 

percentage of 7.3, 2.5 and 11.5% could be determined for all three phosphopeptides 

AHNAK, CAMK2D and EGFR, respectively, and CV values for phosphorylation percentage 

of 12.0, 6.4 and 13.1% for the entire approach were obtained, respectively. To validate 

the PRM approaches, a cell-culture experiment was performed in which U87 cells were 

deprived from medium containing serum, which allows examining the effect of serum 

starvation on the phosphorylation ratio. For both EGFR and AHNAK, analyses revealed 

statistically significant changes in phosphorylation levels due to serum starvation (p 

value < 0.05). The PRM method can be multiplexed to measure different phosphopeptide 

targets in one run.

Formalin-fixed paraffin-embedded (FFPE) tissues are valuable research sources. In 

medical centers, such tissues are regularly prepared and collected for diagnostic 

purposes. Therefore, FFPE tissues are the most available biological sources in pathology 

archives. In Chapter 4, the same PRM strategies as in Chapter 3 were used to determine 

116

7 7



the site-specific phosphorylation ratio in proteins in FFPE and corresponding FF tissue. 

Using these two strategies, the phosphorylation ratio could be determined for four 

selected peptide pairs that originate from the same selected proteins in Chapter 3 

and in addition the eukaryotic translation initiation factor 4B (EIF4B S93-p). In normal 

brain tissue and glioblastoma multiforme tissue, the PRM method allowed to sensitively 

measure diagnostic markers in FFPE tissues: 0.1 pg to 10 ng per 100 μg tissue protein 

for both phosphorylated and non-phosphorylated proteins. In each FF or FFPE tissue, 

the calculated phosphorylation ratio had a maximum CV of 14.2% for AHNAK, of 

7.3% for CAMK2D, and of 12.3% for EIF4B. On the basis of the obtained results in a 

sample of four non-phosphopeptides and phosphorylated peptide pairs, we concluded 

that formalin fixation does not interrupt or inhibit relative quantification of phospho-

sites in FFPE tissues compared to FF materials. This developed PRM method can be 

successfully applied to the most accessible archival material, FFPE tissues, to determine 

the phosphorylation ratio in proteins.

Specific phosphopeptides in cancer-related phosphoproteins can be considered as 

a possible novel class of tumor-associated antigens. In Chapter 5, we investigated an 

antibody-peptide assay which indicates the presence of a specific autoantibody against 

a potential phospho-bound antigen (EGFR) by enriching the antibody-peptide complex 

using Melon Gel resin. Our goal was to find tumor-specific phosphopeptides that can 

raise autoantibodies that are detectable in plasma of glioma patients using MS. As proof 

of concept, we successfully applied the method to dinitrophenyl (DNP) labelled α-casein 

mixed with anti-DNP antibodies. Subsequently, we incubated patient samples (plasma) 

with a peptide library (i.e., a tryptic phosphopeptide fraction of tumor tissue) followed 

by Melon Gel immunopurification and separation of IgG bound peptides. We selected 

one EGFR and 7 GFAP phosphopeptides as targets for the Ab-peptide binding assay. The 

selected EGFR phosphopeptide was GSHQIS[+80]LDNPDYQQDFFPK (phosphorylated 

S1166-p). Autoantibodies binding this phosphopeptide were detected in plasma from 

high-grade glioma (HGG) patients but not in healthy donor plasma. No autoantibodies 

reactive with any of the 7 GFAP phosphopeptides were detected in HGG plasma.

In conclusion, we developed an IgG purification method using Melon Gel resin that 

allows separation of IgG bound peptides followed by detection of the antibody bound 

peptides with MS applying a shotgun and PRM method. This approach can be used to 

study antigens including phosphopeptides in diseases such as cancer and autoimmune 

diseases.
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SAMENVATTING

Dit proefschrift beschrijft hoe fosfopeptiden geïdentificeerd en gedetecteerd kunnen 

worden met behulp van massaspectrometrie (MS), voornamelijk door parallelle reactie 

monitoring (PRM). De PRM methode is een nauwkeurige MS methode met hoge 

resolutie die kan worden toegepast in een Orbitrap massaspectrometer. De Orbitrap 

maakt het mogelijk om meerdere product ionen in één run parallel te detecteren en te 

kwantificeren.

In Hoofdstuk 2 wordt één van de klinische toepassingen van proteomics beschreven. 

Recente ontwikkelingen in MS maken het mogelijk om somatische mutaties in peptiden 

en eiwitten te detecteren. In dit hoofdstuk wordt de mogelijke relatie tussen longkanker 

en chronische obstructieve longziekte (COPD) als een voorstadium van kanker besproken. 

Een aantal van deze mutaties zijn in longkanker te vinden. Het risico om longkanker te 

krijgen is acht keer hoger in COPD patiënten. Men kan veronderstellen dat COPD kan 

worden beschouwd als een voorstadium van longkanker. Door gebruik te maken van MS 

kunnen deze bekende longkanker-gerelateerde mutaties in COPD worden onderzocht.

Posttranslationeel gemodificeerde eiwitten, zoals fosfo-eiwitten kunnen met MS 

worden gedetecteerd. Hoofdstuk 3 beschrijft een MS methode om een plaats 

specifieke fosforylering ratio in fosfo-eiwitten te bepalen. Twee PRM methodes – 

directe PRM (tryptisch gedigesteerde monsters) en TiO2-PRM (fosfo-verrijkt monster 

gebruikmakend van TiO2 cartridges na digestie) – zijn toegepast om de fosforylering 

ratio te kwantificeren voor drie fosforyleringsplaatsen in neuroblast differentiation-

associated protein (AHNAK S5480-p), calcium/calmodulin-dependent protein kinase type 

II subunit delta (CAMK2D T337-p), and epidermal growth factor receptor (EGFR S1166-p). 

Voor beide methodes werden U87 cellen gebruikt (een glioblastoma cellijn). Voor alle 

drie fosfopeptiden AHNAK, CAMK2D en EGFR was het mogelijk een reproduceerbaar 

fosforylering percentage van, respectievelijk, 7.3, 2.5 en 11.5% te bepalen. Voor deze 

fosforyleringsplaatsen werd een CV (relatieve variatie) van, respectievelijk, 12.0, 6.4 en 

13.1% verkregen. Om validatie van deze PRM methodes mogelijk te maken werd een 

experiment uitgevoerd waarin serum uit het medium van U87 cellen werd gehaald om het 

effect te meten van het afsterven van cellen op de fosforylering ratio. Zowel voor EGFR 

als voor AHNAK werden statistisch significante veranderingen in fosforylering niveaus 

waargenomen als gevolg van de afwezigheid van serum (p waarde < 0.05). De PRM 

methode maakt het mogelijk om door een multiplex meting meerdere fosfopeptiden in 

één keer te meten.

Formaline gefixeerd in paraffine ingebed (FFPE) weefsel is een waardevolle bron voor 

research. In ziekenhuizen wordt dergelijk weefsel regelmatig gebruikt voor diagnostische 

doeleinden en daarna verzameld voor onderzoeksdoeleinden. FFPE weefsel is daarom 
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het meest aanwezig in pathologie archieven. In Hoofdstuk 4 wordt dezelfde PRM 

strategie toegepast als in Hoofdstuk 3 teneinde de plaats specifieke fosforylering ratio 

van eiwitten in FFPE en overeenkomend FF weefsel te bepalen. Gebruik makend van 

dezelfde strategieën kon de fosforylering ratio worden bepaald voor vier geselecteerde 

peptiden uit dezelfde eiwitten als in Hoofdstuk 3 en eveneens voor de eukaryotic 

translation initiation factor 4B (EIF4B S93-p). In normaal hersenweefsel en in glioblastoma 

weefsel was het mogelijk met de PRM methode diagnostische markers in FFPE weefsel 

gevoelig te meten: 0.1 pg tot 10 ng per 100 µg weefsel eiwit voor zowel gefosforyleerde 

als voor niet-gefosforyleerde eiwitten. De berekende fosforylering ratios in elk FF of 

FFPE weefsel hadden een maximum CV van 14.2% voor AHNAK, 7.3% voor CADMK2D 

en 12.3% voor EIF4B. Op basis van de behaalde resultaten in een monster van vier niet-

fosfopeptiden en fosfo-gerelateerde peptiden kunnen wij concluderen dat formaline 

fixatie de relatieve kwantificering van fosforyleringsplaatsen in FFPE weefsel niet 

verstoord of geremd heeft in vergelijking tot FF materiaal. Om de fosforyleringsratio in 

eiwitten te bepalen kan deze ontwikkelde PRM methode succesvol worden toegepast in 

toegankelijke FFPE archieven.

Specifieke fosfopeptiden in kanker-gerelateerde eiwitten kunnen als een mogelijke 

nieuwe groep van tumor-geassocieerde antigenen worden beschouwd. In Hoofdstuk 5 

hebben wij een antilichaam-peptide methode onderzocht waarin de aanwezigheid van 

een specifiek antilichaam tegen een mogelijk fosfo-gebonden antigen (EGFR) wordt 

aangetoond door het antilichaam-peptide complex te verrijken met Melon Gel™ resin. 

Wij beoogden in de massaspectrometer tumor-specifieke fosfopeptiden te vinden 

die autoantilichamen induceren in plasma van glioma patiënten. Om dit te bewijzen 

hebben wij deze methode succesvol toegepast bij dinitrophenyl (DNP) gelabeld 

α-casein gemengd met anti-DNP antilichamen. Vervolgens hebben wij plasma monsters 

geïncubeerd met een weefselbibliotheek van peptiden (i.e. een tryptische fosfopeptide 

fractie van tumorweefsel) gevolgd door immunopurificatie en scheiding van IgG-

gebonden peptiden. Wij selecteerden één EGFR en zeven GFAP fosfo-peptiden om de 

Ab-peptide gebonden methode toe te passen. De geselecteerde EGFR fosfopeptide 

was GSHQIS[+80]LDNPDYQQDFFPK (gefosforyleerd S1166-p). Autoantilichamen die zich 

binden aan deze fosfopeptide werden gevonden in plasma van patiënten met glioma 

(HGG), maar niet in gezond donor plasma. In HGG plasma werden geen autoantilichamen 

gevonden die met één van de zeven GFAP fosfopeptiden reageerden.

Concluderend, wij hebben een IgG zuivering methode met Melon Gel™ ontwikkeld die 

het mogelijk maakt om IgG gebonden peptiden te isoleren, gevolgd door detectie van 

deze antilichaam-gebonden peptiden gebruikmakend van MS met toepassing van een 

shotgun en PRM methode. Deze benadering kan worden gebruikt om antigenen te 

bestuderen, evenals fosfopeptiden in ziektes zoals kanker en auto-immuunziektes.
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